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Non-destructive methods have been widely recognized for evaluating fruit quality traits of many horti-
cultural crops and food processing industry. Destructive (analytical) test, and non-destructive evaluation
of the quality traits were investigated and compared for ‘Red Rose’ tomato (Solanum lycopersicum L.) fruit
grown under protected environment. Fresh tomato fruit at five distinctive maturity stages namely;
breaker (BK), turning (TG), pink (PK), light-red (LR), and red (RD) were labeled and scanned using the
handheld near infra-red (NIR) enhanced spectrometer at a wavelength range of 285–1200 nm. The
labeled tomato samples were then measured analytically for flesh firmness, lycopene, b-carotene, total
phenolic content (TPC) and total flavonoids content (TFC). The results revealed that quality traits could
be estimated using NIR spectroscopy with a relatively high coefficient of determination (R2): 0.834 for
total phenolic content, 0.864 for lycopene, 0.790 for total flavonoid content, 0.708 for b-carotene; and
0.679 for flesh firmness. The accumulation of Lyco and b-Car rapidly increased in tomatoes harvested
between the TG and the LR maturity stages. Harvesting tomatoes at BK maturity stage resulted in signif-
icantly higher flesh firmness than harvesting at the later maturity stages. Tomato fruits had the lowest
TPC and TFC contents at the earliest maturity stage (BK), while they had intermediate TPC and TFC levels
at LR and RD maturity stages. NIR spectroscopic measurements of fruit firmness and lipophilic antioxi-
dants in tomato fruit at various maturity stages were partially in accordance with those estimated by
destructive (analytical) methods. Based on these findings, we recommend using non-destructive NIR
spectroscopy as an effective tool for predicting tomato fruit quality during harvest stage and postharvest
processing.
� 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Tomato (Solanum lycopersicum L.) fruit is a rich source of health
promoting antioxidants, dietary fibers, phenolic compounds, flavo-
noids, proteins, minerals and vitamins (Wilbur, 1992). Its con-
sumption helps in reducing cancer cases and assists in
minimizing the risks of cardiovascular and related illnesses
(Cheng et al., 2017). Further of being a dominant carotene in toma-
toes, lycopene acts as an intermediate of carotene biosynthesis. It
is effective in the pigmentation phenomenon of both plants and
algae. Among all the 600 known natural carotenes, lycopene has
the highest antioxidant activity as well as the highest reactive oxy-
gen species (ROS) quenching ability (Alda et al., 2009). Several fac-
tors influence lycopene accumulation in tomato fruit which
include cultural practices, environmental conditions, genotypes
and phonological stages (Serio et al., 2007). The beneficial effects
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of consuming tomatoes predominantly come from their dietary
antioxidants (Çelik et al., 2017) which are known to counteract
the adverse effects of free radical ions (FRI) and ROS.

Lipids in fresh fruits and vegetables serve number of physiolog-
ical functions. Specifically, these molecules contribute to their
organoleptic (aroma, flavor, color, texture) and nutritional (essen-
tial fatty acids, vitamins and metabolic energy) characteristics
(Baeza-Jiménez et al., 2017). However, the auto-oxidation of lipids
by FRI and ROS can adversely affect their physiological functions,
which ultimately leads to deterioration of their quality, in addition
to the shorter shelf-life.

During the maturity process, tomato fruit undergoes a series of
nutritional, biochemical and physiological modifications which
affect their functional and proximate quality characteristics
(Abdullahi et al., 2016). The instrumental assessment of these
changes are preferred over the sensory evaluation, to minimize
the tangential variations. Additionally, the instrumental character-
ization of internal quality of fresh produce is more precise that may
have commercial application in the processing industry (Barrett
et al., 2010).

Destructive techniques of measuring quality indices in fresh
produce to identify the optimum time of fruit harvesting have a
variety of drawbacks that highlights the need for non-destructive
and dependable tools (Pedro and Ferreira 2005). Additionally, most
of their commercial applications are on-site measurements, which
require portable tools.

