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ARTICLE INFO ABSTRACT

Keywords: ‘Palmer’ mango cultivar is a late season variety which is greatly accepted by European consumers. However, it is
Mangifera indica L. common to get reports of fruit quality problems, mainly due to maturity. Thus, the objective of this study was to
Chemometrics develop calibration models for soluble solids content (SSC) and dry matter (DM) of ‘Palmer’ mangoes using
PLSR portable (VIS-NIR) spectrometer. Interactance spectra were obtained with a portable F-750 spectrometer in the
SSC .

DM wavelength range of 306-1140 nm, 8 nm spectrum resolution, and 4 scans averaged per spectra. Spectra were
SWNIRS used to develop SSC and DM models using partial least square regression (PLSR) with full cross validation. The

best SSC calibration model was developed using spectra pre-processed with standard normal variate (SNV), first
derivative of Savitzky-Golay and window of 699-999 nm. It was observed a RMSEcy of 1.39%, with a RZ, of
0.87, and RPD of 2.77. Better results were observed for the DM calibration model which was built with raw
spectra using the window of 699-981 nm (RMSEcy of 8.81 gkg™ ', R3, of 0.84, and RPD of 2.51). Poor
calibration models were obtained for firmness. The results indicated that portable VIS-NIR spectrometer can be
used as a non-destructive technique to assess SSC and DM content for ‘Palmer’ mangoes. It is necessary to
incorporate more sources of variation, to reduce RMSE values and improve robustness, especially for fruit SSC

and DM prediction.

1. Introduction

Mango maturity is determinant for consumer's acceptance as less
mature fruit have low soluble solids content (SSC) which affect fruit
quality specially flavor (Jha et al., 2007). In the United States of
America (USA) market it was observed that ‘Tommy Atkins’ mangoes
with more SSC (> 13.5%) reached 80% acceptance. On the other hand,
mangoes with SSC ranging from 9.5 to 12.6% the acceptance were
inferior then 80% (Makani, 2009). Therefore, an accurate method for
mango maturity determination is imperative for fruit quality.

Mango is a climacteric fruit and it is usually harvested at the hard
green stage at the end of its development when fruit are physiologically
mature (Bleinroth, 1994). According to Kader et al. (2002), mangoes
which will be consumed by nearby markets might exhibit color changes
from dark green to light green or even to light yellow. On the other
hand, mangoes which will be consumed by distant markets requiring
several days of transport are harvest still dark green. Mature hard green
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mangoes reach superior eating quality when ripe while immature fruit
does not (Medlicott et al., 1988).

Various maturity indexes have been suggested for harvesting
mangoes. However due to the differences among mango types (mono-
embryonic and polyembryonic), varieties, production, conditions, and
locations, there is no consensus on maturity indices (Mitra and Baldwin,
1997; Yahia, 2011). Paull and Duarte (2011) reported that mango
maturity is determined by using criteria such as change in color,
fullness of cheeks and hardened endocarp with the indication that the
most reliable indicator is when the endocarp has hardened and there is
a yellowing of the flesh near the seed, however, this is a destructive test.
Other physical parameters include shape, size, lenticels, shoulder
growth, pit around pedicel, and specific gravity (Popenoe and Long,
1957; Krishnamurthy and Subramanyam, 1970; Ketsa et al., 1991).
Chemical parameters include SSC, acidity, and carbohydrate (starch)
content have also been used (Soule and Harding, 1956; Popenoe and
Long, 1957; Popenoe et al., 1958; Thanaraj et al., 2009; Yahia, 2011).
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Due to the subjective aspects of physical maturity indices (shape,
size, lenticels, shoulder growth, pit around pedicel), the inconsistency
of specific gravity for some mango varieties (Tandon and Kalra, 1983),
and the destructive nature of chemical parameters (Subedi et al., 2007;
Paull and Duarte, 2011), non-destructive methods have been suggested
as a means to determine maturity in mango fruit and near infrared
(NIR) spectroscopy is one of those (Abbott, 1999).

Bench top and/or on-line NIR spectrometers have been used to
determine SSC, dry matter content (DM), titratable acidity (TA), pulp
firmness, starch content, and other physical-chemical parameters in
mango fruit (Jha et al., 2012, 2014; Betemps et al., 2011; Subedi and
Walsh, 2011; Valente et al., 2009; Delwiche et al., 2008; Subedi et al.,
2007; Mahayothee et al., 2004; Saranwong et al., 2001, 2004;
Schmilovitch et al., 2000; Guthrie and Walsh, 1997). However, the
evaluation of mango maturity in the packing house might result in
postharvest losses as the fruit which do not fulfill the quality standards
are discarded.

