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ABSTRACT

‘Braeburn’ apples from three harvests after 6-month storage in controlled atmosphere were measured
at 670 nm by time-resolved reflectance spectroscopy (TRS), ranked on decreasing 1670 (increasing ma-
turity), classified as less (LeM), medium and more mature (MoM), randomised into three batches per harvest
and analysed after 1, 8 and 14 days of shelf life. LeM and MoM apples were measured in the 630-900 nm
range by TRS, and analysed for sensory profile (firm, crispy, juicy, mealy) and pulp mechanical character-
istics (firmness, stiffness, energy-to-rupture). All data were processed by Principal Component Analysis
(PCA). According to sensory intensity scores, fruits were either divided into five classes (very low — VL;
low — L; medium — M; high — H; very high — VH) separately for every attribute, or clustered into four
groups, each one representing a specific sensory profile. The absorption spectra showed a maximum at
670 nm (chlorophyll-a) and xa670 was higher in the VH class for firm, crispy and juicy and in the VL and
L classes for mealy. The scattering spectra had a decreasing trend with the wavelength increase, and us’
values were lower in the VH class for firm and crispy, and higher in the VH class for mealy and in the VL
ones for juicy. PCA underlined that s’ values were negatively related to firmness and 12670, and that 1,690,
1a730, 1a830, 1.850 and 1900 were opposed to mealiness. PC scores differed among the four sensory pro-
files and increased from VL to VH classes for firmness, crispiness and juiciness and from VH to VL classes
for mealiness.

Key words: absorption coefficient, reduced scattering coefficient, texture sensory profiles, pulp mechanical
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INTRODUCTION

Texture is a key quality attribute for apples and
has been considered a multi-parameter attribute that
derives from food structure, at molecular, micro- and
macro-scale levels (Szczesniak 2002). The sensory
attributes that define apple texture are firmness, crisp-
ness, juiciness and mealiness; they can be directly
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evaluated through sensory analysis but the com-
plexity, the high cost and the time consumption of
organising panelists and preparing samples limit
their use (Chen & Opara 2013). Thus, numerous
studies have been performed to replace sensory
analysis with objective instrumental measurements.
Good relationships were found between sensory
firmness, crispness, crunchiness and a wide range of
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measurements using mechanical techniques (Chen
& Opara 2013; Mehinagic et al. 2003 and 2004).
Recently, non-destructive technologies based on
fruit optical properties, such as VIS/NIR spectros-
copy (Chen & Opara 2013; Mehinagic et al. 2003
and 2004), hyperspectral scattering images (Huang
etal. 2012) and time-resolved reflectance spectros-
copy (TRS) have been proposed as tools for apple
texture measurements. TRS provides a complete
characterisation of diffusive media with the simul-
taneous measurement of the bulk optical proper-
ties, absorption coefficient (u.) and reduced scat-
tering coefficient (us”) (Torricelli et al. 2008), up
to 1-2 cm depth (Cubeddu et al. 2001) without be-
ing significantly affected by surface features
(Saeys et al. 2008). TRS has been used to assess
fruit maturity and texture in intact fruit (Vanoli et
al. 2010). Maturity has been assessed by measuring
12670 (near the chlorophyll-a peak) and classify-
ing high 14670 value of fruits as less mature and
those having low w1.670 values as more mature
(Torricelli et al. 2008). As for apple texture, Rizzolo
et al. (2010) reported that in ‘Jonagored’ apples
s’ 750 and us’780 were positively related to mealy
and inversely related to crispy, firm and juicy, and,
in correspondence of us>780<11 ¢cm™, only crispy,
not mealy apples were found. Moreover, by using
both ua and us’ measured at 650, 670, 750 and
780 nm by TRS, it was possible to discriminate
‘Jonagored’ apples having a mealy-dry texture
without flavour from flavoured apples with a not-
mealy-juicy texture (Rizzolo et al. 2010), or by us-
ing spectral TRS measurements (670-980 nm), it
was possible to correctly classify 98% of fruits as
mealy/non-mealy with mealiness being measured
by means of tenderometric parameters (Valero et
al. 2005). In ‘Braeburn’ apples, not mealy fruits
were characterised by significantly lower us’790
and us’912, along with higher values of ©.912
(Vanoli et al. 2010).

The aim of this research was to study the re-
lationship between optical properties measured by
TRS and apple texture characterised by sensory
profiling (firm, crispy, juicy, mealy) and instru-
mental analysis (firmness, stiffness and energy-to-
rupture) during a 14 days shelf life period after
6 months storage in a controlled atmosphere.