Being accurate, cheap, fast, and user-friendly, NIR spectroscopy
technique is gaining worldwide popularity in assessing the quality
of fruits and vegetables especially in the food processing industry
(Porep et al., 2015). NIR spectroscopy is a potential tool for non-
destructive assessment of quality traits of fresh produce and agri-
cultural products (Sirisomboon, 2018). In this respect, Walsh et al.,
(2020) reviewed the applications of NIR spectroscopy in the field of
postharvest decision support systems. The NIR spectroscopy is
being commercially used in the postharvest processing industry
of some fruits and vegetables (Cattaneo and Stellari, 2019). Such
non-invasive data is a powerful tool in the assessment of fruit mat-
uration and ripening (Baranska et al., 2006). The short wave NIR
(720–1100 nm) region is generally used for penetrating through
biological tissues. Based on interactance spectra, Khuriyati et al.
(2004) used the spectrometric technique in the development of a
dry matter partial least square (PLS) model for tomatoes with a
coefficient of determination (R2) of 0.88; however, the model was
not tested on independent population of the fruit.

Previously, Alenazi et al. (2020) investigated the status of diet-
ary antioxidants of tomato fruit during maturity stages. They
reported that the highest contents of ascorbic acid, phenolic com-
pounds, and flavonoids were between the (PK) and (LR) stages. In
addition, the highest b-carotene and lycopene levels were found
in fruits harvested at the ‘red’ stage. This study was conducted to
compare NIR spectroscopic (non-destructive) evaluation of
maturity-dependent dietary antioxidants accumulation and flesh
firmness of ‘Red Rose’ tomato fruit grown under the protected
environment, with their analytical (destructive/subjective)
assessment.
2. Material and methods

2.1. Chemicals

Reference standards; gallic acid (GA), quercetin (QE), L-ascorbic
acid) and Folin-Ciocalteu (FC) phenol reagent were obtained from
Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). Other chemi-
cals/reagents (2,4-dinitrophenylhydrazine, H2SO4, potassium acet-
ate) and organic solvents (ethanol, acetone, hexane, acetic acid,
petroleum ether) of analytical grade were locally sourced from
Somatco Scientific Supplies (Riyadh, Saudi Arabia).

2.2. Study layout

Forty-day ‘Red Rose’ tomato (Reimer Seeds, Saint Leonard MD,
USA) seedlings were transplanted in the greenhouse facility at King
Saud University (24.7256� N, 46.6153� E), Riyadh, Saudi Arabia. The
plastic pots (25-cm diameter, with growth media consisted of sand
and peat in the 1:1 ratio) were arranged in completely randomized
design with four replications. The pots were placed in the green-
house at 50 cm apart with 1 m distance between the rows. All
plants received similar cultural practices as recommended for
greenhouse grown tomatoes (Maynard and Hochmuth, 2006).

2.3. Fruit sampling and NIR spectroscopy test

Based on visual assessment (California Tomato Commission,
2020), fifty fruits from each replication were randomly harvested
at five maturity stages: breaker (BK), turning (TG), pink (PK),
light-red (LR), and red (RD). Fresh tomato fruit were labeled and
scanned using the handheld near infra-red enhanced spectrometer
(F-750, Produce Quality Mater, Felix Instruments, CamasWA, USA),
at wavelength range (285–1200 nm). The labeled tomato samples
were then measured analytically for flesh firmness, lycopene
(Lyco), b-carotene (b-Car), total phenolic content (TPC), and total
flavonoid content (TFC).

2.4. Analytical (destructive) methods

2.4.1. Flesh firmness
The flesh firmness of tomato fruits was measured as described

by Subedi and Walsh (2009) by pushing a plunger tip (6 mm) into
their opposite pared surfaces along the equatorial region using a
handheld penetrometer (FT 40, Wagner Instruments, Greenwich
CT, USA) and the values were expressed as newton (N).

2.4.2. Dietary antioxidants
The seeds and the placental tissues of the fruit were discarded

and the pericarp slices (r = 4) were divided into two groups. The
levels of oxygen-free carotenoids (Lycopene and b-Car) were
immediately analyzed in the first group to avoid isomerization
and photo-degradation. The second group of pericarp slices was
freeze-dried and stored at –20 �C until needed (maximum 3-
week storage) for determination of TPC and TFC.

