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Bioactive compounds have been shown to promote healthy human
development and protect against certain diseases including some cancers.
Tropical pumpkins bred for consumption, such as calabaza (Cucurbita
moschata), possess these compounds, though concentrations vary considerably
between varieties. Bioactive compound quantification methods can be
expensive, complex, and generate considerable hazardous waste. A predictive
tool utilizing the relationship between extrinsic properties and tristimulus
colorimetry values of calabaza would allow for significantly higher throughput
with lower requirements for equipment, training, and laboratory consumables.
Therefore, this study examined correlations between flesh color and bioactive
compound quantities of several calabaza germplasm lines to assess the utility
of a sustainable and portable predictive tool. CIEL* a* b* values of pumpkin
flesh were assessed using a colorimeter and compared to bioactive compound
concentrations determined analytically. Redness was found to correlate with
increased ascorbic acid and total soluble solids content. Yellowness correlated
with B-carotene equivalent carotenoids and ascorbic acid content. These
results suggest that colorimetry may be a viable pre-screening technique for
quantifying bioactive compounds in C. moschata.

KEYWORDS

Cucurbita moschata, tropical pumpkin, colorimetry, bioactive compounds, $-carotene,
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1 Introduction

Official methods of analysis of bioactive compounds are often reserved for “well-
equipped and staffed” analytical laboratory settings (Nielsen, 2017). For example, the
ideal standard for the characterization of carotenoids is typically high-performance liquid
chromatography (HPLC) in conjunction with sophisticated detection (i.e., diode-array
detector) to produce high sensitivity, reproducibility, and accuracy (Itle and Kabelka,
2009). Such methods require multistep sample preparation before sample injection and
thus, the HPLC analysis is a time-consuming and expensive method (Itle and Kabelka,
2009). Alternative (secondary) methods of analysis of target compounds are more rapid,
allow high throughput, are more cost-effective, and can reduce the use of organic solvents,
which are often harmful. Secondary methods can be employed to quickly screen samples
after sufficient calibration against primary official methods (Nielsen, 2017). These methods
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may be especially beneficial to scientists and farmers in countries
where resources are limited (Avnee et al, 2023). Secondary
methods of analysis may also promote the use of green chemistry.
Green chemistry, as defined by the American Chemical Society,
is governed by 12 principles, among them energy conservation,
waste reduction, and limited use of hazardous substances for
the benefit of the economy, people, and the planet (ACS, 2024).
Compared to individual compound analysis methods like HPLC,
colorimetry creates less waste and reduces the use of organic
solvents (e.g. methanol and hexane) thereby exemplifying green
chemistry principles (Demir et al., 2024).

Color is often used as an indication of micronutrient and
bioactive compound status in plants; for example, orange-hued
fruit flesh is associated with high concentrations of carotenoids
such as B-carotene (Feder et al., 2019). Carotenoids are fat-soluble,
natural pigments that contribute to the deep coloring of many
yellow, orange, and red fruits and vegetables and green, leafy
vegetables (Nincevi¢ Grassino et al., 2023). Colorimetry has been
used in the food industry as a nondestructive method to assess fruit
maturity, senescence, pesticide residues, antioxidants, chlorophyll,
and carotenoids (Dutta et al., 2023; Umapathi et al., 2021; Li et al.,
2022). Fruit color can be precisely and objectively described using
tristimulus colorimetry in which colors are expressed as x, y, and z
coordinates that correspond to the three primary colors (red, green,
and blue) (Simonne et al., 1993). Prior research findings indicate
significant correlations between tristimulus colorimetric values and
carotenoid content in other fruits and vegetables, such as sweet
potatoes (Itle and Kabelka, 2009; Simonne et al., 1993). Therefore,
tristimulus colorimetry could potentially be used as a lower-cost,
greener method to estimate the concentrations of certain valuable
bioactive compounds in yellow and orange-fleshed vegetables such
as tropical pumpkin (Curcurbita moschata).

