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This paper reports a study on optical properties related to pigment content (absorption) and to
structure (scattering) of the mango mesocarp measured nondestructively in intact fruit by
Time-resolved Reflectance Spectroscopy (TRS). Optical absorption of carotenoids and
chlorophyll and scattering spectra were related to ethylene production and to firmness by a
model which explained 80% of the variation of the latter variables. Optical absorption and
scattering at selected wavelengths measured by TRS can provide a relative assessment of the
biological age of individual fruit and so manage the biological variation which is found in a
batch of fruit due to their different age at harvest.
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2 Both chlorophyll and carotenoids in the mesocarp are indicators of maturity in mango.
3 TRS can detect pigments nondestructively by probing the mesocarp in intact fruit.
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Abstract

Firmness decay, chlorophyll breakdown and carotenoid accumulation, controlled by ethylene, are
major ripening events in mango fruit. Pigment content and structure affect the optical properties of the
mesocarp, which can be measured nondestructively in the intact fruit by Time-resolved Reflectance
Spectroscopy (TRS). This work aimed at finding a relation between optical properties and ethylene
production rate or firmness decay in mango fruit (Mangifera indica L. cv ‘Haden’) from Brazil.
Scattering and absorption in the 540-900 nm spectral range by TRS, ethylene production and
respiration rate, and at last firmness, were measured on one day on each individual fruit of a sample
covering all the range of maturity. The fruit displayed a variability which was attributed to the
different biological age. Absorption spectra showed two peaks at 540 and 670 nm, corresponding
respectively to the tail of carotenoid absorption and to chlorophyll-a absorption. Carotenoids increased
substantially only in fruit where chlorophyll had almost disappeared. The absorptions at 540 and 670

nm, which described the maturity state of each fruit relative to the range of each wavelength, were
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combined in one index of biological age (biological shift factor) for each fruit and used in logistic

models of ethylene increase and firmness decay respectively. The biological shift factor explained

about 80% of the variability in ethylene production rate. A similar result was obtained for firmness
when also scattering was added in the model. The combination of absorption at 540 and 670 nm

measured by TRS in the intact fruit can be used as an effective maturity index for mango.

Keywords: mango, maturity, ethylene, absorption, scattering, Time-resolved Reflectance

Spectroscopy.
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Abstract

Firmness decay, chlorophyll breakdown and carotenoid accumulation, controlled by ethylene, are
major ripening events in mango fruit. Pigment content and structure affect the optical properties of the
mesocarp, which can be measured nondestructively in the intact fruit by Time-resolved Reflectance
Spectroscopy (TRS). This work aimed at finding a relation between optical properties and ethylene
production rate or firmness decay in mango fruit (Mangifera indica L. cv ‘Haden’) from Brazil.
Scattering and absorption in the 540-900 nm spectral range by TRS, ethylene production and
respiration rate, and at last firmness, were measured on one day on each individual fruit of a sample
covering all the range of maturity. The fruit displayed a variability which was attributed to the
different biological age. Absorption spectra showed two peaks at 540 and 670 nm, corresponding
respectively to the tail of carotenoid absorption and to chlorophyll-a absorption. Carotenoids increased
substantially only in fruit where chlorophyll had almost disappeared. The absorptions at 540 and 670
nm, which described the maturity state of each fruit relative to the range of each wavelength, were
combined in one index of biological age (biological shift factor) for each fruit and used in logistic
models of ethylene increase and firmness decay respectively. The biological shift factor explained
about 80% of the variability in ethylene production rate. A similar result was obtained for firmness
when also scattering was added in the model. The combination of absorption at 540 and 670 nm

measured by TRS in the intact fruit can be used as an effective maturity index for mango.

