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Abstract: Fresh blueberries are prone to softening and dehydration during postharvest, which limits
their competitiveness when reaching the final markets. Commercial cultivars ‘Duke’ and ‘Brigitta’
exhibit contrasting softening patterns. Although ‘Duke’ berries usually show higher firmness levels
at harvest as compared to ‘Brigitta’, they display higher softening and weight loss rates after cold
storage. The aim of this study was to evaluate the physicochemical changes and modifications in
cuticle composition of ‘Duke’ and ‘Brigitta’ blueberries across five developmental stages: green (G),
25 and 50% pink (25P, 50P), and 75 and 100% blue (75B, 100B), to determine those characters with
the most influence on their postharvest behavior. For each developmental stage, maturity parame-
ters, respiration, and ethylene production rates were assessed, and cuticular wax and cutin were
analyzed. Principal component analysis (PCA) revealed that ‘Duke’ berries were characterized by
higher respiration and ethylene production rates, while ‘Brigitta’ showed higher contents of
oleanolic acid and a-amyrin over total waxes. The results suggest that larger surface/volume ratios
and higher amounts of ursolic acid and lupeol in ripe fruit may underlie higher weight and firmness
loss rates of “Duke” berries as compared to ‘Brigitta’.

Keywords: blueberry; cuticle; cutin; ethylene production; respiration rate; ursolic acid

1. Introduction

The highbush blueberry (Vaccinium corymbosum L.) is a native northern hemisphere
species belonging to the Ericaceae family [1]. The fruit, a spherical berry, exhibits a double
sigmoid-type growth pattern [2,3] with the following three phases: (i) rapid cell division
and weight gain [4,5]; (ii) slight fruit growth rate in favor of seed development [2]; and
(iii) rapid increase in volume due to cell elongation [6,7]. In phase iii the fruit begins to
ripen, with associated changes in color, increases in total soluble solids (TSS) and reduc-
tion in organic acids, commonly expressed as titratable acidity (TA). The TSS/TA ratio, as
for many other species, is used in the blueberry industry as an indicator of maturity and
postharvest potential [8].

The ripening process of blueberry fruit is usually described based on changes in fruit skin
color from green to blue [9]. Berries are extremely firm in the immature green stage; firmness
decreases considerably as the fruit turn to a green-pink stage and continue to soften at a slower
rate until reaching the ripe blue stage [9,10]. Changes in fruit coloration are mainly attributed
to the decrease in chlorophyll and subsequent anthocyanin synthesis in epidermal cells, which
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advances progressively from the calyx to the pedicel of the fruit [11,12]. On the other hand,
although blueberry is considered a non-climacteric fruit, certain studies have evidenced an
increase in metabolic rate (i.e., respiration and ethylene production) during fruit ripening,
which argues for potentially climacteric behavior [13,14].

In the fresh blueberry export industry, postharvest softening is one of the most lim-
iting traits for the competitiveness of each particular cultivar [15]. Although blueberry
fruit softening at early ripening stages has been associated with enzymatic degradation of
cell wall components [16], very minor cell wall modifications are detectable from the stage
in which the fruit reaches 75% blue coloration until full ripeness [10,16], which suggests
that these processes are almost complete at harvest [15,17]. Given the above, other factors
must be contributing to the postharvest softening of blueberries. These may involve the
properties of the fruit cuticle, that has been shown to exert a relevant influence on post-
harvest quality in some species [18]. Moisture loss is a relevant cause of firmness changes
during the storage of blueberries [19], and important differences have been reported be-
tween cultivars during long refrigerated storage [15,19-22].

Additionally, there is a close relationship between fruit firmness and softening [19],
which is a critical attribute for consumers’ acceptance [23], especially after shipments to
distant countries (45-60 d) [24]. Recent studies have shown high variability in initial firm-
ness and percentage of soft fruit within each particular batch of blueberries [24-26]. The
amount of very soft fruit (<1.4 N) at harvest ranged from 0 to 67%, with the cultivar and
maturity stage being the most relevant factors in subsequent softening during storage [24].