Previous studies support tropical pumpkin as an appropriate
crop to examine the relationship between color and concentration
of bioactive compounds. The primary carotenoids identified in
C. moschata are B-carotene, zeaxanthin, and lutein (Kulczynski
and Gramza-Michalowska, 2019). Tropical pumpkin, commonly
referred to as winter squash, is a highly nutritious commodity,
though it remains a minor agricultural crop in the contiguous
United States and is marketed mostly to Latin populations. It is
one of the most important commodities in Puerto Rico and is
prominent in many Latin American countries (Maynard et al,
2002). A surge in ethnic populations in the U.S. has led to
increased demand for tropical pumpkin (Erwin, 2022). Cucurbits
(e.g. Cucurbita spp.) contain numerous bioactive compounds such
as B-carotene and ascorbic acid that promote human health beyond
nutritional requirements (Kulczynski and Gramza-Michalowska,
2019; USDA FDC, 2024). Cucurbits are also considered to be
“excellent” sources of vitamin C, phosphorus, magnesium, and
several B vitamins (USDA FDC, 2024). The Food and Drug
Administration (FDA) defines an excellent source of an essential
nutrient as any food providing >20 percent of the recommended
daily amount in a typical single serving (FDA, 2024).

In addition to their health-promoting effects, bioactive
compounds found in C. moschata, particularly antioxidants, are
also important to the food industry given the frequency of
oxidation-reduction reactions in foods, some of which can be
deleterious. Oxidation-reduction reactions in foods can lead to
the degradation of lipids, vitamins, and pigments and decrease
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nutritional value or catalyze the development of off-flavors
(Lindsay, 2017). Food antioxidants, such as ascorbic acid, phenols,
and B-carotene, either interrupt the free radical chain oxidation-
reduction reaction, scavenge and quench singlet oxygen, or both.
Mixed antioxidants in a food system may work synergistically
to increase the overall efficiency of antioxidant capacity, but
the mechanisms governing this synergy are not well understood
(Lindsay, 2017).

Significant variability exists in the nutrient compositions
among C. moschata cultivars (Kulczynski and  Gramza-
Michalowska, 2019). The nutrient variability found in Kulczynski
and Gramza-Michalowskas research (Kulczynski and Gramza-
Michalowska, 2019) supports the need for a low-cost, predictive
tool to quickly and efficiently assess bioactive compounds in
cucurbits. The utility of a predictive model requires strong
correlations between measured and predicted parameters.
Therefore, an exploration of the relationship between physical
parameters and bioactive compound concentrations is warranted.
In this study, moisture, soluble solids, carotenoids, ascorbic acid,
and phenolics were determined in nine tropical pumpkin breeding
lines and a commercially available butternut squash cultivar as a
control using official methods of analysis. In the first part of this
study, the concentrations of these analytes were correlated with
tristimulus colorimetric values obtained from nonrandom samples
(plugs, Figure 1) of tropical pumpkin flesh to analyze the strength
of linear relationships between color and extrinsic properties.
In the second part of this study, the extrinsic properties and
tristimulus colorimetric values of homogenized flesh samples were
assessed to evaluate the potential for bioactive content predictions
in whole tropical pumpkin fruit. This study’s objective was to
assess the strength of the correlations between micronutrient
and bioactive compound concentrations determined via official
methods with those measured using colorimetry. A simple pre-
screening tool to assess vitamin C, carotenoids, and phenolic
compounds could benefit plant breeding efforts and allow for
crop nutrient assessments performed in the field while increasing
analysis efficiency, mitigating waste, and reducing hazardous
solvent use.

2 Materials and methods

2.1 Reagents

Aqueous 3% meta-phosphoric acid in acetic acid; hexane
with added 0.001% butylated hydroxytoluene (BHT) (Fisher
Chemical, Fair Lawn, NJ, USA); 2,6-dichloroindophenol (DCIP)
sodium salt hydrate (Sigma-Aldrich, St. Louis, MO, USA); sodium
bicarbonate (NaHCQj3) (Fisher Chemical, Fair Lawn, NJ, USA);
95% aqueous methanol; gallic acid standard; 10% (v/v) Folin-
Ciocalteu (FC) reagent.

