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Using 1H nuclear magnetic resonance spectroscopy (1D and 2D), the two types of photosynthetic
pigments (chlorophylls, their derivatives, and carotenoids) of “green beans” (immature pods of
Phaseolus vulgaris L.) were analyzed. Compared to other analytical methods (light spectroscopy or
chromatography), 1H NMR spectroscopy is a fast analytical way that provides more information on
chlorophyll derivatives (allomers and epimers) than ultraviolet-visible spectroscopy. Moreover, it gives
a large amount of data without prior chromatographic separation.
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INTRODUCTION

Green vegetables are widely consumed all around the world
(1). Their color is an important factor of appreciation (2).
Chlorophylls (Chls) and carotenoids (Cars) (Figure 1) have been
considered to be responsible for the color of fresh green
plants (1, 6, 16, 25). Other Chls derivatives such as pheophytins
(Pheos) are not widely present in fresh green plants (31), but
their content increases during thermal processing (1, 2, 11, 32);
their contribution to the color is then important, even when they
are present in small quantities, because the molar extinction
coefficient of Pheos (in the majority of solvents) is larger than for
their respective Chls (1–5). The main Cars present in green beans
are lutein (Lut) and �-carotene (�-Car) (9, 12, 16, 27, 28), but
other Cars, such as neoxanthin (Neo) and violaxathin (Vio),
have also been previously observed (16, 25, 28).

Several methods have been used to determine the content of
these pigments in plants: ultraviolet–visible (UV-Vis) spectros-
copy, high-performance liquid chromatography (HPLC) and thin
layer chromatography (TLC). UV–Vis spectroscopy (2–5) is
useful for determining the content in Chl a and b and total Cars
(TCars) in extracts made from fresh plants; it was recently
proposed as an alternative to HPLC (5). HPLC has been used
to get a lot of information on Chls, their derivatives, and Cars
from fresh or thermally processed samples (6–11). Although
the pigment analysis by some HPLC methods is fast, they can
be complex, labor intensive, and time-consuming. When reten-
tion time is used for identification, the possibility of the presence
of several compounds with similar retention times cannot be
excluded, even with the addition of reference compounds (13);
also, many labile substances undergo decomposition or modi-
fication during the chromatographic separation step. In particu-
lar, Cars oxidation can be catalyzed by the stationary phase (30).

Finally, TLC is mainly used for identification (14), but it can
also be used for direct quantification (15, 16).

Since the 1990s, NMR spectroscopy has been widely used
to analyze lipids in crude extracts from plant or algae
tissues (13, 17, 30) without the drawbacks mentioned above.
Simple 1H NMR spectroscopy of lipid fractions was used only
to get general classes of compounds (cell membrane compounds:
lipids, sterols, and fatty acids) because protons from all
molecules in the studied extracts have overlapping resonances.
13C NMR and two-dimensional (2D) correlation techniques give
better results because the narrower 13C peaks do not overlap
for lipophilic mixtures (13). Despite the constraints, 1H NMR
metabolic profiles of crude extracts from plants can contain huge
quantities of complementary information (17, 18), which can
be selectively treated to analyze only some of the components
contributing to the whole spectrum. In particular, lipophilic
pigments of plants can be analyzed because their signals are
easy to identify in a complex mixture (18, 30).

Because NMR spectra contain the resonances of all com-
ponents with concentrations higher than the detection thresh-
old (around 50–100 µM), it has been used not only for
identification (18, 21, 24, 25, 30) and structure elucidation
but also for quantification (19, 18). For this purpose, it can be
coupled to HPLC (21), but it has also been used without a prior
chromatographic separation step to calculate the total mass of
primary and secondary metabolites (20). This offers several
advantages for quantification of chemically labile compounds
such as plant pigments: no sample preparation is required after
extraction, and no preselection of the experimental conditions
is necessary. Also, NMR spectroscopy has been demonstrated
to be a powerful technique for identifying and determining
the structural properties of Chls derivatives (22, 23) and
Cars (24, 25, 30). The aim of the present study is to directly
identify and quantify the main photosynthetic pigments in
green bean crude extracts using NMR methods.
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MATERIAL AND METHODS