To solve this problem portable NIR spectrometers have been used to
evaluate mango maturity in field as just the fruit in the required
maturity stage will be harvested. Maturity index (I,,) calculated as SSC
times dry matter (DM) divided by titratable acidity (TA) was assessed in
seven mango varieties (Chausa, Langra, Kesar, Neelam, Dasheri,
Mallika, and Maldah) using a portable Luminar 5030 NIR by Jha
et al. (2014). Rungpichayapichet et al. (2016) studying the maturity
and postharvest quality of ‘Nam Dokmai’ and ‘Si Thong’ mangoes
reported a standard error of prediction (SEP) for SSC of 1.2% and a
correlation coefficient (R®) of 0.90; a R? = 0.82, SEP = 4.22N for
firmness; R?> = 0.74, SEP = 0.38% for TA; and R?> = 0.80, SEP = 0.80
for ripening index. Marques et al. (2016) using a portable MicroNIR
1700 reported a root mean square error of prediction (RMSEP) of
0.92 °Brix, 0.51%, 0.17%, and 12.2 N for SSC, DM, TA, and firmness,
respectively. More recently, Walsh and Subedi (2016) developed
models for in field DM content estimation with R? of 0.94 and root
mean square error of cross validation (RMSECV) of 0.68%.

Although results can be found regarding portable NIR spectroscopy
to estimate maturity in mango fruit, there is no standard maturity
indices for mangoes, mainly due to the diversity of cultivars and
growing conditions, therefore it is essential to develop them for a
particular cultivar, growing region and for local or export markets
(Yahia, 2011). As there is no information related to ‘Palmer’ mango
which is an American (monoembryonic) late season variety largely
exported from Brazil to distant markets in Europe and elsewhere, the
objective of this study was to develop calibration models for SSC and
DM of ‘Palmer’ mango during fruit development using portable VIS-NIR
spectrometer.

2. Material and methods
2.1. Fruit material

The experiment was set on a commercial orchard located at Candido
Rodrigues (21°1921” latitude South, 48°38’2” longitude West, 671 m
altitude), Sao Paulo State, Brazil. A total of 300 panicles were marketed
with colored wool when ‘Palmer’ mango (Mangifera indica L.) trees were
in full bloom. A total of 149 fruits were harvested during their
development, as such: (i) 91 days after bloom (DAB) (n = 25), (ii)
98 DAB (n = 30), (iii) 105 DAB (n = 30), (iv) 112 DAB (n = 28), (v)
119 DAB (n = 25), and (vi) 126 DAB (n = 11). The stated harvests
occurred when the degree-day (DD) accumulated 1434.0, 1539.9,
1634.1, 1741.2, 1854.6, and 1970.1 °C, respectively. It is worth note
that Souza (2007) reported that ‘Palmer’ mangoes need 119 days after
bloom to maturity (1.962.7 DD).

The calibration models were developed using the dataset from the
six harvests (136 fruit) from 2016 season (Table 1).
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Table 1
Descriptive statistics of the calibration set for dry matter (DM) and soluble solids content
(SSC) of ‘Palmer’ mangoes.

Group Soluble solids (%) Dry matter (gkg™")
N Mean Range SD N Mean Range SD
Calibration 150 7.38  21.0-3.8 3.85 150 154.8 221.2-113.4 22.1
N, number; SD, standard deviation.
Soluble solids

Firmness

Firmness

Fig. 1. Places where the near infrared (NIR) spectra were acquired and from where the
reference analysis were carried out. (A) Soluble solids content (SSC) and firmness, and (B)
dry matter content (DM).

2.2. Spectra acquisition

From the 149 fruits two spectra (n = 2) were collected from both
sides of each fruit (n = 298 spectra), on the equatorial region,
equidistant from proximal and distal ends according to the methodol-
ogy described by Subedi et al. (2007), Fig. 1. A portable F-750 (Felix
Instruments, Washington, USA) equipped with a Carl Zeiss MMS-1 near
infrared spectrometer was used to collected the spectra on the
wavelength range of 310-1100 nm, using interactance as optic config-
uration and a resolution of 8-13 nm. The light source was a halogen
lamp.

2.3. Reference analyses

2.3.1. Soluble solids content (SSC)

The portion A (Fig. 1) where the VIS-NIR spectra were collected for
SSC estimation was used to analyze the soluble solids content (SSC)
according to the reference method 920.151 reported by A.O.A.C.
(1997). It was used a refractometer (Alpha, Atago Co., Ltd., Japan),
and the measurements were carried out in duplicate with the results
expressed in percentage (%).