2.2 Tropical pumpkin samples and
preparation

Tropical pumpkins were harvested 92 days after transplanting
at the Plant Science Research and Education Unit in Citra, FL.

Harvest indices of rind color and rind hardness (thumb prick
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FIGURE 1

content. An image of pumpkin flesh is included.

Subsample plugs of flesh, each measured for color ("x") on both sides of plug, in triplicate (skin removed) for a total of six colorimetric measures per
plug. Each plug was designated for one of the following analyses: f-carotene equivalent carotenoids, ascorbic acid, soluble solids, and total phenolic

test) were used to determine fruit maturity. Because “Waltham”
butternut squash (Cucurbita moschata) is of the same species
as tropical pumpkin and boasts a wealth of published nutrient
composition data, it was used as a control in this study and
was planted alongside the experimental breeding lines of tropical
pumpkin as two-week-old transplants, as well. During the growing
period, air temperatures (60cm height) ranged from 14.1 to
30.0°C. Immediately following harvest, tropical pumpkin fruits
were cleaned of dirt and debris, then weighed and measured. The
fruits were then stored at 10°C with 60-65% relative humidity for
~2 weeks until they were processed for analysis.

A metal borer (21 mm diameter) was used to remove four plugs
of flesh from the widest equatorial point of each sample tropical
pumpkin fruit (Figure 1). Each plug was trimmed to approximately
4mm in length and approximately 2g in mass. The rind was
removed from each plug and the color parameters of plugs were
measured with a handheld colorimeter (Konica Minolta Chroma
Meter CR-400, Ramsey, NJ). Employing diffuse illumination, a 0°
viewing angle, illuminant C, and the CIEL* a* b* color space, L* a*
b* values for the rind side of exposed flesh, and the seed side of the
flesh subsample were measured three times, for a total of six L* a*
b* measurements per plug subsample (Figure 2).

Flesh plugs were wrapped in aluminum foil, vacuum-sealed,
labeled for each analysis and frozen at —26°C until the analyses
were performed after 1-6 months. Each remaining sample fruit
was then cut in half from stem to blossom end opposite the point
from which the plug was drawn. Rind and seeds were discarded and
flesh from half the fruit was ground in a food processor until it was
similar in size to coarse sea salt.

Ground subsamples were randomly apportioned by assay,
wrapped in aluminum foil, and vacuum sealed (Figure 3). For
moisture content analyses, 2 g of ground subsample were wrapped
in foil and vacuum sealed while 20 g of ground subsample were
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reserved for both carotenoid and phenolic analyses. The remaining
flesh was also wrapped in aluminum foil and vacuum sealed. The
subsamples were held at —26°C until the analyses were performed,
~1-6 months following preservation.

Two subsamples of ground flesh from each pumpkin were
reserved for ascorbic acid analysis. The subsamples were weighed
(~2g), and its mass was recorded before being submerged in
20 mL aqueous 3% meta-phosphoric acid/acetic acid held within
conical plastic test tubes fitted with screw caps. The test tubes were
then covered with aluminum foil and stored at —20°C until the
analysis was performed. All frozen subsamples were brought to
room temperature before being analyzed.

2.3 Determination of moisture content

The moisture content of the tropical pumpkin breeding lines
and the butternut squash was assessed using AOAC Official
Method 930.15, Two-gram ground subsamples were apportioned
into moisture tins and dried in a forced draft moisture oven at 135
=+ 2°C for 2 h &= 5 min or until the mass of the subsamples plateaued
(Carvalho de Gomes et al, 2012; AOAC International, 2012;
FDA, 2021). Upon drying, covered moisture tins were placed in a
desiccator to cool. Once cooled, the loss in weight on drying (LOD)
was used to calculate the moisture content (fresh weight basis).

