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Anthocyanins (Anths) in olive (Olea europaea L.) fruits at different degrees of pigmentation were
assessed nondestructively by measuring chlorophyll fluorescence (ChlF). The method is based on
the comparison of the ChlF excitation spectra from olives with different pigmentation from green to
green-red, reddish-purple, and purple. The logarithm of the ratio between the fluorescence excitation
spectra (logFER) from two different colored zones gave the difference in the absorption spectrum
between them. The absorbance spectrum derived from the logFER between a red olive and the
same olive devoid of the skin showed the typical Anth green band (at 550 nm). It matched that recorded
by microspectrophotometry on a single pulp cell and the in vitro absorbance spectrum of the olive
skin extract. As expected, the in vivo Anths absorption maximum increased in intensity going from
less to more mature olives and was higher in the sun-exposed olive side with respect to the sun-
shaded side. Absolute quantitative nondestructive determination of Anths for each olive sample was
obtained by the logFER calculated for two excitation wavelengths, 550 and 625 nm, of ChlF at 740
nm. Going from green to purple skin colors, the Log[ChlF(625)/ChlF(550)] was fairly well-correlated
to the extract Anths concentration. Finally, the relationship between the Anths and the other main
phenolics present in the olives analyzed by high-performance liquid chromatography was evaluated.
The main result was a net increase of verbascoside with increasing Anths content. On the basis of
our results, the development of a new rapid and noninvasive method for the monitoring of olive
development and ripening can be envisaged.
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INTRODUCTION

Olea europaeaL., a member of the Oleaceae family, is
probably the most ancient cultivated species in the world (1, 2)
and possesses an important economical impact for the production
of olive oil. The quality of virgin olive oil is largely dependent
on the amount and the composition of phenolic compounds of
fruits at harvesting. These compounds determine oil taste and
stability against oxidation (3), as well as the oil nutritional (4)

and therapeutic characteristics (5). More hydrophilic compounds,
such as verbascoside, that cannot be found in the oil but are
present in olive oil industry wastewaters (6), are still of interest
from a pharmacological point of view because of their peculiar
antioxidant properties. Hence, there is much interest in develop-
ing agronomic techniques that maximize particular classes of
olive phenolics. Several factors affect the phenolic composition
and quantity in olive fruits, such as cultivar, growing site,
climatic conditions, alternate bearing, and ripening stage.
Because of this plurality of factors, finding a general objective
criterion to establish the best harvest time related to the highest
quality of olive oil is a difficult task.

A widely accepted practice is to use the maturation index
suggested two decades ago by the International Olive Oil
Council (7) derived from the visual classification of the skin
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color of olives (8). Indeed, fruit ripening is accompanied by a
change in the skin color due to a modification of pigment
concentration in the superficial tissues. Usually, color develop-
ment from green to purple is modulated by an accumulation of
anthocyanins (Anths) (9) together with the degradation of
chlorophylls (Chls) and carotenoids (10). This feature suggests
the use of optical methods to follow the maturation process, as
applied to other kinds of fruits (11). Spectroscopic techniques
can assess rapidly and nondestructively both photosynthetic and
accessory pigments in fruits, more advantageously than standard,
time-consuming extraction procedures. The drawback of non-
invasive optical methods is that only superficial layers can be
analyzed due to the limited penetration of radiation inside the
sample. However, spectral signatures of fruit peculiarities
localized inside the pulp, which are correlated to a surface-
related compound, can still be obtained.

Anths are suitable for in situ spectroscopic detection since
they accumulate in the outer layers of olives and present a
characteristic absorption band in the green region around 530
nm. Because Anths are synthesized through the phenylpropanoid
pathway, it is expected that their increase in concentration during
ripening be correlated to a change in the content of other
phenolic compounds. Such a relationship was proven for Anths
and flavonols during the ripening of bilberries (12). In olives,
previous studies have reported a general decrease of total
phenolics as maturation proceeds, while specific compounds
may have different trends during ripening (13-15). Metabolic
links between oleuropein, verbascoside, and caffeic acid during
ripening have been suggested (13, 16); however, a direct
quantitative relationship between Anths and other phenolic
compounds is still lacking. Although several reports on phenolic
compounds in olives have been published (9), only few data
about Anths inO. europaeafruits are available (17-19).

