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Abstract: In the cranberry (Vaccinium macrocarpon Ait.) industry, the textural properties and firmness
of the fruit are priority traits for producing processed products, such as sweetened dried cranberry
(SDC), which have gained popularity in recent years. However, there is currently no reliable methodol-
ogy for screening these traits in breeding programs. In this study, we examine the key methodologies,
textural traits, parameters, and conditions that are necessary to accurately and efficiently measure
the texture of cranberry fruit. Double compression, single compression, puncture, shearing and
Kramer shear cell methodologies were successfully implemented in cranberry, resulting in a total
of 47 textural features. These features allowed the evaluation of the texture of the cranberry fruit
based on key factors such as flesh, structure, and skin. This study also examined factors than can
affect the performance of texture measurements, including the optimal sample size, storage time,
fruit texture-size correlation, fruit temperature and orientation, optimal speed/strain combinations,
and the effect of probe diameter. The results of the study suggests that certain texture traits of
the compression and puncture methodologies could potentially be used to test varieties and aid in
breeding programs.

Keywords: cranberry; fruit quality; texture analysis; fruit phenotyping

1. Introduction

The American cranberry (Vaccinium macrocarpon Ait.) is a native North American
fruit crop with growing popularity due to its nutraceutical potential [1-4]. Cranberry
phytochemicals have been associated with a wide variety of health benefits including
improvement of digestive and urinary tract health, cancer prevention as well as reduction
of cardiometabolic risk factors [5-8]. The dissemination of these attributes of this super fruit
has led to a steady increase in cranberry production in the US over the past two decades,
and as a result, current production is almost double what it was in 1990 [9]. As the cranberry
supply has often exceeded demand, cranberry breeders have begun to shift their focus
from improving yield to improving fruit quality, which has become increasingly important
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for the cranberry industry in recent decades [10]. In particular, texture is one of the most
critical attributes of cranberry fruit, especially due to growing popularity and production
of sweetened dried cranberries (SDC), which is one of the most profitable products in the
industry [11,12]. Although texture is currently one of the priority traits in cranberry, the
progress of research and breeding efforts in this regard have been limited due to the lack of
a consensus methodology for evaluating this trait.

As has been reported in other species [13-16], setting up texture measurement pro-
cedures is challenging due to the great variety of factors that can affect the performance
of the tests. These factors include those related to fruit characteristics such as shape, size,
uniformity, as well as handling and other preparation before measurements. For instance,
the firmness of an apple can vary by 0.5% for every degree in temperature change at the
time of the measurement, while the firmness of a raspberry can change by more than
2.5% per degree [17]. On the other hand, there are several instruments and accessories that
operate on different principles, but that need to be optimized and calibrated to provide
reliable measurements. Maury et al., demonstrated that combinations of speed and strain
can influence the accuracy of grape texture measurement when monitoring their ripening
process using a double compression test [14]. In other species such as strawberry, it has
even been reported that the methods and firmness traits can be affected differently by the
size of the fruit, which can lead to biased measurements [16]. Thus, the selection of the
appropriate measurement methods, traits, parameters, and conditions is crucial to obtain
accurate and reproducible results during texture analysis.

Some studies have explored the firmness attributes of raw and processed cranberry
fruits, which have been based primarily on compression, as well as puncturing and cutting
to a lesser extent [12,18-24]. However, these studies have not used optimized or consensus
methodologies, and have employed different conditions and criteria to evaluate the firm-
ness. For example, Foney [18] performed the measurements using a FirmTech1 instrument
(Bio-Works, Stillwater, OK, USA), on the other hand, while Jamaly et al. [19], Diaz-Garcia
et al. [20], Zielinska et al. [21], Liu et al. [22] y shamaei et al. [23] used different versions
of texture analyzers, while Gorzelany et al. [24] used a Zwick/Roell 2010 testing machine
(ZwickRoell GmbH & Co., KG, Ulm, Germany). Additionally, each study made measure-
ments using different settings for parameters such as force, strain, and speed of the probe.
Although these studies have provided valuable information on the texture of this crop, the
feasibility of these evaluations as a phenotyping method for breeding purposes as in other
species [16,25-28] has not been explored. While modern texture analyzers can provide
accurate measurements on cranberry, their application and potential remain limited as long
as measurements are not taken under consistent, optimal conditions.

In this study, we analyze the key methods, traits, parameters, and conditions for
measuring texture in cranberry in order to contribute to the development of a consensus
methodology for this crop. We evaluated previously used methods (compression, puncture
and shearing) and those used for the first time in cranberry (Kramer shear cell) by testing
three different cranberry cultivars with varying levels of fruit firmness (soft, medium,
and hard). Our analysis of the different factors that affect the performance of the texture
measurement provided valuable insights about the appropriate conditions to obtain ac-
curate and reproducible results. Additionally, our results indicated that the compression
(non-destructive) and puncture (destructive) methods are the most promising candidates
for use as a standard method and should be further evaluated in future studies based on
the information reported in this study. These findings represent an important reference
for optimizing current firmness measurement protocols and for developing a standard
methodology for cranberry, especially for phenotyping purposes in the breeding programs.

2. Materials and Methods
2.1. Harvesting and Processing of Fruits

To cover the full spectrum of cranberry firmness in each experiment, we used three
cranberry cultivars with soft (Yellow bell and BG), medium (Sundance and Stevens) and
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firm (Granite red, Pilgrim king, M34 and A9) fruits as previously reported by Diaz-Garcia
etal. [20]. All cultivars used in this study are established in commercial beds and individual
experimental plots at the Valley Corporation cranberry farm in Tomah, WI where they
are maintained under conventional cranberry management conditions. The use of the
cultivars depended on the availability of the fruits as indicated in Table 1. Ripe fruits were
randomly hand-harvested from the mid-canopy of the plant in the lots of each cultivar on
12 September 2018. On the same day of harvest, we selected only undamaged fruit and
stored at 4 °C, or as required by the specific test. Additionally, the size of the fruits was
measured using the GiNA software for Horticultural Phenotyping [29] before conducting
texture measurements when required by the trial.

Table 1. Description of the tests carried out on cranberry (Vaccinium macrocarpon Ait.) fruits to analyze
the parameters and conditions that typically affect the measurement of texture in fruits.

