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Abstract: Pecan nuts (Carya illinoinensis) provide a wide range of bioactive compounds (particularly
polyphenols) that improve the nutritional quality of diets. This study aimed to monitor the evolution
of polyphenolic compounds (total phenols, total flavonoids, total flavanols, total condensed tannins,
and total o-diphenols), the phenolic profile, the antioxidant activity, and the sugar concentration
during pecan nut development in three Tunisian cultivars. Condensed tannins (41.98–221.13 mg
catechin assay equivalents g−1 FW) were the dominant class of phenolics at all maturity stages,
followed by total phenols (12.25–57.92 mg gallic acid equivalents g−1 FW). Ellagic acid and catechin
were the most abundant phenolics at all maturity stages. The highest phenolic content and antioxidant
activity were found at an early stage of ripening but as maturity progressed, a decreasing trend was
observed. Sucrose (6.09–30.79 mg g−1 FW) was the predominant sugar followed by fructose and then
glucose. A decreasing and later increasing trend of total carbohydrate concentration was detected
during nut development. A Canonical Discriminant Analysis of the data succeeded in separating
the three pecan cultivars due to their unique characteristics. Overall, the cultivar and the degree
of maturity are the major factors controlling the chemical composition and antioxidant capacity
of pecan nuts. This study provides more information on the optimal period when the maximum
concentration of these health-enhancing compounds is found for use in food, nutraceutical, cosmetic,
and pharmaceutical applications.
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1. Introduction

Free radicals are potentially noxious agents causing oxidative stress. They are linked
to severe damage to several macromolecules including nucleic acids, lipids, carbohy-
drates, and proteins [1,2]; provoke several diseases such as cancer, cardiovascular diseases,
atherosclerosis, diabetes, neurodegenerative disorders, and autoimmune disorders; and are
implicated in aging and other ailments [2,3]. Natural antioxidants are strong inhibitors of
free radicals, and several studies have demonstrated the inverse relation between natural
antioxidant intake and chronic disease appearance [1,2]. Antioxidants, such as vitamins,
carotenoids, and polyphenols, are considered therapeutic substances. They are reducing
agents that, in small quantities, scavenge free radicals and protect against oxidative, stress-
related illnesses [1,2]. Antioxidant molecules may also be used in cosmetic, pharmaceutical,
and industrial applications [3,4].
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Polyphenols are the most widely dispersed and effective natural antioxidants. They
exhibit antioxidant, anti-diabetic, anticancer, anti-inflammatory, cardioprotection, anti-
atherosclerotic, antimicrobial, neuroprotective, and anti-aging effects [2,5].

Interestingly, pecan nuts (C. illinoinensis) are considered nutritionally valued wellness
nuts. Their consumption provides a large spectrum of phenolic compounds, including
flavonoids, phenols, condensed tannins, flavanols, and o-diphenols [6]. The high antioxi-
dant potential of C. illinoinensis is mainly attributed to the abundance of condensed tannins,
phenols, and flavonoids [6]. Pecan nut kernels contain high amounts of ellagic acid, cate-
chin, and gallic acid [6] that can effectively quench free radicals [7–9]. The consumption of
pecan nuts has risen with the growing interest of consumers in their great prophylactic and
therapeutic effects [10], as they have been associated with a reduction in the risk of chronic
diseases [10,11]. In addition to polyphenols, pecan nut kernels contain moderate amounts
of carbohydrates, which serve as energy sources, with sucrose being the most abundant
one [6]. Overall though, pecans are among the nuts with low levels of carbohydrates,
suitable for a low-sugar-intake diet.

The aim of this work was, primarily, to monitor qualitatively and quantitatively
the changes in phenolic profile, antioxidant capacity, and carbohydrate composition of
three Tunisian cultivars, Mahan, Moore, and Burkett, during the ripening process and,
secondly, to determine the optimal period when pecan nuts accumulate the maximum
level of these health-promoting compounds. The knowledge achieved from evaluating
the phenolic profile of pecan nuts at different stages of maturity can be used to encourage
the consumption of pecan nuts as a source of health-enhancing compounds and to extend
the industrial uses of these nuts as functional ingredients to formulate various healthy
food products. We recently published a study about the effect of cultivar and harvest year
on the composition of phytochemicals and carbohydrates of over-mature pecan nuts [6].
The current study, therefore, provides complementary information on the influence of the
ripening stage on these compounds. To our knowledge, the literature on the evolution of
phenolic compounds during pecan nut ripening is very scarce, while there are no reports
available on their total flavanol or total o-diphenol content.

2. Materials and Methods
2.1. Reagent and Standard

HPLC-grade-quality acetone, acetic acid, acetonitrile, ethyl acetate, methanol, and
2.2-diphenly-1-picrylhydrazyl (DPPH) were purchased from Fischer Scientific (Waltham,
MA, USA). Phenolic compounds (gallic acid, catechin, caffeic acid, vanillin, and ellagic
acid), Trolox, Folin Ciacalteu reagent, as well as all other reagents of an analytical grade
were purchased from Sigma-Aldrich (St. Louis, MI, USA).

2.2. Pecan Samples

Pecan nuts of three cultivars (Burkett, Mahan, and Moore) were harvested from a
restricted zone of the INRGREF (National Institute for Research in Rural Engineering, Water
and Forest) experimental farm, Mateur, northern Tunisia (Latitude: 37◦15′ N, Longitude:
09◦48′ E, Altitude: 5 m above sea level). Pecan nuts were harvested by hand at weekly
intervals from mid-September (the beginning of pecan nut fruiting) until the last week of
October (the maturity) in 2013 (Table 1). At each sampling event, the fruits were collected
from the same 13-year-old trees (3 trees) from all sides around the canopy of the trees, and
then they were stored at −20 ◦C in laminated bags until a further analysis.
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Table 1. Temporal distribution of sampling dates.

Nut Maturity Stage Sampling Date Weeks after Flowering
Date (WAFD)

Stage 1 Unripe stage
24.09 20
01.10 21
08.10 22

Stage 2 Half-ripe stage 15.10 23
22.10 24

Stage 3 Fully ripe stage 29.10 25

2.3. Phenolic Extraction

The extraction of phenolic compounds was performed according to the modified
procedure of Kornsteiner et al. [12]. Pecan kernels (200 mg) were homogenized and
extracted with 80% (v/v) acetone in deionized water (5 mL) in a water bath at 40 ◦C, with
periodic agitation for 30 min. The homogenate was centrifuged at 4000 rpm for 6 min, the
supernatant was removed, and the residue was collected and re-extracted in the same way.
The two supernatants were combined and 5 mL was collected for evaluation of phenolic
fractions and antioxidant activity.