Recently, methods using chlorophyll fluorescence (ChlF) to
assess in situ the UV-absorbing phenolics in the leaf epidermis
have been developed (20-22). These methods are based on the
Chl fluorescence excitation ratio (FER), that is, the ratio of ChlF
intensities under UV and blue-green excitation (20), UV and
green excitation (21), or two whole ChlF excitation spectra (22).
The fluorescence intensity emitted by the chloroplasts in the
mesophyll is dependent on the amount of light reaching them.
Because the UV radiation is much more attenuated with respect
to visible light in the epidermal layers, comparing the ChlF
induced by two different wavelengths, visible and UV, can
provide information on the superficial concentration of the UV-
absorbing compounds. The logarithm of the FER (logFER) was
proven to be a quantitative measure of epidermal absorbance
(21). On the basis of the logFER method, a portable leaf-clip
device has been developed (23) and tested successfully in field
measurements on wheat (24). Another type of device also based
on double excitation but using fiber optics has recently been
announced (25). This device, named UV-A PAM, has been used
on fruits (grapevine berries) in addition to leaves (26).

By measuring entire ChlF excitation spectra instead of only
two excitation bands, the whole absorption spectrum of leaf
epidermis could be obtained (22). This is useful when both UV
absorbers and visible pigments are present in the epidermis and
permit their identification.

In the present study, we applied the ChlF excitation method
to nondestructively assess the Anth content in olives with
different skin pigmentation, corresponding to different matura-
tion levels. We found that the logFER approach is suitable to
detect the in vivo Anth absorption spectrum. Furthermore, the
deduced Anth absorbances were nicely correlated, going from

green to purple skin colors, to those measured spectrophoto-
metrically in vitro after ethanol/water extraction of the very same
olive area used for the ChlF measurements. In addition, we
analyzed the phenolic composition of single olive samples in
order to evaluate a possible correlation between specific phenolic
compounds and Anths during fruit ripening.

MATERIALS AND METHODS

Samples.Olives used in our study came from three different early
ripening Tuscany cultivars ofO. europaeaL.: Frantoio, Leccino, and
Moraiolo. Fruits with the widest range of skin colors were picked by
hand at the end of September 2003 from trees of an established grove
in Pieve a Celle, Pistoia, Italy (43° 55′ N, 10° 51′ E). They were
classified according to five different color levels: green (I), green-
red (II), red (III), reddish-purple (IV), and purple (V), as shown in
Figure 1 for the Frantoio cultivar.

Fluorescence Measurements.Excitation and emission fluorescence
spectra of intact olives were acquired by a spectrofluorometer (Cary
Eclipse, Varian, Les Ulis, France) through a double arm optical fiber
bundle (C Technologies, Cedar Knolls, NJ) made of 147 randomized
UV fibers. The two arms of the bundle were coupled to the excitation
and emission parts of the spectrofluorometer via a fiber optic coupler
accessory provided by Varian (part no. FA-VAR00-AP15). The
common end of the fiber bundle was maintained at a fixed distance (5
mm) from the olive sample using a proprietary clip.

For each sample, excitation spectra were recorded in the 290-625
nm range for both the 685 and the 740 nm emission wavelengths.
Emission spectra were measured between 645 and 845 nm with the
excitation at 438 nm. Excitation and emission spectra were corrected
using rodhamine B as a quantum counter and the quinine sulfate
dihydrate standard with well-known traceable fluorescence emission
properties, respectively. In addition, spectra were expressed in quinine
sulfate equivalent units (QSEU) as previously suggested (27): 1000
QSEU corresponds to the fluorescence of 1µM quinine sulfate dihydrate
in 0.105 mol L-1 perchloric acid for 1 cm light path square cells or, in
general, 1 nmol cm-2 for short light pass flat cells, excited at 347.5
nm and emitted at 450 nm under the identical conditions used to acquire
the sample fluorescence spectrum. This normalization allows for
quantitative comparison among fluorescence data measured on different
samples, in different time periods, under different experimental
conditions and different spectrofluorometers.

Fluorescence Excitation Spectra Elaboration.The theoretical basis
for determining in vivo pigment absorbance in leaves from the ChlF
measurements has previously been described (21, 22). Briefly, pigments
accumulated on the outer tissue layers attenuate the excitation light
that can reach the chloroplasts. This filtering effect affects differently
the various excitation wavelengths according to the absorbance spectral
properties of the compounds. Therefore, for a given emission wave-
length, for example, the red peak at 685 nm, the ChlF excitation
spectrum can be expressed as:

Figure 1. Olives from the Frantoio cultivar at different pigmentation
stages: green (I), green−red (II), red (III), red−purple (IV), and purple
(V).
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whereI is the incident irradiance,T is the transmittance of the epidermal
layers,AChl is the Chl absorption efficiency, andΦf is the ChlF apparent
quantum yield. Comparing two samples with different epidermal
pigment concentrations, s1 and s2, under identical irradiation and
detection conditions, the ratio of the relative ChlF excitation spectra
will be

According to the Beer-Lambert’s law (A ) -log T), the logarithm of
the ChlF ratio equals the difference in the epidermal absorbance between
s2 and s1:

When the pigment of interest is absent in one of the samples, let us
say s1, As1 will be null and eq 3 will give the absorption spectrum of
the s2 (additional) compound.

