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Abstract: Avocado byproducts are a rich source of health-promoting biomolecules. The purpose of
this work is to study three groups of statistically different avocado fruit sizes (Persea americana Mill.)
(small (S), medium (M), and large (L)), and their relationship with total phenolic and flavonoid
contents (TPC and TFC, respectively), DPPH (2,2-diphenyl-1-picrylhydrazyl) scavenging capacity
and individual phenolics, and the activities of phenylalanine ammonia-lyase (PAL), chalcone synthase
(CHS), and polyphenol oxidase (PPO) in avocado peel extract (APE). The results indicated that TPC,
TFC, and antioxidant and enzymatic activities were higher in the APE of the S group (p < 0.05).
The flavonoids (flavanols and flavonols) and phenolic acids were also significatively concentrated
in S group’s APE. Overall, the phenolic content was significantly lower in the L group. Positive
correlations (p < 0.0001 and p < 0.05) were observed between TPC, TPF, DPPH, and enzymatic activity,
and negative correlations resulted for avocado weight and volume. The outstanding phenolic content
and enzymatic activity of avocado peels from low-cost avocado byproducts are ideal for biorefinery
applications, thereby increasing the bioeconomy of the avocado industry.

Keywords: polyphenols; avocado byproducts; abiotic stress; CHS; PAL; PPO; biorefinery;
circular economies

1. Introduction

The avocado (Persea americana Mill.), a native of Mesoamerica, is a heavily consumed tropical fruit.
Originating in California, the “Hass” avocado is a hybrid of two races (Guatemalan and Mexican) and
is mainly harvested in Latin America. The “Hass” avocado leads in overall avocado production [1,2].
The yield of avocado orchards is quantified from the fruit size amount; the number of cells of a fruit
determines avocado fruit size [1], although stressors such as water shortage affect the development of
avocado fruit [2]. After harvesting, avocados are sorted according to size as large, medium, and small.
Low-weight and -volume fruits are economically and environmentally unviable because they are
poorly valorized and are eventually rejected as waste [1,3]. Thus, the use of undesired avocados and
their byproducts in refinery applications may contribute to the sustainability of avocado production.
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In avocado fruit development, cells multiply rapidly primarily during anthesis. Following that,
the volume of the fruit increases until maturity. Thus, the final fruit size is principally influenced by
the number of cells rather than the individual cell size [3]. Stressors such as cultivar age, fruit load,
light, nutrition, pests, and water supply [1,4] are the main factors that influence fruit development.
Water, in particular, has been shown to impact avocado production [5]. In drought periods, there is a
considerable increase in the proportion of small-sized avocados [2]. In the central–north part of Chile,
one of the world’s principal avocado-producing regions, the overexploitation of avocado production
has led to a severe shortage in water supply, thus affecting avocado yield [6]. The resulting low-caliber
fruits (5–40% of the total crop) are undesirable due to their lack of economic value and are usually
discarded or used in processing that results in the segregation of byproducts, thus negatively affecting
the avocado value chain and the environment [1,3,6].

Avocado byproducts are rich in phytochemicals that have industrial applications. Polyphenols are
secondary plant metabolites created in response to environmental stressors for constant maintenance of
redox homeostasis [4,7]. These metabolites are biosynthesized on the cytoplasmic face of the endoplasm
through the malonic and shikimic acid pathways catalyzed by phenylalanine ammonia-lyase (PAL)
and chalcone synthase (CHS), regulated by polyphenol oxidase (PPO) enzymes, and stored in the
vacuole of the cell. The phenolic composition of avocado peel is remarkable compared to that of other
tropical fruits. The study of the metabolism and physiology of fruits such as avocado has advanced
due to the active link between the bioactive molecules and potential applications for wellness and
bioindustrial purposes. Thus, a number of successful cases in biorefining undervalued byproducts
have recently been reviewed, including when green methods of extraction are employed. Byproducts
that are high in polyphenols and enzymes have been found to be a suitable raw material for extraction
applications, reducing the negative impact on the environment and the economy and promoting the
sustainability of the food industry [6–14].

There is a current lack of comparative studies that correlate the phenolic content with the
physiology of the fruit. Thus, in this study, it is hypothesized that the phenolic and enzymatic
activity composition of avocado peel extract (APE) varies according to the fruit size of “Hass” avocado.
To investigate this hypothesis, total phenolic content (TPC), total flavonoid content (TFC), DPPH
scavenging capacity, and the contents of individual phenolics, in addition to PAL, CHS, and PPO
activities, were measured, analyzed, and correlated with the APE from three groups of avocados that
statistically differed in size according to their weight and volume (small (S), medium (M), and large (L)).
In conclusion, it is demonstrated that due to its high phenolic and enzymatic content, the peel byproduct
of small, low-cost avocados is a rich source of raw material for industrial biorefinery applications.