MATERIALS AND METHODS

‘Braeburn’ apples were harvested at three
times on 29 September (H1), 11 October (H2) and
18 October (H3) always from new trees grown at the
experimental orchard in Laimburg (Bolzano, Italy)
and stored for 6 months at 1.3 °C in controlled at-
mosphere (1.5% O, 1.3% CO,). At the end of the
storage period, 90 fruits per harvest were selected,
weighed and measured on two sides by TRS at
670 nm and ranked within each harvest date on the
basis of decreasing 1670 averaged on the two fruit
sides (increasing maturity). Ranked fruits of each
harvest were divided into 30 groups, corresponding
to 30 14670 levels; 10 less mature (LeM, batch ranks
1-10); 10 medium mature; 10 more mature (MoM,
batch ranks 21-30) TRS maturity classes. Fruits from
every group were randomised into three batches in
order to have fruits from the whole range of 670 in
each sample. The three batches were randomly as-
signed to three times of analysis during a shelf life
period of 14 days (after 1, 8 and 14 days at 20 °C). At
each time of analysis, TRS optical properties in the
630-900 nm range were measured on LeM and MoM
apples on two opposite sides (the blush side and the
opposite one) and data were averaged per fruit.

On the same fruit, physical (mass, firmness,
stiffness, energy-to-rupture (Es)) and sensory analyses
(firmness, crispiness, juiciness, mealiness) were car-
ried out. TRS measurements were performed using
a set-up developed by Politecnico di Milano (details
can be found in Vanoli et al. 2013). A model for pho-
ton diffusion in turbid media was used to analyse
TRS data to assess ua and us’ of samples (Martelli et
al. 2009). An approximation to the Mie theory was
used to relate the us’ to the structural properties of the
diffusive sample: us’ = A (Wo)®, where A is the
wavelength, A is the scattering coefficient at wave-
length o= 600 nm and B is a parameter related to the
size of scatterers.

Firmness was measured with an 11-mm diameter
plunger mounted on an Instron Universal Testing Ma-
chine Model 4301 (Instron Ltd., High Wycombe, UK)
with crosshead speed of 200 mm-min* to a depth of
8 mm on two peeled areas (blush and opposite side)
per fruit. The applied force was recorded. From the
force—displacement curve the following variables
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were recorded: flesh firmness (F), stiffness (St) and
energy-to-rupture (Es) according to Mehinagic et al.
(2003). Firmness, stiffness and energy-to-rupture
readings were averaged for each fruit.

Sensory analyses were carried out with the aid
of a panel of 10 short-term-trained judges compar-
ing apples of the LeM and MoM TRS classes com-
ing from the three harvests. In each session, one
peeled slice per fruit of LeM and MoM classes from
each harvest date, coded with three digit random
numbers were presented to each panelist. In order to
have the same differences in maturity (u.670)
among fruits for all the 10 assessors, fruit presented
to each panelist had the same rank position in the
samples. At the beginning of each session, a slice of
a fruit not included in the experimental plan was
tasted to eliminate the first tasting effect. Each sam-
ple was evaluated for the intensity of attributes re-
lated to fruit structure: firm, crispy, juicy and mealy
using 120 mm unstructured line scales with anchors
at 12 mm from the extremes (low, high).

Prior to statistical analyses, the rating scores of
each attribute were standardised by panelist accord-
ing to Bianchi et al. (2009) in order to remove the
variability due to panelists using different parts of
the scale. ANOVA, principal component analysis
(PCA) and cluster analysis were performed using
Statgraphics ver. 7 (Manugistics Inc., Rockville,
MD, USA) software package. According to sensory
intensity scores, fruits were either divided into five
classes (<20: very low — VL; 21-39: low — L; 40-59:
medium — M; 60-80: high — H; >80: very high—VH)
separately for every attribute, or clustered into four
groups, each one representing a specific sensory
profile, applying the Ward’s clustering method and
squared Euclidean distance. Data of weight loss dur-
ing shelf life, mechanical and sensory characteris-
tics and of optical properties were processed to-
gether by PCA on variance matrix. TRS optical
properties, physical and sensory data and principal

components (PC) scores were submitted to
ANOVA considering as factor either the five classes
of intensity for each attribute or the four clusters
(means compared by Bonferroni’s test at p < 0.05).