2.4.2.1. Oxygen-free carotenoids. The levels of oxygen-free carote-
noids (Lyco, and b-Car) were estimated according to Nagata and
Yamashita (1992). One gram of tomato pericarp slices was
extracted in 5 mL of acetone-hexane (4:6) solution using a general
laboratory homogenizer (Model: GLH 850 with 5 mm tip, Omni
International, Inc. Kennesaw Georgia, USA), under the dim-light
environment. Supernatant optical densities (ODs) were recorded
at 453, 505, 645, and 663 nm (Ultrospec 2000 UV/VIS, Amersham
Pharmacia Biotech, Little Chalfont, UK). The concentrations of b-
Carotene and Lycopene (lg g�1, fm) were calculated according to
Nagata and Yamashita, (1992) as follows:

b� b� Car ¼ 0:216A663 � 1:22A645 � 0:304A505 þ 0:452A453 ð1Þ

Lyco ¼ �0:0458A663 þ 0:204A645 þ 0:372A505 � 0:0806A453 ð2Þ
2.4.2.2. Total phenolic content (TPC). TPC of the tomato extract was
estimated following the method of Surana et al. (2016), with minor
modifications. One millilitre (1 mL) of the stock extract was mixed
with 1 mL of Gallic Acid (GA) standard solution in a 25-mL volu-
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metric flask. Then, 1.5 mL of FC reagent mixed in 10 mL of deion-
ized water (DW) was added. The mixture was kept to react at
23 ± 1 �C for 10 min. The aqueous solution of sodium carbonate
(4 mL) was added and the total volume of the mixture was
adjusted to 25 mL with DW. After incubation at 23 ± 1 �C, the
supernatant OD was recorded at 765 nm. To construct a standard
curve, similar procedure was followed for GA solutions at 20, 40,
60, 80, and 100 mg L–1 concentrations. TPC of the fruit extract
(lg GA equivalent g�1 fm) was calculated against the standard
curve.

2.4.2.3. Total flavonoid content (TFC). TFC in the tomato extract was
estimated according to Nour et al. (2015) with minor modifica-
tions. In short, 0.5 mL of tomato extract was diluted with ethanol
(1:10) in a glass test tube. Then, 0.1 mL of 10% aluminium chloride,
0.1 mL of molar of potassium acetate aqueous solution, and 4.3 mL
of ethanol were added to the test tube. The mixture was kept to
react at 23 ± 1 �C for 40 min. The supernatant OD was recorded
at 415 nm and the (QE) was used as a standard reference to plot
a standard curve against its various concentrations. The TFC of
the extract (lg QE g�1 fm) was estimated by comparing their
ODs against the standard curve.

2.5. Non–destructive spectral scanning

The quality indices (reference values) of tomato at different
maturity stages were measured by spectral scanning. Procedure
in the prediction model of tomato fruits quality was conducted
by creating training set for represented samples of tomato fruit,
measuring corresponding quality traits, extracting spectrum data
from the instrument into Data Viewer Software, building tomato
fruit model based on the spectrum and fruit quality indices using
Model Builder, and finally validating the developed model based
on the newly measured quality indices and the predicted model.
The spectrum data were analyzed using (F-750 Data Viewer Soft-
ware, Version: v1.1.0.51). To correlate reflectance (1st and 2nd
derivatives) at 285–1200 nm, the Model Builder (Version:
v1.1.0.105) was used as illustrated in Alhamdan and Atia (2017)
and Alhamdan et al. (2019).

2.6. Statistical analysis

The data obtained by the destructive analysis of tomato fruit
were subjected to analysis of variance (ANOVA) following the
PROC GLM procedure using SAS 9.2 software (SAS Institute
2009). The effects of maturity stages on flesh firmness, and levels
of carotenes and hydrophilic antioxidants (phenolic and flavonoid
compounds) in ‘Red Rose’ tomato fruit were assessed using
ANOVA. The least significant differences (LSDs) were calculated
by the Fisher’s test (F-test) with a significance level at P � 0.05.