2. Material and Methods

2.1. Chemicals

Methanol, sodium carbonate, phosphate, gallic acid, Folin–Ciocalteu reagent, acetic acid,
acetonitrile, HPLC-grade distilled water, 2,2-diphenyl-1-picrylhydrazyl (DPPH), aluminum chloride,
sodium acetate, boric acid, sodium tetraborate, hydrochloric acid, potassium cyanide, ethanol, glycerol
tris(hydroxymethyl)aminomethane, L-phenylalanine acetate, and catechol were purchased from Merck
(Darmstadt, Germany). Standards: (+)-catechin hydrant, (−)-epicatechin, quercetin, (±)-naringenin,
naringin, hesperidin, rutin, kaempferol, and ferulic, caffeic, and coumaric acids were purchased from
Sigma-Aldrich Co. (St. Louis, MO, USA).

2.2. Sampling and Ripeness State Evaluation

Ninety fruit samples of “Hass” avocado from the north of Chile were harvested when their
dry matter approached 23% [1]. Then, they were sorted by their volume and weight and classified
as S-, M-, and L-sized avocados. Subsequently, fruits were equally ripened to a ready-to-eat state,
according to procedures used by other authors [11]. Firmness and color are two maturity indexes that
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are commonly associated with avocado fruit ripeness [12,13]. Firmness and color were measured at
3 points on each sample (one central on the fruit base and two laterals). A TA-XT2 texture analyzer,
coupled with a cylindrical plunger P6 (Stable Micro Systems, Ltd., Godalming, UK), was employed
for firmness assessment at a 1 cm/min penetration speed (depth 0.7 cm). The color was measured
according to International Standard based on the lightness (L*), green–red (a*), and blue–yellow (b*)
relation (CIE L*, a*,b*), using a Chroma Meter CR-400 (Konica Minolta, Tokyo, Japan).

2.3. Extraction Procedure

Each group of avocados (S, M, and L) was washed and dried separately; then, peels were separated
from the flesh, cut into small pieces (1 × 0.5 cm approx.), and immediately oven-dried (Memmert,
Buechenbach, Germany; 60 ◦C for 24 h). After drying, avocado peels from L, M, and S fruit were
separately powdered (particle size: 0.2 mm) in an electrical grinder (Oster BVSTBMH23-052, Shanghai,
China). Each avocado powder was kept in sealed bags in the dark at 4 ◦C until extraction was
performed (between 1 or 2 days).

A solid–liquid extraction with low-frequency sonication was carried out to obtain avocado peel
extracts. Avocado peel powder (1 g) was mixed with 25 mL of a solvent comprising 80% methanol
in distilled water in a 100 mL flask, covered, then immersed in an ultrasonic bath (Elmasonic S 10 H,
Singen, Germany). The samples were sonicated at a constant frequency of 37 kHz and 90 W for 30 min
at 40 ◦C, according to previous trials. The extracts were immediately vacuum-filtered using a cellulose
filter 1 (90 mm), followed by centrifugation for 20 min at 10,000× g at 4 ◦C; supernatants were kept at
−80 ◦C until analyses.

2.4. Phytochemical Characterization of APEs

Phytochemical characterization of the avocado peel extracts (APEs) from the L, M, and S groups
was performed to determine TPC, TFC, and DPPH scavenging capacity. To perform the analysis,
the each obtained APEs were properly diluted in methanol (1:40). For all of the experiments (including
enzymatic activities), the absorbances were measured using an Epoch 256695 spectrophotometer
microplate reader (BioTek, Winooski, VT, USA).

2.4.1. TPC

The phenolic content of each APEs was measured by the Folin–Ciocalteu reagent method,
as reported previously with some modifications [10]. Briefly, an aliquot (30 µL) of diluted methanolic
extract was placed in a 96-well microplate, and 150 µL of Folin–Ciocalteu diluted reagent (1:10) was
added, followed by 120 µL of sodium carbonate (7.5%). The reaction was performed for 30 min in the
dark. The absorbance was measured at 765 nm. Using a gallic acid standard curve, the results were
expressed as grams of gallic acid equivalents per g of dry matter (mg GAE/g DM).