Estimation of Anths by Dual Wavelength ChlF Excitation.
Absolute quantitative nondestructive determination of Anths for each
olive sample was obtained by the logFER calculated for two excitation
wavelengths of ChlF. The theoretical basis for this has been reported
by Ounis et al. (21). According to these authors, the FER for excitation
wavelengthsλ1 andλ2 and emission at 740 nm can be written

where εa, ca and εb, cb are the molar extinction coefficients and
concentrations for Chl a and Chl b, respectively, andl is the optical
path length inside the sample. We chose detection at the far-red band
(740 nm) to avoid any Chl reabsorption effect.

The first term on the right side of eq 4 represents the ratio of the
epidermal layer transmittances at the two excitation wavelengths. By
choosingλ1 inside the Anth absorption band andλ2 (the reference)
outside of it, thereforeT(λ2) ) 1, the above FER relates directly to the
Anth content. The last term in eq 4 contains an unwanted dependency
on Chl a and Chl b concentrations. Because Chls are known to decrease
during fruit ripening, this term may introduce a distortion factor in the
relationship between FER and epidermal transmittance. However, this
contribution can be removed or minimized by choosing two excitation
wavelengths at which the Chl a and Chl b extinction coefficients are
nearly equal. On the other hand, the distortion effect due to Chl changes
is not expected to be important in thick samples, like fruits, where the
optical path length,l, is large. A good compromise between the above
conditions of choice of the excitation wavelengths was 550 and 625
nm, for λ1 andλ2, respectively, for which

Using the in vitro (MeOH solution) Chl molar extinction coefficients
(27) and Chl a and b concentrations measured in the sampled olives at
different pigmentation stages, we found that the last term in eq 5 was
not nil (about 0.5) but did not vary more than 7% with ripening. Curve
fitting was performed by Table Curve 2D software (v3.04, Jandel Sci.,
CA) using the Simple Equations process.

Microspectrophotometry and Multispectral Microimaging. Hand-
cut cross-sections (50-100µm) of fresh olives mounted in water were
immediately observed by the microscope system previously described
(28). Absorbance spectra of olive pulp cells were obtained by measuring
the light transmitted through the cross-section using a 40× objective
lens and by comparing it to that transmitted from a zone just outside
the sample. Spectra of transmitted light were recorded by a CCD

(charge-coupled device) multichannel spectral analyzer (PMA 11-
C5966, Hamamatsu, Photonics Italia, Arese, Italy) coupled to the
microscope through an optical fiber bundle. Images were collected by
a CCD camera (Chroma CX260, DTA, Italy) equipped with a motorized
filter wheel carrying eight different interference filters. This detector
permitted the sequential acquisition of transmittance and fluorescence
images on specific spectral bands. Three transmittance images in the
blue, green, and red regions, with integration times of 0.2 s, were
sequentially acquired at 450, 550, and 680 nm, respectively. Mono-
chrome images were then recombined in a single multicolor image using
the RGB (red green blue) technique by the Image-Pro Plus v.4.0
software (Media Cybernetics, Silver Spring, MD). Fluorescence images
of Chl were obtained by excitation at 365 nm (selected using a 10 nm
bandwidth interference filter, 365FS10-25, Andover Corporation, Salem,
NH), with a dichroic mirror at 400 nm (ND400, Nikon, Japan) and
detection filter at 680 nm (10 nm bandwidth, 680FS10-25, Andover
Corporation). Image spatial calibration using a 10× Plan Fluor (NA)
0.3) objective was 0.79µm/pixel. Profiles of both ChlF (F680) and
transmittance at 550 nm (T550) from the peel into the olive mesocarp
were obtained by plotting the mean intensity of each longitudinal row
of pixels vs the depth.

Olive Compound Extraction and Analysis. From each olive,
immediately after the ChlF measurements, a disk (0.75 cm in diameter)
from the sampled surface was extracted for 24 h with 2 mL of ethanol/
water (70:30 v/v) acidified by HCl (pH 2.0). After the sample was
filtered, absorbance spectra of extracts were measured by a diode array
spectrophotometer (HP8453, Hewlett-Packard, Les Ulis, France). Anth
content was determined asA535 - A800 to remove a potential scattered
light contribution. Correction for Chl absorbance overlapping as required
in leaf extracts (29) was not needed since no significant amount of
Chl was present in the olive disk extracts. Anth concentrations were
expressed on an area basis using the extinction coefficient of 24.7
µmol-1 cm2 (24.7 mM-1 cm-1) at 532 nm, determined for a solution
of a cyanidin-3-O-rutinoside standard in the same solvent.