1. Introduction

1.1. Mango maturity and ripening

Mango (Mangifera indica L.), as other climacteric fruits, is generally harvested at the preclimacteric,
mature-green stage, and its ripening process is completed in the postharvest phase. Fruit harvested in
ripe condition has a better quality for direct consumption, but a shorter shelf-life. For long supply
chains the maturity stage at harvest must prevent ripening during transport, while ensuring acceptable

potential for subsequent ripening. Fruit harvested too early may be unable to ripen, as the ripening
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ability of a fruit is acquired on the tree (Joas et al., 2012). Fruit maturity at the tree level is
heterogeneous owing to variations in flowering time between branches on the same tree as well as to
variability in environmental conditions of the fruit-bearing branches (Léchaudel and Joas, 2007). This
variance may be seen as a disadvantage for fruit industry which looks for uniform batches of produce;
however, when the variance can be recognized, it can also be managed in order to treat each fruit in
the most suitable way, e.g. destining the less mature fruit to long transport and the more mature one to
direct consumption in the near or gourmet markets. Therefore it is important to find some indicators of
the maturity of the individual fruit. Commonly the shape and appearance of the fruit is used in
practice. According to Kienzle et al. (2011), titratable acidity, mesocarp yellowness and dry matter are
the most useful indices to specify harvest maturity. Exocarp color changes with maturity, but it is not
well correlated to other maturity indices. Best tools to assess changes in fruit during ripening were the
penetrometer, followed by flesh a* value and total soluble solids content (Padda et al., 2011).

Unfortunately all these measurements are destructive.

1.2. Ethylene, chlorophyll and carotenoids

The ripening process of climacteric fruits is regulated by genetic and biochemical events that result in
changes in color, texture, aroma, nutritional content and flavor of the fruit (Giovannoni, 2004).
Ethylene plays a major role in controlling these events. During ripening, ethylene production becomes
autocatalytic, being stimulated by ethylene itself. Softening, change of exocarp and mesocarp color
and development of volatiles are among the most obvious symptoms of ripening. During fruit
ripening, chloroplasts differentiate into chromoplasts by disintegration of the thylakoid membranes
and by the development of new pigment-bearing structures as observed in pepper (Camara and
Brangeon ,1981) and mango (Véasquez-Caicedo et al., 2006). This process is accompanied by
biochemical changes such as degradation of chlorophyll and accumulation of carotenoids, which cause
the characteristic bright yellow-orange coloration of mesocarp in ripening mangoes (Vasquez-Caicedo
et al., 2005). Ethylene accelerates the chlorophyll breakdown and stimulates the biosynthesis of
carotenoids and their precursors (Montalvo et al., 2009; Rodrigo and Zacarias, 2007). Ethylene and

carotenoids synthesis and chlorophyll degradation pathways are integrated in that they share some
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common regulating factors (Lee et al., 2012; Luo et al., 2013). The most abundant carotenoids in
mango are all-trans-B-carotene, all-trans-violaxanthin and 9-cis-violaxanthin. Ripe ‘Haden’ fruit was
characterized by a high content of all-trans-p-carotene and all-trans-violaxanthin as compared to other
cultivars (Ornelas-Paz et al., 2007). The concentrations of these carotenoids increased in an
exponential manner during fruit ripening and were highly correlated with the color coordinate a*

(positive) and with H° (negative) values of the mesocarp (Ornelas-Paz et al., 2008).

1.3. Time-resolved Reflectance Spectroscopy

Time-resolved Reflectance Spectroscopy (TRS) is a nondestructive optical technique which quantifies
the optical properties, i.e. the absorption (L) and reduced scattering (Us’) coefficients in the VIS-NIR
wavelength range of diffusive media like biological tissue. Absorption is due to pigments present in
the medium, while scattering is due to microscopic changes in refractive index caused by membranes,
air, vacuoles, or organelles. TRS probes the intact fruit at a depth of 1-2 cm with no or limited
influence from the skin (Cubeddu et al., 2001; Torricelli et al., 2008). It was found that the 2-3 mm
green layer in the mango exocarp attenuated the intensity of the TRS signal in the 540-900 nm spectral
range, but it did not affect the estimate of the optical properties of the mesocarp (Spinelli et al., 2012).
The absorption spectra measured by TRS in the intact mango fruit were in agreement with the
absorbance spectra of the mesocarp as assessed by a spectrophotometer on the peeled fruit (Spinelli et
al., 2013). TRS absorption spectra reflected the changes in mesocarp color as H® was correlated
negatively to ,540, and positively to 1,670 (Spinelli et al., 2012; Vanoli et al., 2011a, 2013). On the
contrary, the spectra measured by spectrophotometer on the intact fruit were affected by anthocyanins
in the exocarp and were not useful to detect carotenoids (Spinelli et al., 2012).