In this regard, and according to the recent literature on blueberries [14,25,27], the
composition of the waxy layer of the fruit, generally known as the “bloom”, could be crit-
ical for genotype-related differences in softening rates during blueberry shipment over-
seas. This waxy layer is the outermost part of the fruit cuticle, an extracellular membrane
covering all aerial, non-lignified plant structures (i.e., stems, fruit, and flowers) [28]. The
cuticle is composed of a cutin matrix (an insoluble polymer of fatty acid derivatives), em-
bedded in a complex of intra- and extra-cuticular waxes and a small fraction of phenolic
compounds [29]. Despite being a thin layer, it is an essential component of the stabilizing
structure of primary epidermal tissues, and it modulates water permeability during post-
harvest life [18], among other fruit traits.

‘Duke’ and ‘Brigitta’ are the two most planted blueberry cultivars in Chile, and they
exhibit substantial differences in terms of the following features: (i) length of ripening
window (30 d for ‘Duke” and 60 d for ‘Brigitta’), (ii) pedigree (‘Duke” is 100% V. corymbo-
sum; ‘Brigitta’ is 96% V. corymbosum and 4% V. angustifolium [1]), (iii) precocity (early and
mid-season cultivars, respectively) and (iv) postharvest softening patterns; indeed, even
though ‘Duke’ berries may reach the harvesting date at higher firmness levels, they con-
sistently exhibit higher softening and weight loss rates after cold storage when compared
to ‘Brigitta’ [14,24,25,30]. Therefore, it is hypothesized that the study of physicochemical
changes and modifications in cuticle composition across developmental stages of fruit
(green, 25 and 50% pink, and 75 and 100% blue) may provide clues on those characters
with the most influence on genotype-related differences in postharvest behavior.

2. Materials and Methods
2.1. Plant Material and Study Setup

During the producing season 2015/ 2016, highbush blueberries (Vaccinium corymbo-
sum L., cvs. ‘Brigitta’ and “Duke’) were picked from 11- and 10-year old plants, respec-
tively, at a commercial orchard located in Rio Claro, Maule Region, Chile (35°15'35.16" S;
71°14'22.53" W). Fruit maturity and quality characteristics were studied across fruit devel-
opment every four to five days. Samples were collected by picking fruit at the most pre-
dominant stage based on visual assessment of external color. Maturity stages were desig-
nated as G (100% green), 25P (75% green-25% pink), 50P (50% green-50% pink), 75B (25%
pink-75% pink-blue) and 100B (90 to 100% blue) (Figure 1). For each developmental stage,
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four replicates (25 fruits/replicate) were collected to assess maturity parameters, respira-
tion and ethylene production rates. Another three replicates (25 fruits/replicate) were sam-
pled for cuticular wax and cutin analyses.

A

25P
50P
75B
1008

| ‘Duke’

‘Brigitta’

Figure 1. (A), Fruit developmental stages considered in this study (G, green; 25P, 25% pink; 50P,
50% pink; 75B, 75% blue; 100B, 100% blue). (B), Fully ripe ‘Duke’ and ‘Brigitta’ fruit.

2.2. Maturity Parameters, Respiration Rate and Ethylene Production

Skin color, flesh firmness and equatorial fruit diameter were measured on four rep-
licates (25 berries/replicate) at each developmental stage considered. Surface color was
assessed on the equatorial zone of each berry, using a Minolta Chroma Meter (CR210,
Osaka, Japan) calibrated with a white panel; chroma (C*) and lightness (L*) were recorded
[31]. Fruit weight (g) and equatorial diameter (mm) were measured with an electronic
scale and a digital caliper, respectively. Total surface was estimated from the average di-
ameter of each fruit, assuming a spheroidal shape. The same batch of fruit was used for
the determination of fruit firmness (N) using a FirmTech 2 instrument (BioWorks, KS,
USA), with minimum and maximum compression forces set at 0.15 and 1.96 N, respec-
tively, and loading cell adjusted to 6 mm s [32]. To analyze total soluble solids (TSS, %)
and titratable acidity (TA, % citric acid), five fruits per replicate were blended. TSS were
measured on 2 mL of juice with a digital refractometer (Pocket PAL-1, Atago, Tokyo, Ja-
pan). For TA determination, 10 mL of juice were diluted to 100 mL with distilled water
and titrated with NaOH (0.1 mol L) to pH 8.2. TSS/TA ratios were calculated from TSS
and TA values. To determine the respiration rate (RRcoz, pg kg s™) and ethylene produc-
tion (EP, ng kg s™), 4 replicates (three berries/replicate) were placed in sealed glass con-
tainers (28 mL) at 18 °C for 2 h. For RRco2 assessment, COz accumulation was measured
using a gas analyzer (Quantek 902P, Quantek Instruments Inc., Grafton, MA, USA)
equipped with a thermal conductivity detector, after calibration with a standard (2.1%
COz and 2.2% Oz in N2 balance). For EP determination, 1 mL of the gas within each con-
tainer was extracted with a syringe and injected into a gas chromatograph (GC-2014, Shi-
madzu, Kyoto, Japan) fitted with a flame ionization detector and an activated alumina
column (3 mm i.d., 80/100 mesh). The injector, oven, and detector temperatures were set
at 75 °C, 100 °C, and 170 °C, respectively, with helium as the carrier gas (0.67 mL s), in
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the presence of hydrogen and air (0.67 and 6.67 mL s, correspondingly). An ethylene
standard (1 puL L-') was used for calibration.