Chl was extracted from separate samples, to avoid pheophytin
formation, in pure MeOH at 70°C for 30 min. Chl a and b
concentrations were derived by absorbance measurements according
to Lichtenthaler (30).

Extractions of phenolics from single destoned olive fruits ofO.
europaeaL., cultivar Frantoio, were performed in 70% ethanol (pH
2.0) and then defatted with hexane. The alcoholic extract was
concentrated under vacuum (Rotavapor 144 R, Bu¨chi, Switzerland) and
rinsed with 2 mL of a solution of MeOH/CH3CN/H2O, 60/20/20 (v/
v/v), adjusted to pH 2.0 with formic acid. For each color level of the
olive skin, three replicates were made. Quantitative analysis was
performed using a HP-1100 liquid chromatograph equipped with a diode
array detector (DAD) and a HP 1100 MSD API-electrospray (Agilent
Technologies, Palo Alto, CA) operating in positive and negative
ionization modes. Analytical conditions have previously been described
(18). Identification of individual phenolics was carried out using their
retention times and both spectroscopic and spectrometric data. Quan-
tification of the single phenolic compound was directly performed by
high-performance liquid chromatography (HPLC)-DAD using a four-
point regression curve built with the available standards. Curves with
a r2 > 0.9998 were considered. Calibration was performed at the
wavelength of maximum UV-vis absorbance applying the correction
for molecular weight. In particular, hydroxytyrosol and its glucoside
amounts were calculated at 280 nm using tyrosol as a reference;
oleoside, demethyloleuropein, oleuropein, and its aglycone were
calibrated at 280 nm using oleuropein as a reference; and verbascoside
and hydroxyverbascoside were calculated at 330 nm using verbascoside
as a reference compound. Finally, rutin and quercetin were calibrated
at 350 nm using quercetin 3-O-rutinoside (rutin) as a reference. An
HPLC-DAD analysis of olive fruit Anths was also carried out, following
a previously reported method (31).

Oleuropein, tyrosol, and rutin were purchased from Extrasynthese
S. A. (Lyon, Nord-Genay, France). All other reagents were of analytical
grade and were purchased from Sigma (St. Louis, MO). All solvents
were HPLC grade and were obtained from E. Merck (Darmstadt,
Germany). Verbascoside was isolated by HPLC preparative chroma-
tography as previously reported (32).
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RESULTS AND DISCUSSION

Identification of Anths from ChlF Excitation Spectra. The
emission spectrum recorded on the surface of an olive fruit was,
as expected, similar to that observed in leaves, with two bands
in the red, 685 nm, and the far-red, 740 nm, region (Figure 2).
The spectral shape, that is, the red/far-red band ratio, depends
on a reabsorption effect by Chl itself occurring at 685 nm (33,
34). In fact, fluorescence emitted from chloroplasts inside the
fruit tissues undergoes multiple scattering and absorption
processes before emerging at the surface where it is detected.
The partial overlapping of the Chl absorption band with the
fluorescence band at 685 nm induces a modification of the ChlF
spectrum. The effect is much more pronounced in thick
vegetable tissues, such as fruit tissues, where the light internal
path length is largely increased. The far-red band is not affected
by reabsorption.

The excitation spectrum of ChlF in olives is also similar to
that observed in leaves (22). It represents the convolution of
absorption spectra of Chl and the accessory photosynthetic
pigments (carotenoids) that transfer the absorbed energy to Chl.
In addition, excitation spectra contain the negative contribution
of pigments that attenuate the excitation light reaching the
chloroplasts such as flavonoids and hydroxycinnamates in the
UV and Anths in the green spectral regions. These features are
shown inFigure 3a where the excitation spectra (emission at
685 nm) of a red olive (color level III) and the same olive devoid
of the skin (i.e., pulp) are reported. The fluorescence intensity
in the pulp is higher than that from the intact olive over the
whole excitation spectrum. The maximal excitation occurs at
about 440 and 480 nm, corresponding to the principal absorption
peaks of Chls, a and b, and carotenoids. Nonphotosynthetic
pigments accumulated in the external layers can be revealed
by the logFER obtained from the ChlF excitation of the olive
and that of the pulp (Figure 3b, solid line). It shows two
absorption bands in the UV at about 350 nm corresponding to
flavonoids and hydroxycinnamates and in the green at 550 nm
due to Anths. The Anth band is quite similar to that measured
by microspectrophotometry on a single mesocarp cell close to
the epidermis (Figure 3b, dotted line). The wider band shape
of the cell spectrum is due to the contribution of Chl and
carotenoids as well as to scattered light. The logFER spectrum
is also in good agreement with the absorption spectrum of an