RESULTS AND DISCUSSION

The combination of three harvest times with
the post-storage shelf life at 20 °C up to 14 days al-
lowed us to obtain a wide range of texture charac-
teristics. In fact, it has been reported for the fruits
used in this experiment (Vanoli et al. 2013) that the
apples of the first harvest and belonging to the LeM
TRS maturity class showed the highest firmness,
stiffness and Er and the highest scores for sensory
firmness, crispness and juiciness. Furthermore, the
same authors reported that the extent of softening
and the changes in stiffness, Er and sensory proper-
ties bound to texture achieved with shelf life de-
pended on both harvest date and TRS maturity class.

Fig. 1 shows the results of the application of
cluster analysis on the sensory variables. From an ex-
ploratory analysis carried out by dividing the stand-
ard score of each attribute into five classes accord-
ing to the intensity of the attribute, and by pairing
the classes of all attributes for every sample, it was
found that the minimum number of combinations of
intensity classes between attributes was four.
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Fig. 1. Classification dendrogram (cluster analysis on
sensory variables) of ‘Bracburn’ apples. Codes W1 to
W4 refer to profiles in Table 1

Distance

Table 1. Sensory profiles of the four clusters. For each cluster are reported: the description of the sensory profile, the
values of centroids for each descriptor, and the number of observations (Nobs) grouped in the cluster

Cluster number and sensory profile firm crispy mealy juicy Nobs
W1 — very soft and very mealy, not juicy, not crispy 26.98 3478  102.28 24.38 20
W2 — firm/crispy/juicy and quite mealy 67.06 62.73 51.22 65.24 76
W3 — very firm, very crispy and juicy, not mealy 87.68 93.28 34.94 87.39 36
W4 — quite firm/crispy/juicy and mealy 42.07 41.45 74.33 46.66 45
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Fig. 2. Number of fruits (No»s) of LeM_Rank 1-5,
LeM_Rank 6-10, MoM_Rank 21-25 and MoM_Rank 26-30
maturity classes after 1 (d1), 8 (d8) and 14 (d14) days of
shelf life at 20 °C grouped in W1 to W4 sensory profiles

Hence, cluster analysis was applied with the aim of
grouping all apple fruits considered in this experi-
ment into four clusters, each one having a distinctive
texture profile. Each cluster corresponds to a spe-
cific sensory texture profile according to the de-
scriptions and centroids values reported in Table 1.
Fig. 2 shows for each cluster the number of fruits at
1, 8 and 14 days of shelf life belonging to LeM and
MoM maturity classes, which were divided into two
sub-sets according to ranking position in order to dis-
tinguish the least mature fruits, which are grouped in
the LeM_Rank 1-5 sub-set, and the most mature ones,
grouped in the MoM_Rank 26-30 sub-set. Under the
W1 sensory profile were grouped the most soft and
mealy, not juicy and not crispy apples (harvests:
H1: 5%; H2: 40%; H3: 50%) which mainly belonged
to MoM_Rank 26-30 class both at day 1 and day 14 of
shelf life. In profile W2 were grouped about 43% of
analysed fruits (H1: 42%; H2: 33%; H3: 25%) which
were characterised by a firm, crispy, juicy and quite
mealy texture and mainly belonging to LeM class and
MoM_Rank 20-25 after 8 and 14 days at 20 °C. Under
the sensory profile W3 were grouped the most firm,
crispy and juicy apples (H1: 53%; H2: 19%; H3:
28%), which mainly belonged to LeM class at day 1 of
shelf life. Apples (H1: 16%; H2: 42%; H3: 42%) of
LeM_Rank 6-10 and MoM class mainly after 8 days
of shelf life were grouped under sensory profile W4,
described as quite firm/crispy/juicy and mealy.

The pulp optical properties and the mechanical
characteristics significantly changed according to sen-
sory intensity class for each attribute as well as to the
sensory profiles obtained by cluster analysis.

The absorption spectra (Fig. 3, left) showed
a maximum at 670 nm (chlorophyll-a); 1670 was sig-
nificantly higher for W2 and W3 sensory profiles and
in the VH class for firm, crispy and juicy and in the VL
and L classes for mealy (Table 2). The scattering spec-
tra (Fig. 3, right) had a decreasing trend with the wave-
length increase; the B parameter, related to size of scat-
terers, was (mean =+ standard error) 0.118 + 0.007 and
did not change with sensory intensity class for each at-
tribute as well as with the W1-W4 sensory profiles ob-
tained by cluster analysis, whereas parameter A was
lower in the VH class for firm and H and VVH classes
for juicy, and higher in the VL, L and M classes for
firm and in the VL ones for juicy (Table 2).
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Fig. 3. Absorption (left) and scattering (right) spectra of apples grouped in the W1 to W4 sensory profiles. Bars refer
to standard error