2.3. Extraction, Identification and Quantification of Cuticular Waxes of Fruit

The analysis of cuticular waxes and the identification of triterpenoids were carried
out as described previously for blueberries [25]. To prevent wax removal during sam-
pling, entire clusters were collected into bags and, once at the lab, the berries were gently
pulled with tweezers by holding them from the pedicel. Cuticular wax was obtained from
three replicates (25 fruits/replicate) by immersing each one in 50 mL distilled dichloro-
methane, with constant stirring for one minute. After filtering and drying under reduced
pressure at 30 °C in a rotatory evaporator, the solid waste was weighed to determine the
wax yield (g m2). Samples were then treated with diazomethane in diethyl ether to extract
the methyl esters of triterpene acids.

For triterpene determination and quantification, 1 g L™ of solid waste was treated
with 1 mL of diazomethane solution in diethyl ether to obtain the methyl esters of the
triterpene acids. After evaporation to dryness, the derivatized samples were diluted in
isopropanol and examined using a gas chromatography-mass spectrometer (GC-MS) as
described below. Major triterpenes were identified by thin layer chromatography (TLC),
GC-MS and nuclear magnetic resonance (NMR) spectroscopy before and after derivatiza-
tion as the corresponding methyl esters. Compound identification was performed with
authentic standards of a-amyrin, oleanolic acid, ursolic acid, and lupeol.

Subsequent determinations were performed by GC. Compound analysis was per-
formed by GC (Trace 1300, Thermo Fisher Scientific, Milan, Italy) connected to a mass
selective detector equipped with an ionization single quadrupole [33]. A capillary column
(0.25 um film thickness x 30 m length, 0.25 mm i.d.) was considered (Rtx-5, Restek Corpo-
ration, Bellefonte, PA, USA). The operating temperature of the oven was controlled at 240
°C for 3 min; raised to 280 °C at 20 °C min™, for a total operating duration of 60 min. The
head pressure was 124 kPa. The temperature of the injector and detector was 290 °C, with
0.2 min split-less injection mode. Samples (1 pL) were injected into a GC-MS system using
helium as the carrier gas at 25 pL s71. For mass spectrometric (MS) analyses, the ion source
temperature was 230 °C (70 eV, m/z 50-700). The retention time (Rt) of the internal stand-
ard and triterpenes was as follows: cholesterol (12 min), a-amyrin (17 min), lupeol (18
min), oleanolic acid methyl ester (23 min) and ursolic acid methyl ester (25 min).

For triterpene quantification, cholesterol (Sigma-Aldrich C 8667, purity > 99%) was
considered as the internal standard. A GC (Trace 1300, Thermo Fisher Scientific, Milan,
Italy) was coupled to a flame ionization detector (FID). A capillary column (0.25 pm film
thickness x 30 m length, 0.25 mm i.d.) (Elite-5MS, Perkin Elmer, Waltham, MA, USA) was
installed. The temperature of the oven was kept for 3 min at 240 °C and raised to 280 °C
at 20 °C min™, for a total operating duration of 45 min. Helium was the carrier gas (25 uL
s7). A volume of 1 uL was injected and the detector maintained at 290 °C, running for 0.2
min in a splitless injection mode. Hydrogen (0.58 mL s) and air (5.83 mL s™) were used
as vector gas. The quantification was performed by comparing the total area of each chro-
matographic peak with cholesterol as the internal standard at a concentration of 1 g L.
Data from each compound are presented both in surface units (g m=2) and as a percentage
over total wax.