olive disk extract in ethanol/water (pH 2.0) (Figure 3c, solid
line). Here, again, both the UV-absorbing phenolic and the Anth
bands are present. The UVA absorption band is mainly due to
verbascoside, caffeic acid derivatives, and flavonoids. The Anth
band is shifted to shorter wavelengths (peak at 535 nm) with

Figure 2. Fluorescence spectrum of a green olive (color level I, Frantoio)
excited at 438 nm.

Figure 3. Fluorescence excitation and absorption spectra from olive, olive
cell, and olive extract. (a) ChlF excitation spectra obtained from an olive
(color level III) and the same olive devoid of the most outer layers (pulp);
the emission wavelength was set at 685 nm. (b) Absorbance spectrum
derived from the logFER between the olive pulp and the whole olive (solid
line) as compared to the absorption spectrum measured on a pulp cell
by microspectrophotometry on an olive cross-section. (c) Absorbance
spectrum of a disk olive extract in ethanol/water (pH 2.0) (solid line) along
with the extinction coefficient spectrum of cyanidin-3-O-rutinoside in the
same solvent (dashed line).
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respect to the absorbance spectra measured in vivo (peak at 550
nm). The bathochromic shift observed in vivo may be explained
as due to copigmentation (35) or to a vacuolar pH higher than
that used in vitro (pH 2.0) (36, 37). In particular, judging from
a previous study on cyanidin-3-glycosides (37), the in vivo
maximum recorded here at 550 nm would indicate a vacuolar
pH between 6 and 7, in the absence of copigmentation. The
green absorption band of the olive extract corresponds to that
of cyanidin-3-O-rutinoside in the same solvent (see extinction
coefficient spectrum inFigure 3c, dashed line). This compound
was identified by HPLC analysis as the most abundant Anth
present in olives (data not shown) in agreement with previous
works (17, 18).

Our results prove that the logFER spectral technique is
suitable for revealing in vivo the absorption spectrum of
pigments accumulated on the epidermal layers of olive fruits.
As is common in several fruits, the olive samples showed well
distinct differences between the sun-exposed and sun-shaded
surfaces. The former appeared more protruded and red-colored
with respect to their relative shaded side. On the other hand, it
is well-known that Anth formation and accumulation are light
intensity-dependent processes (38-40). We can thus apply our
method to zones of different pigmentation on the same olive.
The logFER calculated by ChlF excitation from the sun-exposed
vs the sun-shaded sides (Figure 4) corresponds now to the
difference in absorbance between the two olive surfaces. For
all O. europaeacultivars studied, the sun-exposed olive side
accumulated higher amounts of Anths than the shaded side in
accordance with the light-driven biosynthesis of Anths (40).
Similar conclusions were reached in apples by reflectance
spectroscopy (41).

Assessment of Anth Content in Vivo.Comparing ChlF
excitation of olives at different color stages, it is possible to
nondestructively monitor the change in superficial pigments
during fruit maturation (Figure 5). Figure 5a,b reports the
absorbance spectra deduced from the logFER of olives at
increasing stages of ripening (color levels II, III, and IV) vs
green olive (color level I) for Frantoio (a) and Leccino (b)
cultivars, respectively. They can be compared to the absorbance
spectra measured in ethanol/water (pH 2.0) extracts of the very

same olive zones used for the ChlF excitation measurements
(Figure 5c,d). The logFER spectra showed well in vivo what
can be observed in the difference absorbance spectra of the
extracts. As expected, the Anth band increased with increasing
maturation. Furthermore, the trend of the UVA-absorbing
compounds in the logFER was similar to that in vitro for all
combinations of logFER, both for Frantoio and Leccino, even
though the UVA-absorbing compounds behaved differently in
the two cultivars.

So, we have shown that the logFER spectral method is
adequate for pigment identification in fruits at different matura-
tion stages. Furthermore, it can be useful to define the best
excitation wavelengths for the monitoring of specific com-
pounds. Indeed, for absolute quantitative purposes, the two-
wavelength logFER is more convenient. It compares the ChlF
signal excited with light that is particularly well-absorbed and
attenuated by the sampled pigment to that induced by light
reaching Chl without attenuation. For Anths, we used the 550
nm light corresponding to their in vivo absorption maximum
and a red light at 625 nm for the reference. The ChlF signal
excited at 625 nm behaves like a kind of internal standard.