Extraction of Pigments from Green Beans. Fresh green beans were
purchased from a local market, and frozen green beans (Calisto cultiVar)
were obtained from Gelagri Inc. (Loudéac, France). The method used
for pigment extraction (16) is modified from a previously published
extraction method (14). This modification consists in adding a liq-
uid–liquid extraction step after the extraction of the pigments from the
plant tissues, to concentrate the final extract. Under subdued light (2),
ca. 15 g of green beans are combined with ca. 15 g of anhydrous sodium
sulfate, 15 g of magnesium carbonate, and 75 g of sand (all masses
were precisely weighted). Sodium sulfate is added to eliminate water
from the extracting solvent because water can form a photosensitive
reactive adduct with Chls (3). Magnesium carbonate is used for the
neutralization of the acids that could come from vegetable tissues or
from the sea sand (3). Then, 150 mL of cold acetone are added to the
mixture (this solvent can penetrate the plant tissues, but it also dissolves
water; hence the use of sodium sulfate). After cooling with liquid
nitrogen, the mixture is ground in a Waring blender (15 min). Separation
of soluble impurities from acetone and concentration of pigments are
accomplished through liquid–liquid partition with 5.0 mL of cyclo-
hexane (6). The separation of the two phases is achieved by adding
distilled water (15.0 mL). The upper organic layer (epiphase) is washed
twice with additional distilled water (15.0 mL) to remove acetone. At
this stage, centrifugation is performed to separate pigment extracts from
suspended particles (6), to achieve a better separation between phases,

and, finally, to speed up the extraction step. After combining the epi-
phases, the solvent is removed in a rotary evaporator.

The dried residue is weighted and redissolved in deuterated acetone
(500.0 µL). The solution is transferred at low temperature (ca. -20
°C) into an NMR tube (5 mm).

When samples seem to be too concentrated (peak broadening,
suspension of small lipid particles in the NMR tube), they are diluted
by the addition of controlled volumes (100.0 µL) of deuterated acetone
(29). After each addition, a new spectrum is recorded and compared
with the previous ones.

Identification of Pigments. 64 K scans, one-dimensional (1D) 1H
NMR spectra were recorded using a 300 MHz spectrometer (Bruker
Biospin): 6 kHz spectral width, 5.3 s acquisition time, zg ) 90°, 3 s
relaxation delay. Spin–lattice relaxation times were measured previously
(25), but the values were for purified Chl samples at high dilution (16
mM) and not for crude extracts. The value of the relaxation delay that
was used in our study was determined after preliminary tests using the
progressive saturation technique (26) to determine the spin–lattice
relaxation time (T1).

Major photosynthetic pigments (Chl a, Chl b, Pheo a, �-Car, and
Lut) were identified by peak assignment using 1H NMR spectra from
the pigment extract, from pure samples, and by comparison with
previously published data (18, 22–26). Pigment extract samples were
spiked with appropriate standards to confirm that the chemical shifts
were identical. Further confirmation was performed through 2D

Figure 1. (a) Structure and numbering for 132 (R)-Chl a and 132 (R)- Chl b; (b) structure and numbering for 132 (R)-Pheo a and 132 (R)-Pheo b. Chl
a′ and Chl b′ are 132(S) corresponding molecules; (c) All trans �, �–Carotene (�-Carotene); (d) (3R, 3′R, 6’R) �,ε Carotene 3,3′ diol.
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(correlation spectroscopy [COSY] and total correlation spectroscopy
[TOCSY]) experiments.