2.4.2. TFC

The ability of AlCl3 to form a stable complex with the keto and hydroxy groups of both flavonols
and flavanols was measured according to a previous report [10]. Briefly, 30 µL of the diluted extract
was placed on a microplate, then 10 µL of AlCl3 (10%) and the same volume of 1 M sodium acetate
were added, followed by 250 µL of distilled water. The microplate was shaken and kept in the dark at
room temperature for 30 min. The blank contained all of the reagents, except the extract, for which
solvent was substituted. Absorbance was measured at 415 nm. Using a quercetin standard curve, TFC
was calculated as mg quercetin equivalents/per gram of dry matter (QuE/g DM).

2.4.3. DPPH Antioxidant Capacity

The ability of APE to scavenge DPPH radicals was assessed according to another study with
modifications [8]. Methanolic DPPH (280 µL) with constant absorbance (1.1 nm) was reacted with
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20 µL of appropriately diluted extract in a microplate and immediately kept in the dark for 20 min.
Absorbance was measured at 517 nm using the solvent as blank. The percentage of inhibition of the
DPPH radical was calculated as follows:

Inhibition (%) =
(Abs sample−Abs Control)

Abs control
× 100 (1)

where Abs sample is the absorbance of the sample containing the extract, and Abs control is the absorbance
of the DPPH reagent with solvent. Antioxidant activity is expressed as Trolox equivalents per gram of
dry matter (TE/g DM).

2.5. HPLC–UV/vis Individual Phenolics Determination

HPLC analysis was performed to identify the primary phenolic compounds in the avocado peel.
The APEs were filtered (0.2 µm) and analyzed. The chromatograms were determined simultaneously at
280 and 520 nm using a YL9111 binary pump (Schachambeck, Germany) and a YL9120 UV–vis detector
comprised of a Kromasil 100-5C18 column (20 × 4.6 mm) using Clarity software. The separation of
phenolic components was performed according to procedures described in another study [14]. Briefly,
mobile phase A containing water/acid acetic (3%) and a B phase of 100% acetonitrile were employed in
a gradient profile: at zero time, the ratio was 95% A and 5% B; after 45 min, the ratio was adjusted to
85% A and 15% B; to 65% A and 35% B at 60 min; to 50% A and 50% B at 65 min; finally, to 100% B
at 70 min. Between injections, the column was equilibrated for 30 min under the initial conditions.
Calibration curves based on standards were employed for the identification and quantification of the
phenolic content in APEs, expressed as micrograms per gram of dry matter (µg/g DM).

2.6. Enzymatic Activity Measurement

The enzymatic activity of PAL and CHS was measured using the same alkaline buffer, although
sodium phosphate buffer was employed for PPO activity. Briefly, 1 g of sample was sonicated for
5 min with 20 mL of buffer containing 0.1 M of sodium tetraborate and 0.1 M of boric acid, pH 8.8.
The extracts were filtered and centrifuged for 30 min, 10,000× g at 4 ◦C, and kept on ice.

Protein content was measured using a bicinchoninic acid (BCA) protein assay kit (Thermos Fisher
Scientific, Waltham, USA).

Sample blanks were considered for all of the experiments, and these contained all of the reagents
except the extract, which was substituted by buffer. Absorbances were measured and converted into
enzymatic activity expressed as mol per min per µg of protein (M/min × µg of protein), applying the
already known molar coefficients (M−1 cm−1); ε = 17,400 [15], ε = 29,400 [16], and ε = 1260 [17] for
PAL, CHS, and PPO, respectively.

2.6.1. PAL Activity

The assessment of the PAL enzyme was conducted based on other work [15]; 0.1 mL of enzymatic
extract was added to 0.9 mL L-phenylalanine (1 mg/mL) and vortexed. The mixture was immediately
incubated at 40 ◦C for 30 min, and the reaction was then stopped with 0.25 mL of 5 N hydrochloric
acid and incubation in a cold bath. Finally, 5 mL of distilled water was added. The absorbance was
measured at 290 nm.