Figure 6 depicts the relationship between Anth absorbance
assessed by the logFER method, using two excitation wave-
lengths, 625 and 550 nm, and emission at 740 nm, and the Anth
concentration measured from olive extracts. All data from the
three different cultivars were considered. The best fit was a
power function (solid line inFigure 6) with a coefficient of
determinationr2 ) 0.96:

whereCAnth is the Anth content per unit surface (nmol cm-2).
It is worth noting that the logFER value for green Anth-free

olives is not nil. This is probably due to the term log [(1-
10-[εa(625)ca+εb(625)cb)l]/(1-10-[εa(550)ca+εb(550)cb)l]], defined in eq 5,
because of a slight difference in the molar absorptivities of Chls
at the two excitation wavelengths. In fact, this value calculated
using the in vitro Chl a and b molar extinction coefficients (27)
and the average Chls concentrations measured in green olives
(10.6 and 5.8µg cm-2, for Chl a and b, respectively) was equal
to 0.5, close to the lowest logFER values (0.4) recorded (cf.
Figure 6).

The logFER vs Anths relationship can also be considered as
linear for Anth concentrations up to about 70 nmol cm-2;
thereafter, a saturation effect occurs. In any case, the nonlinearity
of the absorbances measured in vivo compared to those in vitro
can have two types of origins: One is related to the inherent
spectroscopic characteristics of Anths, and the other is related
to the limits of the logFER method.

As already mentioned, the molar extinction coefficient and
the position of the absorption maximum of Anths depend on
the solvent and pH (36, 37). Copigmentation (and self-
association) not only affects both of these spectroscopic
characteristics but can also be responsible for deviations from
the Beer-Lambert’s law associated with dilution (negative or
positive depending on pH) (36). In addition, the extinction
coefficient at the absorption maximum of Anths at pH 6 (in
vivo) can be 3-9 times lower than that measured at pH 2 (in
vitro) (37), in accordance with the ratio of the in vitro and the
in vivo data presented inFigure 3. Finally, the acid hydrolysis
of glycosidic bonds or acylation artifacts can also change the
Anth characteristics after extraction. Still, the observed curvature
(cf. Figure 6) can be even better explained by the limits of the
logFER method itself.

Figure 4. Absorbance spectra obtained from the logFER of sun-shaded
vs sun-exposed olive surfaces. Measurements on three different olives
of the Frantoio, Leccino, and Moraiolo cultivars are reported.

log
ChlF740(625)

ChlF740(550)
) -0.475+ 0.677‚ (CAnth)

0.149 (6)
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We have identified four effects that can be present individu-
ally or in combination when acquiring the logFER: (i) pigment

vs fluorophore distribution, (ii) surface fluorescence, (iii) stray
light, and (iv) sieve effect.

(i) As described in the Materials and Methods section and
reported in the literature (22, 25), the applicability of the logFER
method is highest when the pigment-filtering layer is above the
Chl region. When the absorber is not strictly confined to the
upper layer (epidermis) above the fluorescing Chl but is present
both in the epidermis and in the mesophyll of the leaf, or in the
present study in the mesocarp of olive fruit, a curvature in the
absorption against concentration graph (cf.Figure 6) can be
induced if the proportion of the absorber is changing.

The pigment distribution inside the olive mesocarp can be
observed in the microimage ofFigure 7a that represents the
RGB color recombination of monochrome transmittance images
of a Frantoio olive cross-section (color level II) recorded in
sequence at 450, 550, and 680 nm, for the blue, green, and red
spectral bands, respectively. It clearly shows in red the Anth
distribution within the first 200µm from the surface. InFigure
7b, the localization of Chl is visualized by the fluorescence
image at 680 nm, excited at 365 nm. An increase of Chl
concentration is observed going from the epidermal layer to
inside the mesocarp. The colocalization of Anths and Chl is
well-denoted by the intensity profiles reported inFigure 7c.
Here, the transmittance at 550 nm (T550) that is inversely related
to the Anth content and the ChlF (F680) are plotted as a function
of the depth. It can be seen that the two pigments are not

Figure 5. Absorbance spectra derived from the logFER of olives at increasing ripening stages vs green olive (color level I) for Frantoio (a) and Leccino
(b) cultivars. Difference absorbance spectra of panels c and d are derived from ethanol/water (pH 2.0) extracts of the very same olive zones used for
the ChlF excitation measurements of panels a and b, respectively.