2.3.2. Dry matter (DM)

The dry matter content (DM) was determined by sampling a portion
of 27 mm in diameter and with 10 mm of depth from the portion B
(Fig. 1), after removing the mango epidermis (1-2 mm thick) using a
potato peeler. These portions were the same where the VIS-NIR spectra
were previously collected for DM estimation. The DM content was
measured by the weight loss after 48 h of air forced dry in an oven set at
105 °C (Subedi et al., 2007).

2.4. Chemometrics

The Unscrambler version 10.3 (Camo, Oslo, Norway) was used for
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data analysis. Spectra were pre-processed using standard normal
variate (SNV), multiplicative scatter correction (MSC), de-trend, second
polynomial order of the first (d*A) and second derivative (d?A) of
Savitzky-Golay with smoothing window of ten points (5 + 5) and five
points (2 + 2), respectively.

Calibration models were developed using the data set from 2016
harvest season (136 fruits — 272 spectra). The samples of all six harvests
constituted the calibration set for SSC and DM (Table 1). An attempt
was made to correlate VIS-NIR spectra with fruit firmness, but the
results were poor which is consistent with previous study (Subedi and
Walsh, 2009). Full cross validation was performed using 263 spectra
and the calibration models were developed using a partial least squares
regression (PLSR) and the performance was described by the statistical
terms of coefficient of determination of cross validation (R(%V), the root
mean square error of cross validation (RMSEcy), and RPD (Golic and
Walsh, 2006; Nicolai et al., 2007).

3. Results and discussion
3.1. Reference analysis: SSC and DM

The descriptive statistics can be observed in Table 1. The calibration
set has an average SSC of 7.38% (Table 1). It was observed a rise in SSC
from the 91 to 126 DAB with the highest content being observed at
126 DAB (17.9%), Fig. 2. However, after 112 DAB the SSC started to
increase indicating the onset of fruit ripening as SSC biosynthesis is
related to storage carbohydrates metabolism (Chitarra and Chitarra,
2005). Therefore, SSC increased during maturation due to the accumu-
lated starch hydrolyzes with formation of sugars (Mitra and Baldwin,
1997). It started to happen after 112 DAB, even though fruit had SSC
lower than 10% which indicates mangoes at physiological maturity
stage (Ribeiro, 2006; Assis, 2004).

For DM the calibration set has an average DM content of
154.8 gkg ™! (Table 1). It was observed a steadily increase in DM from
91 to 126 DAB (Fig. 2). Significant differences (p < 0.05) were
observed from the 105 DAB and the highest DM content was reported
on 119 and 126 DAB (172 and 180 gkg™' DM), Fig. 2. The initial
changes in DM content compared to 91 DAB happened earlier than SSC,
105 DAB and 112 DAB, respectively (Fig. 2). This modification can
indicate DM as a good maturity stage index which is in agreement with
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Subedi et al. (2007) that reported DM models being more robust in
ripening mangoes, with conversion of starch to sugars, than SSC
models.

In Australian mango industry the DM has been determined in field
using portable NIR spectrometers (Walsh et al., 2004; Subedi et al.,
2007) and a DM of 150 gkg ™! has been recommended as maturity
index to harvest the fruit (AMIA, 2016; Walsh, 2016). By using this
quality standard ‘Palmer’ mangoes should be harvested at 105 DAB. It is
worth note that the grower from where the mangoes were harvested
picketed the fruit at 91 DAB, which is 15 days less than the Australian
recommendation (Story and Martin, 1996; Bally, 2011), and 28 days
less than what Souza (2007) reported that ‘Palmer’ mangoes need to be
harvested (119 DAB). Therefore, the less mature fruit (91 DAB) will not
reach superior eating quality (Medlicott et al., 1988).

3.2. Spectra

The average raw spectra of each maturity stage obtained with a
portable F-750 spectrometer can be seen in Fig. 3. The first absorption
bands correspond to the visible wavelength region (310-750 nm) which
presented high absorptions on the violet (380-440 nm), green
(500-565) and red (625-740 nm) spectral regions (Halliday et al.,
2009). This trend reflects the ‘Palmer’ mango peel color which is
characterized by a strong red color, but might also vary from yellow to
green depending on maturity and exposure to light (Manica, 2001).