2.4. Estimation of Total Phenols (TP)

Total phenol content (TPC) was assessed according to Tsantili et al. [13] with slight
modifications. Gallic acid was used as a standard. An extract of each maturity stage (50 µL)
was mixed with 3.95 mL of deionized water and 250 µL of Folin Ciacalteu reagent. After
1 min, 750 µL of a saturated Na2CO3 solution (20 g 100 mL−1) was added and the mixture
was vortexed again and incubated for 2 h at room temperature. The absorbance was read
at a wavelength of 760 nm using a spectrophotometer (Helios γ, Unicam) (Houston, TX,
USA). The results were expressed as mg of gallic acid equivalents per gram of fresh weight
(mg GAE g−1 FW) using a four-point calibration curve of the gallic acid standard.

2.5. Estimation of Total Flavonoids (TFoids)

The content of TFoids was determined according to the method of Bamdad et al. [14]
with some modifications. Catechin was used as a standard. An extract of each maturity
stage (500 µL) was mixed with 2 mL of deionized water and 150 µL of NaNO2. After 5 min,
150 µL of AlCl3 was added and the mixture was allowed to react for 6 min followed by the
addition of 1 mL of NaOH (1 N) and 1.2 mL of H2O. The absorbance was determined at
510 nm. The results were expressed as mg of catechin equivalents per gram of fresh weight
(mg CE g−1 FW), using a four-point calibration curve of the catechin standard.

2.6. Estimation of Total Condensed Tannins (TCT)

The TCT content was determined following a method described by de la Rosa et al. [15]
using catechin as a standard. An extract of each maturity stage (0.5 mL) was added to
2.5 mL of 0.5% (w/v) vanillin in acidified methanol (4% HCl, v/v). The mixture was
incubated at room temperature in the dark for 20 min. For each sample and standard,
blanks were prepared for background subtraction by mixing 0.5 mL of the sample (or
standard) with 2.5 mL of acidified methanol. The absorbance was read at 500 nm. The
results were expressed as mg of catechin equivalents per gram of fresh weight (mg CE g−1

FW), using a four-point calibration curve of the catechin standard.
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2.7. Determination of Total Flavanols (TFols)

The content of TFols was assessed according to the method of Arnous et al. [16].
Catechin was used as a standard. Approximately, 200 µL of the extract was mixed with
1 mL of chromogen reagent (100 mg of 4-dimethylaminocinnamaldehyde in 100 mL of 1 N
HCl in methanol). The mixture was vortexed and then allowed to react for 10 min. The
absorbance was read at 640 nm. The results were expressed as mg of catechin equivalents
per gram of fresh weight (mg CE g−1 FW), using a four-point calibration curve of the
catechin standard.

2.8. Estimation of Total o-Diphenols (ToDs)

The content of ToDs was measured following the procedure of Roussos and Pon-
tikis [17]. Caffeic acid was used as a standard. An extract of each maturity stage (50 µL)
was mixed with 450 µL of distilled water. After vortexing, 0.5 mL of a phosphate buffer
(0.1 M, pH 5.8) was added. The mixture was vortexed again and 1 mL of Na2MoO4 5H2O
5% (w/v) was added and stirred. The mixture was allowed to react for 15 min. The ab-
sorbance was read at 370 nm. The results were expressed as mg of caffeic acid equivalents
per gram of fresh weight (mg CAE g−1 FW), using a four-point calibration curve of the
caffeic acid standard.

2.9. HPLC-DAD Analysis of Individual Phenolic Compounds

Extracts of phenolic compounds from each stage of maturity were evaporated to dry-
ness under a stream of nitrogen, dissolved in 0.5 mL of methanol (HPLC grade), and filtered
through a nylon syringe filter (0.45 µm) before a high-performance liquid chromatography
(HPLC) analysis. Twenty microliter aliquots of the final samples were injected into an HP
1050 HPLC (Santa Clara, CA, USA) system equipped with a Supelco Discovery column
(C18 5 µm, 150 × 4.6 mm) (St. Louis, MI, United States) and a diode array detector (DAD
HP 1050) (Santa Clara, CA, USA).

Before the HPLC analysis, an additional hydrolysis treatment was required to verify
and ensure the phenolic profile. The hydrolysis was performed according to the proce-
dure described by Roussos and Pontikis [18]. Briefly, 0.2 mL from the final samples was
hydrolyzed with 0.2 mL of 12 N HCl for 18 h at 110 ◦C in a reaction vial, the hydrolysate
was extracted with ethyl acetate, which was then evaporated to dryness under a stream of
nitrogen, and the residue was diluted in methanol, filtered, and analyzed with HPLC as
described below.

A gradient of the mobile phase (solvent A: HPLC-grade water with 2% v/v acetic
acid; solvent B: acetonitrile/methanol/acetic acid = 80:20:1) was used at a flow rate of
0.5 mL min−1. The gradient elution was applied as follows: 0–5 min A 95%, 25 min A
92%, 35–55 min A 80%, and at 60 min A 50%. The DAD was working at 260, 280, 325, and
350 nm. The spectra were recorded from 220 to 400 nm.

Identification of individual phenolic compounds was achieved by comparing their
retention times and spectra with those of the pure standards. Quantification was achieved
using the external standard method, using a four to five-point calibration curve. The
results were expressed as micrograms of phenolic compound per gram of fresh weight
(µg g−1 FW).

2.10. Estimation of Antioxidant Activity
2.10.1. DPPH (2,2-Diphenly-1-picrylhydrazyl) Radical Scavenging Activity

DPPH radical scavenging activity was assessed according to Ferreira et al. [19] with
slight modifications. Trolox was used as a standard. A properly diluted extract (0.1 mL)
of each maturity stage was mixed with 2 mL of the DPPH solution (0.1 mM) dissolved
in methanol. The mixture was vortexed and allowed to stand in the dark for 60 min at
room temperature. The absorbance was read at 517 nm and the results were expressed
as micromoles of Trolox equivalent per gram of fresh weight (µmol TE g−1 FW), using a
five-point calibration curve of Trolox standard.
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2.10.2. Ferric Reducing Antioxidant Power (FRAP)

FRAP was measured as described by Benzie and Strain [20]. Trolox was used as a
standard. A properly diluted extract (50 µL) of each maturity stage was mixed with 1.5 mL
of a warm FRAP reagent. The mixture was kept to react for 5 min at 37 ◦C. The absorbance
was read at 593 nm and the results were expressed in micromoles of Trolox equivalent
per gram of fresh weight (µmol TE g−1 FW), using a five-point calibration curve of the
Trolox standard.