The choice of the solvent is important because chemical shifts for
protons belonging to Chls and Chls derivatives are extremely sensitive
to the solvent composition, as well as to concentration and temperature
(18). This is mainly because of the molecular structure of Chls and of
certain derivatives, which have a tendency to aggregate (23); the central
magnesium (Mg) atom of Chls, being electrophilic, has a strong affinity
for one or both axial positions to be occupied by an electron-donor
ligand. Monomer species of Chls (Chl L1 or Chl L2) are obtained with
monofunctional polar solvents (acetone, methanol, pyridine, THF, etc.).
The self-aggregation is observed in NMR spectra; the chemical shifts
of the methyne bridge protons in the macro-cycle are moved toward
higher fields; also, the signal of the C-32 proton is broadened, which
also distorts the baseline, affecting the signals from the macro-cycle
protons. Deuterated chloroform is a common solvent for NMR, but it
is not polar enough to avoid Chls self-aggregation. A mixture of CDCl3

in excess of methanol-d4 (v/v 3:2) can also be used, because this mixture
seemed to dissolve the samples better. However, it was not used in
our study because methanol can oxidize Chls into allomers (23). Finally,
the solvent mainly used in our study was acetone-d6. Hexamethyldisi-
loxane (HMSDO) was used as internal reference for the calibration of
chemical shifts (19).

To confirm peak assignment, some extracts were acidified with one
drop of a 10% solution of hydrochloric acid in deuterated water to
transform Chls into Pheos through a reaction called pheophytiniza-
tion (1, 2), in which the Mg2+ ion in the center of the tetrapyrrole
macrocycle is replaced by two protons. In this way, the replacement
of Chls signals by Pheos signals can be followed. Pheophytinized
pigments were recovered through liquid–liquid partition using cyclo-
hexane (equal phase volumes). The epiphase was washed three times
with cold (0 °C) distilled water and evaporated until completely dry.
The solid residue was redissolved in 500 µL of deuterated acetone and
placed in an NMR tube.

Confirmation of the initial peaks identification was done through
2D-NMR (1H-1H COSY and 1H-1H TOCSY).

1H-1H COSY was carried out under the following conditions: spectral
width 3 kHz, in both dimensions; 2048 data points in f2 and 512
increments in f1; and no water presaturation during relaxation delay.
For confirmations, 1H-1H COSY spectra were compared to previously
published results (18).

1H-1H TOCSY spectra were recorded in the time-proportional phase
increment (TPPI) phase-sensitive mode, with no water presaturation

during relaxation delay, a spectral width of 3 kHz in both dimensions,
2 s relaxation delay, and 2048 data points in f2 and 512 increments in
f1. Several mixing times were tested in the range recommended for
Cars (24); a range of values arbitrarily chosen between 20 and 200 ms
were tested to determine the mixing time giving the best resolution.
Following these experiments, a mixing time of 150 ms was chosen as
the most suitable value.

Quantification of Pigments. Hexamethyldisiloxane (HMDSO) was
used for chemical shift calibration and for quantification of absolute
concentrations of pigments; a 0.005% HMDSO solution in deuterated
acetone was placed in a sealed capillary tube that was introduced in
the NMR tube (tetramethylsilane was tested but its volatility was a
problem during flame sealing of capillary tubes). HMDSO is an
interesting internal standard; it can be obtained very pure, it is soluble
in the chosen solvent, it is stable for a long time under the experimental
conditions, and it gives a singlet in a usually signal-free region of the
NMR spectra (0.045 ppm). The HMDSO signal was cross-calibrated
with a secondary standard before being used for quantitative purposes.
The exact concentration in HMDSO was calculated with two methods.

First, the capillary tube was calibrated with another sealed capillary
tube with a known concentration of 3-(trimethyl-silyl)propionic-2,2,3,3-
d.4. acid sodium salt (TSP) in deuterated water (10.0 mM). Both
capillary tubes were placed inside a NMR tube with 500 µL of
deuterated acetone. The capillary tube containing TSP had been
previously cross-calibrated with calibration curves of C1H-R glucose
and (C3H, C4H)-� + C3H-R fructofuranose (20) in deuterated water.