2.4. Extraction and Analysis of Cutin Monomers

Cutin components were extracted and analyzed as follows. Dewaxed cuticular mem-
branes were hydrolyzed in 3 mL HCI (1 mol L™ in 100% MeOH) and esterified in the same
solvent for 2 h at 80 °C. The methanolysate was allowed to cool at room temperature and
then 2 mL of saturated NaCl was added. Cutin monomers were extracted 3 times in 2 mL
hexane for 10 min, thoroughly mixed, centrifuged at 20 °C, and the resulting extracts
pooled and evaporated to dryness in a N2 steam. Cutin yields were established gravimet-
rically as g m2, and each compound was estimated as a relative percentage (% over total
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cutin yield). Dry cutin samples were derivatized with N,O-Bis(trimethylsilyl)trifluoroa-
cetamide (BSTFA) for 15 min at 100 °C, then heptadecanoate (C17) and tricosanoate (C23)
were added as the internal standards, and injected (1 uL) into a GC-FID for quantitative
determination. Cutin compounds were determined based on their electron ionization (EI)
mass spectra after GC-MS analysis, following the procedure described for wax analysis.
The chromatographic conditions were as described in previous work [34].

2.5. Statistical Analysis

For each cultivar, a completely randomized design was considered in one factor ex-
periment, considering the developmental stages as treatments. Data were first subjected
to analyses of variance (ANOVA) and Tukey’s honestly significant difference (HSD) test
(p <0.05) when ANOVA showed significant differences. Additionally, to facilitate the un-
derstanding of the relationship of all variables on fruit development for both cultivars,
principal components analysis (PCA) was performed. Analyses were performed using the
statistical software R (R version 3.0.0, R Development Core Team, Vienna, Austria, 2008).

3. Results

For both cvs. ‘Duke’ and ‘Brigitta,” most of the physicochemical characteristics con-
sidered showed highly significant differences across the maturity stages (Table 1). Among
the variables assessed, fruit weight (~18-56%), TSS (~16-38%), TSS/TA (~20-119%), eth-
ylene production (~27-230%) and respiration rate (~19-39%) showed the most remarkable
changes. Although firmness values were similar (slightly higher than 4 N) for both culti-
vars at the beginning of fruit development (G stage), firmness evolution differed up to
stage 50P, and then continued with a similar trend up to 100B (Table 1). On the other hand,
when genotypic differences for TSS/TA ratios were studied, ‘Brigitta’ and ‘Duke’ dis-
played a similar trend up to the 50P stage, with the former cultivar increasing over the
latter at 75B and 100B (Table 1). In contrast, TA, ethylene production, respiration rate, and
wax content were always greater in “Duke’ than in ‘Brigitta” (Table 1).
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Table 1. Physicochemical characteristics of ‘Duke’ and ‘Brigitta’ fruit, sampled at five developmental stages: green (G), 25% pink (25P), 50% pink
(50P), 75% blue (75B), 100% blue (100B).

Weight Diam.? Firmness TSS P TA © TSS EP RRcoz¢ Color Waxes

Stages (g) (mm) N) (%) (%) /TA (ng kg's™) (ug kgs™?) Chrome L (g m?)
‘Duke’
G 0.96 d 129d 421a 75d 28a 27e 0.11c 13.9bc 34.1a 62.8a 2.28a
25P 1.10 ¢ 135 ¢ 2.55b 102 ¢ 21b 49d 0.38b 19.2 ab 19.1b 55.7b 2.21 ab
50P 1.15¢ 13.7 ¢ 220b 109 ¢ 19b 59c¢ 0.31 bc 194 a 14.0 c 437 c 219a
75B 142b 145b 1.80 c 139b 12¢ 12.1b 0.50 a 16.3 ab 55d 36.3d 2.25 ab
100B 1.68 a 152 a 174 c 163 a 0.8d 209 a 0.64 a 13.9bc 48e 35.0d 1.99b
Significance ok - - - . - - - - - -
‘Brigitta’