Table 2

. Absorption coefficient at 670 nm (u4670), scattering parameter A, sensory scores, mechanical properties (F, firm-

ness; St, stiffness; Es, energy-to-rupture), weight loss in shelf life (WL) and number of observations (Nops) grouped
in the five intensity classes of firm, crispy, juicy and mealy sensory profile. Within each sensory descriptor means
in the same column followed by different letters are statistically different (Bonferroni’s test, p < 0.05)

Class w670 A Sensory scores F St Es WL
(Nobs) (cm™) (cm™) = c M (N (N/mm)  (mJ) (%)
FIRM Profile
VL(7) 0.034c 12.65a 14.0e  28.1d 101.5a 23.2c  46.6¢c 16.6d 34.8¢c 2.84a
L(35) 0.048bc 12.16a  31.5d 37.4d 84.5a 46.3bc 51.1c 19.1cd  45.7bc  1.24bc
M(46) 0.049c 11.8la  49.8c 49.3c 66.1b 53.1b 53.8c  20.7bc  47.8bc  1.56b
H(47) 0.064b 11.54ab 710b 68.1b 47.1c 67.8a 582b 223ab 53.0ab  1.24bc
VH(42) 0.085a 11.01b 91.8a  88.5a 38.5c 78.0a 65.0a 24.0a 56.4a 0.84c
CRISPY Profile
VL(3) 0.040ab  13.22a  10.7e 9.4e 119.1a 6.2d 44.0c 15.3c 34ab 2.63a
L(37) 0.049b 12.10a 37.4d 324d 82.0b 456¢c 51.6c  19.6bc 44b 1.35a
M(50) 0.054b 11.68a 51.2c 483c 63.8c 584b 54.3bc 20.9b 49ab 1.42a
H(43) 0.063ab 11.48a 674b 68.1b 54.8c 613b 56.7b 21.2b 52ab 1.48a
VH(44) 0.077a 11.29a 86.7a 935a 36.5d 77.8a 65.0a 24.2a 57a 0.81b
MEALY Profile
VL(3) 0.080ab 10.74a 97.3a 97.8a 20.0e 106.4a 6l.6abc 23.8ab  38.7abc  0.60ab
L(44) 0.072a 11.21a 80.6a 83.6a 33.7d 74.0ab 63.1a 23.4a 56.7a 0.95b
M(52) 0.069a 11.71a 68.9b 65.1b  49.5c 64.7bc 58.0b 22.1ab  53.4ab  1.34ab
H(40) 0.052b  11.80a 509c 48.8c 69.9b 54.0cd 545b 21.0b 455bc  1.42ab
VH(38) 0.044b  11.99a 32.3d  36.3d 95.5a 42.3d 49.9c  18.5c 44.6¢c 1.54a
JUICY Profile
VL(8) 0.052ab  13.18a 28.4d 341c 936a 12.4e 50.5bc 18.1b 39.7b 1.83a
L(31) 0.045b  11.57b  43.9cd 47.0c  75.1ab 31.9d 52.3c 19.5b 47.5ab 1.51a
M(50) 0.062ab 11.92ab 57.1bc 55.8bc 65.5b  50.0c 55.9bc 21.3ab  47.7ab 1.28a
H(49) 0.062ab 11.57b  65.6ab 629b  49.8c 714b 58.1ab 21.9a 54.6a 1.32a
VH(39) 0.070a 11.15b 77.7a 79.1a 44.9c 92.4a 61.2a 23.2a 54.5a 0.99a

*kk

F* — firmness; C™ — crispness; M™ — mealiness; J™" — juiciness



118

A. Rizzolo et al.

Considering the sensory profiles, parameter A,
related to the density of scatterers, was higher for
W4 profile and lower for W3 ones, being on average
(mean =+ standard error) 11.93 + 0.35, 11.56 + 0.14,
11.10+0.23 and 12.12 £ 0.20 cm™ for W1, W2, W3
and W4 sensory profiles, respectively. Scattering
parameters suggest that the sensory intensity classes
and the sensory profiles were characterised by scat-
ters of equal size but of different densities.