Another calibration was performed by placing the capillary tube in
NMR tubes containing solutions of Pheo a, obtained from purified Chl
a (3), at various concentrations. Pheo a was chosen as a standard because
it has a similar molecular weight, a similar chemical structure, and
similar molecular properties, and it is not as chemically labile as Chl
a. Phasing was performed automatically, and integrations of the charac-
teristics peaks of Pheo a in the downfield region (8–10 ppm) of the
spectrum were compared to the integration of the peak of HMDSO in the
high-field region (see Figure 3). These peaks of Pheo a were chosen for
integration because they are isolated from neighboring signals.

The comparison of each pigment peak area (selected resonances) to
the internal reference peak area allowed the estimation of their absolute
concentrations. For Chls, the integration accuracy was estimated by
calculating the standard deviation of the peak area of three methyne
bridge proton peaks.

The quantification was repeated five times for five different
samples.

Figure 2. 1H-NMR spectrum (300 MHz, δ [ppm] from internal HMDSO) for frozen green beans extracts in acetone-d6. The different regions where the
pigment identification and quantification are performed are indicated on the graph.
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Chemicals. For pigment extraction, acetone (99.8%) was from Carlo
Erba (Ródano, Italy). Cyclohexane (analytical grade), Fontainebleau
sand, sodium sulfate (99%), magnesium carbonate (99%), and hydro-
chloric acid (35.5%) were obtained from SDS (Peypin, France).

The standards for pigment identification were commercially purified
�-Car, Chl a, Chl b, and Lut and were purchased from Sigma-Aldrich
(�-Car, C4582; Chl b, C5878; Chl a, C5753, Lut, X6250).

For NMR measurements, deuterated acetone (99.8%) and CDCl3

(99.8%) were purchased from SDS (Peypin, France), and HMDSO
(99.5%) was purchased from Spectrometrie Spin et Techniques (Paris,
France).

Capillary tubes 20 µL micropipettes were made of borosilicate glass
(Corning 7099S-20).

RESULTS AND DISCUSSION

Identification of Pigment. In the 1D-1H NMR spectra
(Figures 2 and 3), peaks corresponding to methyne bridge
protons for Chl a, a′, b, and b′, Pheo a and b, and the terpene
chain of Cars were assigned after previously published
data (18, 22–26, 30).

The signals from Chls and Pheos (Figure 3) are easily
identified as they are either isolated in the downfield region
(between 11.2 and 8.5 ppm) or in the upfield (negative values
of chemical shift) for the peaks corresponding to the N-H
protons of the tetrapyrrole ring (Pheo a, a′, b, and b′, Figure
4). In the upfield region (-1.5 to -2.0 ppm), Pheo a, a′, b, and
b′ have peaks similar to the corresponding Chl peaks, but they
are shifted toward lower fields (22). Chl b is represented in the

spectra by one additional peak at lower field because of its C-71

aldehyde group; this peak is slightly more intense than the rest
of the proton signals from the macrocycle because of some
overlapping of the epimeric signal of Chl b′. As mentioned
above, the assignment was confirmed by adding appropriate
standards to the extracts.

In general, Cars have a chain of conjugated double bonds;
isomers that are all trans are prevalent in fresh green beans,
and the quantities of cis isomers increases after thermal
processing (6, 12). The protons present in these double bond
chains give 1H NMR signals in the range 6.7–6.0 ppm.
Accordingly, 1H NMR spectra of Cars have the terpenic chain
in common (Figure 4); they differ mainly by protons in the
distal part of the molecules.

The unassigned peaks from distal groups of Cars were
analyzed by 2D-NMR spectroscopy. The homonuclear proton
J-couplings of the conjugated double bonds of the central
isoprenoid chain of Cars and the C-3 group of Chls and Chls
derivatives were observed by COSY.

Small amounts of xanthophylls, in relation to the amounts to
Lut and �-Car, were already identified in green beans in previous
literature (6, 16, 27, 26). Lut and �-Car can be distinguished
by the characteristic protons C-H-4′ and C-H-6′ of non
conjugated double bonds in one of the distal groups. These
signals of these protons are observable in 3 correlated signals
according to the TOCSY experiment (data not shown).