G 1.17 cd 13.9d 439 a 7.8d 20a 3.8d 0.04 c 7.1bc 274 a 62.2a 191b
25pP 1.13d 13.8 c 343Db 9.1c 1.8a 4.7 cd 0.07 be 8.4 ab 17.2b 55.2b 2.07 a
50P 1.29¢ 143 ¢ 2.08 c 99c¢ 15b 69c 0.19a 10.1a 132 ¢ 409 c 1.94b
75B 2.01b 16.3b 1.96d 13.6b 09c 15.1b 0.09 bc 6.1c 53d 34.1d 1.79 ¢
100B 247 a 17.1a 191d 146 a 0.5d 26.7 a 0.13 ab 6.6 bc 53d 34.2d 1.78 ¢

Significance

*%

*3%

*3%

3%

3%

*3%

3%

*

%

*3%

%

2 Diameter; ? total soluble solids; ¢ titratable acidity; 9 ethylene production; © respiration rate; * p < 0.05; ** p < 0.01. Values represent means of four
replicates. Means bearing different letters in the same column for a given cultivar differ at p <0.05 (Tukey’s test).
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Statistical differences in the composition of the triterpene fraction among the devel-
opmental stages for both cultivars were not found when expressed as g m=2 (Figure 2A),
but significance was apparent when considered as a percentage over total cuticular waxes
(i.e., ursolic acid, oleanolic acid, a-amyrin, and lupeol) (Table 2). However, the mean sep-
arations did not show clear trends in the time-course evolution of these compounds. As
for genotypic differences, ‘Duke” showed similar levels of ursolic acid in comparison to
‘Brigitta’, but four times more lupeol, one-fourth less oleanolic acid, and a-amyrin was
not detectable. Although no statistical comparisons were made between the cultivars, lu-
peol stood out quantitatively among the four triterpenes detected in the ‘Duke’ samples,
whereas oleanolic acid predominated in ‘Brigitta’ (Figure 1A, Table 2).

Regarding the main cutin compounds identified, hydroxyacids generally decreased
and fatty alcohols increased as the fruit developed, regardless of cultivar (Table 2). Even
though, for both cultivars, the highest amount (g m=) and proportion (%) corresponded
to monocarboxylic acids, a different trend was observed for each cultivar: whereas they
tended to decrease in ‘Duke’, no significant changes were detected in ‘Brigitta’” among
maturity stages. Statistical differences were similar whether data were expressed as g m
or as a percentage (Figure 2B, Table 2).

B Amyrin Lupeol Oleanolic Ac. Ursolic Ac. A
3
IE 25
29 a
€ 15 a & 2 2 a
8 a a a
w g 3 g a 2
g ' . - .
Bos & B - -
'_
G 25P 50P 75B 100B G 25P 50P 75B 100B
Duke Brigitta
B Hydroxyacids B Monocarboxilic Ac. Fatty Alcohols B
35
N g
E a
oo
e b b
e
s 2
8 c
B 15 ! l I o
o
) 5
=
o
0
G 25P 50P 75B 100B 25P 50P 75B 100B
Duke Brigitta

Figure 2. Amounts of cuticle triterpene (A) and cutin (B) components (g m=2) of ‘Duke’ and ‘Brigitta’
fruit, sampled at five developmental stages: green (G), 25% pink (25P), 50% pink (50P), 75% blue
(75B), 100% blue (100B). For each cultivar and component, means with different letters across de-
velopmental stages, differ at p < 0.05 (Tukey's test).
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Table 2. Relative % of cuticle triterpene and cutin components from ‘Duke’ and ‘Brigitta’

pink (25P), 50% pink (50P), 75% blue (75B), 100% blue (100B).

fruit, sampled at five developmental stages: green (G), 25%

Triterpenes (Relative %)

Cutin (Relative %)

a-Amyrin Lupeol Oleanolic Ursolic Hydroxyacids Monocarboxilic Acids Fatty
Acid Acid Alcohols
‘Duke’
G N.d.! 32.6 ab 2.3 ab 109 a 12.5a 372a 14.2 ¢
25P N.d. 388a 16Db 54b 10.4 ab 403 a 17.5 bc
50P N.d. 239b 3.6a 9.7 ab 9.6b 384a 200b
75B N.d. 24.1Db 28a 8.9 ab 86D 36.1 ab 23.0b
100B N.d. 25.7 ¢ 40a 11.7 a 8.0b 329 ab 322a
Significance . . . o . -
‘Brigitta’
G 145a 57b 18.2a 10.3 14.6 a 33.1 9.7b
25P 144a 59b 16.7 ab 7.3 124 a 37.7 11.4b
50P 139a 58b 204 a 9.01 11.3a 35.8 13.8b
75B 9.1b 85Db 14.6 ab 7.8 9.8 ab 33.2 218a
100B 92b 44a 17.8 a 7.3 79Db 382 25.0a
Significance * * * n.s. * ns. *