2.6.2. CHS Activity

The activity of CHS enzyme was measured according to another study [18], with modifications.
Briefly, 0.1 mL of the supernatant was mixed gently with 0.1 mL of 10 mM potassium cyanide, and
1.9 mL of Tris-HCl buffer (pH 7.8) was added. Consequently, 0.01 g of chalcone was diluted in a
mixture of ethanol/glycerol (1:1), and 0.01 mL was mixed with the enzyme extract. The reaction was
performed for 1 min at 30 ◦C. The absorbance was measured at 360 nm.
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2.6.3. PPO Activity

The activity of PPO was analyzed by employing the supernatant obtained from the sonication of
1 g of sample with 20 mL of sodium phosphate buffer (pH 7), following the methodology reported
elsewhere [19]. Briefly, 50 µL of the extract was mixed with 1 mL of catechol (150 mM) for 5 min.
Absorbances were measured at 412 nm.

2.7. Statistical Analysis

Means and standard deviations were calculated. Statistical analysis was performed using
STATGRAPHICS Centurion XVI.I. First, all of the dependent variables were tested for normality by
a Shapiro–Wilk test. Then, one-way ANOVA and Tukey’s (p < 0.05) posthoc test were applied to
address the differences. Finally, the correlation coefficients between the variables were determined
using Pearson’s analysis at two significance levels (p < 0.05 and p < 0.001).

3. Results and Discussion

3.1. Size and Ripeness State Evaluation of Avocado Fruits

Firmness and color are two maturity indexes that are commonly associated with the ripeness of
avocado fruits. Firmness (N) and color (L*, a *, and b *) values among the S, M, and L avocado groups
did not show statistically significant differences (Table 1). Thus, the ripeness state was considered
equal in all of the assessed samples. The results are comparable to values reported previously [10–12],
which showed that firmness of around 6–13 N corresponds to ready-to-eat avocado fruits. It is likely
that the L* values of ready-to-eat “Hass” avocado are in the range of 22–27.

Table 1. Avocado ripeness state by size groupings.

Size z Weight
kg

Volume
m3

Firmness
N

Color y

L* a* b*

S 9.4 × 10−4 ±
3.7 × 10−5 a x

8.5 × 10−4 ±
6.6 × 10−4 a 9.6 ± 0.5 a 25.1 ± 0.7 a 0.1 ± 0.4 a 4.0 ± 0.3 a

M 2.4 × 10−4 ±
1.5 × 10−5 b

1.9 × 10−3 ±
2.0 × 10−4 b 9.8 ± 0.5 a 25.6 ± 0.4 a −0.1± 0.2 a 3.7 ± 0.3 a

L 3.4 × 10−4 ±
2.6 × 10−5 c

3.3 × 10−3 ±
1.8 × 10−4 c 10.2 ± 0.4 a 24.7± 0.6 a 0.2 ± 0.1 a 0.9 ± 0.2 a

z Size as small (S), medium (M), and large (L) avocados. y Color is expressed as the relation of lightness (L*),
green–red (a*), and blue–yellow (b*) values. x Results are presented as the mean ± standard deviation (n = 27).
Means with different letters in the same column represent significantly different values according to Tukey’s test
(p < 0.05).

For this study, peels from ready-to-eat avocados were assessed because the content of polyphenols
is higher at this stage due to the breakdown of chlorophyll, which allows the release of secondary
pigments such as anthocyanins, flavonoids, and tannins [20,21].

3.2. Phytochemicals and Antioxidant Characteristics of the APEs

Table 2 shows the results of the phenolic assessment of the APE of different size groups.
No differences (p > 0.05) were found in TPC between S and M APEs, although TPC was lower
in the L group (p < 0.05). The TFC in the APE of S was significantly higher than that of M and L,
which were nonsignificantly different. Similar to TPC, the APEs of S and M displayed higher DPPH
scavenging capacity (p > 0.05), and that of L was lower (p < 0.05).
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Table 2. Phytochemical characteristics of the avocado peel extract from small (S), medium (M), and
large (L) fruit sizes.

Size TPC
mg GAE/g DM z

TFC
µg QuE/g DM y

DPPH Inhibition
µg TE/g DM x

S 93.7 ± 0.4 a 803.1 ± 89.3 b 160.9 ± 1.6 a
M 92.5 ± 3.2 a 600.7 ± 31.1 a 160.6 ± 2.8 a
L 33.3 ± 2.9 b 580.2 ± 34.9 a 148.2 ± 5.2 b

z TPC (total phenolic content), expressed as gallic acid equivalents (GAE). y TFC (total flavonoid content), expressed
as quercetin equivalents (QuE). x DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scavenging capacity, expressed
as Trolox equivalents (TE). The results are presented as the means ± the standard deviation (n = 3). Means with
different letters in the same column represent values with significant differences according to Tukey’s test (p < 0.05).