Scattering spectra can be interpreted with Mie theory: under the hypothesis that the scattering centers
are homogeneous spheres behaving individually, Mie theory predicts the wavelength dependence of
the scattering and the relation between scattering and sphere size and density. A significant positive
correlation was found between firmness and 1’880 in ripening ‘Tommy Atkins’ mangoes (Vanoli et
al., 2013). The reduced scattering coefficient gave an insight into the textural properties of apple fruit:

us” measured at 750 and 780 nm were related to pectin composition showing a high and positive



133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

correlation with galacturonic acid content in water soluble pectin fraction, and a negative correlation
with residue insoluble pectin and protopectin index (Vanoli et al., 2009). The " measured in the
range between 750 and 790 nm were also correlated to mechanical properties of fruit (firmness,

stiffness, intercellular spaces) (Vanoli et al., 2007).

1.4. Biological shift factor

In the last decade, biological variation has been studied by many authors (De Ketelaere et al., 2006;
Hertog, 2002; Hertog et al., 2004; Schouten et al., 2004; Tijskens et al., 2003). The concept of
biological shift factor allows reducing many different aspects of variation in postharvest behaviour to
that of a different biological age of individuals which share a common behaviour at constant
conditions (Tijskens et al. 2005). In nectarines, W,670, near the chlorophyll-a absorption peak, was
considered an index of the fruit biological age (Tijskens et al., 2007) and, converted into the biological
shift factor, was successfully used to predict fruit softening rate during shelf life, and, hence, to select
fruit for different market destinations (Eccher Zerbini et al., 2009). A previous work on ‘Tommy
Atkins’ mango fruit showed that 1,630 (related to chlorophyll-b content) could be used to predict
softening rate, but the model explained only 70% of the variation in firmness decay rate (Pereira et al.,

2010).

This work aimed at finding a quantitative relation between the optical properties of mango mesocarp,
measured nondestructively by TRS, and ethylene production rate (EP) or firmness, assuming that the
processes of pigment breakdown (chlorophyll) and biosynthesis (carotenoids) are related to ethylene

biosynthesis.

2.Material and methods

2.1 Time-resolved Reflectance Spectroscopy

The schematic of the TRS setup developed at Politecnico di Milano and used for measurements is
shown in Fig. 1 (Spinelli et al., 2012). The light source was a supercontinuum fiber laser (SC450-6W,

Fianium, UK) providing white-light picosecond pulses, adjustable in power by a variable neutral-
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density attenuator. A filter wheel loaded with 14 band-pass interference filters was used for spectral
selection in the range 540-940 nm. Light was delivered to the sample by means of a multimode
graded-index fiber. Diffuse remitted light was collected by 1 mm fiber. The light then was detected
with a photomultiplier (HPM-100-50, Becker&Hickl, Germany) and the photon distribution of time-
of-flight was measured by a time-correlated single-photon counting board (SPC-130, Becker&Hick,
Germany). A model for photon diffusion in turbid media was used to analyze TRS data to assess the
bulk optical properties of samples (Martelli et al., 2009) to obtain the estimates of 1, and s’ at each
wavelength. An approximation of Mie theory: P’ = A (M Ao) ®, where A is wavelength, A the scattering
coefficient at the reference wavelength A,= 600 nm, and B is a parameter related to the equivalent size
of the scattering centres (Mourant et al., 1997; Nilsson et al., 1998) was used to relate s’ to the

structural properties of the medium (density and size of scattering centres).

2.2 Fruit

Mango fruit (cv. ‘Haden’) harvested in a commercial orchard in Minas Gerais, Brazil, was
immediately transported by plane to Milan, Italy. At arrival, 60 fruits without defects were selected
and individually measured by means of the TRS set-up for the ;650 as the signal-to-noise ratio
observed at 670 nm (i.e. on the chlorophyll-a peak) was too low to guarantee reliable TRS
measurements. Each fruit was measured on two opposite sides and the results were averaged per fruit,
then mangoes were sorted by decreasing 1,650, i.e. increasing maturity and stored at 20°C.