INot detected; * p < 0.05; ** p < 0.01; n.s. non-significant differences. Values represent means of three replicates. Means with different letters in the

same column for a given cultivar differ at p <0.05 (Tukey’s test).
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For data exploration by means of PCA, triterpenes and cutin compounds were ex-
pressed as a percentage. The PCA model developed showed that 92% of sample variability
could be explained by three principal components (PC1: 45 %; PC2: 36 % and PC3: 11 %).
The relative weight (%) of each variable (Table 3) indicates that sample differentiation
along PC1 was mainly influenced by the physicochemical variables (weight, firmness TSS,
TA and TSS/TA), total triterpenes, and specific cutin components (hydroxyacids and fatty
alcohols). Separation along PC2 (36%) was associated mainly with triterpenes, ethylene
production and respiration rates. Finally, ursolic acid and monocarboxylic acids’ contents
had the most weight for separation along PC3.

The scores plot of PC1 and PC2 (Figure 3A) showed that samples of both cultivars
distributed progressively along PC1 from the most immature stage (G) to stage 100B, with
the physicochemical characteristics (i.e., TSS, TA, TSS/TA, weight, wax yields, and firm-
ness) as the most relevant variables for sample differentiation (Figure 3B). A clear separa-
tion between cultivars was observed along PC2, which was associated with two physico-
chemical variables (ethylene production and respiration rates) and with some triterpenes
(o-amyrin, lupeol and oleanolic acid). When PC2 was contrasted with PC3 (Figure 3C),
cultivar differentiation along PC2 was also observed. No clear trend was found across
PC3, except that ursolic acid and monocarboxylic acids were the variables showing the
most weight for sample separation along this axis (Figure 3D).

Table 3. Contribution of physicochemical variables, triterpenes and cutin monomers to differentia-
tion between ‘Duke’ and ‘Brigitta’ fruit, sampled at five developmental stages: green (G), 25% pink
(25P), 50% pink (50P), 75% blue (75B), 100% blue (100B).

Variable Contribution (%) PC1 PC2 PC3
Physicochemical Variables

Weight 9.7 2.1 5.6
Firmness 8.3 5.0 7.3

TSS 9.9 4.5 1.0

TA 10.6 0.7 1.7

TSS/TA 10.1 0.9 14
Ethylene 3.3 10.4 6.4
Respiration 3.7 11.1 21
Wax yields 7.0 8.5 0.2

Triterpenes
a-Amyrin 0.5 11.9 2.6
Lupeol 4.0 11.0 0.5
Oleanolic ac. 2.5 11.6 3.5
Ursolic ac. 0.3 1.2 28.1
Triterpenes (total) 9.4 2.7 5.7
Cutin component types

Hydroxyacids 8.3 7.1 6.1
Monocarboxilic acid 3.9 4.2 23.9

Fatty alcohols 8.5 7.0 3.8
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Figure 3. Principal component analysis (PCA) of ‘Duke’ and ‘Brigitta’ fruit (green and blue circles, re-
spectively) sampled at five developmental stages: green (G), 25% pink (25P), 50% pink (50P), 75% blue
(75B), 100% blue (100B). (A,C), scores plots for PC1 vs. PC2 and PC2 vs. PC3, respectively. (B,D), loadings
plots for PC1 vs. PC2 and PC2 vs. PC3, in the same order. Physicochemical parameters, triterpene com-
pounds and cutin monomers are denoted as red, light blue and green triangles, correspondingly. PC1,
PC2, and PC3 accounted for 45, 36, and 11% of total sample variability, respectively.