Morais et al. [8] indicated that stressors alter the metabolism of the avocado plant; thus,
the vegetative tissue phenolic content is not always similar to that of the fruit. The results presented here
are in agreement with those reported elsewhere [22]. In the latter study of antioxidant development in
the mesocarp of avocado groups from different bloom periods, the authors concluded that phenolic
content was higher in small fruit due to the concentrating effect per unit of flesh; however, this is more
likely to be associated with the impact of stressors. Evidence supporting phenolic increments due
to water stress in grape peel was reported by Villangó et al. [23] and Roby et al. [24]. The authors
of the first study claimed that peel from Vitis vinifera L. grown with water stress presented a higher
concentration of anthocyanins and phenolic constituents, and a low fruit mass was also observed.
Similar results were observed for rice (Oryza sativa L) [25], numerous wild plant species from gypsum
habitats (salt marshes) [26], and wheat leaves (Triticum aestivum L) [27]. Concerning other stressors,
phenolic variability was also caused by temperature [7] and nutrients [28].

3.3. HPLC–UV/vis of Individual Phenolic Content in S, M, and L APEs

Figure 1 represents the phenolic composition variability of the APEs from S, M, and L groups.
The concentration (µg/g of DM) of each identified phenolic compound is in the supplementary material
(Table S1). Regarding the HPLC–UV/VIS analysis, the main phenolic presented in APEs was the
flavanol (−)-epicatechin (Figure 1, peak 3), whose concentration was highest (p < 0.05) in S (24.1 ± 2.2),
followed by M and L (18.5 ± 0.1 and 4.8 ± 0.5, respectively). (+)-Catechin hydrate (Figure 1, peak 1)
was equally (p > 0.05) concentrated in S and M (5.3 ± 1.3 and 5.1 ± 0.1), but lower (p < 0.05) in L
(1.6 ± 0.3). Kaempferol (Figure 1, peak 11) was statistically similar in all of the APEs (5.1 ± 0.2, 5.8 ± 1.0,
and 5.6 ± 0.2). The flavonols rutin and quercetin were identified in all of the samples (Figure 1, peaks 8
and 9). The levels of the first compound were similar (p > 0.05) in S, M, and L APEs (0.6 ± 0.2, 0.2 ± 0.3,
and 1.1 ± 0.0, respectively), whereas the second compound was greater in L and S (p > 0.05) than in M
APE (0.2 ± 0.3). Regarding the flavanones naringin, (±)-naringenin, and hesperidin (Figure 1, peaks 6,
7, and 10, respectively), the first compound was observed in S and M at the same level (p > 0.05; 3.6 ±
0.7 and 2.9 ± 0.6, respectively); it was significantly lower in the L APE (1.2 ± 0.0). Similarly, narangin
presented higher contents in S and M APEs (4.1 ± 0.2 and 5.6 ± 1.3, respectively; p > 0.05), which were
significantly higher than in the L APE (1.5 ± 0.1). Hesperidin was the second principal phenolic in
all of the APEs, with similar concentrations in all cases (p > 0.05; 11.9, 6.9 ± 0.6, and 9.3 ± 0.9, for S,
M, and L, respectively). Phenolic acids appeared in the order of concentration caffeic > coumaric >

ferulic (Figure 1, peaks 2, 4, and 5, respectively). All of the acids were equally concentrated in S and M
(p > 0.05; caffeic: 2.4 ± 0.2 and 2.3 ± 0.2; coumaric: 1.9 ± 0.2 and 1.6 ± 0.2; ferulic: 0.7 ± 0.2 and 0.4 ±
0.1, respectively), although in L APE, the content of all of the identified acids was lower (p < 0.05; 0.9 ±
0.0 and 0.4 ± 0.1 for caffeic and coumaric, respectively), and ferulic was not detected.

The exocarp (peel) role in avocado fruit is the protection of the fruit; thus, phenolics are highly
concentrated as a defense mechanism [24]. (−)-Epicatechin has been reported [29] as the principal
flavonoid in avocado that protects the fruit against microbes. Similarly, phenolic acids, quercetin,
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naringin, and kaempferol have been associated with the antioxidant response of fruit tissues to biotic
and abiotic stressors [4,18,23,24].

Figure 1. Individual phenolics identified avocado peel extracts (APEs) from small (S), medium (M),
and large (L) fruit. The number on each peak represents 1—(+)-catechin hydrate; 2—caffeic acid;
3—(−)-epicatechin; 4—coumaric acid; 5—ferulic acid; 6—(±)-naringenin; 7—naringin; 8—rutin hydrate;
9—quercetin; 10—hesperidin; 11—kaempferol.