2.4 Determination of total soluble solids

Ground tropical pumpkin and butternut squash subsamples
were pressed through cheesecloth. The liquid fraction was applied
to the sample well of a temperature-compensating refractometer
(r2i300, Reichert Technologies, Depew, NY). Total soluble solids
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FIGURE 2

The CIEL* a* b* color space includes three axes where a* indicates redness to greenness, b* indicates yellowness to blueness, and L* indicates
whiteness to blackness. As the hue* angle increases about the axis along the a*, b* plane, the hues change (e.g., red = 0°, yellow = 90°, green = 180°,
blue = 270°). Chroma describes the saturation of color. (Adapted from Jacobolus (2007) via Wikimedia Commons, licensed under CC BY-SA 3.0).

FIGURE 3

Schematic illustrating triplicate colorimetric measurements (“x") taken from the skin side of a plug of flesh subsample (skin removed). The opposite
half of tropical pumpkin was reserved for moisture, soluble solids, f-carotene equivalent carotenoids, ascorbic acid, and total phenolic compound

analyses.

were measured in triplicate, averaged, and reported in °Brix for
each tropical pumpkin sample. The total soluble solids content
of each subsample plug was determined using the same method,
except a mortar and pestle was used to expel the liquid fraction from
the flesh plug.

2.5 Determination of carotenoids

A direct solvent extraction method based on the method
used by Kimura et al. (2007) was used to extract carotenoids
from the tropical pumpkin and butternut squash subsamples.
Duplicate subsamples, weighing approximately 3g each, were
homogenized (PowerGen 700D, Fischer Scientific, Waltham, MA)
in hexane with 0.001% butylated hydroxytoluene (BHT) (Fischer
Chemical, Fair Lawn, NJ) for 2 min at 8,000 RPM. Homogenized
subsamples were filtered into respective beakers through Whatman
#2 filter paper-lined glass funnels until homogenate was free of
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flesh particulates. The homogenates were then filtered into new
beakers through anhydrous sodium sulfate-filled Whatman #42
filter paper-lined glass funnels until solutions were no longer
visibly turbid. Once clear, 200 pL of homogenate were transferred
to a 96-well microplate. The absorbance of each subsample was
measured at 450 nm at 30°C. Calibration curves were constructed
using P-carotene standards (Sigma Aldrich, St. Louis, MO) in
concentrations ranging from 0.6puM to 3.0mM. This method
was repeated to determine the approximate -carotene equivalent
concentrations in each subsample plug.

2.6 Determination of ascorbic acid
This titrimetric method was adapted from AOAC Method
967.21, AOAC Official Methods of Analysis 45.1.14, and modified

by Eitenmiller et al. (AOAC International, 2012; Ye et al., 2007).
This analysis was performed in duplicate using subsamples from
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three tropical pumpkin fruits from each of the nine experimental
breeding lines plus the butternut squash, totaling 60 subsamples.
To extract ascorbic acid, 2g ground tropical pumpkin flesh was
homogenized with 35 mL of 3% meta-phosphoric acid in acetic acid
(w/v) using a high shear homogenizer (PowerGen 700D, Fisher
Scientific, Waltham, MA). The homogenate was filtered using
fluted Whatman #2 filter paper.

The standard dye was prepared by dissolving 251 mg 2,6-
dichloroindophenol (DCIP) sodium salt hydrate (Sigma-Aldrich,
St. Louis, MO) in 250 mL of deionized water containing 211 mg
sodium bicarbonate (NaHCO3) (Fisher Chemical, Fair Lawn, NJ).
The DCIP solution was diluted to 1,000 mL with deionized water.
The dye was filtered through fluted Whatman #2 filter paper and
stored under refrigeration (4°C) in an amber glass bottle. To
determine the equivalency factor of DCIP concentration to ascorbic
acid concentration, 2 mL of ascorbic acid standard were added
to 5mL of the 3% meta-phosphoric acid extractant and titrated
with DCIP solution until a light, rose pink color persisted for 5s
or longer. DCIP concentration was expressed as mg ascorbic acid
equivalent per 1.0 mL dye solution. A blank was determined by
titrating 7 mL of solvent containing deionized water equal to the
average volume of dye required to titrate the ascorbic acid standard.
This method was repeated for the determination of ascorbic acid
content in subsamples homogenates.