The visible wavelength region (310-750 nm) of the spectra was
dominated by a large number of fruit showing high absorptions on the
violet (380-440 nm) and green (500-565 nm) spectral regions. As the
majority of the fruit were harvested in early maturity stages
(91-112 DAB) in relation to more mature fruit (119 and 126 DAB),
the chlorophyll content in immature ‘Palmer’ mangoes peel might have
affected the visible part of the spectra (Fig. 3). During mango matura-
tion and ripening chloroplasts in the peel are transformed into
chromoplasts containing red and yellow pigments (Lizada, 1993), and
cultivars such as ‘Palmer’ also develop a reddish blush due to
anthocyanins (Manica, 2001). The presence of reddish pigments is
confirmed by the absorption on the red (625-740 nm) spectral region
and correspond the more mature ‘Palmer’ mangoes.

The NIR spectra were obtained on the wavelength range of
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Fig. 2. Dry matter (DM - g kg~ ') and soluble solids content (SSC — %) of ‘Palmer’ mangoes harvested at different developmental stages (91-126 days after bloom), reference analysis. The
values of each stage are the mean value of 25 fruits (91 DAB), 30 fruits (98 and 105 DAB), 28 fruits (112 DAB), 25 fruits (119 DAB), and 11 fruits (126 DAB). Bars represent the standard

deviation (SD).
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Fig. 3. Mean raw spectra of ‘Palmer’ mango harvested at different developmental stages (91-126 days after bloom — DAB).

750-1131 nm (Fig. 3), which is named short wavelength near infrared
spectroscopy (SWNIR), Subedi et al. (2007). In this spectral region it
was observed intense absorption bands on the range of 900-1070 nm,
which correspond to the water molecular vibrations as the absorptions
bands from 1000 and 1400 nm are referred as the first and second water
overtones (Xiaobo et al., 2010). The NIR spectra reflect the presence of
water in abundance as the case of fresh ‘Palmer’ fruit that have 79.7%
moisture (TACO, 2011). Other aspect that has to be state is the
similarities among NIR spectra even with fruit from different maturity
(Fig. 3).

In the short wavelength near infrared region (750-1131 nm) was
observed a peak (920-1041) on the second OH overtone (960 nm)
region (Xiaobo et al., 2010), which correspond to the water molecular
vibrations basically caused by the mango moisture content. However,
carbohydrate (starch and sugar) also are also related to water and sugar
OH and CH stretching (third overtone stretch at 910 nm) bands (Golic
et al.,, 2003). Fresh ‘Palmer’ mangoes have 79.7% moisture (TACO,
2011) and the presence of water dominate the NIR spectra (Fig. 2) as
previously observed in other mango varieties (Saranwong et al., 2004;
Subedi and Walsh, 2009; Jha et al., 2014; Rungpichayapichet et al.,
2016).

To perform the PLSR the spectra needed to be processed as noise
was presented on the range of 312-360 nm, which was eliminated, and
light scattering at the fruit surface was observed (Fig. 3). In other to
reduce the influence of light scattering and the base line drift various
pre-processing were applied to the spectra (data not shown), and SNV
and first derivative of Savitzky-Golay with five smoothing point (d'A)
were considered the best results.

3.3. PLS prediction models

3.3.1. SSC

Among all pre-treatments, the SNV and first derivative of
Savitzky—Golay using the spectra window of 699-999 nm resulted in
better SSC predictions with the calibration model being developed with
7 latent variables (LV), RMSEcy of 1.39% and a R, of 0.87, with a RPD
of 2.77. The predicted SSC by full cross validation can be observed in
Fig. 4.

The RMSEcy value of 1.39% for SSC is in agreement to Nicolai et al.
(2007), who reported values of 1.0-1.5 °Brix as being consistent with
studies that used external validation groups, with fruit coming from
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different orchards and periods of the year. According to Nicolai et al.
(2007), the RPD value of 2.77 allows good to excellent prediction as it is
higher than 2.5.

Comparing the performance of the SSC prediction model with other
studies, the RMSEy value of 1.39% was quite similar to the SEP of
1.2% reported by Rungpichayapichet et al. (2016) who studied ‘Nam
Dokmai’ and ‘Si Thong’ mango varieties using a VIS/NIR spectrometer
(HandySpec Campo 1000, tec5AG, Oberursel, Germany) on the range of
700-1100 nm (SWNIR). On the other hand, lower SEP values were
reported by Saranwong et al. (2003) using a ‘FT20’ spectrometer
(Fantec, Japan) on ripe ‘Carabao’ mangoes (0.40%; R\z, = 0.96;
850-1000 nm, and 0.55%; R2 = 0.88; 900-1000 nm) and by Marques
et al. (2016) using a MicroNIR 1700 (VIAVI, Santa Rosa, CA, USA) on
the wavelength range of 950-1650 nm (RMSEp of 0.92 °Brix) for
‘Tommy Atkins’ mango.