Fruits per

Test Experimental Unit Cultivars Used Method Observation
a b
Sample size 100, 15 gr for Kramer BG, ]:l)nc ’. 5C”, gull?cture,
determination shear cell Sundance, M34 shearing and Aramer
shear cell
Storage time offect 100 Yellow bell, Sundance, DC (only Firmness measured at 31,
& Granite red maximum force) 86, 163 and 288 dah ©
Influence of fruit size 100 Yellow bell, DC, puncture and iigsii:rizit;ex;?
on texture parameters Sundance, M34 shearing .
tracked individually
. Yellow bell, Measured at 7.77 and
Fruit temperature effect 50 Sundance, M34 DC 21.66 °C
Fruit orientation effect 50 Yellow belli, Sundance, DC Measured in 1ts. equatorial
Granite red and polar diameter
Speed/strain couple 13 speed/strain couples
optimization 50 BG, Stevens, A9 bc were evaluated
Probe diameters 2 mm,
Probe diameter effect 50 Yellow bell, Sundance, Puncture 5 mm, and 7 mm

Pilgrim King were evaluated

2 DC—Double compression. ® SC—Single compression. ¢ dah—Days after harvest. Soft fruit cultivars: Yellow
Bell, BG; Intermediate fruit cultivars: Sundance, Stevens; Hard fruit cultivars: M34, Granite red, A9, Pilgrim King.

2.2. Texture Evaluation

For all tests, texture was measured as described below, unless otherwise specified
in Table 1. Texture measurements were conducted within the first week after harvest
to avoid significant changes due to storage. One hour before measurement, the fruit
were removed from the refrigerator to reach room temperature (approximately 22 °C)
and were subsequently measured on their equatorial side. Texture was measured using a
texture analyzer (TA. XTPlus Connect, Textural Technologies, Hamilton, MA, USA) with
the specific probes and parameters for each test as described below which were defined
based on previous studies [20], information provided by the processing industry as well as
preliminary tests carried out in the laboratory. The double compression test used a 3-inch
diameter compression plate and was run using a 10 mm-s~! pre-test speed, 2 mm-s~!
test speed, and 10 mm-s~! post test speed. Each fruit was compressed twice to a strain
(percent of initial height) of 10%. In particular, to evaluate the effect of the speed/strain
couple, additional combinations of these parameters were evaluated as described in Table 2.
For single compression, measurements were taken under the same conditions as double
compression but using a maximum strain of 50%, fracturing most of the fruits tested. The
puncture test was performed using a 2 mm diameter flat puncture probe and was run
with a 10 mm-s~! pre-test speed, 2 mm-s~! test speed, and 10 mm-s~! post-test speed,
penetrating each berry to a depth of 5 mm. On the other hand, when the effect of puncture
probe diameter was analyzed, the tests were run with the same parameters using three
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different diameter probes (Table 1). The shearing test used a 45° beveled blade and used an
8 mm-s~! test speed and 15 mm-s~! post-test speed. Each berry was cut until the blade
reached 2 mm from the base platform. The Kramer shear cell test was performed using
a 5-blade cell that moved a distance of 60 mm with 3 mm-s~! test speed and 10 mm-s~!
post-test speed.

Table 2. Speed /strain couples evaluated to optimize the measurement of the double compression
method in cranberry fruits (Vaccinium macrocarpon Ait.).

Test Speed (mm-s—1) Strain (%)
1 22.5
3.05 10
3.05 35
8 5
8 40
12.95 10
12.95 35
15 22.5
8 22.5
8 22.5
8 22.5
8 22.5
8 22.5

The texture traits listed in Table 3 were obtained from the force deformation profile
generated by the different texture measurement methods or from previous studies cited
below. The double compression or texture profile analysis (TPA) method texture was
analyzed using the force/distance, force/time, force/strain and stress/strain profiles.
For the stress/strain curve, stress was calculated according to Grotte et al. [30]. The
TPA parameters that correspond to indices of hardness, cohesiveness and gumminess
of the texture profile analysis are also indicated in Table 3 [13,14,28,31,32]. Hardness is
expressed as the maximum force during compression, cohesiveness corresponds to the
ratio of the work associated with the area under the curve to the maximum force of the
second compression over that of the first compression, and gumminess corresponds to
the product of hardness x cohesiveness. Additionally, the maximum contact force and
apparent modulus of elasticity texture traits were calculated, which have shown to be
effective for determining the texture of berry-like fruits [33-35]. Traits resulting from the
puncture, shearing, Kramer shear cell and single compression tests were generated from
the force over distance curves. The apparent modulus of elasticity was also calculated for
the puncture method according to ASABE [35].

Table 3. Texture traits generated in cranberry (Vaccinium macrocarpon Ait.) by the single compression,
double compression, puncture, shearing and Kramer shear cell methods to evaluate texture in
cranberry fruits.

Texture Trait Acronym Unit Description
Puncture
Apparent modulus of elasticity P_AMOE Pa The slope of the force/distance curve divided by the surface area of the
probe’s end
Maximum Force P_Max N The highest force recorded during the test
Deformation at rupture P DR . The distance the probe tre}l}\./els between the first contact and the
ighest force

Work

P_W mJ The area under the force/distance curve up until rupture
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Table 3. Cont.

Texture Trait Acronym Unit Description
Shearing
Maximum Force S_Max N The highest force recorded during the test
. The distance the probe travels between the first contact and the
Deformation at fracture S_DF mm .
highest force
Work S_W m] The area under the the force/distance curve
Kramer shear cell
Max force K_Max N The highest force measured during the test
Work KW mJ the area under the entire force/distance graph
Single compression
Rupture force SC_RF N The force needed to rupture the berry
Rupture distance SC_RD mm The distance the fruit was compressed before rupture
Double compression
1st Maximum Force h1 N The highest force recorded during the first compression
2nd Maximum Force h2 N The highest force recorded during the second compression
1st Force/Distance Slope dsf1l N/mm The slope of the force/distance curve for the first compression
2nd Force/Distance Slope dsf2 N/mm The slope of the force/distance curve for the second compression
1st Force/Distance Area dw1 M;j The area under the force/distance curve for the first compression
2nd Force/Distance Area dw2 M;j The area under the force/distance curve for the second compression
Force/Distance Cohesiveness dRf - dw2/dW1
Force/Distance Gumminess dRfp N dRf x hl
1st Maximum distance M.dist_1 Mm The maximum distance reached during the first compression
2nd Maximum distance M.dist_2 mm The maximum distance reached during the second compression
1st Force/Strain Slqpe (Modulus of Sf1 N The slope of the force/strain curve for the first compression
Elasticity)
2nd Force/ St]fgll:stsilgf; (Modulus of Sf2 N The slope of the force/strain curve for the second compression
1st Force/Strain Area Wi N The area under the force/strain curve for the first compression
2nd Force/Strain Area W2 N The area under the force/strain curve for the second compression
Force/Strain Cohesiveness Rf - W2/W1
Force/Strain Gumminess Rfp N Rf x hl
Percent Deformed p.deform ) The percent of the berry’s height that it has not regained after the first
compression
1st Maximum Stress prl pa The highest stress recorded during the first compression
2nd Maximum Stress pr2 pa The highest stress recorded during the second compression
Lst Stress/Strain Slopg (.Young s modulus spl pa The slope of the stress/strain curve for the first compression
of elasticity)
2nd Stress/Strain Slope sp2 pa The slope of the stress/strain curve for the second compression
1st Stress/Strain Area Al pa The area under the stress/strain curve for the first compression
2nd Stress/Strain Area A2 pa The area under the stress/strain curve for the second compression
Stress/Strain Rp - A2/A1
Stress /Strain Rpp pa Rp x prl
1st Force/Time Slope tsfl N/s The slope of the force/time curve for the first compression
2nd Force/Time Slope tsf2 N/s The slope of the force/time curve for the second compression
1st Force/Time Area TW1 N's The area under the force/time curve for the first compression
2nd Force/Time Area TW2 Ns The area under the force/time curve for the second compression
Force/Time Cohesiveness TRf - TW2/TW1
Force/Time Gumminess TRfp N TRf x hl
1st Maximum Contact Pressure MCP1 pa The maximum contact pressure calculated for the first compression
2nd Maximum Contact Pressure MCP2 pa The maximum contact pressure calculated for the second compression
Apparent modulus of elasticity 1 AMOFE1 Pa The slope of the force/ dlStanC;rf)l:;Z’: ;irllxélded by the surface area of the
Apparent modulus of elasticity 2 AMOE?2 Pa The slope of the force/distance curve divided by the surface area of the