For comparison with the non-destructive evaluation, Felix
Model Builder was utilized to calculate coefficient of determina-
tion (R2), Root Mean Square Error (RMSE), and Principle Compo-
nent Analysis (PCA). In general, the best results can be obtained
when the predicted values have the lowest RMSE and the highest
R2. As a standard regression analysis, PCA was performed both
for calibration and cross-validation of samples for each of the qual-
ity traits studied.
3. Results and discussion

3.1. Proximate quality characteristics

The analytical (subjective) assessments of oxygen-free carote-
nes in the present investigation were focused on Lyco and b-Car.
The accumulation of Lyco and b-Car rapidly increased in tomatoes
harvested between the TG and the LR stages of fruit maturity
(Table 1). The highest levels of carotenes (Lyco = 67.5 lg g–1, fm;
b-Car = 67.3 lg g–1, fm) were found in fruits harvested at the RD
stage of maturity. Lyco remained below the detection level until
the fruit entered the TG stage of maturity. Whereas it stayed in
the range of 11.8–67.5 lg g–1 during the course of next stages of
fruit maturity, with the lowest average of 11.8 lg g–1 at TG and
the highest average of 67.5 lg g–1 at RD maturity stage (Table 1).
A rapid rise of b-Car content in tomatoes was observed between
BK and LR maturity stages, with no significant differences
(P � 0.05) between the levels of b-Car in tomato fruit harvested
at LR or RD maturity stages. The highest accumulation of carote-
noids upon the developmental progress of fruit maturity (Table 1)
might be attributed to chlorophyll degradation. Tigist et al. (2015)
reported that increaed lycopene, b-carotene contents were associ-
ated with increased chlorophyll degradation. With advancing
maturity, the chloroplasts at BK stage transform into the chromo-
plasts which are plastids containing high levels of carotenoids such
as Lyco (Tigist et al. 2015).

Harvesting tomatoes at BK maturity stage resulted in signifi-
cantly higher flesh firmness than harvesting at the later maturity
stages (Table 1). Whereas, tomatoes harvested at LR and RD matu-
rity stages exhibited statistically similar firmness (9.5 N and 5.9 N,
respectively). Verheul et al., (2015) harvested cherry tomato fruits
at three maturity stages from commercial greenhouses and evalu-
ated their quality traits at storage, transport, and supermarket con-
ditions. They reported that flesh firmness of BK harvested fruits
was 30% higher than for those harvested at RD stages.

Loss in firmness of fresh produce during maturity leads to dete-
rioration of quality and causes higher incidence of mechanical
damages during handling, storage and transportation (Parker and
Maalekuu, 2013). Tomato fruit get softer as it matures. Softening
of tomatoes at later stages of fruit maturity (Table 1) may be
ascribed to the enzymatic breakdown of pectin and related sub-
stances in the epidermal layers of the fruit (Macnish et al., 1997).

At the earliest maturity stage (BK), tomato fruits had the lowest
TPC and TFC contents (1363.1 and 1258.7 lg g�1, fm, respectively
(Table 1). The highest TPC and TFC contents were found in tomato
fruits harvested at (PK) maturity stage (1813.3 and 1873.5 lg g�1,
fm, respectively. Fruits harvested at (LR) and (RD) maturity stages
had intermediate TPC and TFC levels. These results are in accor-
dance with Nikolaos et al., (2018) who indicated that the highest
polyphenols content of tomato fruits was observed in the red col-
our fruits, while the mature green fruits had the lowest polyphe-
nols content.

3.2. Spectral analysis

A spectral curve in the wavelength range of 350–1250 nm of
tomato at the five maturity stages and the sample measurement
are shown in Fig. 1. The positive and negative peaks in the spectra
indicate the strong and the weak absorbance characteristics of the
fruit within the range studied, respectively.