More robust models were developed by Subedi et al. (2007)
studying ‘Kensington Pride’, ‘R2E2’, ‘Celebration’, and ‘Calypso’ mango
varieties from three different producing regions in Australia harvested
at five maturity stages (immature to ripe). By using mature and
immature mangoes these authors were able to build SSC calibration
models that had good precision to predict external mango population
(RZ = 0.92; SEP = 0.67% SSC).

Although SSC has been used as a quality parameter to evaluate
mangoes, according to Subedi et al. (2007) the starch presented in the
mesocarp is converted into soluble sugars during mango ripening and
final eating quality is linked to SSC. However, the SWNIR spectroscopy
is not recommended to assess SSC across ripening stage of mango fruit
(Subedi and Walsh, 2011). Therefore, total carbohydrate content, as
measured by DM, which encloses total starch and SSC of fruit at harvest
and is linked to final mango eating quality. As such, DM PLS models
were developed.

3.3.2. DM

The best prediction model was developed using raw spectra in a
spectral window of 699-981 nm. The optimal number of factors to
obtain 82% of explained variance was achieved with 10 LV and the best
DM calibration model has a RMSEcy of 8.81 g kg ™!, RZ, of 0.84, with a
RPD of 2.51. The observed and predicted DM content by full cross
validation can be observed in Fig. 5.

In agreement with Subedi et al. (2007) who reported that DM
models are more robust in ripening fruit (with conversion of starch to
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Fig. 4. Determined and predicted SSC (%) of ‘Palmer’ mangoes harvested at different developmental stages (91-126 days after bloom) using a portable F-750 spectrometer.

sugar), the DM prediction models were better than the SSC, mainly the
RPD value which indicates excellent precision accuracy (Nicolai et al.,
2007). This trend might be due to absorption of OH groups at
960-990 nm from fruit constituents (water, carbohydrates as starch
and sugars) (Bobelyn et al., 2010) since moisture content tends to
gradually decline during fruit maturation (Rungpichayapichet et al.,
2016) as starch and DM accumulates (Tandon and Kalra, 1983).

DM prediction has long being determined by NIR spectroscopy
(Guthrie and Walsh, 1997; Saranwong et al., 2001, 2003, 2004; Walsh
et al., 2004) with RZ > 0.9 and RMSEcy < 1.19%, but using bench top
spectrometers.

With portable NIR spectrometer Greensill and Walsh (2000) using a
prototype ‘iQ’. Integrated Spectronics (Sydney, Australia) obtained the
first DM prediction model with a R2 of 0.74 and a SEP of 1% MS on the
window 300-1150 nm for ‘Kensington Pride’, ‘R2E2’, ‘Celebration’, and
‘Calypso’. Walsh and Subedi (2016) using a Nirvana spectrometer in

field reported a DM model performance of Rcy 0.94% and RMScy
0.68%. Lower RMSEp values (0.67 and 0.51%) were observed by
Marques et al. (2016) using a MicroNIR 1700 in ‘Tommy Atkins’ mango.

Although results related to DM prediction can be found using
portable NIR spectrometers, as physiological maturity is indexed by a
plateau in the rate of DM accumulation, rather than a specific DM level
per se, attempts to set a specific percentage of DM maturity standard
should be season, region, and cultivar specific (Subedi et al., 2007).
Therefore, the DM calibration model for ‘Palmer’ mango is fundamental
to determine the correct maturity for exporting mangoes for distant
markets.

However, the use of NIR spectroscopy to evaluate quality para-
meters in intact fruit faces problems related to heterogeneity caused by
variability within-tree, within-orchard, fruit age and seasonal varia-
bility (Peirs et al., 2002). As such, to reduce the RMSE value of the

® DM ——Linear (DM)
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Fig. 5. Determined and predicted DM (g kg ~?!) of ‘Palmer’ mangoes harvested at different developmental stages (91-126 days after bloom) using a portable F-750 spectrometer.
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‘Palmer’ mango predictive models and to improve robustness, it is
necessary to incorporate more sources of variation, to broad the range
of the quality parameter values (Pasquini, 2003).

4. Conclusions

It was possible to develop calibration models for SSC and DM of
‘Palmer’ mango fruit using portable VIS-NIR spectrometer. Both PLS
SSC and DM models can be used to predict ‘Palmer’ mango maturity.
Poor calibration models were obtained for firmness. It is necessary to
incorporate more sources of variation, to reduce RMSE values and
improve robustness.
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