probe’s end

2.3. Tests Procedure and Statistical Analysis
2.3.1. Determination of the Optimal Sample Size for Texture Evaluation in Cranberry
(Vaccinium macrocarpon Ait.) Fruits

For all methods, the optimal sample size and repeatability associated with each texture
trait was determined by calculating the coefficient of variation using 300 fruits from our
three cultivars (Table 1). To calculate the coefficient of variation of the different sample
sizes, the data were randomly extracted and distributed equally among the cultivars in
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the database, and an average of 50 iterations was reported. By plotting the coefficient of
variation versus the sample size, the optimal sample size was determined when the curve
became stable.

2.3.2. Effect of Storage Time on Fruit Firmness

To determine the effect of storage time on cranberry firmness, 100 fruits of three
different cultivars were evaluated on four different dates as indicated in Table 1. For this
test, only maximum force was considered as it is commonly used to assess firmness in this
crop. Since it has been reported that the quality attributes of fresh cranberry fruits are not
compromised during the first month of storage [21], the first firmness measurement for
this trial was taken up to 31 days after harvest. For each cultivar, the mean values of the
100 fruits were calculated for each date and used to fit a linear model. The intercept of the
linear model for each cultivar was considered to be the initial firmness value representing
100% firmness from which the percentages of the other storage dates were derived.

2.3.3. Influence of Fruit Size on Texture Traits

The fruit texture-size relationship and the effect of fruit size on the performance of
texture traits to differentiate between cultivars were evaluated by performing a correlation
and Tukey’s honestly significant difference (HSD) analysis, respectively. To perform this
evaluation, texture and external appearance measurements were taken individually for
100 fruits of three cultivars that differed in both texture and fruit size (Table 1). Texture
was evaluated using the double compression, puncture and shearing tests and the external
appearance of the fruit was evaluated using GiNA [29]. For this test two batches of fruits
that differ in their fruit size homogeneity between cultivars were considered. The first
batch of fruits (heterogeneous in fruit size between cultivars) corresponds to the original
sample and the second batch (homogeneous in fruit size between cultivars) corresponds to
a filtered subsample based on the GiNA data composed of 50 fruits for cultivar without
significant fruit size differences between them (at p = 0.05). The results of the correlation and
Tukey’s HSD tests were compared between the two fruit batches to determine differences
due to the effect of berry size.

2.3.4. Temperature Effect on Fruit Texture Evaluation

To test the effect of temperature on cranberry fruit texture evaluation, two sets of
double compression tests were run on three different cultivars (Table 1). For each cultivar,
two batches of 50 fruits in good condition were stored in a refrigerator at 7.77 °C. The first
batch was measured immediately after removing it from the refrigerator at 7.77 °C, and for
the second one, the fruit were left to get room temperature (21.66 °C). The temperature of
the fruits was monitored at all times to ensure that all samples were measured at the desired
temperature. The percentage change of texture traits per degree temperature increase was
calculated using the firmness-temperature coefficient (FT) according to Bourne [17]. Mean
and coefficient of variation were also calculated to make a more complete comparison of
texture measurements at both temperatures. A Tukey test was also performed to determine
if the values were significantly different between the temperatures for each trait (p > 0.05).
Additionally, the ability to detect differences between cultivars due to the values of texture
traits was evaluated by a Tukey’s HSD test.

2.3.5. Influence of Fruit Orientation on Fruit Texture Evaluation

The influence of the fruit orientation on the texture measurement using a double
compression method was examined in our three cultivars (Table 1). For half of the fruit
from each cultivar, the texture along the equatorial diameter was measured (as it is usually
done in cranberry), while for the remaining half, the measurements were recorded along
the polar diameter of the fruit. To evaluate the texture in the polar diameter, the fruit were
placed with their stem or calyx touching the base plate of the texture analyzer. If the fruit
could not stand lengthwise on its own it was loosely held (not squeezed) with forceps



Horticulturae 2023, 9, 479

7 of 19

while it was tested to keep it upright. For all the texture traits, the measurements of both
tests were compared by calculating the means and coefficient of variation. Additionally,
the ability of the parameters to detect texture differences due to the cultivars was evaluated
by a Tukey’s HSD test and the results of the two tests were compared.

2.3.6. Optimization of the Speed/Strain Couple for the Double Compression Test

In order to determine the optimal speed/strain couple for the double compression
method, a central composite design experiment was carried out on a set of three culti-
vars ranging in firmness (Table 1). Samples of fifty fruits from each cultivar were run
through double compression tests which covered a range of test speeds (1-15 mm-s~!) and
strains (5% to 40%) (Table 2). This central composite design contains four factorial points
[(3.05 mm-s~1,10%), (12.95 mm-s~ 1, 10%), (3.05 mm-s !, 35%) and (12.95 mm-s~!, 35%)],
four axial points [(8 mm-s~!,5%), (1 mm-s~!, 22.5%), (15 mm-s~!, 22.5%) and (8 mm-s~!,
40%)], and five center points [(8 mm-s~1,22.5%)]. For each speed/strain couple, the texture
values of the three cultivars were analyzed with an ANOVA test and Fisher’s values were
used to analyze the experimental design to determine the optimal measurement conditions
of each texture trait. Thus, for each trait the optimal speed/strain couple corresponded to
the couple that yielded the highest Fisher value as a result of its greater dependence on the
differences in texture values due to the cultivars. The second order regression model used
for this analysis was

Yij = Bo+ B1x1i + Paxai + Paxi; + Baxs; + Bsx1ixai + & @

with y as the observed Fisher value, x1 as speed, x; as strain, ¢ as residual error, 7 as the
index for observations and j as the index for replications of an observation.