There were apparent differences between the maturity stages of
tomato fruits in shape and magnitude that might indicate the vari-
ations of fruit properties. This might be attributed to moisture con-
tent and surface texture of fruit samples as well as other properties
(Jaiswal et al., 2012). In addition, the light absorption of oxygen-
free carotenoids in tomatoes at the BK stage of maturity has strong
masking spectra which resulted in other compounds with minor
absorption intensity being invisible. These masking effects are
due to overlapping light absorption by different pigments. Simi-
larly, Qin and Lu, (2008) observed noticeable changes in absorption
spectra at wavelength range 500 and 730 nm for tomato fruit with
different maturity stages (green, pinkish, and red). They reported



Table 1
Flesh firmness and levels of dietary antioxidants of the greenhouse-grown ‘Red Rose’ tomatoes at various stages of fruit maturity (subjective analysis).

Stage of fruit maturity Firmness (N) Lycopene (lg g�1, fm) b-carotene (lg g�1, fm) TPC (lg g�1, fm) TFC (lg g�1, fm)

Breaker (BK) 21.7 ± 2.6a ND 25.8 ± 3.7c 1363.1 ± 82.8d 1258.7 ± 57.7d

Turning (TG) 15.5 ± 1.6ab 11.8 ± 1.7c 40.9 ± 4.2b 1572.1 ± 59.0c 1675.0 ± 86.1c

Pink (PK) 16.7 ± 2.5b 28.4 ± 0.9b 45.1 ± 3.5b 1813.3 ± 69.3a 1873.5 ± 100.8a

Light red (LR) 9.50 ± 1.3c 60.8 ± 3.8a 66.1 ± 4.2a 1692.5 ± 92.2b 1727.1 ± 22.6ab

Red (RD) 5.90 ± 1.9d 67.5 ± 2.1a 67.3 ± 2.3a 1659.1 ± 52.9ab 1682.6 ± 33.4bc

N: Newton (force), TPC: Total phenolic content, TFC: Total flavonoid content, fm: Fresh mass. The data are given as mean values ± standard error of 4 replicates. The values
within a column sharing the same alphabetical letters are not significant at P � 0.05.

Fig 1. Raw spectra curves of all tomato samples at various stages of fruit maturity (a), NIR measurements of tomatoes (b), and the five stages of fruit maturity in vertical rows
(c): Vertical rows from left to right; (1) Breaker, (2) Turning, (3) Pink, (4) Light-red, (5) Red. Fresh tomato fruits were labeled and scanned using the handheld near infra-red
enhanced spectrometer (F-750, Produce Quality Mater, Felix Instruments, Camas WA, USA), at wavelength range (285–1200 nm).
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relatively stable and modest absorption values at wavelength
range 730–900 nm which were similar to what was found in this
study.

The quality indices of ‘Red Rose’ tomatoes that were pre-
dicted with NIR are shown in Table 2. The results revealed a fair
high coefficient of determination (R2) for various quality traits of
tomato fruit. The R2 values were 0.966 for TPC, 0.959 for lyco,
0.984 for TFC, 0.938 for b-Car; and 0.919 (fair) for flesh firmness.
To examine the influence of distribution on the prediction per-
formance of calibration models, Partial Least Squares Regression
(PLSR) was re-calculated with logarithmic transformed values.
For the firmness validation model, the prediction with R2 = 0.679
Table 2
Flesh firmness and dietary antioxidants in the greenhouse-grown ‘Red Rose’ tomatoes at

Quality indices Principle components R2 CVR2

Flesh Firmness 08 0.919 0.6790
Lycopene 11 0.959 0.8647
b-carotene 12 0.938 0.7082
TPC 12 0.966 0.8343
TFC 12 0.984 0.7900

TPC: Total phenolic content, TFC: Total flavonoid content, R2: Coefficient of determination
mean squared error calibration; RMSECV: Root mean squared error cross validation; PRES
squares cross validation.
were RMSECV = 0.640 and PRESS of 1.048 as shown in Table 2.
These results are lower than those reported by Gómez et al.,
(2006) for mandarin with R2 = 0.83 and root mean square error
of prediction (RMSEP) = 8.53 N, but were higher than those
reported by McGlone and Kawano (1998) for kiwifruit
with R2 = 0.76 and RMSEP = 0.70 that is due to composition vari-
ations of fruits. Fan et al., (2020) used a portable (Vis/NIR) device
to evaluate internal qualities of apple fruit on-tree and during
storage. They indicated that the device can be practically used
for detecting soluble solids content (SSC).