4. Discussion

The final quality at the destination depends on fruit characteristics at harvest and on
post-harvest handling, but it is also influenced by metabolic changes that occur during
growth and maturation. Postharvest softening is the main limiting factor that affects the
shelf life of blueberries, but only small changes in cell wall components have been re-
ported in blueberry fruit during the late developmental stages [15,17]. Additionally, firm-
ness loss during the storage of blueberries has been associated with weight loss [19,22],
which in turn relates to the composition of the fruit cuticle. Therefore, the present study
has provided hints that ripening-related modifications in other fruit traits, such as those
in physicochemical characteristics and in cuticle composition, could partly explain the
contrasting postharvest behavior of ‘Duke’ and ‘Brigitta’” blueberries.

4.1. Differences between Cultivars

PCA analysis revealed that ‘Duke’ fruit were characterized by higher respiration and
ethylene production rates, while ‘Brigitta’ samples displayed higher contents of oleanolic
acid and a-amyrin (Figure 2B). For both cultivars, fruit samples were separated according
to the maturation stage along PC1, which alone represented 45% of the total variance (Fig-
ure 2A). Even though PC3 explained only 11% of the total variability, ursolic acid and
monocarboxylic acid contents were the variables showing the most weight on sample dif-
ferentiation along this axis.

Blueberries show an increase in respiration and ethylene production at the middle
stage of ripening, which coincides with the fruit color shift from green-pink to pink-blue
[13,35]. Harvesting is usually carried out at a post-climacteric stage, and fruit quality does
not improve further during post-harvest handling and storage [36,37]. Previous studies
[14] demonstrated that lower postharvest quality of ‘Duke’ was also associated with
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higher respiration and ethylene production rates during fruit maturation that resulted in
25% firmness loss and 10 to 21% weight loss from harvest to the end of cold storage,
whereas firmness and weight loss rates were 4% and less than 10% in ‘Brigitta’, respec-
tively. Moreover, respiration rate and ethylene production peaks were higher and earlier
in ‘Duke’ (between G and 25P stages) than in ‘Brigitta’ (between 50P and 75B). Addition-
ally, ‘Duke’ showed twice more weight loss when compared to ‘Brigitta’ in a study where
nine blueberry cultivars were evaluated [21].

As reported before [25], the highest weight loss of ‘Duke’ could be associated with a
larger surface/volume ratio of this cultivar, since ‘Brigitta’ berries were larger than ‘Duke’
fruit in diameter (11-12%) and weight (42-47%) at the 75B and 100B stages, respectively
(Table 1). Both cultivars were followed carefully at harvest, so the fact that ‘Duke” exhibits
a shorter ripening window compared to ‘Brigitta” (~30 and ~60 d, respectively) implies
that a larger number of ripe fruit are removed from a single cluster at each harvest for the
former. This factor would account for smaller final fruit size in ‘Duke’, as reported in a
recent study [30]. Interestingly, ‘Brigitta’ berries exhibited higher TSS/TA ratios than
‘Duke’ (26.7 and 20.9 at 100B stage, respectively), but this was not related to more accen-
tuated weight loss.

Although fruit cuticle is a very thin interface, it constitutes an important structural
stabilization component for epidermal primary tissues, and it influences fruit postharvest
quality in the following three main aspects: water permeability and consequent tissue de-
hydration, susceptibility to infections, and susceptibility to physiological disorders [18].
Fruit cuticular waxes usually comprise triterpenes and n-alkanes in a variable, genotype-
dependent proportion. Furthermore, fatty alcohols, aldehydes and ketones are also pre-
sent [38,39]. Triterpenoid components may include mainly triterpenoid acids, such as ur-
solic and oleanolic acids, while in other fruit species, triterpenoid alcohols, such as
amyrins, may predominate. Among triterpenols, lupeol has been also reported to be a
prominent compound in Asian pear [40], citrus (reviewed in [41]), tomato, grape, bell pep-
per, eggplant, and grapefruit [42], as well as in blueberries [25,27].

It is known that cuticle thickness and water permeability coefficients do not neces-
sarily correlate [43], so specific compounds should be involved in cuticular water barrier
functions. Higher ursolic acid levels in ‘Duke’ than in ‘Brigitta’ fruit would favor more
intense postharvest dehydration [25]. ‘Duke’ fruit have been reported to display the high-
est lupeol levels, together with the highest water loss rates, among the four blueberry cul-
tivars [27]. Although studies in tomatoes [44], bell peppers [45], sweet cherries [34] and
peaches [46] have shown a positive relationship between weight loss and the ratio be-
tween n-alkanes and triterpenoids, alkane proportion in fruit cuticles exhibited no associ-
ation with dehydration in blueberries [27].