2.7 Determination of phenolic content

This method was adapted from the Folin-Ciocélteu assay of
Singleton and Rossi (1965, as cited by Ainsworth and Gillespie)
with modifications described by Ainsworth and Gillespie and
Loayza Davila (Ainsworth and Gillespie, 2007; Loayza et al., 2020).
This method was performed in duplicate using three fruits from
each experimental breeding line plus the butternut squash, totaling
60 subsamples. Approximately 0.4 g of ground tropical pumpkin
flesh was homogenized with ice-cold 95% aqueous methanol for
2min using a high shear homogenizer (PowerGen 700D, Fisher
Scientific, Waltham, MA). The homogenate was incubated at room
temperature for 48 h in the dark. Homogenate was then centrifuged
at 13,000 g for 5min at room temperature. Then 100 wL each of
sample supernatant, gallic acid standard solutions (ranging from
39 uM to 2.5mM in 95% methanol), and 95% methanol (blank)
were added to fresh microcentrifuge tubes. Next, 200 pL of 10%
(v/v) Folin-Ciocalteu reagent was added and the solution vortexed
thoroughly. Following the addition of Folin-Ciocalteu reagent, 800
WL of 700 mM sodium carbonate (Na, CO3) was added to each tube
and left to incubate at room temperature for 2 h. After incubation,
the microcentrifuge tubes were centrifuged for 5 min at 13,000 g to
pelletize sodium carbonate particulates. A 200 pL aliquot of either
sample, standard, or blank supernatant were transferred to a clear
96-well microplate, and the absorbance was read at 765 nm.

Gallic acid standards ranging from 39pM to 2.5mM in
concentration were used to construct a calibration curve to
calculate the total phenolic content of each sample, reported
as gallic acid equivalents (GAE). This method was repeated
to approximate phenolic compound concentrations using
2 g subsamples.
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2.8 Statistical analysis

Linear Pearson correlation coefficients (1) were calculated using
R. Pearson correlation coeflicients are values ranging from —1
to 1 that describe the strength of a linear correlation between
variables. Categories of r-value strengths referred to in this study
are described by Akoglu (2018) where values >0.6 were strongly
correlated, and values >0.4 were moderately correlated. Statistical
hypothesis testing of each correlation was conducted in R (RStudio,
Vienna, Austria) using Tukey’s Honestly Significant Difference test
and the multcomp package library. An alpha level of 0.05 was used.

3 Results
3.1 Equations

Moisture content was calculated according to the

following equation:

t drying,
% (w/w) moisture = Wi oSS on drymng, & *

wt sample portion, g

Chroma (C*) and hue* angle (h, ;) were calculated from the
rendered tristimulus values using the following equations.

chroma (C*) =+a24b"2

*

* b
hue angle = tan™! —
a

3.2 Phase one

In this first part of this study, moisture, bioactive contents, and
color of the nine breeding lines of tropical pumpkin were assessed
and compared to the control, “Waltham” Butternut Squash (WBS)
(Tables 1, 2). BCE analysis of tropical pumpkin yielded a range
of 17.4 £ 9.78 to 73.5 £ 27.35g/g. The ascorbic acid analysis
yielded a range of 58.2 £ 7.45 to 207.4 £ 71.60 g/g. Analysis
of total phenolics yielded results ranging from 168.42 + 33.58 to
526.59 + 84.44 pg/g. Results support previous research indicating
large variations in bioactive compound concentrations among
tropical pumpkin cultivars (Kulczynski and Gramza-Michalowska,
2019). Average CIEL* a* b* values differed by breeding line as
expected. Lightness (L*) did not seem to correlate with physical
attributes reliably. Redness-greenness (a*) appeared to correlate
with carotenoid content, and to a lesser extent ascorbic acid. The
lowest yellowness-blueness (b*) value corresponded to the lowest
concentration of carotenoids. The correlations between CIEL*
a* b* values (including the calculated derivatives C* and hue*
angle) and the physical properties: B-carotene, ascorbic acid, total
soluble solids (TSS), and total phenolics concentrations were then
examined by generating Pearson coefficients (Table 3).