Figure 3. Detail of the δ 11.3-8.2 ppm region of the 1H NMR spectrum (300 MHz, from internal HMDSO) of green beans extract. This region includes
peaks from Chls and derivatives of Chls.

Figure 4. Detail of the δ 6.8–5.7 ppm region of the 1H NMR spectrum (300 MHz, from internal HMDSO) of green beans extract. This region includes
peaks from Cars and other molecules having conjugated double bonds (17).
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Some weak signals observed between 6.0 and 7.0 ppm were
previously observed in vegetable extracts (18). Although these
signals were not properly assigned they might belong to Cars.

The results of peak assignments (Figures 3 and 4) for
pigments in which quantification was done are given in Table
1. The signals of pigments were not fully resolved because they
are overlapped with other compounds (mainly lipids and fatty
acids).

Peaks in group 21 were attributed to C-H-11, C-H-15, C-H-
11′, and C-H-15′ of the terpenic chain that Cars have in
common. Peak groups 22, 23, and 24 were also attributed to
the terpenic chain of Cars with overlapping peaks of Chls and
Chls derivatives (vinyl group in C-H-32 and C-H-32′ and proton
in C-132). Peak group 22 contains signals from C-H-12 and
C-H-12′. Peak group 23 contains the signals from C-H-14 and
C-H-14′. Peak group 24 contains the signals from C-H-7, C-H-
8, C-H-10, C-H-7′, C-H-8′, and C-H-10′, all from the terpenic
chain of Cars.

The 2D experiments (COSY and TOCSY) and the 13C –NMR
spectra showed that peak group 26, which was not fully
assigned, could have peaks belonging to phenolic compounds
(33). These peaks were not systematically present. Choung et
al. highlighted the fact that the anthocyanin profile of the kidney
bean seed coats is highly dependent on the cultivar type of the
seed. Delphinidin 3-glucoside is the major anthocyanin for red
kidney beans, whereas no anthocyanins were detected in white
kidney beans. The seeds in the immature pods of Phaseolus
Vulgaris L (green beans) are generally white-pale green (no
anthocyanins), but sometimes red or black seed coating can be
found. This reinforced the assumption that these peaks could
possibly belong to anthocyanins.

Quantification of Pigments. Using the method given in the
Materials and Methods section, the quantity of the various
pigments was determined in extracts. The results for fresh and
frozen (previously blanched) green beans are given in Table 2.

The quantities of Chls and Chls derivatives are calculated
from the various well-separated peaks. In Table 2, the average
quantities are given both for peaks of the same spectrum and
for repetitions of the measurements for various samples (fresh
and frozen green beans). The content in all pigments increases
in frozen green beans, perhaps because the extractability of
pigments increases with the blanching process to which they
are submitted to prior to the freezing process, as well as the
freezing process itself (2, 3). For Cars, except �-Car, the
assigned peaks given in Table 1 were used for quantification.
For �-Car, quantification was performed by subtraction; Total
Lut (E + Z isomers), Vio, and Neo quantities were subtracted
from the TCar quantity given by the range of peaks at 6.7–6.3
ppm.

The obtained values (Table 2) were compared with previous
literature (Table 3). The a/a′ and b/b′ ratios for Chls and Pheos
are in the range of those given in previously published
literature (3, 10, 11, 27, 26). The formation of Chl a and a′
could be explained by solvent mediated epimerization (which
can increase the enolic form of 132 C). Mild heating or blanching
processes (1, 2) were also reported as a cause of epimerization
of Chls. The Pheo content in processed green beans is higher
than in fresh plant tissues, probably because of thermal
degradation of Chls during blanching.

The Chl a/Chl b ratio can vary considerably in function of
the cultivar (28) and, within one cultivar, of the storage
conditions. The Car content is the most variable. All authors
except Cruz-Garcia et al. (10) and Lopez-Hernandez et al. (27)
agree that Lut is present in higher quantity than � Car. In our
analysis, we find significantly higher quantities of Cars than
other publications. In particular, frozen green beans contain high
Car quantity, perhaps because of the better extractability of these
pigments in food processed samples (2, 24). Cruz-Garcia et al.
(10) already reported big amounts of Cars in green beans.