High contents of ursolic acid have been suggested to account for low resistance to
transpirational water loss in Aspidosperma pyrifolium leaves [47]. Additionally, early dep-
osition of oleanolic acid and its gradual decrease throughout berry development could be
related to decreased mechanical toughness of the cuticle in grape berries [48]; therefore,
higher oleanolic acid amounts in ‘Brigitta’ fruit would contribute to more rigid cuticles,
possibly restricting water loss.

No clear differences were found between the cultivars for time-course changes in
cutin monomers, with the exception of monocarboxylic acids, which generally decreased
in ‘Duke’ samples along fruit ripening, while remaining steady in ‘Brigitta’ fruit. Only
minor quantitative differences in fruit cutin composition were observed at harvest be-
tween two sweet cherry cultivars [34], with the main constituent compounds being the
same, and limited changes were found during shelf-life at 20 °C, despite the different wa-
ter loss rates after cold storage.
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4.2. Differences between Developmental Stages

For both cultivars, immature berries displayed higher levels of total triterpenes, total
wax loads, TA, firmness and hydroxyacid amounts; in contrast, mature fruit were charac-
terized by higher fatty alcohol contents, TSS/TA ratios and weight. Although the epicutic-
ular wax layer and cuticle thickness have been observed to increase progressively during
blueberry fruit development, concomitantly with the thickening of the fruit epidermis and
hypodermal cells [49], increased thickness of these waxy deposits had no significant effect
on water loss rates [25,27,47]. Consistent with these previous observations, total wax yield
(g/m?) was relevant for sample differentiation along PC1 uniquely and characterized
green fruit of both cultivars considered in this study (Figure 3A,B).

The cuticular membrane comprises crystalline and amorphous waxes that encrust
and enclose the cutin matrix, a polyester composed of hydroxylated and epoxy-hydrox-
ylated fatty acids, which largely establishes the scaffold for the arrangement of cuticular
waxes [39] and is constituted by Cis and Cis fatty acid derivatives [39]. In our study, hy-
droxyacids were more abundant in immature berries, whereas monocarboxylic acids and
fatty alcohols were predominant in mature fruit. This could indicate some de-esterifica-
tion of the cutin matrix, which would result in the release of the fatty acids and alcohols
that constitute the polyester [41].

Total waxes decreased in both cultivars along fruit development (Table 1), which is
possibly related to fruit enlargement as maturity advances. Indeed, fruit surface increased
from 4.2 to 5.8 cm? between G and 100B stages in “‘Duke’, and from 4.9 to 7.5 cm? between
the same stages in ‘Brigitta’, resulting in lower amounts of wax per surface unit. This has
been reported for cherries where the cuticular membrane is submitted to a notable strain
in the latest stages of development as the fruit surface enlarges [50,51]. The resulting strain
of the cuticle may form microscopic cracks that would further increase water movement
out of the fruit. This should be included in further studies. Additionally, the integrity of
the cutin polyester depends, in part, on the proportion of hydroxyacids that allow the
formation of ester bonds, and hence of the cutin network, this process being essential for
proper arrangement of cuticular waxes, and hence for their role on limiting transpiration
and water loss. Since higher amounts of hydroxyacids were found in immature fruit, data
suggest that the structure of the cutin matrix be altered during fruit ripening, thus com-
promising the barrier functions of the cuticle. Finally, since transpiration is the main route
for water loss and the cuticle is considered a major barrier for this process, the character-
istics of the stem scar should be also included in future studies.

5. Conclusions

Since blueberry fruit softening during storage is associated with higher weight loss
during this period, the present study focused on the surface characteristics of two blue-
berry cultivars intended for long-term overseas shipment and displaying contrasting
postharvest performance. The results indicate that higher rates of weight and firmness
loss in ‘Duke’ berries as compared to ‘Brigitta” could be explained by larger surface/vol-
ume ratios and higher amounts of ursolic acid and lupeol in ripe fruit. Therefore, it is
suggested that cuticular composition is a trait that should be taken into consideration for
the selection of new cultivars for long-term storage. Furthermore, to the best of our
knowledge, this is the first report on the composition of the cutin matrix of fruit cuticles
in blueberries.
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