Statistically significant positive correlations were found
between a* and ascorbic acid, a* and total soluble solids, b* and
B-carotene equivalent carotenoid concentrations, and b* and
ascorbic acid. Statistically significant positive correlations were
also found between chroma* and f-carotene equivalent carotenoid
concentrations, chroma* and ascorbic acid content, hue® angle
and ascorbic acid, and hue* angle and total soluble solids.
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TABLE 1 Average B-carotene equivalent carotenoids (BCE), ascorbic acid, total phenolic content, and moisture content of raw tropical pumpkin samples
from nine breeding lines and the control, butternut squash (WBS) measured on a wet basis.

Breeding line Ascorbic acid Carotenoids Phenolics Moisture content
(ng/9) (ng BCE/g) (ng GAE/g) (%)
UFTP22 66.8 4 4.2 36.4 4 4.6 225.2 4 20.2¢ 91.5 4 0.58%
UFTP46 207.4 + 71.6* 36.9 + 9.5 526.6 + 84.4° 76.3 + 1.02¢
UFTP57 96.5 + 29.7> 73.5 £27.4° 263.8 & 20.1% 86.5 + 4.28°
UFTP47 73.4 +£12.2° 35.6 + 10.8> 241.0 + 8.8° 89.4 + 2.86%
UFTP38 72.4 4+ 9.0 30.0 & 8.9 168.4 + 33.6 91.4 4 0.20%
UFTP8 93.0 + 11.9° 54.9 4 13.4% 238.4 4 37.6° 87.7 + 1.90%
UFTP24 138.9 +10.7% 44.4 +12.8%¢ 377.8 4+ 45.0° 84.1 4 1.29°
UFTP45 58.3 + 7.4 17.4 4 9.8° 193.6 & 14.7° 94.4 + 1.55°
UFTP42 86.0 = 18.0° 48.4 + 4.5%¢ 181.2 4 22.7° 91.6 + 1.15%®
WBS 51.143.9¢ 27.7 + 6.9 265.8 + 65.8° 87.6 + 0.8

Average =+ standard deviation; n = 3, except UFTP47 (n = 8) and UFTP57 (n = 9) for moisture content; means in columns sharing the same letter do not significantly differ from one another.

3.3 Phase two

In the second phase of this study, the same methodology was
applied to random samples of tropical pumpkin flesh to test the
viability of colorimetry as an indicator of moisture, total soluble
solids content, and bioactive compounds (Table 4). Similar results
were observed when assessing color and bioactive compounds
of random tropical pumpkin samples. The correlations remained
statistically significant, albeit slightly weaker relationships in terms
of Pearson coefficients. Moisture content was also found to
correlate with a*, b*, chroma, and hue* angle.

Lastly, the relationships between each extrinsic property were
analyzed (Table 5). Total soluble solids content was found to have
a statistically significant positive correlation with ascorbic acid
and total phenolics content. A statistically significant negative
correlation with moisture content was observed. These results
suggest that °Brix measurements may also be an indication
of the content of ascorbic acid and total phenolic content
within the tropical pumpkin varieties in addition to colorimetry.
Total phenolic content was also found to strongly correlate
positively with ascorbic acid concentration and negatively with
moisture content.