2.3.7. Probe Diameter Effect on Texture Measurement with the Puncture Method

The effect of the probe diameter on the texture measurements of the puncture method
was evaluated using 2, 5 and 7 mm diameter probes in three cranberry cultivars (Table 1).
The puncture test was performed with a puncture depth of 5 mm and was run with a
10 mm-s~! pre-test speed, 2 mm-s~! test speed and 10 mm-s~! post-test speed. The texture
measurements of different probe diameters were analyzed and compared by performing a
Tukey’s HSD test and the calculation of the coefficient of variation.

3. Results
3.1. Evaluated Methodologies

To evaluate the usefulness of different methodologies available for measuring texture
in cranberry, five methodologies were considered in this study. The double compres-
sion, single compression, puncture, shearing and Kramer shear cell methodologies were
successfully implemented producing a total of 47 texture features (Table 3). This large
number of parameters allows the evaluation of the texture of the cranberry fruit based on
factors that are determinants such as the flesh, structure and skin of the fruit. Addition-
ally, some textural traits that are calculated considering the size of the berry, such as the
apparent modulus of elasticity, maximum contact pressure and those based on stress, were
also reported.

3.2. Sample Size and Texture Traits Repeatability

For all methodologies, the optimal sample size was determined by plotting the coef-
ficient of variation against samples of different sizes, and, because the results were very
similar between the texture traits of each methodology, only two traits are shown for each
one in Figure 1. The sample size required is also similar between methodologies since for
all of them, the curves become stable with around 30 fruits or 30 loads. Therefore, our
results indicate that a sample size of n = 30 is adequate to use in the texture measurement
methodologies used for cranberry. According to Table S1, coefficient of variation values
indicated good reproducibility for Kramer shear cell texture traits (6.71 to 7.5) and average
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reproducibility for shearing (18.71 to 27.84) and puncture (13.21 to 25.83). On the con-
trary, the coefficient of variation varied widely for the compression methods, from 11.56
to 63.05 and from 3.20 to 41.83 for single and double compression, respectively. For the
double compression methodology, the traits obtained for the graphs of Force (N)/Distance,
Force (N)/Deformation (%) and Force (N)/Time (s) showed average values of coefficient
of variation, between 20 and 30%. For other traits not dependent on the graphs, such as
M.dist1, M.dist2 and p.deform, the coefficient of variation values were less than 14%, which
represents good reproducibility.

Double compression Puncture

30 W_‘. 30

20 20

10 0

0 0

0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 S50 60 70 80 90 100

c Parameters AMOE1 —— h1 Parameters P_AMOE —— P_W
L2 .
= Shearing Single compression 50%
= 30 30
S A A s
- WM = Lt amuemaine
o 20 20
c
@ 10 10
S
b =] 0
g 0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Q Parameters S_Max —— S_W Parameters SC_RD —— SC_RF

Kramer shear cell
10.0

50

0.0
0 10 20 30 40
Parameters —— K_Max KW
Figure 1. Determination of the optimal sample size by plotting the coefficient of variation versus
the sample size for the double compression, puncture, shearing, single compression and Kramer
shear cell methods used in cranberry (Vaccinium macrocarpon Ait.) fruits. Only two traits are shown
for each methodology. For double compression, puncture, shearing and single compression three
hundred fruits were used to perform this graph and a zoom on the 100 first samples is presented
here. For Kramer shear cell a total of 45 samples (loads) were used. For all methodologies, the
samples were equally composed of fruits of the BG (soft), Sundance (intermediate) and M34 (hard)
cultivars. AMOEL1: Apparent modulus of elasticity 1; hl: 1st Maximum Force; P_AMOE: Apparent
modulus of elasticity; P_W: Work; S_Max: Maximum force; S_W: Work; SC_RD: Rupture distance;
SC_RF: Rupture force; K_Max: Max force; K_W: Work.

3.3. Storage Time

Firmness continuously decreased during storage for all cultivars (Table 4, Figure 2).
As shown in Table 4, the trend in the firmness decrease for medium and hard cultivars was
gradual and comparable to each other compared to the soft cultivar. In general, results
suggest that storage within the first 31 days does not affect fruit firmness considerably. In
this first storage period, the soft cultivar better maintained firmness, as it only decreased by
about 2% compared to the hard and medium cultivars, which decreased by 6.2 and 9.08%,
respectively. However, the medium and hard cultivars better maintained firmness at the
end of storage as they lost 57.37 and 57.46% of their initial firmness compared to the soft
cultivar which lost up to 78.6%.
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Table 4. Means and linear models of the maximum force trait at strain of 10% for fruits of three
cranberry (Vaccinium macrocarpon Ait.) cultivars that vary in firmness stored at 4 degrees Celsius
over time. A total of 100 fruits were measured on each of the four dates for each cultivar. Fruits of
the Yellow bell, Sundance and Granite Red cultivars were considered as soft, intermediate and hard
respectively. The values of maximum force correspond to the maximum force of the first peak of the
double compression method (h1).

Days Since Harvest

Cultivar
0? 31 86 163 288 m Adjusted R-Squared
Soft 8.317 8.143 5.619 4.589 1.799 —0.023 0.9405
Medium 14.307 13.008 12.362 9.927 6.099 —0.027 0.9768
Hard 15.773 14.793 12.922 11.059 6.710 —0.031 0.993

2 Linear model intercept.
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Figure 2. Percentages of cranberry (Vaccinium macrocarpon Ait.) fruit firmness decreases for three
cranberry cultivars with different levels of firmness stored at 4 °C on four different dates. The
intercept of the linear models in Table 4 was considered as 100% firmness. A total of 100 fruits were
measured on each of the four dates for each cultivar. Fruits of the Yellow bell, Sundance and Granite
Red cultivars were considered as soft, intermediate and hard respectively. The values of maximum
force correspond to the maximum force of the first peak of the double compression method (h1).

3.4. Correlations between Traits of Texture and Fruit Size

Correlation analysis performed with data collected from 300 randomly harvested fruits
of soft, medium, and hard cultivars revealed that the relationship between texture and fruit
size traits varies between methodologies (Table 5). The parameters measured by the double
compression methodology showed stronger correlations with fruit size, mostly positive
correlations. For example, texture traits related to maximum distance, area under the curve
of the force/distance graph, and the slopes of the force/strain graph showed the highest
positive correlations with fruit width, 09.2-0.94, 0.85, and 0.82-0.83, respectively. Further-
more, the correlations varied within the different categories of double compression traits,
particularly, in those traits related to strain showed lower and even negative correlations.
Puncture and shearing showed both positive and negative correlations and traits related to
fruit deformation had negative correlations with fruit size. In particular, the texture traits
P_DR (puncture) and S_DF (shearing) showed the strongest negative correlations with fruit
width, 0.6 and 0.61 respectively. When the correlation was performed on the subsample
of fruits of the same size (homogeneous sample, no significant differences, p < 0.05), the
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correlations decreased, but the trend previously observed with the heterogeneous sample
was maintained (Table 5).