2.11. Carbohydrate Analysis

The extraction and analysis of individual carbohydrates were carried out according to
Roussos et al. [21]. The HPLC analysis was performed using a Waters 510 (Milford, MA
01757, USA) isocratic pump at a flow rate of 0.6 mL min−1 of water. For the separation of
individual carbohydrates, a Hamilton HC-75 cation exchange column, calcium form (Ca2+)
(4.1 × 250 mm, 9 µm) (Hamilton, Bonaduz, Switzerland), set at 80 ◦C was used and the
carbohydrates were detected using a refractive index detector (HP 1047A) (Santa Clara,
CA, USA). Under these conditions, the inositol + fructose peak was quantified as fructose
following prior investigations on pecan nuts. Total carbohydrates were determined with
the total sum of individual values of fructose, glucose, and sucrose.

2.12. Data Analysis

The experiment was designed as a completely randomized design with three replica-
tions of one tree each. The factors assayed were the cultivar (3 levels) and the sampling
date (6 levels). The findings were reported as means ± standard deviation and analyzed
using the analysis of variance (ANOVA). The statistical analysis was carried out using
System XLSTAT (version 2020). Differences between ripening stages and cultivars were
evaluated using a two-way ANOVA with Duncan’s test at the 5% significance level. Corre-
lation coefficients were determined using Pearson’s correlation. A Canonical Discriminant
Analysis (CDA) was carried out on analytical data using all available data (phenolic and
carbohydrate concentration and antioxidant capacity) to examine possible discrimination
of pecan nut cultivars based on their biochemical composition. Three biological replications
were used in all assays and two technical ones per biological sample.

3. Results and Discussion
3.1. Variations in Different Classes of Phenolics during Pecan Nut Maturation

Pecan nuts were harvested as unripe (20 weeks after flowering date (WAFD), 21 WAFD,
and 22 WAFD) when the exocarp (husk) was green and close; half-ripe (23 WAFD and
24 WAFD) when the husk was green and open, revealing the seed, which included the
endocarp (shell) enclosing the kernel; and fully ripe (25 WAFD). Pecan nuts were considered
fully ripe in autumn, in late October/early November, when the husk was dry, brown, and
fully opened. The variations in total phenol, total flavonoid, total flavanol, total condensed
tannin, and total o-diphenol concentration in Mahan, Moore, and Burkett cultivars are
displayed in Table 2. All classes of polyphenols were found at all maturity stages. Changes
in the level of total phenols (TP) during the ripening of C. illinoinensis were obvious, as
seen in Table 2.

The trends of TP accumulation were similar in Moore and Burkett cultivars. Total
phenols were detected at the highest levels in immature pecan nuts (20 WAFD). Afterward,
their amounts dropped significantly from 102.59 to 12.25 mg GAE g−1 FW and from
54.64 to 10.59 mg GAE g−1 FW, in Burkett and Moore cultivars, respectively. However,
the Mahan cultivar revealed an accumulation pattern different from the other cultivars.
Indeed, TP content increased significantly from 16.53 mg GAE g−1 FW to reach an utmost
content of 22.61 mg GAE g−1 FW at 22 WAFD and then declined substantially to attain a
lower concentration (13.92 mg GAE g−1 FW) at maturity. Jia et al. [22] evaluated the TP
content throughout the ripening process in five pecan nut cultivars and they also reported
a decreasing pattern. Quantitatively, the values presented by these authors were expressed
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on a defatted kernel weight basis (using ellagic acid as a standard) so it was not feasible to
establish a direct comparison with the present results.

Table 2. Changes of total phenol, total flavonoid, total flavanol, total condensed tannin, and total
o-diphenol concentrations during the ripening of three cultivars.

Parameters
Total Phenols

(mg
GAE g−1 FW)

Total
Flavonoids

(mg
CE g−1 FW)

Total Flavanols
(mg CE
g−1 FW)

Total
Condensed

Tannins
(mg CE
g−1 FW)

Total
o-Diphenols

(mg CAE
g−1 FW)

Cultivar
Mahan 16.40 c 11.18 c 4.44 c 65.31 c 2.15 c

Moore 21.42 b 14.81 b 5.08 b 79.42 b 3.41 b

Burkett 26.29 a 17.46 a 7.09 a 102.57 a 5.00 a

WAFD

20 57.92 a 37.07 a 14.76 a 221.13 a 11.05 a

21 13.35 c 9.33 c 3.95 bc 58.07 bc 1.66 c

22 13.70 c 8.70 c 3.60 cd 59.36 bc 1.79 c

23 13.36 c 8.84 c 2.83 d 48.19 cd 2.05 bc

24 17.63 b 13.46 b 4.73 b 65.85 b 2.46 b

25 12.25 c 9.56 c 3.61 d 41.98 d 2.12 bc

Cultivar ×WAFD

Mahan × 20 16.53 ± 2.13 b 9.71 ± 1.35 c 4.45 ± 0.76 b 63.89 ± 4.19 b 2.01 ± 0.21 bc

×21 15.75 ± 1.88 b 10.63 ± 0.88 c 4.53 ± 0.58 b 64.44 ± 6.50 b 1.95 ± 0.19 bc

×22 22.61 ± 3.93 a 12.74 ± 1.63 a 5.91 ± 1.02 a 95.00 ± 16.53 a 2.80 ± 0.62 a

×23 15.71 ± 1.46 b 10.02 ± 1.83 c 3.39 ± 0.34 c 52.85 ± 6.56 c 1.94 ± 0.42 bc

×24 13.83 ± 2.37 c 11.67 ± 2.24 b 4.19 ± 0.61 b 58.65 ± 4.55 bc 1.72 ± 0.33 c

×25 13.92 ± 0.76 c 12.34 ± 2.91 a 4.19 ± 1.34 b 57.04 ± 12.96 bc 2.51 ± 0.69 b

Moore × 20 54.64 ± 6.60 a 34.70 ± 4.66 a 12.36 ± 1.58 a 186.13 ± 19.28 a 9.98 ± 1.19 a