Saad et al., (2016) used visible/near-infrared (VIS/NIR) spec-
troscopy to investigate the tomato fruit quality traits during storage.
various fruit maturity stages (NIR model performance).

RMSEC RMSECV PRESS PRESSCV

0.462 0.6400 1.0480 1.454
1.770 1.0291 3.1329 1.059
0.163 1.1404 0.0260 1.301
2.506 1.7980 6.2811 3.234
1.541 1.8230 2.3770 3.326

of calibration; CVR2: Coefficient of determination of cross validation; RMSEC: Root
S: Predicted residual error sum of squares; PRESSCV: Predicted residual error sum of
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They reported that the PLSR calibration model with SSC had the
highest coefficient of determination (R2) = 0.91, RMSEP = 0.285,
while R2 for lycopene was the lowest (0.73). They concluded that
during storage, significant changes in quality traits occur in tomato
fruit at turning stage. These changes have practical use in post-
harvest industry. On the other hand, Ibáñez et al., (2019) used NIR
diffuse reflectance to predict taste-related quality traits in tomato.
They reported a good performance for the prediction of acids, sugars
Fig 2. Wave-length influence according to the estimation of fruit quality for: (a) firmness
and scanned using the handheld near infra-red enhanced spectrometer (F-750, Produc
1200 nm).
and soluble solids. The data created by the non-destructivemethods
can be used to indicate key variables that correlate with fruit matu-
rity stages (Wu and Sun, 2013). These variables can be utilized in
regression models to assess fruit quality and ripeness.

The influence of wavelength on the detection of fruit quality
traits are shown in Fig. 2. The firmness detection in which the high-
est influences of spectra were in the range of 1050–1250 nm is
shown in Fig. 2a while Fig. 2b exhibits the highest wavelength
; (b) Lycopene; (c) b-Carotene; (d) TPC; and (e) TFC. Fresh tomato fruit were labeled
e Quality Mater, Felix Instruments, Camas WA, USA), at wavelength range (285–
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influence on Lyco at NIR region of 1185 nm. Fig. 2c and d illustrate
the influence of wavelength on b-Car and TPC at 1150 nm and
Fig. 2e shows the influence of the wavelength on TFC at the peak
of 1100 nm. There are relative similarities of the occurrence of
spectra influence at high wavelength for firmness, Lyco, b-Car,
TPC, and TFC traits. However, prediction influence was higher
(�19.4) for b-Car and TPC traits compared to other traits indicating
a more important pixels for prediction. Furthermore, wavelengths
with high prediction level (b-Car and TPC traits) are weighted more
heavily than firmness, Lyco, and TFC traits.
3.3. Reflectance analysis

The reflection spectra (350–1200 nm) were initiated with the
spectrophotometer (Model: Felix F-750) around the equator (ap-
proximately 120�), at three equidistant positions for each fruit. It
can be observed from Fig. 3 that tomato at earlier stage of maturity
(BK) had lower reflectance compared to the more mature ones
(PK–RD) at the NIR region. These variations might be attributed
to the differences in color and chemical composition of tomato
fruit at different stages of maturity. VIS/NIR reflectance
spectroscopy detect reflected light which depends on the light
absorption by fruit surface. The fruit physical and chemical quality
traits determines the amount of reflectance which indicates the
stage of ripeness (Li et al., 2018).