Table 5. Pearson coefficient of correlation for fruit size-textural and Tukey’s honestly significant
difference (HSD) test grouping samples of heterogeneous (het) and homogeneous (hom) cranberry
(Vaccinium macrocarpon Ait.) fruits in fruit size. The heterogeneous sample that corresponds to the
original sample is composed of 100 fruits of each cultivar; cultivars with soft (Yellow bell), medium
(Sundance), and firm (M34) fruits. The homogeneous sample was derived from the heterogeneous
sample based on fruit size and is composed of 30 fruits of each cultivar (no significant differences
between cultivars, p < 0.05). The tests were carried out for all the traits of the double compression,
puncture, and shearing methodologies.

Double Compression

Traits Width Length Area Perimeter Skin Surface Volume Tukey HSD
Measurements Independent of Graph Type
het hom  het hom  het hom het hom het hom het hom het hom
h1 0.82 051 062 022 075 0.37 0.74 0.34 0.7 0.3 0.76 0.43 3 3
h2 0.82 0.5 0.61 021 074 0.36 0.73 0.33 0.69 0.29 0.76 0.41 3 3
MCP1 0.34 017 017 —0.04 0.25 0.03 0.25 0.02 021 —-0.01 026 0.06 3 2
MCP2 0.36 018 017 —0.05 0.26 0.03 0.25 0.01 021 —-0.02 027 0.07 3 2
Mdist_1  0.94 075 081 054 091 0.71 0.91 0.68 0.88 0.64 091 0.76 3 2
Mdist 2 0.92 073 082 056 091 0.72 0.91 0.68 0.88 0.65 0.91 0.76 2 0
p-deform  0.44 016 023 0.01 0.33 0.07 0.33 0.06 0.29 0.04 0.35 0.1 3 3
AMOE1 0.36 019 009 -019 022 —-0.07 0.21 —0.1 016 —-014 024 —0.01 3 2
AMOE2 0.39 0.2 011 -018 024 —-0.06 024 —-0.09 019 -012 027 0.01 3 2
Force (N)/Distance (mm) graph
dsfl 0.71 0.41 05 012 062 0.25 0.61 0.22 0.57 0.18 0.63 0.3 3 3
dsf2 0.7 04 049 01 0.61 0.24 0.6 0.21 0.56 0.17 0.62 0.29 3 3
dwi 0.85 054 066 029 079 0.44 0.78 0.4 0.74 0.37 0.81 0.48 3 2
dw2 0.85 055 066 026 0.79 0.42 0.78 0.39 0.74 0.35 0.81 0.48 3 2
dRf 0.2 014 012 —-0.09 0.17 0 016 —0.02 015 —0.04 018 0.05 2 2
dRfp 0.81 051 061 018 0.73 0.34 0.72 0.31 0.69 0.27 0.75 0.41 3 3
Force (N) Strain (%) graph
sfl 0.83 053 063 022 0.76 0.38 0.75 0.35 0.71 0.31 0.77 0.44 3 3
sf2 0.82 052 062 021 075 0.37 0.74 0.33 0.7 0.29 0.76 0.42 3 3
Wi 0.8 046 061 023 073 0.36 0.72 0.33 0.68 0.3 0.74 0.4 3 2
W2 0.81 047 06 02 0.73 0.34 0.72 0.31 0.68 0.27 0.75 0.39 3 3
Rf 0.2 014 012 —-0.09 0.16 0 016 —-0.03 015 —0.05 0.17 0.04 2 2
Rfp 0.81 051 061 018 0.73 0.34 0.72 0.31 0.68 0.26 0.75 0.4 3 3
Force (N)/Time (seconds) graph
tsfl 0.71 0.41 05 011 0.62 0.25 0.62 0.22 0.57 0.18 0.63 0.3 3 3
tsf2 0.7 04 049 01 0.61 0.24 0.61 0.21 0.56 0.17 0.63 0.29 3 3
tW1 0.77 0.43 06 029 072 0.39 0.7 0.37 0.67 0.35 0.74 0.42 3 2
tW2 0.82 044 063 024 076 0.36 0.75 0.33 0.71 0.3 0.78 0.4 3 2
tRf 0.11 012 0.09 -011 0.1 —0.03 0.1 —-0.05 01 —0.06 0.1 0.02 0 0
tRfp 0.46 032 036 0.02 043 0.14 0.42 0.11 0.4 0.08 0.43 0.21 3 2
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Table 5. Cont.

Double Compression

Traits Width Length Area Perimeter Skin Surface Volume Tukey HSD
Stress (N)/Strain (%) graph
prl 0.34 0.17 017 -0.05 0.25 0.03 0.25 0.01 0.21 —0.01 0.26 0.06 3 2
pr2 0.36 0.18 0.17 —-0.05 0.26 0.03 0.26 0.01 0.22 —-0.02 0.27 0.07 3 2
spl —-0.3 0.08 -029 -0.07 -03 -0.01 -031 -003 -029 -004 —-0.28 0.02 2 0
sp2 -037 -0.02 -036 —02 -036 —-0.14 -038 -—-0.16 -035 —-0.17 -034 -—0.11 2 0
Al 0.33 0.16 017 -0.02 0.25 0.04 0.25 0.03 0.21 0 0.26 0.07 3 2
A2 0.35 0.16 0.18 —0.03 0.26 0.04 0.26 0.02 0.22 0 0.27 0.06 3 2
Rp 0.1 0 0.02 —-0.03 0.05 —0.03 0.05 —-0.03 0.04 —0.03  0.06 —0.02 2 0
Rpp 0.34 0.16 017 -0.05 0.25 0.02 0.25 0.01 0.21 —-0.02 0.26 0.05 3 2
Puncture
Traits Width Length Area Perimeter Skin surface Volume Tukey HSD
het hom het hom  het hom het hom het hom het hom het hom
P_AMOE 0.61 028 038 —0.03 0.5 0.1 0.49 0.07 0.45 0.04 0.53 0.16 3 3
P_Max 0.33 027 012 —-0.04 023 0.09 0.21 0.05 0.18 0.03 0.25 0.15 3 3
P_DR -0.6 —-0.07 -051 —-0.05 —0.57 —-0.06 —0.57 —-0.06 —-054 —0.06 —057 —0.06 2 3
P W -0.1 0.17 —-0.21 —0.06 —0.17  0.04 -0.18 0.01 -0.19 —-0.01 -0.15 0.08 3 3
Shearing
Traits Width Length Area Perimeter Skin surface Volume Tukey HSD
het hom het hom  het hom het hom het hom het hom het hom
S_Max 0.26 0.01 029 012 0.28 0.09 0.29 0.1 0.28 0.1 0.26 0.06 2 2
S W 0.71 033 075 043 0.76 0.44 0.76 0.44 0.77 0.44 0.74 0.42 2 0
S_DF -061 —-0.27 -042 005 -053 -007 -052 —-0.02 -048 —-0.01 -055 -—-0.13 3 2