×21 15.01 ± 0.76 c 10.98 ± 2.47 c 4.32 ± 0.96 bc 71.29 ± 11.06 c 1.75 ± 0.29 c

×22 8.37 ± 1.73 d 5.56 ± 1.22 d 1.75 ± 0.51 c 33.72 ± 8.31 d 1.05 ± 0.15 c

×23 13.09 ± 3.23 c 9.05 ± 1.98 c 2.90 ± 0.66 c 60.68 ± 12.48 c 1.53 ± 0.46 c

×24 26.82 ± 0.56 b 20.52 ± 1.33 b 6.86 ± 0.45 b 91.89 ± 14.27 b 4.05 ± 0.18 b

×25 10.59 ± 2.02 d 8.19 ± 0.45 c 2.27 ± 0.17 c 32.79 ± 3.15 d 2.08 ± 0.42 c

Burkett × 20 102.59 ± 10.25 a 66.81 ± 3.15 a 27.48 ± 1.55 a 413.37 ± 39.01 a 21.15 ± 1.44 a

×21 9.29 ± 2.28 c 6.37 ± 1.82 c 3.01 ± 0.92 b 38.50 ± 6.88 bc 1.28 ± 0.37 c

×22 10.11 ± 0.99 b 7.82 ± 0.66 b 3.14 ± 0.32 b 49.37 ± 4.00 b 1.50 ± 0.17 c

×23 11.23 ± 2.21 b 7.46 ± 1.58 b 2.19 ± 0.36 c 31.04 ± 3.50 c 2.70 ± 0.27 b

×24 12.25 ± 0.65 b 8.18 ± 0.51 b 3.16 ± 0.17 b 47.01 ± 3.50 b 1.61 ± 0.16 c

×25 12.25 ± 1.17 b 8.17 ± 1.48 b 3.60 ± 0.19 b 36.12 ± 3.14 bc 1.77 ± 0.09 c

WAFD, weeks after the flowering date; × denotes interaction between factors. Means ± standard deviation
followed by the same letters in the same column were not significantly different according to the multiple range
Duncan test at p < 0.05. FW, fresh weight; GAE, gallic acid equivalents; CE, catechin equivalents; CAE, caffeic
acid equivalents.

A similar decline in the level of total phenols during maturation has also been observed
in walnut (Juglans regia L.) kernels [23–26], in cashews (Anacardium occidentale L.) [27], and
in peaches (Prunus persica) [28] but not in hazelnuts [24], indicating the effect of species on
the evolution of secondary metabolites in the nut.

In addition to ripeness, the variation in the level of TP was strongly influenced by
the cultivar. Interestingly, the Mahan cultivar showed the lowest TP content at an early
stage but the highest one at maturity, similar to the report of Ferrari et al. [29], where
Mahan presented a high level of phenols, higher than that of many other cultivars. On
the other hand, the unripe Burkett cultivar had the highest TP level among cultivars. This
cultivar-dependent difference is in agreement with the findings of earlier studies [22,29,30]
as well as studies on walnuts [25]. The findings are consistent with the earlier data found
for the Mahan cultivar [6], suggesting that Mahan possesses the greatest total phenol
content among over-mature nuts picked in the second week from husk split, after the seed



Horticulturae 2023, 9, 1093 7 of 17

had fallen to the ground (26 WAFD). Kornsteiner et al. [12] assessed the TP content in
various nuts and reported that walnuts contain a high concentration of the total phenol
level, followed by pecan nuts, while other nuts like pistachio nuts, hazelnuts, and almonds
contain lower concentrations of these bioactive molecules.

Pecan nut kernels were found to be a significant source of total phenols, particularly
at an early stage of growth. Indeed, stages 20, 22, and 24 WAFD presented high levels of
total phenols and could have potential industrial and cosmetic applications.

Similarly to total phenols, the ripening process significantly affected the total flavonoids’
(TFoids) concentration too (Table 2). The trends of TFoids’ accumulation displayed some
variations among the three cultivars. In the Mahan cultivar, the highest level (12.74 mg
CE g−1 FW) was detected at an intermediate stage (22nd WAFD). In Moore and Burkett
cultivars, the greatest amounts were detected at an early stage (20th WAFD). But, these
contents decreased significantly from 66.81 to 8.17 mg CE g−1 FW in the Burkett cultivar,
reflecting an 8.2-fold difference, and from 34.70 to 8.19 mg CE g−1 FW in the Moore cultivar,
reflecting a 4.2-fold difference. Jia et al. [22] have also reported a decrease in flavonoid
content during the development of various pecan nut cultivars. Quantitatively, our find-
ings cannot be compared with the published data of Jia et al. [22], because of variations in
extraction methods and analytical procedures. Similar behavior was also observed during
the ripening of walnuts (Juglans regia L.) [25], pistachio nuts (Pistacia vera L.) [31], and peach
(Prunus persica L.) mesocarp [32].

The variability in flavonoids’ level was also substantially affected by the cultivar, which
is in agreement with a prior study [22]. The immature Burkett cultivar had TFoids’ content
1.9- to 6.9-fold higher than that of immature Moore and Mahan cultivars, respectively. At
maturity, the highest flavonoid content was recorded in the Mahan cultivar though.

The first stage of maturity, irrespective of the cultivar, was the one characterized
by the greatest level of flavonoids. This stage (20 WAFD) presented substantial levels
of natural flavonoids and could be of interest for exploitation in pharmaceutical and
cosmetic applications.

Until now, no reports are available on how the levels of flavanols change during pecan
nut ripening. The patterns of total flavanols’ (TFols) accumulation showed variations
among the three cultivars (Table 2). Moore and Burkett cultivars exhibited substantial
initial levels of flavanols, which underwent a significant decline from 12.36 to 2.27 mg CE
g−1 FW in the Moore cultivar and from 27.48 to 3.60 mg CE g−1 FW in the Burkett cultivar.
Overall, TFols were 5.4- to 7.6-fold higher at an early stage compared to maturity, in Moore
and Burkett cultivars, respectively. Nevertheless, the TFols showed slight fluctuations
during the development of the Mahan cultivar. The highest level (5.91 mg CE g−1 FW) was
detected at an intermediate stage (22 WAFD). Such a decreasing trend of total flavanols has
also been reported in apples [33].

The early stages exhibited high levels of flavanols and therefore could have potential
nutraceutical, cosmetic, and pharmaceutical uses. Moreover, the change in flavanol con-
centration during ripening was highly dependent on the cultivar. The immature Burkett
cultivar exhibited a level of TFols 2.2- to 6.2-fold higher than that of immature Moore and
Mahan cultivars, respectively, while the Mahan cultivar reached its highest value at the
mature stage.