Considering the pulp mechanical properties
and the weight loss during shelf life in function of
the intensity classes of the four sensory attributes
(Table 2), the highest values of firmness, stiffness
and Er were found for apples belonging to VH in-
tensity class for firm, crispy and juicy, and for those
of L and VL intensity classes for mealy. The M, L
and VL intensity classes of firm, crispy and juicy
did not differ for firmness and Es, but firm M class
showed higher stiffness than the VL ones, the L and
VL classes of crispy had lower stiffness than the M
and H classes, whereas the VH and H classes of
juiciness were characterised by higher stiffness than
the L and VL ones. As for the mechanical proper-
ties, for the mealy intensity classes firmness and
stiffness of the VH class were lower than the M and
H ones, while E; of the L mealy class was higher
than the H and VH ones. Weight loss during shelf
life was significantly lower in VH class for firm and
crispy and higher in VH class for mealy.

Considering the mechanical properties and
weight loss during shelf life of the apples grouped
in the W1-W4 sensory profiles (Fig. 4), as ex-
pected the very mealy fruit of profile W1 were
characterised by the least firmness and stiffness
and the highest weight loss, whereas the most
crispy and juicy fruit clustered into profile W3
showed the highest firmness and the least weight

loss, and higher values of stiffness and Es than W1
and W4 profiles.

PCA was carried out with the aim of studying
the relationship between TRS optical properties and
texture profiling. The parameters used in PCA were:
ua and u’s in the 630-900 nm range, the mechanical
properties of the pulp, the sensory scores of firm,
crispy, juicy and mealy attributes and the weight loss
during shelf life. Four PCs were selected explaining
85.5% of total variance (Fig. 5). In PC-1 x’s values
were opposed to firmness and to 1:630-690, bound to
chlorophyll absorption peak, which were also related
to stiffness, Er, firm, crispy, and juicy. PC-1 had the
highest value for W3 and the least for W1 and
W4 profiles (Fig. 6) and it significantly increased
from VL to VH classes for firm, crispy and juicy at-
tributes and from VH to VL classes for mealiness
(Fig. 7). In PC-2 14690, ua730, 1830, 1850 and
1900 were opposed to mealiness and weight loss in
shelf life (Fig. 5). The least PC-2 score was observed
for W1 and the highest for W3 profile (Fig. 6) and it
was significantly lower in L and M intensity classes
for firm and crispy, L intensity class for juicy and H
and VH intensity classes for mealy (Fig. 7).

PC-3 related ua730-900 to weight loss during
shelf life and in a weaker way to Es; opposed to these
parameters there were 1’s630-690 and x’s830-900
which were related to firmness and stiffness (Fig. 5).
This function did not significantly depend on the
W1-W4 sensory profiles (Fig. 6) and on intensity
classes for mealy and juicy, whereas it was signifi-
cantly higher in VL intensity class for firm and
crispy (Fig. 7). PC-4 opposed crispy, firm and juicy
to mealy and u.630-690 (Fig. 5) and its value was
significantly different among the sensory profiles,
with the W3 one showing the highest score and the
W1 the least (Fig. 6).
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Fig. 4. Firmness, stiffness, energy-to-rupture (Er) and weight loss during shelf life of apples grouped in the W1 to W4 sensory
profiles. For each parameter bars with different letters are statistically different (Bonferroni’s test, p < 0.05)
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In addition PC-4 significantly increased from
VL to VH classes for crispy, juicy and mealy attrib-
utes and was higher in M, H and VH classes respect
to VL and L ones for firm (Fig. 7).

Our results confirm the close relationship be-
tween the texture sensory profiling of stored apples,
the pulp mechanical characteristics and their optical
properties. In fact the apples clustered under profiles
W1 (very mealy) and W4 (mealy) had lower x.670
than fruit clustered under profiles W3 (very firm and
very crispy) and W2 (firm/crispy/juicy); concomi-
tantly scattering increased from the very firm and
very crispy apples (W3) to the firm/crispy/juicy
(W2) and to the very mealy (W1) and mealy (W4)
ones. This pattern of optical properties indicates that
in very mealy and mealy apples there is a more ad-
vanced chlorophyll breakdown and a higher density
of scatterers proper of more mature apples (Vanoli
et al. 2011).

Furthermore PCA underlined the close rela-
tionship between u.630-690 (chlorophyll peak)
with firmness and stiffness, crispy, juicy and mealy
attributes, the negative correlation between 1,830-
900 (near to water absorption peak) and mealy at-
tribute and weight loss during shelf life, as well as
the inverse relationship of u’s with pulp mechanical
properties, firm, crispy and juicy attributes, con-
firming the findings reported by Rizzolo et al.
(2010) and Vanoli et al. (2010).
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