3.5. Methodology and Trait Cultivar Firmness Differentiation

The results of the Tukey’s HSD test on the heterogeneous sample showed that most of
the traits from the three methodologies were able to detect significant differences between
cultivars. However, some of the traits from the double compression methodology, partic-
ularly those related to cohesiveness, had a low detection capacity. Overall, the number
of significant differences detected decreased when performing the correlation analysis
on fruit of homogeneous size between cultivars (Table 5). Interestingly, the number of
differences detected between cultivars decreased considerably for the double compression
traits obtained from the stress/strain graph, which had a low correlation with fruit size
characteristics. On the other hand, the puncture traits were the ones that best maintained
their ability to detect differences between cultivars, while the differences detected by the
shearing traits decreased.

3.6. Effect of Temperature on the Double Compression Test

Most of the traits related to firmness decreased with increasing temperature (Figure 3,
Table S2). On the contrary, the traits related to the area under the curve of the second
compression, deformation, cohesiveness and gumminess increased. In general, a decrease
in the coefficient of variation was observed with increasing temperature for almost all
texture traits, indicating that more accurate measurements were obtained at higher temper-
atures. The coefficient of variation decrease ranged from 7.4% to 24.89% for the MCP1 and
p-strain traits, respectively. On the other hand, the coefficient of variation increased with
increasing temperature for a few traits, ranging from 0.84% to 104.76% for M_dist.1 and sp2,
respectively. The significant differences detected by Tukey’s HSD tests between the three
cultivars were very consistent between both temperatures. Only three traits, dW1, TW1
and Rpp, detected more significant differences in the tests carried out at 7.77 °C, indicating
that it is possible to capture greater variation due to cultivars with lower temperatures for
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Temperature-Firmness coeficient (%)

Graph

those traits. Significant p-values of the Tukey test between temperatures were obtained
exclusively for the traits that correspond to the measure of an object cohesiveness, which
suggests that this type of texture trait is sensitive to the temperature of the fruit when it is
measured. For most of the traits, a negative firmness-temperature coefficient was obtained
due to the decrease in firmness with increasing temperature. In addition, coefficients with
a positive sign were also obtained, especially for those traits that increased their values in
the high temperature as mentioned above (Figure 3). The change in the texture traits due to
temperature varied widely regardless of its sign, ranging from 0.01% to 0.95 for tRfp and
spl, respectively.
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Figure 3. Firmness-temperature coefficient calculated for texture parameters of the double compres-
sion method measured in fruit samples of three cranberry (Vaccinium macrocarpon Ait.) cultivars that
vary in firmness at 7.77 and 21.66 °C. Features are colored according to the graph from which they
were obtained. Yellow bell, Sundance and M34 cultivars were considered soft, intermediate and hard.

3.7. Effect of Fruit Orientation on the Double Compression Test

As expected, the texture values were different between the measurements taken on the
equatorial and polar sides of the fruits (Table 6). The means of the traits were higher when
measuring the fruits on their polar side and, according to the Welch’s two sample tests
between orientations, there were significant differences for all the traits except those related
to cohesiveness. Measurements on the polar side of the fruit showed higher coefficient of
variation for almost all traits, indicating greater heterogeneity in these measurements. The
change in the number of significant differences detected between cultivars varied for the
different traits. In particular, the maximum force parameter (hl), currently used to measure
firmness in cranberry, decreased in its ability to detect differences between cultivars when
the fruits were measured on their polar side.
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Table 6. Means, coefficient of variation, Tukey’s HSD and Welch's two sample t-test of the comparison
of texture measurements of double compression taken along and width of fruits in samples of
150 berries from three cranberry (Vaccinium macrocarpon Ait.) cultivars. The p-values of the Tukey
tests between orientation are shown in column 8 and the significance is indicated with “**” signifying
a p-value between 0.01 and 0.001 and “***” means a p-value less than 0.001. The 150 berries measured
for each orientation came from a mixture of fruits from soft (Yellow bell), medium (Sundance), and

hard (Granite red) cultivars.

Table Mean Coefficient of Variation Differences Detected
Width Length Width Length Width Length p-Value
h1 13.74 21.96 28.09 30.33 3 2 id
h2 15.01 24.5 28.58 29.79 3 3 wEE
MCP1 1.04 1.15 14 27.19 2 3 **
MCP2 1.17 1.34 14.98 25.94 2 3 o
M.dist_1 1.58 1.92 10.87 12.97 3 3 xx
M.dist_2 1.37 1.55 10.52 11.46 3 2 wx
p-deform 1.14 1.68 14.05 26.75 2 3 d
AMOE1 4.28 5.25 16.35 26.82 3 3 g
AMOE2 5.78 8.04 17.98 25.17 3 2 ok
Force (N)/Distance (mm) graph
dsfl 8.45 11.8 19.49 26.13 3 2 Hx
dsf2 10.11 15.07 20.31 24.55 3 3 i
dw1 10.26 20.2 38.7 38.95 3 3 i
dwW2 10.11 20.02 39.3 38.59 3 3 i
dRf 0.98 0.99 2.68 7.95 2 3 0.24
dRfp 13.54 21.82 28.77 30.92 3 3 hd
Force (N)/Strain (%) graph
sfl 1.35 2.28 28.38 30.22 3 2 wx
sf2 1.59 2.85 29.21 29.55 3 3 hd
W1 63.31 103.15 28.8 32.38 3 2 i
W2 63.47 104.36 29.32 31.58 3 3 i
Rf 1 1.02 2.74 8.25 2 3 0.09
Rfp 13.78 22.3 28.77 30.94 3 3 i
Force (N)/Time (seconds) graph
tsfl 16.84 23.52 19.51 26.14 3 2 hd
tsf2 20.13 30.02 20.34 24.56 3 3 wEE
TW1 5.16 10.15 38.63 38.91 3 3 x
TW2 5.09 10.07 39.23 38.55 3 3 hd
tRf 0.99 1 2.79 7.96 2 2 0.2
tRfp 13.55 21.85 28.77 30.91 3 3 wx
Stress (N/)/Strain (%)

prl 3.55 4 14.1 27.42 2 3 i
pr2 3.99 4.64 14.58 26.51 2 2 wHx
spl 0.11 0.3 43.49 61.2 2 2 hd
sp2 0.13 0.79 19.42 32.41 2 0 wEx