To the best of our knowledge, there have been no prior studies on developmental
changes in o-diphenol content during pecan nut maturation. Important changes occurred
in ToDs’ content during nut development (Table 2). The trends of ToDs’ evolution exhib-
ited differences among the three cultivars. In Burkett and Moore cultivars, the highest
levels were detected at the first stage (20th WAFD). However, the concentration decreased
significantly from 21.15 to 1.77 mg CAE g−1 FW in the Burkett cultivar and from 9.98 to
2.08 mg CAE g−1 FW in the Moore cultivar. Overall, ToDs were 4.8- to 11.9-fold higher
at the immature stage compared to the mature stage, in Moore and Burkett cultivars,
respectively. However, the ToDs’ concentration exhibited slight fluctuations during the
maturation of the Mahan cultivar. The regressive tendency of total o-diphenols during
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ripening has also been found in peaches (Prunus persica L.) [28]. Along with ripeness,
the level of ToDs varied significantly among cultivars. The o-diphenol content was 2.1-
to 10.5-fold higher in unripe Burkett compared to unripe Moore and Mahan cultivars,
respectively, whereas the Mahan cultivar showed the highest value at maturity.

Based on the results of this study, it seems that total phenols, flavonoids, o-diphenols,
and flavanols in pecan nut kernels are actively synthesized at an early stage, which accord-
ing to Machado et al. [34] may be explained with the substantial activity of phenylalanine
ammonia-lyase (PAL), the regulatory enzyme of the biosynthesis of phenylpropanoids.
The great content of these polyphenols in C. illinoinensis at an early stage may be also
attributed to their involvement in the self-defense mechanisms against pathogen inva-
sion and predators [32]. Throughout the ripening process, the level of these compounds
decreased significantly. In the current study, the concentrations of total phenols, total
flavonoids, and total flavanols at complete maturity (25 WAFD) were very close to those
reported in our previous work [6], performed on over-mature nuts. This substantial decline
could be related to either a reduction in PAL activity [34,35] or to elevated catabolism. The
correlation between polyphenol levels and PAL activity during maturation has already
been observed [34], justifying the previous assumption.

Condensed tannins were the dominant class of polyphenols at each maturity stage.
Major variations in the concentration of total condensed tannins (TCT) were observed
during the development of C. illinoinensis (Table 2). The tendency of condensed tannin
evolution was similar in Burkett and Moore cultivars. Their concentration decreased
significantly from 413.37 to 36.12 mg CE g−1 FW, reflecting an 11.4-fold difference, and
from 186.13 to 32.79 mg CE g−1 FW, reflecting a 5.7-fold difference, in Burkett and Moore
cultivars, respectively. However, the Mahan cultivar displayed a different accumulation
pattern, as the condensed tannins accumulated significantly from 63.89 mg CE g−1 FW to
the maximum of 95.00 mg CE g−1 FW at 22 WAFD and then decreased significantly to a
lower content (57.04 mg CE g−1 FW) at maturity. The significant decrease in condensed
tannins can be explained with the fact that these substances play a crucial role in the
defense of fruits against pathogens at an early stage of maturity [35,36]. Throughout
ripening, the decline of these components could be attributed to the fact that they may
form complexes with proteins, metal ions, and other compounds [37–39]. The reducing
trends of TCT observed in this study are similar to those already reported by Jia et al. [22]
in C. illinoinensis. In this latter study, the values were expressed on a defatted kernel weight
basis so it is difficult to establish a quantitative comparison to our fresh weight basis.
Following our present data, many studies have also shown reducing tendencies of TCT
during the maturation of different fruits, such as pistachio nuts [40] and peach pulps [35].

The level of TCT differed significantly among cultivars, which is coherent with prior
results on pecan nut cultivars [22,29,30,41,42]. The highest amount of condensed tannins
was detected in the unripe Burkett cultivar, which was six times greater than that in
the unripe Mahan cultivar, which presented the lowest concentration. The first stage of
maturity (20 WAFD) may be considered a valuable source of total condensed tannins for
nutraceutical, industrial, and pharmaceutical interests.

At maturity, TCT contents were surprisingly low when compared with our previous
study [6]. This may be attributed to the maturity degree since our prior study was car-
ried out on over-mature fruits and since the effects of geographical and climatic factors
were eliminated.

3.2. Variations in Individual Phenolic Compounds during Pecan Nut Maturation

Identification of the individual phenolics present in Mahan, Moore, and Burkett culti-
vars was carried out using the HPLC-DAD technique and five phenolic compounds were
identified in pecan nut kernels—gallic acid, catechin, epicatechin, an ellagic acid derivative,
and ellagic acid (Figure 1)—similar to that reported by Flores-Cordova et al. [42]. The
hydrolysis process proved to be efficient for the detection, confirmation, and quantification
of the ellagic acid derivative, as described previously [6]. All compounds were found
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at all ripening stages. Individual phenolic compounds varied greatly during pecan nut
development (Table 3).

Table 3. Changes of individual phenolic concentrations during the ripening of three cultivars.

Parameters Gallic Acid
(µg g−1 FW)

Catechin
(µg g−1 FW)

Epicatechin
(µg g−1 FW)

Ellagic Acid
Derivative

(µg g−1 FW)

Ellagic Acid
(µg g−1 FW)

Cultivar
Mahan 18.99 b 430.25 c 17.12 c 214.45 c 448.76 a

Moore 27.94 a 570.01 b 49.07 b 414.48 a 346.23 b

Burkett 20.59 b 798.99 a 68.67 a 352.16 b 396.12 ab

WAFD

20 34.05 a 1883.20 a 190.22 a 1046.26 a 807.05 a

21 22.84 bc 760.80 b 17.21 b 148.41 d 604.88 b

22 15.35 c 328.42 c 13.31 b 117.13 d 257.19 cd

23 16.23 c 216.93 c 14.46 b 279.53 b 167.99 d

24 25.61 b 240.28 c 22.83 b 211.47 c 311.21 c

25 20.95 bc 168.89 c 11.69 b 159.39 cd 233.88 cd

Cultivar
×WAFD

Mahan × 20 12.60 ± 0.94 c 543.23 ± 82.32 b 20.86 ± 8.05 b 166.69 ± 44.41 c 624.00 ± 82.25 b

×21 18.16 ± 4.01 b 898.61 ± 231.30 a 18.60 ± 6.73 b 159.93 ± 36.15 c 965.37 ± 249.00 a

×22 16.56 ± 2.99 bc 433.05 ± 86.05 c 15.19 ± 4.33 c 120.29 ± 17.89 c 239.64 ± 58.18 cd

×23 19.11 ± 2.35 b 244.27 ± 53.79 d 22.41 ± 8.95 a 487.38 ± 16.14 a 160.85 ± 15.78 d