4 Discussion

4.1 Discussion of phase one and two results

Increased saturation of the hue (measured by chroma™®) of the
flesh may indicate decreased moisture content; that is, dull-hued
flesh is likely to have more moisture than clear, brightly-hued flesh.
In contrast, increased saturation of hue may indicate increased
concentrations of B-carotene equivalent concentrations, ascorbic
acid, total soluble solids, and total phenolic compounds. Results
show that an increased hue* angle may indicate increased moisture,
which agrees with other findings of this study that correlate redness
and yellowness (a* and b*) with decreased moisture. Results from
Simonne et al. (1993) and Itle and Kabelka (2009) were also similar
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in correlation directions. In particular, Simonne et al. (1993) found
that B-Carotene content was highly correlated (r = —0.99) with hue
angle in sweet potato breeding lines with yellow to deep orange
color. The difference in correlation strengths between this study
and those of Simonne et al. (1993) and Itle and Kabelka (2009)
may be attributed to the methods of analysis used in each study
and, in the case of research conducted by Simonne et al., the use
of a different color space (Hunter L, a, b vs. CIEL* a* b* used
here). As others have shown, correlations can be used in a predictive
manner (Dutta et al., 2023). The results overall make a case for the
potential of colorimetry as a predictive tool for assessing bioactive
compound content.

In this study, colorimetry was found to have some predictive
potential for moisture content in tropical pumpkins. Using
nonrandom plug samples, redness was correlated with ascorbic acid
and total soluble solids content (r = 0.61, r = 0.65). Yellowness
was found to indicate higher B-carotene equivalent carotenoid
concentrations and greater amounts of ascorbic acid (r = 0.64,
r =0.59). The random blended flesh samples also displayed similar
correlation strengths for colorimetry and B-carotene, ascorbic acid,
and total soluble solids (r = 0.54, 0.44, 0.64 for redness, r =
0.56, 0.51, 0.60 for yellowness). In the first part of this study,
chroma strongly correlated with B-carotene and ascorbic acid (r =
0.66, 0.61). In the second part, chroma also moderately correlated
with all five extrinsic properties (moisture, carotene, ascorbic acid,
total soluble solids, and total phenolics) (r = —0.57, 0.57, 0.51,
0.62, 0.41). The correlations remained significant for the random
samples, though they were slightly weaker in some cases due to
normal variation in both the color and nutritional composition
of Cucurbita species (Kulczynski and Gramza-Michalowska, 2019).
Total phenolic content was found to strongly correlate positively
with ascorbic acid concentration and negatively with moisture
content. This finding aligns with previous results that found a
Pearson correlation between sinapic and ferulic phenolic acids and
L-ascorbic acid in Chinese cabbage sprouts (Sola et al., 2020).
Since chroma represents color saturation and correlations were
found between various properties and redness, yellowness, or
both, chroma may more accurately predict bioactive compound
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TABLE 2 Physical appearance and average CIEL* a* b* values of raw tropical pumpkin samples from nine breeding lines and the control, butternut
squash (WBS).

Breeding line : Physical appearance
UFTP22 762+ 1.0 125+19 72.7 £34 .

e~
UFTP46 749 £ 1.3 114+ 46 74.7 £ 6.6 - | i ‘
UFTP57 73.9£0.9 16.0 +3.0 793+ 1.0 . |
UFTP47 73.6 £7.0 26+42 59.0 £ 8.8 - ‘

‘
UFTP38 704 £33 8.7+29 63.9£3.8 .

L
UFTP8 69.8 £ 0.5 145+37 728+ 18 - . |
UFTP24 69.6 & 4.4 142422 73.1£28 . I o
UFTP45 68.8+ 1.4 —27+31 54.63£2.7 .

Sl

(Continued)
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TABLE 2 (Continued)

Breeding line

10.3389/fsufs.2024.1480964

Physical appearance

UFTP42

68.0 2.7

7.7%x72

68.9 & 5.6

WBS

71.8 £ 1.7

17.1£0.7

70.3+0.2

Average = standard deviation; n = 3.

TABLE 3 Pearson coefficients denoting strength and direction of linear correlations between bioactive compounds of non-random tropical pumpkin
plugs and each plug’s colorimetric values.