After two days at 20°C, a subsample of 20 fruits, covering the whole range of 1,650, was selected and
measured for ethylene production rate and respiration. The optical properties in the 540-900 nm
spectral range were measured by means of the TRS set-up on two opposite sides in the equatorial
region of each intact fruit and, at the same positions, flesh firmness was assessed after all
nondestructive measurements. One fruit was discarded because it was decayed.

In this paper the results relative to this subsample are reported, while the global results have been

presented by Spinelli et al. (2013) and Vanoli et al. (2012).

2.3 Ethylene and respiration measurement
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Ethylene production rate (EP) and respiration were measured by putting fruit in 1.7 L gastight glass
jars (one fruit per jar) for 2 h at 20°C; then, for the determination of the ethylene content, 1 mL of the
headspace gas was sampled and analyzed using a deactivated aluminum oxide F1 (80-100 mesh)
column (1/8 in x 200 cm) at a column temperature of 100°C and FID detection. Quantitative data were
obtained by relating the ethylene peak area to that of a 10 uL/L standard and were expressed as pmol
kg's™. The results of four fruits were missing due to problems in the analysis.

For the analysis of respiratory gases (CO,, O,), the jar was directly connected to the MicroGC MTI
(model P-200, Hewlett- Packard) fitted with two columns in parallel: a MS5A column (4 m x 0.32 mm
ID, 30um) at 45°C and an OV-1 column (4 m x 0.15 mm ID, 1.2 um) at 40°C, each equipped with a
thermal conductivity detector. GC data were corrected for fruit mass, void volume, temperature and
pressure of the jar and the time of production to express CO, production and O, uptake rates as

nmol kg™ s™ in standard conditions. Respiratory quotient (RQ) was computed as the ratio between

CO, production and O, uptake rates.

2.4 Firmness
Flesh firmness was measured using a penetrometer (Instron UTM model 4301, crosshead speed 200
mm min*, 8 mm diameter plunger) after skin removal by a slicer, in position corresponding to the

TRS readings.

2.5 Ethylene production model
It was assumed that EP during mango ripening is autocatalytic, following a sigmoid curve increasing

with biological age of fruit from zero to a maximum production rate (EPnay):

EP_,
EP = — &)

1+ e M
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where Atgp* is the biological shift factor (BSF) for ethylene, which accounts for the different age of
individual fruit in regard to ethylene production rate (Tijskens et al., 2005). The variability of maturity
in the batch of mangoes, which were measured at one time, represents a set of different biological
ages, so each individual fruit represents one biological age and will have its biological shift factor. By
this model it was also assumed that all fruit in the batch, grown in the same orchard and conditions,
had the same behaviour as regards EP in the course of ripening. Each fruit, with its BSF, represents a
different step in the same process. Atgp* is a stochastic variable that contains all the information
concerning maturity for each individual fruit in the whole batch, expressed in standardised
dimensionless time (Tijsken et al., 2007). The BSF is the shift of individual fruit maturity in relation to
the intermediate maturity (BSF=0) corresponding to EP equal to half of the maximum. The BSF for
ethylene is an index of the fruit age in terms of its ethylene biosynthesis, which is known to increase
during fruit ripening. The age of fruit can also be described in terms of the stage of chlorophyll
breakdown and/or of carotenoid accumulation. Both processes characterize fruit ripening and can be
assessed by absorption at 670 and 450 nm respectively. In our experiment we could not perform
measurements at 450 nm, however even at 540 nm the effect of carotenoids was well appreciable (see
Section 3.1). Tijskens et al. (2006) showed that 11,670 in nectarines followed a logistic decay during
ripening, both on the tree and off the tree. The concentration of carotenoids was found to increase
exponentially during mango ripening (Vasquez-Caicedo et al., 2006; Ornelas-Paz et al., 2008);
however, it is reasonable to assume that the increase may not be infinite and eventually a maximum
will be reached. In fact preliminary analysis showed that 1,670 followed a logistic decay also in
mango, similar to that of nectarines, and 1,540 followed a logistic but increasing trend (data not
shown). Both for chlorophyll degradation and for carotenoid accumulation each fruit is characterized
by its individual BSF. Since both these biochemical processes are related to ethylene biosynthesis, it
can be assumed that the BSF for ethylene is linearly related to those of chlorophyll and of carotenoids.
So it was assumed that the BSF for ethylene (Atgp™ in EQ.1) could be expressed as a function of the