×24 33.96 ± 11.77 a 236.45 ± 78.17 d 16.40 ± 6.96 c 298.69 ± 42.01 b 469.10 ± 57.81 c

×25 13.55 ± 5.21 c 225.88 ± 42.60 d 9.26 ± 2.50 d 53.74 ± 15.36 d 233.61 ± 36.96 cd

Moore ×20 36.20 ± 10.53 a 1733.73 ± 224.12 a 158.96 ± 17.10 a 1316.00 ± 110.14 a 784.35 ± 185.93 a

×21 32.57 ± 4.27 b 896.08 ± 72.46 b 28.22 ± 6.38 c 228.96 ± 26.80 c 310.90 ± 75.58 b

×22 13.42 ± 4.79 d 104.94 ± 21.87 d 19.70 ± 8.68 cd 140.14 ± 37.88 d 242.66 ± 55.79 bc

×23 19.83 ± 5.35 c 244.68 ± 18.17 c 16.20 ± 8.51 d 247.10 ± 37.95 c 117.84 ± 33.32 c

×24 29.94 ± 3.84 b 296.33 ± 17.67 c 48.55 ± 11.72 b 248.98 ± 63.36 c 314.69 ± 19.77 b

×25 35.69 ± 6.48 a 144.31 ± 48.73 d 22.78 ± 6.82 cd 305.68 ± 80.33 b 306.97 ± 63.48 b

Burkett ×20 53.36 ± 5.38 a 3372.64 ± 459.81 a 390.83 ± 88.51 a 1656.09 ± 21.64 a 1012.81 ± 120.80 a

×21 17.81 ± 0.97 b 487.71 ± 94.59 b 4.80 ± 1.18 bc 56.33 ± 6.07 d 538.38 ± 85.30 b

×22 16.09 ± 4.78 b 447.27 ± 83.63 b 5.05 ± 1.46 b 90.97 ± 28.64 c 289.27 ± 28.10 c

×23 9.76 ± 2.61 c 161.83 ± 13.91 c 4.77 ± 1.77 bc 104.11 ± 32.44 bc 225.30 ± 24.67 cd

×24 12.92 ± 1.50 bc 188.05 ± 33.36 c 3.53 ± 0.35 c 86.73 ± 10.65 c 149.85 ± 12.02 d

×25 13.62 ± 2.03 bc 136.47 ± 18.70 c 3.04 ± 0.36 c 118.75 ± 39.68 b 161.08 ± 39.54 d

WAFD, weeks after the flowering date; × denotes interaction between factors. Means ± standard deviation
followed by the same letters in the same column were not significantly different according to the multiple range
Duncan test at p < 0.05. FW, fresh weight.

Overall, catechin and ellagic acid were the major phenolic compounds at all maturity
stages. The highest amounts of individual phenolics were generally detected in imma-
ture pecan nuts. At an early stage, catechin was the predominant compound in Moore
(1733.73 µg g−1 FW) and Burkett (3372.64 µg g−1 FW) cultivars, whereas ellagic acid was
the major one with a concentration of 624.00 µg g−1 FW in the Mahan cultivar. During
ripening, both compounds decreased significantly. At maturity, ellagic acid became the
major one in the three cultivars. Regarding the ellagic acid derivative, gallic acid, and
epicatechin, their concentration also exhibited a decreasing pattern in Moore and Burkett
cultivars. However, they increased until intermediate-maturity stages and then declined
until complete maturity in the Mahan cultivar. It is important to notice that the epicate-
chin level was very high at the early stage of maturity, especially in the Burkett cultivar
(390.83 µg g−1 FW). This amount decreased almost 128.6-fold, reaching 3.04 µg g−1 FW
at maturity. Epicatechin exhibits several biological properties, notably antioxidant, anti-
inflammatory, anti-tumor, anti-diabetic, antiviral, and antibacterial activities [43,44]. It also
prevents cardiovascular and cerebrovascular diseases, as well as metabolic disorders, and
protects against neurodegenerative diseases [44,45], indicating that nuts at early stages of
maturation could be a valuable source of this nutraceutical.
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Figure 1. HPLC chromatograms of Carya illinoinensis recorded at 280 nm (A) and 260 nm (B).
Peak identification: (1) gallic acid; (2) catechin; (3) epicatechin; (4) ellagic acid derivative; and
(5) ellagic acid.

Our findings are in agreement, to a certain extent, with previous data obtained on
five cultivars of pecan nuts [22], reporting the decreasing patterns of individual phenolic
compounds as well as with that reported by Persic et al. [24] and Pycia et al. [25] in walnuts.
The decline of individual phenolics during maturation could be due to limitations of the
primary metabolism in mature fruits, inducing a deficiency of substrates that is fundamental
for the biosynthesis of phenolic compounds [46]. On the other hand, this decrease could
be related to conjugation, polymerization, and/or oxidation reactions occurring during
ripening [32,47].

According to Bashir et al. [48], the decrease in phenolic compounds during ripening
in the guava edible part was associated with increased polymerization and hydrolysis of
tannins, which is associated with a decrease in astringency, while the utilization of phenolic
compounds as substrates for the biosynthesis of other compounds cannot be excluded. On
the other hand, the peel presented higher values of phenolic compounds during ripening,
which the authors attributed to the need for efficient protection against pests and diseases.
This could also be the case in pecan nuts, although we did not measure husk and shell
phenolic compounds.

Furthermore, our findings showed that the change in phenolic profile during maturity
was substantially affected by cultivars and that the predominance of specific phenolic
compounds depended both on the maturity stage as well as on the cultivar.
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In the present study, the values of individual phenolic compounds found at maturity
were considerably lower than those reported previously [6]. This difference might be
explained with the maturity stage.

3.3. Variations in Antioxidant Activity during Pecan Nut Maturation

Several methods are used to evaluate the antioxidant capacity of a plant extract.
In the current study, DPPH and FRAP assays were employed to assess the antioxidant
activity during the ripening of the three pecan nut cultivars, similar to Wei et al. [26] and
Villarreal-Lozoya et al. [41].

The greatest antioxidant activity based on the DPPH assay was detected at early
stages (Table 4). The radical scavenging activity varied from 382.41 to 130.20 µmol TE g−1

FW in the Moore cultivar, reflecting a 2.9-fold difference, and from 451.82 to 132.90 µmol
TE g−1 FW in the Burkett cultivar, reflecting a 3.4-fold difference. However, the radical
scavenging activity in the Mahan cultivar increased from 198.60 to 229.87 µmol TE g−1 FW
at 22 WAFD and then decreased to 191.24 87 µmol TE g−1 FW at maturity. Likewise, the
highest antioxidant activities based on the FRAP assay were 396.17 and 686.95 µmol TE
g−1 FW at an early stage (20 WAFD) then dropped to lower values of 94.05 and 89.58 µmol
TE g−1 FW for Moore and Burkett cultivars, respectively, at maturity.