The precision of pigment determination by quantitative
NMR (qNMR) spectroscopy can be compared to other
methods (Table 4).

First, the precision of qNMR is on the same order of
magnitude as other methods. UV–vis spectrometry gives only
pigment concentration for Chl a, Chl b, and TCars; the precision
is better than for qNMR, but Chl epimers and different Cars
cannot be distinguished. HPLC methods give comparable
precisions (2–11%) as qNMR, and in certain cases the precision
for Cars determination is even better (for example, precision is
better for Neo and Vio). However, the precision for HPLC is ob-

Table 1. Chemical Shifts of Pigments in Green Beans Extracta

peak
number assignment

frequency
(ppm)

1 Chl b (CHO-7) 11.16
2 Chl b′ (CHO-7) 11.15
3 Chl b (CH-5) 9.99
4 Chl b′ (CH-5) 9.96
5 Chl b (CH-10) 9.76
6 Chl b′ (CH-10) 9.73
7 Pheo a (CH-5) 9.69
8 Pheo a′ (CH-5) 9.65
9 Chl a (CH-5) 9.57
10 Chl a′ (CH-5) 9.54
11 Pheo a (CH-10) 9.39
12 Pheo a′ (CH-10) 9.35
13 Chl a (CH-10) 9.22
14 Chl a′ (CH-10) 9.19
15 Pheo a (CH-20) 8.81
16 Pheo a′ (CH-20) 8.76
17 Chl a (CH-20) 8.41
18 Chl a′ (CH-20) 8.35
19 Chl b (CH-20) 8.33
20 Chl b′ (CH-20) 8.27
21 Cars (CH-11/11′), Cars (CH-15/15′). 6.69–6.59
22 Cars (CH-12/12′) 6.39–6.31
23 Cars (CH-14/14′) 6.26–6.22
24 Cars (CH-7/7′), Cars (CH-8/8′), Cars (CH-10/10′) 6.16–6.10
25 Neo (C)C)CH-8) 6.02
26 na 5.97–5.92
27 Vio (C-H-7; C-H-7′) 5.83
28 total Lut (C-H-7′) 5.45

a 300 MHz, δ [ppm] from internal HMDSO; na stands for not assigned.

Table 2. Pigment Content in Fresh and Frozen (Previously Blanched)
Green Beans Expressed in mg of Pigments for 100 g of Podsa

pigment

mg/100 g
of fresh

green beans

mg/100 g
of frozen

green beans

Chl a 7.9 ( 0.4 8.98 ( 0.27
Chl a′ ND 0.39 ( 0.09
Chl b 3.3 ( 0.2 3.19 ( 0.18
Chl b′ ND 0.41 ( 0.08
Pheo a 0.10 ( 0.03 2.13 ( 0.13
Pheo a′ ND 0.10 ( 0.05
�-Car 1.03 ( 0.15 3.13 ( 0.31
total Lut 1.38 ( 0.2 3.54 ( 0.14
Vio 0.12 ( 0.02 0.10 ( 0.02
Neo 0.09 ( 0.03 0.11 ( 0.03

a Mean and standard deviation for five measurements. All data for carotenoids
are for the total amount between cis and trans isomers. Limit of detection was 0.1
mg for chlorophyllic pigments and 0.08 mg for carotenoids. ND stands for not
detected.
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tained only if repetitions of experiments are made; on the other
hand, qNMR standard deviation can be determined using the
various peaks of these compounds. Moreover, some chemical
information (Chls aggregation and π-stacking of Pheos) is
missing in the papers discussing the question of precision. TLC
is a very efficient method (16), but the standard process does
not show epimers; Neo and Vio concentration can be determined
but with less precision (about 10 – 15%), although they have
lower detection limits.