Bioactive compound

B-carotene 0.18 0.44 0.64* 0.66* —0.36
Ascorbic acid 0.11 0.61* 0.59* 0.61* —0.55*
Total soluble solids 0.42 0.65* 0.47 0.49 —0.67*
Total phenolics 0.19 0.33 0.20 0.22 —0.32

*and bold text denote statistically significant correlations. Color indicates significant correlation to the highlighted color for a* and b* values.

TABLE 4 Pearson coefficients denoting strength and direction of linear correlations between target compounds and colorimetric values of random
tropical pumpkin flesh samples.

Bioactive compound

Moisture —0.16 —0.51* —0.56" —0.57* 0.48*

B-carotene 0.03 0.54* 0.56* 0.57* —0.48*
Ascorbic acid 0.26 0.44* 0.51* 0.51* —0.40*
Total soluble solids 0.42* 0.64* 0.60* 0.62* —0.64*
Total phenolics 0.33 0.32 0.41* 0.41* —0.31

*and bold text denote statistically significant correlations. Color indicates significant correlation for a* and b* values.

TABLE 5 Pearson coefficients denoting strength and direction of linear correlations between moisture and bioactive compound concentrations of
tropical pumpkin samples.

Moisture p-carotene Ascorbic acid Total soluble solids Total phenolics
Moisture - —0.41* —0.84* —0.87* —0.88*
B-carotene —0.41* - 0.44* 0.20 0.13
Ascorbic acid —0.84* 0.44* - 0.65* 0.83*
Total soluble solids —0.87* 0.20 0.65* - 0.81*
Total phenolics —0.88* 0.13 0.83* 0.81* -

*and bold text denote statistically significant correlations.

presence, particularly that of ascorbic acid, than redness or  more saturated in color and bioactive compound concentrations
yellowness alone (Mouw, 2018). The negative correlation between

moisture and chroma makes sense as fruit color generally becomes

increase as fruits lose moisture during ripening (Frenkel and
Hartman, 2012).
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FIGURE 4

Bioactive content of nine tropical pumpkin breeding lines alongside
a control, butternut squash. Snapshots of each pumpkin’s flesh
color are included above its respective breeding line.

4.2 Implications for colorimetry as a
predictive tool

A predictive tool utilizing the relationships between extrinsic
properties and tristimulus colorimetry values of tropical pumpkins
would allow for significantly higher throughput while reducing
requirements for equipment, training, and laboratory consumables.
Based on the results of this study, colorimetry can be an effective
tool for assessing relative bioactive contents in tropical pumpkins.
As displayed in Figure 4, the colorimeter identified color differences
between tropical pumpkin flesh that are not discernable to the
naked eye. Due to the moderate correlations found between some
properties, utilizing several of the relationships explored (i.e., using
both chroma and a* to predict B-carotene content) may improve a
tool’s accuracy and usefulness. Multiple factors could be integrated
using a mathematical model. Several types of models should be
explored in the future to optimize predictive capabilities. Such a
predictive assessment tool could save hundreds of mL of organic
solvents per analysis (Itle and Kabelka, 2009; Kimura et al., 2007),
indicating that colorimetry could be a useful device to promote
green chemistry.

Overall, there
colorimetry values and bioactive compounds such as ascorbic

were correlations between tristimulus
acid, B-carotene, and total phenolics content (Figure4). The
results of the study suggest that tristimulus colorimetry
may be a viable pre-screening assessment tool to reduce
laboratory consumables and waste. Such a tool could offer
utility in plant breeding efforts and nutritional assessments
of crops in resource-limited populations or work sites (e.g.,
pilot plants, rural farms). This concept may also apply to
other commodities. Efforts toward simple, low-cost precision
agriculture tools are key to maximizing the feasibility of
implementation in low-income countries where specialized
training and capital are limited. Future studies could further
explore the correlations between soluble solids and bioactive

compounds and evaluate the strength of correlations between
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color space values and bioactive compound concentrations
by increasing sample sizes. Future research could also explore
potentially nonlinear relationships (e.g., chroma with ascorbic
acid) to better elucidate the viability of colorimetry as a
predictive tool.
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