Table 4. Changes of antioxidant activity (expressed as µmol TE g−1 FW) during the ripening of three
cultivars.

Parameters Antioxidant Activity (Expressed as µmol TE g−1 FW)

FRAP DPPH

Cultivar
Mahan 114.04 b 195.96 b

Moore 166.26 a 211.95 a

Burkett 179.78 a 176.76 c

WAFD

20 391.96 a 344.28 a

21 100.89 bc 162.45 c

22 96.62 c 159.47 c

23 103.05 bc 162.44 c

24 126.77 b 189.25 b

25 100.88 bc 151.45 c

Cultivar ×WAFD

Mahan × 20 92.75 ± 14.71 c 198.60 ± 20.47 b

×21 101.52 ± 10.96 bc 195.67 ± 11.38 b

×22 159.05 ± 29.20 a 229.87 ± 20.10 a

×23 119.48 ± 10.68 b 191.88 ± 7.80 b

×24 92.45 ± 13.91 c 168.50 ± 10.39 c

×25 119.01 ± 42.92 b 191.24 ± 39.20 b

Moore × 20 396.17 ± 85.57 a 382.41 ± 30.80 a

×21 131.81 ± 27.34 c 181.07 ± 16.09 c

×22 64.04 ± 13.67 d 137.47 ± 12.98 d

×23 110.65 ± 29.12 c 176.57 ± 21.79 c

×24 200.85 ± 49.08 b 263.97 ± 8.93 b

×25 94.05 ± 11.87 cd 130.20 ± 12.78 d

Burkett × 20 686.95 ± 18.06 a 451.82 ± 12.99 a

×21 69.36 ± 20.07 c 110.62 ± 18.47 c

×22 66.79 ± 3.27 c 111.07 ± 17.43 c

×23 79.01 ± 16.11 bc 118.87 ± 19.58 c

×24 87.00 ± 5.59 b 135.29 ± 27.66 b

×25 89.58 ± 7.39 b 132.90 ± 15.52 b

WAFD, weeks after the flowering date; × denotes interaction between factors. Means ± standard deviation
followed by the same letters in the same column were not significantly different according to the multiple range
Duncan test at p < 0.05. FW, fresh weight; TE, Trolox equivalents.
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According to Pycia et al. [25] working with walnuts, the climatic and soil conditions,
the cultivar, the conditions of harvesting and storage of nuts, as well as the extraction
method of antioxidant molecules have a great role in the determination of these bioactive
compounds and therefore in the estimation of the antioxidant capacity of the nut.

The decline in the antioxidant capacity of C. illinoinensis during maturation could be
related to the decrease in polyphenolic levels. This trend has also been observed in Chinese
pecan nuts [22] as well as in pistachio nuts [40] and walnuts [23,25,26].

The antioxidant activity, estimated with both DPPH and FRAP assays, greatly varied
among cultivars too. The mature Mahan nuts showed the strongest antioxidant activity
among cultivars, regarding the same maturity stage. Nevertheless, the immature Burkett
cultivar recorded the highest antioxidant activity among the three cultivars at the immature
stage. This cultivar-dependent difference is in accordance with previous studies on pecan
nuts [22,30,41,42].

Positive and significant correlations have been previously observed between phe-
nolic compounds and antioxidant activity [6,26,29,41,42,49]. Here also, the antioxidant
activity assessed with DPPH and FRAP was closely correlated with the concentration of
polyphenols (Figure 2).
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The TP and TFoid contents displayed the greatest positive correlation with DPPH
(r = 0.95) and FRAP (r = 0.99) methods (Figure 2), as also reported by Fu et al. [49] in
walnuts. On the other hand, weaker relations were detected for TFols, ToDs, and TCT
(Figure 2). Among the individual phenolics detected, the strongest linear correlation with
antioxidant capacity was noticed for epicatechin (r = 0.82 and r = 0.95 for DPPH and FRAP
assays, respectively) followed by the ellagic acid derivative. The lowest one was recorded
for ellagic acid (r = 0.58 and r = 0.63 for DPPH and FRAP methods, respectively) (Figure 2).
It is noteworthy that correlations of polyphenols and individual phenolics with FRAP were
greater than with DPPH.

Overall, TP, TFoids, epicatechin, and the ellagic acid derivative were likely the main
contributors to the potent antioxidant activity of C. illinoinensis, even though TCT, ellagic
acid, and catechin were the main compounds. These findings are partially in concordance
with the previous study of Jia et al. [22], who found that TP, catechin, and epicatechin
exhibited the greatest relations with antioxidant activity. Linear correlations between
antioxidant capacity and total phenols and flavonoids have also been found in various nuts
in the literature [13,25,50].
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It seems thus that pecan nut kernels could be a valuable source of natural antioxi-
dants with great industrial and pharmaceutical importance, especially at an early stage
of maturation.

3.4. Variations in Carbohydrates during Pecan Nut Development

Carbohydrate composition varied significantly during pecan nut development (Table 5).
The highest amounts of carbohydrates were detected at an early stage (20 WAFD). The
sucrose concentration decreased significantly from 32.56 mg g−1 FW in the Mahan cultivar
and from 30.40 mg g−1 FW in the Burkett cultivar to reach a minimum of 6.05 mg g−1

FW and 5.47 mg g−1 FW in Mahan and Burkett cultivars, respectively, at 22 WAFD and
then increased significantly to achieve higher contents at maturity. The same pattern
was observed in the Moore cultivar but with lower content (5.99 mg g−1 FW) detected at
21 WAFD. A different pattern was found by Singanusong et al. [51] who reported that the
sucrose content increased throughout the ripening process.

Table 5. Changes of carbohydrate composition (expressed as mg g−1 FW) during the ripening of
three cultivars.