measured U,540 and 670 relatively to their range:
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where os40, 0670, Psao @nd Pezo are parameters to be estimated. The index O indicates the absorption
measured in each fruit by TRS on the same day as EP measurement. The indices max and min indicate

the maximum and minimum values ever possible (at plus and minus infinite time). They were fixed at

. .. - . 540 670 540 670
the maximum and minimum values found in this (£, . and 4, i, ) Or other (24, i and £, ey )

experiments with mango fruit, where we could find fruit with extreme values:

0.84 15
w1y —0.05

0.65— 1°7°

/«16700_0.025J+,8670 (3)

AtEP* =sy0° Iog{ J"‘ Bsao |+ Xe10° Iog{

2.6 Firmness decay model

A similar approach was also applied to firmness. A model for firmness decay was developed by
Tijskens et al. (2007). That model is used here to relate firmness to biological shift factor for firmness
as assessed by p,540 and p,670. Firmness, in mango and other fruits, decays to a minimum value

without reaching zero:

min 1+eAtF (4)

where F is firmness and Fpx and Fn, its maximum and minimum values ever possible (at minus and
plus infinite time). The biological shift factor Ate* has the same meaning as in the case of ethylene: it
accounts for the different age of individual fruit in regard to firmness decay. Firmness decay during
ripening parallels chlorophyll degradation and carotenoid accumulation, as all these processes are
dependent on ethylene, so it can be assumed that the BSF for firmness (At* in Eq.4) is linearly related

to the BSFs of chlorophyll and of carotenoids and can be expressed as a function of the measured
10
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absorptions at 540 and 670 nm (Eq. 5). In the Eq. 5 also two terms related to scattering (the Mie’s A
and B estimated from scattering spectra) were added, assuming that firmness decay is paralleled by a

change in scattering:

ﬂ540 —,U540 ﬂ670 _ﬂem
* , 0 , 0
At = k540 |Og(;54r%ax_—5;J + ﬂF,540 + Ok 670 |Og(IL;%aX_—6;0] + ﬂF,670 + kAA+ kB B (®)

a,0 a, min a,0 a, min

where [, symbols and values are the same indicated for Eq. 2 and 3, while ars40, o F670, B F540, B F670s

ka and kg are parameters to be estimated.

2.7 Statistical analysis

EP and firmness data were analyzed by non-linear regression (PROC NLIN, SAS/STAT, SAS
Institute Inc., Cary, NC, 2002) based on model (1) combined with Eq. (3) for EP, and on model (4)
combined with Eq. (5) for firmness. In this way, EP and firmness were represented as functions of

fruit maturity at time of measurement, as assessed by selected optical properties.

3. Results

3.1. Optical properties

Absorption spectrum in the range 540-900 nm showed two main peaks (Fig. 2). The variation was
very high in the 540-580 nm range, near the carotenoid absorption peak, while it was still remarkable,
but less high in the 650-690 nm range, in the region of chlorophyll-a absorption. There was also a
slight contribution of water absorption in the 800-900 nm region. In Fig. 2, a high absorption at 670
nm corresponded to a low absorption at 540 nm. With increasing absorption at 540 nm, that at 670 nm
decreased. Only when the absorption at 540 nm was very high, the tail of this peak affected the
absorption at 670 nm, which increased slightly. At wavelengths higher than 730 nm there were no
differences between fruits. The relation between 11,540 and 4,670 is made clear in Fig. 3, left.