Figure 6. Relationship between Anth absorbance assessed nondestruc-
tively by the logFER at two excitation wavelengths, 625 and 550 nm, and
the Anth concentration measured in the disk olive extracts. The emission
wavelength was at 740 nm.
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spatially separated since Chl is present within the Anth region
(red zones inFigure 7). This effect that is even expected to be
more pronounced for mature olives where the Anth layer is
thicker is probably the best candidate to explain the nonlinear
behavior of the logFER vs Anths relationship reported inFigure
6.

(ii) Fluorescing structures, like Chl in the guard cell of leaf
stomata or lenticelles in olive fruits, always contribute to the
fluorescence signal independently of how much of the underly-
ing Chl is screened by the absorber that we want to measure
(here Anths). This contribution is negligible at low absorber
contents (small screening) but becomes important at high
absorbances (large screening), contributing, in the extreme case,
to all of the fluorescence signal and bringing the absorption vs
concentration graph to a saturation level.

(iii) Any measure of absorbance, and therefore the logFER
method, has a limited range of operation defined by the presence
of stray (unwanted) light in the spectrophotometer. The relative
importance of stray light increases with absorbance (smaller
transmittance of specific light), leading to a curvature of the
measured absorbance and eventually limiting the maximum
value of absorbances to 3 or 4 (0.1 and 0.01% transmittance,
respectively) in an average spectrophotometer. Although based
on fluorescence, the logFER method measures absorbance as a
difference between two signals; therefore, it is also affected by
the described phenomenon.

(iv) The incoming excitation light channeled into the sample
through the cell walls is not affected by the screening absorbers,
which are usually present in the vacuole. This is called the sieve
effect and again puts a limit on the maximum possible
absorbance measured by the logFER method.

According to eq 5, changes in both Chl a and b contents
during maturation may also affect the logFER determination
of Anths, by introducing a distortion factor. We observed that
going from green (level I) to purple (level V) olives, Chl a and
b decreased by 35 and 15%, respectively. However, this
variation, because of the similarity of the Chl extinction
coefficients at 550 and 625 nm, produced only a small effect
(7% decrease in the distortion factor).

Relationship between Anths and Other Pigments.As
previously demonstrated, Chl content can also be estimated by
ChlF emission ratios detecting both the Chl emission maxima
at 685 and 740 nm at two different excitation wavelengths (21).
It is therefore possible using ChlF measurements to monitor at
the same time both Anths and Chl. This prospect is particularly
attractive for following the maturation process in fruits. In fact,
often the accumulation of Anths is not correlated to a degrada-
tion of Chl or these changes may occur not simultaneously.

The relationship between Anths and other phenolic com-
pounds present in the whole olive fruits was evaluated for the
Frantoio cultivar and is shown inFigure 8.

As previously reported (18), four main classes of compounds
were found as follows: (i) secoiridoids (oleuropein and its
derivatives), (ii) low molecular weight phenolics (hydroxytyrosol
and its glucoside), (iii) caffeic glycoside esters (verbascoside
and hydroxyverbascoside), and (iv) flavonols (rutin and quer-
cetin). These later (flavonols) occurred at low levels since their
localization was limited to the peel as we observed by
fluorescence microscopy of olive cross-sections (data not shown)
and in agreement with previous works (15). They did not change
significantly in relation to Anth content. Secoiridoids also
presented small variations with Anths apart from the initial rapid
decrease below a concentration of about 40 nmol cm-2. Both

Figure 7. Microscopic analysis of a green−red olive cross-section (Frantoio
cultivar). (a) RGB color recombination of three monochrome transmission
images acquired in sequence at 450, 550, and 680 nm for the blue, green,
and red bands, respectively; the bar corresponds to 50 µm. (b)
Fluorescence image acquired at 680 nm for excitation at 365 nm; red
segments indicate the tissue region where Anths accumulated. (c) Profiles
of ChlF (F680) and transmittance (T550) from the peel into the olive mesocarp
as mean intensity of each longitudinal row of pixels vs the depth; F680

was measured along the direction indicated by the arrow in panel b; T550

was measured on the transmitted image at 550 nm along the direction
indicated by the white dashed arrow in panel a; the red area indicates
the zone of Anth accumulation in the tissue.
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hydroxytyrosols and verbascosides showed a significant trend
with Anth increase, decreasing and increasing, respectively.