Finally, qNMR gives good results for Chl a, a′, b, b ′, Pheo a,
a′, Lut, and �-Car. Neo and Vio determination could be
improved using higher magnetic field (20) but probably not with
a larger number of scans; in our tests, spectra were generally
based on 64 scans (about 15 min), but longer acquisitions were
tested (88, 240, and 880); a larger number of scans seemed to
improve the signal-to-noise ratio of the spectra (data not shown)
but not the spectral resolution. This signal-to-noise ratio is not
enough to significantly improve the detection limit. Of course,
13C NMR could also be used to improve precision because
resonances are much thinner in these spectra (13). However,
the processing time is then longer (more than 12 h), and the
lower natural abundance of the 13C isotope has a direct effect
on the detection limit, which is lower than for 1H NMR spectra
(1% vs 100% for 1H).

This study focused on the quantitative determination of
photosynthetic pigments from green beans, but the same method
could be used without modification for any other plant tissue.
The precision of qNMR techniques depends on several factors,
such as the mass of plant tissue, the pigment concentration in

the sample, the observed resonant nucleus, the magnetic field
strength of the spectrophotometer, the pulse sequence used for
acquisitions, and the number of acquisitions that are collected.
With 1H NMR, good results can be obtained very efficiently
because the sample preparation is fast and easy.
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Chl a 11.37 ( 0.10 5.4 ND 3.66-10.50 17.85 ( 0.52 8.42 ( 0.86 2.22 ( 0.92 ND ND
Chl b 7.59 ( 0.10 1.7 ND 0.22-0.46 2.73 ( 0.07 1.91 ( 0.02 1.41 ( 0.38 ND ND
Pheo a 0.7 ( 0.10 ND ND 0.08-0.23 0.31 ( 0.01 0.55 ( 0.06 ND ND ND
b-Car ND ND ND 1.32-2.32 0.31 ( 0.01 0.07 ( 0.01 0.81 ( 0.06 0.60 ( 0.07 0.20 ( 0.01
Lut ND ND 0.418 0.47-0.99 0.62 ( 0.01 0.25 ( 0.01 0.52 ( 0.10 0.69 ( 0.03 0.36 ( 0.07
Epoxy-Lut ND ND ND ND 0.41 ( 0.01b 0.13 ( 0.01b ND 0.19 ( 0.04 ND
Vio ND ND ND ND ND 0.23 ( 0.07 ND
Neo ND ND ND ND ND 0.13 ( 0.02 ND

a A: Turkmen et al., 2006; B: Wrolstad et al., 2005; C: Humphries et al., 2003; D: Cruz-Garcia et al., 1998; E: Monreal et al., 1999 (Perona cv); F: Monreal, 1999 (Boby
cv); G: Lopez-Hernandez et al., 1993, H: Khachick et al., 1992; I: Granado et al., 1992. ND stands for not detected or quantified. b Total minor xanthophylls.

Table 4. Comparison of the Precision (Intersample Repetitions, Relative
Standard Deviation, %) for Various Methods for the Quantitative
Determination of Photosynthethic Pigmentsa

qNMR HPLC UV–vis TLC/densitometrypigment\
method a b c d e f

Chl a 3 2.3–3.3 2.55 ND <1.0 4.1
Chl a′ 22 ND ND ND ND ND
Chl b 5 2.3–3.3 2.3 ND <1.0 5
Chl b′ 21.1 ND ND ND ND ND
Pheo a 6.2 2.3–3.3 ND ND ND 5.4
Pheo a′ 40 ND ND ND ND ND
�-Car 9.6 2.3–3.3 1.7 12 ∼1.0 9.5
Lut 4 2.3–3.3 1.8 4.3 10
Epoxy-Lut ND NQ ND 21 ND
Vio 24.3 NQ ND 30 14
Neo 30 NQ ND 15 15

a The letters correspond to the following literature: a, present work; b, Cruz-
Garcia et al., 1998; c, Lopez-Hernandez et al., 1993; d, Khachick et al., 1992
(calculated for data given); e, Wellburn, 1994; f, Valverde et al., 2006. ND stands
for not detected, and NQ stands for detected but not quantified.
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