Absorption of carotenoids (1,540) remained around 0.2 cm™ as long as chlorophyll absorption (p,670)

11
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was present. When chlorophyll disappeared, 1,670 did not become zero, but remained around 0.03

cm™, which can be ascribed to the background absorption due to the many absorbing compounds in
the tissue, other than chlorophyll. Carotenoids (,540) increased only where 1,670 was below 0.04

cm™,

Scattering (Fig. 2) decreased with increasing wavelength, as predicted by Mie theory. The range of

variation was quite high among fruit, as regards both the average level (related to parameter A) and the

slope (related to parameter B) (Fig. 3, right).

3.2. Respiration

Oxygen uptake rate ranged between 360 and 570 nmol kg™s™. The range of CO, production rate was
slightly higher (400-670 nmol kg™s™). Respiration data in relation to p,540 show that CO, production
was similar to O, uptake when p1,540 was low, but with p,540>0.8 cm™ the CO, production rate was
higher than oxygen uptake rate (Fig. 4 left). This was reflected in the respiratory quotient, which

increased above 1 when p,540 was high (Fig.4 right).

3.3. Ethylene production rate.

EP ranged from 0.1 to 0.5 pmol kg™'s™. EP increased with increasing 1,540, and with decreasing p,670
(Fig. 5). The results of modelling EP in function of maturity (expressed as biological shift factor
derived from p,540 and p,670) are reported in Table 1 and Fig. 6. The p parameters were not
significant so they were dropped from the model. The approximate standard error was low for all the
parameters. The estimated EP ., was similar to the measured maximum EP (0.496 pmol kg™ s). The
coefficients asq9 and ag70 Were not correlated, and had obviously opposite sign, as 1,540 increased and
M4670 decreased with increasing EP. This model explained 80% of the variation of EP in the batch of
fruit.

The same model was run considering only one wavelength at a time: when only 1,540 or 4,670 was
considered, Rzad,« became 0.61 and 0.49 respectively, indicating that both wavelengths should be

considered together to obtain a better index of fruit age in relation to ethylene biosynthesis.
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3.4 Firmness

Firmness indicated that most fruit was in an advanced maturity stage (Fig.7). Even if firmness varied
from 5 to 70 N, the majority of the mangoes had firmness lower than 20 N, which is characteristic of
ready to eat or ripe fruit. Firmness decreased with decreasing 1,670, and was already low when 1,540
increased above 0.2 cm™.

The results of modelling firmness in function of maturity as assessed by absorption at 540 and 670 and
by scattering are reported in Table 2 and Fig. 8. The Br parameters and k were not significant and
were omitted. To avoid over parameterization, parameters Fn.x and F,i, were fixed at the maximum
and minimum firmness measured, and ar 540 Was fixed at —1.4, based on some preliminary calculations.
The approximate standard error of kg was relatively high, but the presence of the scattering parameter
B in the model raised the adjusted R? to 0.80, while without it the Rzadj was lower (0.75).

If either wavelength was omitted from the model, Rzad,- was obviously lower; when only 11,670 was
used, kg was not significant, and hence also B could be omitted as its effect in this restricted model
was near zero (Rzadj=0.49), while using only 1,540 the model could not fit, unless also B was

considered (R%4;=0.58).

4. Discussion

4.1. Optical properties

The most interesting features were absorptions related to the main pigments in the fruit, i.e.
chlorophyll and carotenoids, which decrease and increase respectively with fruit ripening, as already
found in other mango cultivars (Spinelli et al., 2012). The differences of absorption in fruit could be
attributed mainly to a different content of chlorophyll (670 nm) and of carotenoids (540 nm). We
found that 1,540 was higher than 0.3 cm™ only in fruit with 1,670 lower than 0.04 cm™. The different
content was assumed to be due to a different biological age of fruit, which had undergone a more or
less advanced stage of ripening at the time of examination. With this assumption, it seems that
carotenoids increased substantially only when chlorophyll had almost disappeared. Pigments in mango