Al 24.04 26.85 14.83 29.73 2 3 **
A2 24.48 27.46 15.32 28.54 2 2 id
Rp 1.02 1.03 3.6 10.92 2 2 0.21
Rpp 3.61 4.11 15.15 28.08 2 2 *E

3.8. Optimization of the Speed/Strain Couple for the Double Compression Test

The F values obtained from the ANOVA performed to discriminate between cultivars
for each trial ranged from 0.01 to 43.62, showing a wide variety of responses of the texture
traits to the effect of the coupled speed/strain (Table S3). Two traits of the stress/strain
graph (prl and sp2) and one obtained independently from the graphs (MCP1) obtained
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the highest values of F, while traits of the force/strain graphs (W2), force/time (tRf) and
independent of the type of graphs (AMOE?2) obtained the lowest F values. Significant differ-
ences between cultivars were obtained for most of the traits with the different speed/strain
couples, indicating that the values of the tests were influenced by the effect of the genotypes.
Cohesiveness traits were the exception, as they only had significant differences in a few
trials. The F values obtained for all trials were used as the response variable analyzed in
the Box-Wilson central composite design and the optimum for speed/strain couple was
determined by trait (Table 7). The optimal speed/strain couple varied between different
traits, but it can be seen that for the traits associated with force, the optimal speed is around
8.5 and 9.5 mm-s~! with a strain percentage of around 5%. On the other hand, for the traits
associated with deformation and the stress/strain graph, the optimal values of speed were
mainly around 12 mm-s~!, while the optimal percentage of strain was high, around 20 and
30%. Table 7 also shows that, for several traits, the best response is obtained with medium
to high velocity values, while low strain values predominate.

Table 7. Predicted combinations of speed and strain which yield the highest Fisher values for ANOVA
tests performed on texture measurements collected using different combinations of speed and strain
for double compression tests run on cranberry fruit in a central composite design experiment for
three cranberry (Vaccinium macrocarpon Ait.) cultivars that differ in firmness. Cultivars BG (soft),
Stevens (intermediate) and A9 (hard) were used for this test.

h1 h2 MCP1 MCP2 M.dist_1 M.dist_2 p-deform
Speed 8.91 8.69 1.09 11 6.23 8.73 258
(mm-s™)
Strain (%) 5.15 5.09 23.83 20.79 5.59 5.1 33.41
AMOE1 AMOE2 dsfl dsf2 dw1 dw2 dRf
Speed 121 13.74 12,51 9.73 7.98 8.29 1.98
(mm-s™)
Strain (%) 26.03 32.33 9.23 555 5 5.01 31.16
dRfp sfl sf2 W1 W2 Rf Rfp
Speed 8.22 9.44 85 8.22 8.95 1.95 8.19
(mm-s™)
Strain (%) 5.01 5.38 5.05 5.01 5.16 31.05 5.01
tsfl tsf2 tW1 tW2 tRf tRfp prl
Speed 11.79 9.52 9.56 11.51 2.93 12 1.08
(mm-s™)
Strain (%) 7.85 5.43 5.45 7.41 34.44 8.23 23.66
pr2 spl sp2 Al A2 Rp Rpp
Speed 1.07 11.22 13.72 143 12.89 3.8 343
(mm-s™)
Strain (%) 21.35 38 32.36 28.04 10.1 36.43 35.66

3.9. Comparison of Different Probe Diameters for Texture Measurement Using the
Puncture Method

Tukey’s HSD performed between cultivar samples showed that the puncture method
traits had little ability to detect differences in firmness between cultivars evaluated
(Figure S2). The trials with the different probe diameters showed no obvious improvements
or trends between the different traits. Almost all the texture traits only detected 2 significant
differences between the three cultivars except for the apparent modulus of elasticity, which
was able to detect all the possible differences with the 7 mm diameter probe. The process
of compression using the 7 mm diameter probe is similar to that of the double compression
test due to similar contact areas of the probes with the fruit—this indicates an improvement
in the results when measuring firmness under these conditions. The coefficient of variation
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had a different response associated with the probe diameters between the different traits.
For example, for P_DR and P_W the coefficient of variation decreased as probe diameter
increased, indicating greater homogeneity of measurements with wider probe diameter. On
the other hand, the coefficient of variation was lower for the thinnest and thickest probes
(2 mm and 7 mm) for P_Max and P_AMOE, showing that the intermediate probe size
(5 mm) produced less homogeneous results.

4. Discussion

Although fruit firmness is a priority trait for the cranberry industry and breeding
programs, no standard methodology has been established to assess texture in cranberry. In
this study, we analyze the most relevant factors for a correct evaluation of cranberry fruit
texture in methodologies previously used in this crop (compression, puncture, shearing),
and those explored for the first time (Kramer shear cell). Our results suggest that a sample
size of n > 30 is preferred to achieve good precision of texture measurements for all
methodologies considered (Figure 1). The sample size suggested in this study is higher
than that previously used for raw cranberry fruits by Forney [18], Diaz-Garcia et al. [20],
Zielinska et al. [21] and Liu et al. [23] (from 15 to 25 fruits) but less than sample size used
by Jamaly et al. (n = 50) [19]. In addition, the suggested sample size is different from that
used in the industry which can be as low as n =5 or as high as n = 50 per batch. It should
be noted that the coefficients of variation reported were calculated using a sample of soft,
medium, and firm cultivars, which represent a wide range of firmness and accurately reflect
the heterogeneous conditions of the samples processed in the industry. While coefficients of
variation varied considerably between methodologies and texture traits, most were around
20%, which is common in native foods and ensures reliable and reproducible results for
most traits [13] (Table S1). In particular, the traits of the Kramer shear cell methodology
showed the lowest coefficient of variation (6.71 and 7.50) most likely because dozens of
fruits were subjected to a single measurement. However, the number of fruits needed
(30 loads) to achieve good repeatability makes it an unfeasible method. Therefore, the
Kramer shear cell test was discarded for the following analyses.

The change in firmness during storage has important implications for industry as well
as for research, especially in the breeding process where scalability is key. As shown in
Figure 2, the first month offers a good time frame to measure fruit firmness, as firmness
decline remains relatively low. These results are consistent with previous reports [18,21],
although other studies based on parameters related to elasticity and deformation showed
more dramatic changes [24]. In order to process a large number of samples, we suggest
recording the measurement dates and process the samples based on an experimental
design in order to take into account the storage time and loss of firmness through mod-
eling. Remarkably, our results show that the trend of firmness during storage depends
considerably on the cultivar as has been shown for other attributes of fruit quality and mar-
ketability, which has implications for management during storage and decision making for
fruit evaluation [36].