Typically, the reflectance spectra occur in the visible range
(Jiang et al., 2016). Fig. 3 illustrates the reflectance spectra for
tomato fruit samples at different of maturity stages. The variations
of reflectance curves of maturity stages were noticeable within the
visible region of 585 to 685 nm. Liu, (2016) reported similar pat-
tern of these spectral curves and indicated that there were clear
distinctions among reflectance curves at wavelengths of 405–
700 nm (visible region) of tomato fruit with various maturity
stages whereas they were substantially lower at 780–970 nm (in-
frared region). The nature of those spectra curves are closely asso-
ciated with the physiological maturity of tomato fruit. The upward
shift of the spectra curves reflects the transition of ripening stages
Fig 3. Spectra reflectance (in wave length range 350–1200 nm) of tomato fruit at
different maturity stages. The arrow shows the direction of ripening in progress.
The reflection spectra was initiated with the spectrophotometer (Model: Felix F-
750) around the equator (approximately 120�), at three equidistant positions for
each fruit.
of fruit maturity. Similar findings were reported by Alhamdan and
Atia (2016) and Alhamdan et al, (2019) on Barhi date fruit.

3.4. Absorbance analysis

Fig. 4 shows the spectral absorbance of tomatoes from five
maturity stages at the wavelength range of 400–1200 nm. Fig. 4
(a) exhibits log (1/R) absorbance while 4(b) shows the 1st deriva-
tive spectra, whereas 4(c) displays the 2nd derivative spectra.
The 2nd derivative absorbance curves were utilized to show two
additional positive satellite bands on both sides of the main band.
The wavelength range of 750–1200 (Fig. 4c) showed the variations
of spectral patterns more clearly for different stages of fruit matu-
rity which could be attributed to the levels of carotenoids and pos-
sibly photosynthetic pigments (e.g., chlorophylls) for each
maturity stage. With the advancement of tomato fruit maturity
stages from BK to RD, the levels of photosynthetic pigments
decrease whereas the levels of carotenoids and phenolic pigments
increase (Qin and Lu, 2008).

The wavelength region (900–1183 nm) is highly influenced by
the broad water bonds (O-H bonds), specifically at 970 nm and
1180 nm. The Absorption by carbohydrates in the wavelength
region (800–1050) nm is well known for food produces (Norris
and Williams, 2001). Moreover, the wavelength region (850–
920 nm) revealed more insight on SSC and firmness differences
of tomatoes at different maturity stages in which firmness levels
decrease as sugars content increase in the fruit. Feng et al.,
(2019) demonstrated that cherry tomatoes could be well distin-
guished through either of the quality traits (firmness, SSC, and
pH) or the NIR spectroscopic characteristics. They reported that
extreme learning machine (ELM) algorithm combined with raw
spectra performed better in predicting the proximate quality char-
acteristics of cherry tomatoes, in comparison with Partial least
square (PLS), support vector machine (SVM). Their results sug-
gested that NIR spectroscopy when combined with chemo-metric
analysis might be accurately used to predict cherry tomatoes qual-
ity traits during cold storage.

4. Conclusion

The investigation of this study demonstrated that the stage of
fruit maturity at harvest substantially influences the fruit flesh
firmness and the levels of both lipophilic and hydrophilic antioxi-
dants in ‘Red Rose’ tomato fruit grown under protected environ-
ment. Fruits harvested at the ‘Pink’ stage of maturity had higher
levels of hydrophilic antioxidants whereas those harvested at
‘Light-red’ or ‘Red’ stage of maturity exhibited higher levels of lipo-
philic antioxidants. The NIR spectroscopic measurements of firm-
ness and lipophilic antioxidants in tomato fruit at various
maturity stages were partially in accordance with those estimated
by destructive (analytical) methods. The prediction with NIR pre-
sented in this study can be utilized for online measurements of
quality indices. These results have implications for the improve-
ment of quality control in handling and processing industry of
tomatoes and possibly other fruits and vegetables.



Fig 4. Absorbance of tomato fruit at different stages of maturity: (a) Absorbance (log (1/R)); (b) Absorbance of the 1st derivative; and (c) Absorbance of the 2nd derivative.
The arrow shows the direction of ripening in progress. Fresh tomato fruits were labeled and scanned using the handheld near infra-red enhanced spectrometer (F-750,
Produce Quality Mater, Felix Instruments, Camas WA, USA), at wavelength range (285–1200 nm). The statistical details (e.g means and standard errors) of all quality
parameters are shown in Table 1.
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