To our knowledge, this is the first study aimed at quantita-
tively relating the Anth content to that of other phenolics in
olives. Comparison with previous works on the phenolic profile
and content related to fruit maturation is difficult. In fact, the
evolution of the main compounds with olive ripening has been
reported as a function of the harvesting time with reference to
skin color data such as appearance, maturation indexes, and
colorimetric parameters but not Anth content. The occurrence
of rapid fluctuations in specific phenolics, as observed with
sequential sampling dates, and the effect of alternate fruit bearing
(16) may also complicate data interpretation. Taking this into
account, we can note that the increase in verbascoside with Anth
content agrees with the verbascoside augmentation during olive
ripening previously observed (13, 15, 16). Because verbascoside
is a disaccharide linked to hydroxytyrosol and caffeic acid
moieties formed by glucoside conjugation of hydroxytyrosol
and caffeic acid, it is reasonable to expect that variations of
these compounds be related to each other. Indeed, as the
verbascoside amount tripled going from green to purple olives,
hydroxytyrosol was reduced to one-third. We did not obtain
accurate data for caffeic acid because it occurred at very low
levels; however, its trend with Anths was similar to that of
hydroxytyrosol (data not shown). Caffeic acid can also actively
take part in the acylation of Anths; however, we did not observe
significant amounts of acylated compounds suggesting that
caffeic acid remained sequestered in the verbascoside molecules.

Verbascoside evaluation in olive fruits can be of interest from
a pharmacological point of view. In fact, verbascoside, having
two catecholic moieties in its structure, has peculiar antioxidant
properties. In particular, verbascoside protects the cell from
oxidative stress and its scavenging of free radicals could be a
key mechanism contributing to a cytoprotective effect (42, 43).
Oxidative stress is also regarded to be a major etiologic factor
for many cancers and heart diseases; hence, verbascoside could
be an important modulator of cancer chemopreventive activity
(44, 45) and could inhibit some macrophage functions involved
in the inflammatory process (46).

The observed relationship between Anths and verbascoside
indicates that accumulation of the caffeic glycoside ester in the
pulp can be indirectly monitored by the optical noninvasive
evaluation of Anths on the surface. This possibility, once
confirmed for other cultivars, could be of real interest to develop
agronomic methods that maximize verbascoside accumulation
in olive fruits. Because this valuable compound could be
recovered from the olive mill wastewaters (6), knowing its drupe
concentration at harvest may help in predicting the recovery
efficiency and convenience.

In conclusion, ChlF techniques have previously been indicated
as tools to assess fruit quality (47). They are mainly based on
the evaluation of the fruit photosynthetic activity by measuring
typical parameters of the ChlF variation occurring during the
dark to light transition (Kautsky effect). These methods require
a dark adaptation of the samples limiting their practical
usefulness especially for in field applications. The FER approach
that we have adopted for this study is still based on ChlF but
provides nondestructive quantitative data on the pigments in
the superficial layers of the fruit. In particular, it is possible to
estimate the amount of Anths that are directly related to fruit
maturity.

Recently, another noninvasive optical technique based on
diffuse reflectance spectroscopy was suggested for Anths
assessment in apples (41, 48). The value of reflectance
spectroscopy with respect to the FER method can be estimated
only through a direct comparison between them. However,
several advantages in the logFER method can be envisaged.
First of all, in reflectance spectroscopy, the Chl and carotenoid
absorption bands overlap the Anth band reducing the specificity
of Anth determination. This effect is not present in the Anth
absorbance deduced by the logFER method. Moreover, as the
logFER is based on the ratio of fluorescence at two excitation
wavelengths, it is independent of the shape and size of the
samples. In reflectance spectroscopy, the fact that the signal
depends on the angle between illumination and detection may
be a problem for the measurement of small samples such as
olives. Finally, the logFER method can provide information on
flavonoids and hydroxycinnamates absorbing in the UV, while
in this spectral range reflectance is very low and difficult to be
measured.

According to our results, new portable optoelectronic devices
for the nondestructive monitoring of olive development and
ripening can be developed. They can provide automatic matura-
tion indexes directly related to pigment concentrations and,
therefore, are expected to be more reliable than those merely
based on the subjective visual classification through olive skin
colors (7). A LogFER-based ripening index should also be better
than colorimetric procedures (8), which use broad bandwidth
reflectance signals. It can solve the problem of carefully defining
the olive maturation stages that is fundamental for comparing
the ripening-related features observed in different studies.

ABBREVIATIONS USED

Anth(s), anthocyanin(s); CCD, charge-coupled device; Chl,
chlorophyll; ChlF, chlorophyll fluorescence; FER, fluorescence
excitation ratio; logFER, logarithm of the FER; QSEU, quinine
sulfate equivalent units; RGB, red green blue.
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