Berry size can differently affect the calculation of texture traits such that some traits
are more prone to biased values. This relationship between size and fruit texture was
evaluated with three cultivars that vary in both firmness and size (Table 5). The texture
traits of the compression-based methodology showed stronger positive correlations, es-
pecially those related to force. The correlations of the maximum force traits (h1 and h2),
which are widely used in cranberry, indicated that the larger the fruit, the firmer it is,
as reported by Diaz-Garcia et al. [20] and contrasting with the findings for similar fruits
such as blueberry [37]. On the other hand, the traits related to elasticity, cohesiveness and
stress generally showed lower correlations. In particular, the persistently low correlations
between the traits related to cohesiveness and fruit size may indicate that resistance to
internal structure damage is largely independent of berry size. The correlations for the
puncture and shearing methodologies were varied, and remarkably, the traits involving
fruit destruction were negatively correlated with fruit size. To exhaustively evaluate the
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correlations between texture and fruit size, we subsampled fruits with homogeneous size
(no significant difference, p < 0.05) from each cultivar’s original heterogeneous sample.
Although the correlations between size and fruit texture decreased, the previously observed
trends were maintained, indicating that these traits depend substantially on the size of
the berry.

To evaluate the effect of berry size on the ability of textural traits to discriminate
between cultivars, a comparison of the significant differences detected between the ho-
mogeneous and heterogeneous samples was made (Table 5). In general, the number of
significant differences detected decreased when using the homogeneous fruit subsample
between cultivars, although some traits with high correlations such as maximum force
and those related to slope maintained their performance. Interestingly, some traits that are
calculated considering the size of the fruit (e.g., apparent modulus of elasticity, maximum
contact pressure, and traits associated with stress), and have a low correlation, showed that
their ability to detect differences between cultivars depended on the berry size. Similar
results were obtained for the texture traits derived from the stress/strain graph in a study
carried out on grapes [14], in which it was shown that there was no improvement in the
results expressed in stress compared to those expressed in force. The puncture showed
good performance to discriminate between cultivars, suggesting that the integration of
skin in the evaluation of texture is crucial to obtain more representative measurements,
as has been shown in other species [28,38]. Therefore, the puncture method is a potential
candidate for a standard texture methodology for cranberry. Conversely, the shearing
method is not a good candidate since it is not a good cultivar discriminator. These findings
show that, even though some traits such as those related to slopes and the maximum force
for double compression, show strong correlations, they are able to obtain reliable results.
The high correlation shown by texture traits with good performance in detecting differences
between cultivars may indicate that there is a genuine correlation between berry size and
these texture attributes. It is important to mention that the value of the correlations can be
inflated because the cultivars used for this analysis showed a firmness gradient associated
with a size gradient in the same direction. Further analysis with cultivars representing
greater variation in firmness and size will be required.

Although the compression method has been widely used in cranberry, the appropriate
conditions and parameters for its implementation have not been reported. Some of the
most influential factors in the execution of this method were evaluated, such as the fruit
temperature and orientation, and the optimal speed/strain combinations. Similar to other
raw fruits [17], cranberry texture parameters decreased as fruit temperature increased
and, interestingly, the temperature-firmness coefficient varied widely among parameters
ranging from 0.01 to 0.95% for tRfp and sp1, respectively (Figure 3, Table S2). These results
demonstrate that, depending on the texture trait of interest, temperature control at the time
of measurement can be a crucial point to obtain reproducible data. As shown in Figure 3,
measurements related to deformation, cohesiveness, and gumminess increased at higher
temperatures, in contrast to the rest of the traits. It is worth mentioning that, due to the
nature of the physical characteristics evaluated, the traits related to deformation should
be considered as a measure of softness rather than firmness. Although the number of
significant differences detected between cultivars for each temperature were very similar,
the slight increase in low temperature may be due to a better control of the change in
firmness when keeping the fruits in refrigeration (Table S2).

Because cranberry fruits are traditionally measured on their equatorial side, the firm-
ness values taken on the polar side are unknown and could potentially provide additional
information due to the unique internal structure of the fruits (Figure S1). The results
showed that higher values are obtained for all the texture traits when measuring the fruits
on the polar side as has been reported in other fruit species with marked differences such
as apple [39] and grapefruit [40] (Table 6). In addition, the measurements taken on the
polar side showed higher coefficients of variation, which could be due in large part to the
instability of the fruits at the time of measurement, which makes it an unfeasible procedure.
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Welch’s two sample t-test showed significant differences for all the traits (except those
related to cohesiveness) between both orientations, which suggests that the resistance of the
internal structure is similar when the fruit is compressed in both orientations. The change
in the number of significant differences detected between cultivars varied for the traits.
In particular, the maximum force trait (h1l) had a decreased ability to detect differences
between cultivars when the fruits were measured on their polar side.

Because current cranberry breeding efforts are focused on fruit firmness, it is desirable
that phenotyping methodologies can distinguish firmness gradients between cultivars. The
Box-Wilson central composite design revealed that speed/strain couples have an important
effect on the ability to discriminate between cultivars according to their texture for each trait
(Table 7, Table S3). The response of the traits to the speed/strain couples was varied; most
force traits perform best with a strain percentage of 5%, while 20% or more strain is better
for stress traits. This difference in optimal strain values implies that favoring the conditions
for one trait limits the performance of the other, and that this information should therefore
be considered, depending on the texture traits that are desired. A similar test carried out on
grapes [14] showed a different relationship between the strain requirements for the force
and stress traits, with the force traits being the ones with the highest requirement. Despite
the similarities of the cranberry and grape fruits the optimal values of speed and strain for
the textural traits were very different, probably due to differences in internal structure and
composition of the fruit (e.g., content of water).

A first exploration of the puncture method in cranberry showed that the diameter of
the probe did not have an important effect on the performance of this method (Figure S2).
It is worth mentioning that the puncture method showed better results to detect differences
between cultivars in the fruit texture-size correlation analysis and that this discrepancy
may be due to the use of different cultivars in these tests. It will be necessary to carry
out additional tests that include a greater variety of probe diameters as well as consider
important factors of the test such as the speed of execution.

5. Conclusions

This study provides the first relevant information on key methodologies, traits, pa-
rameters, and conditions for fruit textural measurements in cranberry, for both research
and industry. The information provided in this study will help optimize current cranberry
texture measurement protocols and design new strategies for this purpose. This ground-
work exploration allowed us to identify textural traits of the double compression method,
such as the maximum force and those related to slopes (which are indicators of the degree
of elasticity), as potential candidates to be used as varietal markers due to their consistency
in differentiating among the cultivars evaluated. Furthermore, the textural traits of the
puncture method represent another valuable option for cranberry texture evaluation fo-
cused on cultivar differentiation. Both methods, compression and puncture, methods are
complementary in evaluating the texture of cranberry fruits since this attribute is mainly
defined by the flesh, internal structure, and skin of the fruit. Additional efforts will be
necessary to define a consensus methodology for firmness measurement in cranberry based
on considerations reported in this research.
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