Parameters Sucrose Glucose Fructose Total

Cultivar
Mahan 18.57 a 7.48 a 7.34 4 b 33.39 ab

Moore 17.90 ab 6.88 a 7.36 b 32.14 b

Burkett 14.89 b 8.55 a 10.58 a 34.01 a

WAFD

20 30.79 a 15.16 a 23.50 a 69.45 a

21 6.09 e 9.95 b 8.89 b 24.93 c

22 6.57 e 6.35 bc 4.83 bcd 17.76 d

23 12.30 d 9.09 b 8.16 bc 29.54 bc

24 20.80 c 1.45 d 2.01 d 24.26 c

25 26.16 b 3.82 cd 3.16 cd 33.14 b

Cultivar ×WAFD

Mahan × 20 32.56 ± 0.68 a 5.46 ± 0.68 c 7.68 ± 1.06 b 45.70 a

×21 6.32 ± 1.74 e 8.06 ± 0.61 bc 6.48 ± 0.38 bc 20.86 d

×22 6.05 ± 2.84 e 9.48 ± 0.36 b 7.27 ± 0.61 b 22.80 d

×23 16.00 ± 6.56 d 14.21± 6.22 a 15.10 ± 9.75 a 45.31 a

×24 20.84 ± 1.58 c 2.35 ± 2.23 d 2.85 ± 2.13 d 26.04 c

×25 29.65 ± 3.44 b 5.33 ± 0.14 c 4.64 ± 1.28 cd 39.62 b

Moore × 20 29.42 ± 4.53 a 14.00 ± 1.25 a 23.67 ± 0.37 a 67.09 a

×21 5.99 ± 0.22 d 10.36 ± 0.23 b 8.02 ± 0.45 b 24.37 c

×22 8.21 ± 2.04 c 4.56 ± 0.30 c 2.85 ± 0.27 d 15.62 d

×23 7.56 ± 1.24 c 7.20 ± 0.43 bc 4.81 ± 0.14 c 19.57 cd

×24 28.43 ±0.58 b 0.94 ± 0.60 d 1.37 ± 0.06 e 30.74 bc

×25 27.80 ± 1.75 b 4.23 ± 1.15 c 3.43 ± 1.30 cd 35.46 b

Burkett × 20 30.40 ± 1.82 a 26.03 ± 2.04 a 39.14 ± 0.83 a 95.57 a

×21 5.96 ± 0.06 d 11.43 ± 6.06 b 12.18 ± 6.51 b 29.57 b

×22 5.47 ± 0.43 d 5.02 ± 0.24 c 4.37 ± 1.10 c 14.86 d
×23 13.33 ± 1.72 c 5.85 ± 1.52 c 4.56 ± 0.88 c 23.74 bc

×24 13.12 ± 7.78 c 1.07 ± 0.54 d 1.81 ± 0.17 d 16.00 d

×25 21.04 ± 9.05 b 1.91 ± 0.1 d 1.40 ± 0.01 d 24.35 bc

WAFD, weeks after the flowering date; × denotes interaction between factors. Means ± standard deviation
followed by the same letters in the same column were not significantly different according to the multiple range
Duncan test at p < 0.05. FW, fresh weight.

The amounts of fructose and glucose showed the same regressive pattern in Moore and
Burkett cultivars (Table 5). Their concentration decreased significantly from immature to
mature fruits. However, the Mahan cultivar exhibited a different evolution pattern. Indeed,
the contents increased significantly to reach a maximum at an intermediate ripening stage
(23 WAFD) and then dropped significantly to attain lower contents at the last stage.
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In all three cultivars, the evolution trend of total carbohydrates was similar, to a
certain extent, to that of sucrose. Indeed, the total carbohydrate concentration decreased
significantly to reach a minimum at the intermediate ripening stage and then increased
significantly to attain higher contents at the last stage. This trend could be explained with
the accumulation of total lipids during maturation [51,52], which requires a great level
of energy supplied from the existing sugars [53]. Our findings are different from those
of Wood and McMeans [52] who reported a decreasing tendency of total carbohydrates
during pecan nut ripening. Such a decreasing-increasing trend of total carbohydrates
during development has also been reported in hazelnuts by Cristofori et al. [54].

At the first stage of maturity (20 WAFD), sucrose was the major carbohydrate in Moore
and Mahan cultivars except for the Burkett cultivar, where fructose was the predominant
one. During maturation, both compounds varied significantly. At the last stage, sucrose
became the major one in all three cultivars. The Burkett cultivar exhibited the highest
total carbohydrate content at an early stage but the lowest one at maturity. These findings
revealed that the predominance of specific forms of carbohydrates depended on the degree
of maturity and cultivar of pecan nuts.

Compared to our prior study [6], the levels of carbohydrates found, here, at the
maturity stage were different, probably because the previous study was carried out on
over-mature fruits.

3.5. Canonical Discriminant Analysis (CDA)

A Canonical Discriminant Analysis (CDA) was employed to examine all the analytical
data concurrently and to assess the effect of the cultivar. Moore and Mahan cultivars
were closely located (at the positive side of Function 1), while the Burkett cultivar was
well segregated at the negative side of Function 1 (Figure 3), which could be attributed
to the high levels of some of the phytochemicals assayed during the first stage and their
subsequent, significant decrease during maturation.
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Therefore, the biochemical parameters assayed in this study could be used to distin-
guish Burkett, Mahan, and Moore cultivars. Overall, the CDA effectively separated Burkett
from the other cultivars, based on the measured variables of the present trial.
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In the literature, a discriminant analysis has also been applied to differentiate the
cultivars, years, and provenance of several nuts [55–57] with variable efficiency.

4. Conclusions

Polyphenols, antioxidant capacity, and sugars were qualitatively and quantitatively
influenced by the cultivar and maturity stage. During the development of pecan nuts, three
trends of polyphenols were found: (i) decrease during maturation, (ii) slight fluctuations
during maturation (flavanols and o-diphenols), and (iii) increase reaching an utmost level
at the intermediate ripening stage. Based on our results, Burkett and Moore cultivars
displayed identical evolution trends during their development, while the Mahan cultivar
behaved differently. Furthermore, a decreasing-increasing trend of total carbohydrates was
also detected. The highest amounts of polyphenols, antioxidant activity, and sugars were
found in the nuts of the Burkett cultivar at an early stage and of the Mahan cultivar at
maturity. The CDA efficiently separated Burkett from the other two cultivars, based on the
data of biochemical analyses (i.e., phenolics, antioxidant capacity, and carbohydrates during
the different developmental stages). The present findings indicate that immature pecan
nuts are a valuable natural source of antioxidants to be used for nutraceutical, cosmetic,
and pharmaceutical purposes. Therefore, the harvest period must be planned rigorously
to obtain the greatest amount of bioactive compounds. For the future, more research is
deemed necessary to assess the effect of the genotype, the maturity stage, the agronomical
practices employed, as well as the extraction techniques on all the parameters analyzed
in this trial as well as on vitamins and pecan nut oil, which also have a great impact on
human health.
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