mesocarp were measured by Kienzle et al. (2011, 2012) who found that, during postharvest storage,
13
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chlorophyll a and b decreased from 3.3 and 2.2 mg hg™ DW, respectively, to not detectable, while all-
trans-B-carotene increased from 0.4 to 4.9 mg hg™ DW; interestingly, the carotene increased only
when chlorophyll was very low or not detectable, in accordance with our results. The mechanism of
this synchronization between chlorophyll degradation and carotenoid accumulation has been
particularly studied in tomato. STAY-GREEN (SGR) proteins, which play important roles in the
regulation of chlorophyll degradation, can also regulate and inhibit lycopene and 3-carotene
accumulation through direct interaction with phytoene syntase, a key carotenoid synthetic enzyme
(Luo et al., 2013). It seems that high levels of SGR induce chlorophyll breakdown, while carotenoid
accumulation is inhibited, until the SGR decreases so allowing carotenoid synthesis and plastid
conversion. Synchronization and balance between chlorophyll breakdown and lycopene accumulation
have been studied at a quantitative level using a kinetic model by Schouten et al. (2014), who found
that they depend on temperature and cultivar. At microscopic level, Vasquez-Caicedo et al. (2006)
found a very dynamic interconversion of the plastid structures in the mango mesocarp tissue (cv
‘Tommy Atkins’), where no sequential pattern could be clearly established between chloroplasts and
chromoplasts. In contrast, in our study, optical absorption measurements, which respond to pigment
concentration, appeared to show a clear sequence in that the increase of y,540 only occurred after the
complete decrease of 1,670.

As regards scattering, the differences in |’ reflect the changes occurred in the mesocarp structure due
to the mango softening. A decrease of scattering spectra of ‘Tommy Atkins’ mangoes, as well as of
the parameter related to density of the scatterers was found during shelf life (Vanoli et al., 2013).
Softening is due the enzymatic cell wall breakdown which may decrease the density of the scattering
particles in the mesocarp so leading to less scattering events in the tissue, as found also in tomatoes,
plums and apples (Qin and Lu, 2008; Seifert et al., 2014; Vanoli et al., 2011b). This suggests that fruit

with lower P’ had a more advanced cell wall breakdown.

4.2. Respiration and ethylene production rate.
The values of oxygen uptake, CO, production and EP rates were similar to those reported in literature

(Lalel et al., 2003; Zaharah and Singh, 2011; Zheng et al., 2007). The respiratory quotient in normal
14
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aerobic conditions is around 1 (0.8 to 1.2, depending on the substrate used for energy production). A
higher value suggests a change from aerobic to anaerobic respiration, which occurs when oxygen in
the tissue is insufficiently available so that the energy requirements cannot be fulfilled. This may occur
in climacteric fruit when ethylene triggers many simultaneous ripening processes which require
energy, and at the same time the modifications and breakdown of cell walls and membranes can
reduce the permeability to gases. It can be assumed that fruit in this condition was already in the

overripe, senescent phase.

4.3. Modelling

The model for EP in function of p,540 and p,670 explained 80% of the variation of EP in the batch of
fruit. The model for firmness in function of 1,540, 4,670 and Mie’s B gave a similar result, despite
softening already occurred at a certain extent in the batch of fruit. This confirmed the assumption that
there was a common behaviour as regards clorophyll degradation, carotenoid accumulation, ethylene
biosynthesis and softening among mango fruit grown in the same orchard: the individual differences
of maturity were different steps in the same process, and were taken into account by the biological
shift factors Atgp™* and Ate* for ethylene and firmness respectively. Both At*s indicate that most fruits,
having a positive biological shift factor, were beyond the intermediate maturity corresponding to the
inflection point of the curve. To express At* in time dimension, this variable should be divided by the
range and by the rate constant at the desired temperature. However the latter information is missing,
having performed the experiment in one time. Further research is under way to study EP and firmness
decay rate in time.

The models show that both wavelengths should be considered together to obtain a better index of fruit
age in relation to ethylene biosynthesis and firmness. In fact the sequence of carotenoid accumulation
following the chlorophyll breakdown makes the two processes little overlapping and almost mutually
exclusive (Fig. 3 left), so that, depending on the fruit age, either one is prevalent. The synchronization
between variation in p,540 (carotenoids) and p,670 (chlorophyll) and EP or firmness could be
explained by the manifold effects of SGR proteins (see 4.1), which affect also ethylene signal

transduction by altering the expression of ethylene receptor genes and ethylene induced genes, such as
15
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polygalacturonase and pectinesterase (Luo et al., 2013), which have important effects on fruit texture

and firmness during ripening.

4. Conclusions

The measurement of absorption coefficients by TRS allowed detecting the ripening state of each fruit,
by assessing the extent of chlorophyll decay and carotenoid accumulation through p,670 and p,540
respectively, in a nondestructive way. The optical properties, respiration, EP and firmness all showed
that the fruit displayed a variability of ripening stages, with some fruit definitely ripe or overripe.
Carotenoids increased substantially only in fruit where chlorophyll had almost disappeared. The
absorptions at the two wavelengths 540 and 670 nm, combined in a logistic model, defined an index of
biological age (biological shift factor) of each fruit which explained about 80% of the variability in the
ethylene production rate. A similar result was obtained for firmness when also scattering was added in
the model. The combination of optical absorption and scattering at selected wavelength measured by
TRS in the intact mango provides a relative assessment of the biological age of individual fruit
(maturity index) that can be used to manage the biological variation found in a batch of fruit due to

their different age at harvest.
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Tables
Table 1. Parameters of the non-linear regression model for ethylene production rate in function of

M,540 and 4,670 (Eqg. 1 and 3).

parameter Estivate "V e Limits

EPmax 0.48 0.05 0.38 0.58

G540 -0.73 0.16 -1.08 -0.38

070 0.37 0.11 0.14 0.61
R%q 0.80

Table 2. Parameters of the non-linear regression model for firmness in function of p,540 and p,670

and of Mie’s B (Eq. 4 and 5) . Fyax, Fmin and o g sqowere fixed.

Approx. Approx. 95%

Parameter Estimate  o.4"cror  Confidence Limits

Frmax 65 -

Fonin 5 -

OLF,540 -1.4 -

0 F670 0.53 0.14 0.23 0.83

Ks 5.41 1.29 2.69 8.12
R%;  0.80
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Figure captions

Fig. 1. Scheme of the TRS instrumental setup. TCSPC: time-correlated single-photon counting board;

SYNC: synchronization signal; CFD: constant fraction discriminator.

Fig. 2. Absorption (left) and scattering (right) spectra measured on 20 mango fruit cv ‘Haden’
covering the whole range of maturity.

Fig. 3. Relation between 1,540 and p,670 (left) and Mie’s A and B (right) in mangoes cv ‘Haden’.

Fig. 4. Oxygen uptake and CO; production rate (left) in mango fruit cv ‘Haden’ and their respiratory
quotient (right) in function of 1,540 .

Fig. 5. Ethylene production rate in function of 1,540 (left) and p,670 (right).

Fig. 6. Measured data (diamonds) and predicted ethylene production rate (line) in function of
biological shift factor (Atgp*) as assessed by p,540 and 1,670 according to model (eg. 1 and 3) and
parameters in Table 1.

Fig. 7. Firmness in function of p,540 (left) and ;670 (right).

Fig. 8. Measured data (diamonds) and predicted firmness decay (line) in function of the biological
shift factor (Atg*) as assessed by W,540, 1,670 and Mie’s B, according to model (eq. 4 and 5) and

parameters in Table 2.
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Fig. 5. Ethylene production rate in function of 1,540 (left) and p,670 (right).
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Fig. 6. Measured data (diamonds) and predicted ethylene production rate (line) in function of

biological shift factor (Atgp*) as assessed by 1,540 and 1,670 according to model (eg. 1 and 3) and

parameters in Table 1.
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Fig. 7. Firmness in function of 1,540 (left) and 1,670 (right).
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Fig. 8. Measured data (diamonds) and predicted firmness decay (line) in function of the biological
shift factor (Atg*) as assessed by W,540, 4,670 and Mie’s B, according to model (eq. 4 and 5) and

parameters in Table 2.
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