The significant role played by each phenolic compound in the protective metabolism of plants
can be extrapolated to humans. The opportunities of polyphenol-rich extracts, particularly from
industry byproducts, were discussed above. Similarly, the purified compounds have a large number
of applications in food, pharmaceuticals, and bioindustries [30–32]. Recently, other authors have
reported [21,33] the high phenolic content in avocado byproducts, and their findings support APEs
being particularly rich in catechin derivatives. Molecules in monomeric epicatechin/catechin and
polymerized forms (proanthocyanidins (PACs)) are of potential interest due to their high antioxidants
and microbial toxicity [34,35]. For example, it was found that the combination of catechins with
antibiotics increased the inhibition of resistant strains of Staphylococcus aureus [36,37]. In addition,
Helicobacter pylori was shown to be sensitive to PACs from APE [38]. Furthermore, the PACs in APE
were demonstrated to positively modulate internal microbiota and protect the colonic mucosa [39,40].
Therefore, therapeutic drugs and antimicrobial agents can be developed based on APE, including
for application in the COVID-19 pandemic. In this sense, it is known that polyphenols prevent and
ameliorate influenza symptoms [41]. It was reported that phenolic compounds interfere with the
replication cycle of the coronavirus in vitro [42]. Consequently, it has been suggested that catechins,
quercetin, and hesperidin, among other flavonoids, have the potential to be used in the design of
coadjutant therapies against viral infection [43].

Phenolic acids, such as caffeic, coumaric, and ferulic acids, have been described as anticarcinogenic,
antimutagenic, anti-inflammatory, antioxidant, and antimicrobial as well [44]. Furthermore,
the incorporation of ferulic acid in food thermic processing results in a reduction in carcinogens
derived from Maillard reactions [45]. Other potential applications of the polyphenol content in APE



Horticulturae 2020, 6, 91 8 of 13

could be bioremediation [46], cosmetics [47], and feed supplements for the reduction of methane
production [48].

3.4. PAL, CHS, and PPO Activities in the Peel of Avocado Sorted by Size

Similar to previous results, variability was observed among enzymatic activities of PAL, CHS,
and PPO among avocado fruit sizes (Figure 2). The resulting enzymatic measurements indicated that S
had higher (p < 0.05) activities of PAL (154.5 ± 13.8) compared to M and L (99.3 ± 6.6 and 6.8 ± 2.4,
respectively). The same tendency was observed in CHS for S, M, and L (p < 0.05; 193.3 ± 5.2, 182.2 ±
7.5, 155.9 ± 3.1, respectively). No differences (p > 0.05) were observed regarding PPO. In all of the
measurements, the lower activity was presented by the L type. These results contrast with those in
previously cited work [22]. These authors reported high enzymatic activities of catalase, ascorbate
peroxidase, and glutathione reductase per gram of mesocarp for the “normal” avocado phenotype,
whereas the small phenotype presented higher superoxide dismutase and PPO activities due to the
“concentrating effect” of the small phenotype.

Figure 2. Enzymatic activities in avocado peel extracts (APEs) of small (S), medium (M), and
large (L) avocados. Abbreviations: PAL—phenylalanine ammonia-lyase; CHS—chalcone synthase;
PPO—polyphenol oxidase. Different letters over each column indicate significant differences according
to Tukey’s test (p < 0.05).

Phenolic metabolism is driven by the activity of PAL catalyzing the transformation of
L-phenylalanine into cinnamic acid; then, the activity of CHS drives the synthesis of flavonoids
produced by the union of the malonyl coenzyme with cinnamic acid. PPO is a copper-containing
enzyme used for phenolic oxidation into o-quinones as a defense mechanism against some biotic
stressors [19]. Studies have revealed that CHS is located in the epidermal and cortex cells or the
elongation zone [7]. Therefore, enzyme and flavonoid synthesis coexists in the same intracellular space.
Stressors such as water, temperature, and UV-C and -B radiation lead to PAL and CHS overexpression
for the synthesis of phenolics [49,50]. By contrast, PPO appears not to be profoundly affected by
different water regimes, as indicated elsewhere [51].

It is notable that peel from the S avocado group is a valuable source of enzymes involved in
phenolic metabolism; in particular, PPO has attracted attention in this research. Avocado PPO has been
found to possess a high level of enzymatic activity, which represents a significant problem in avocado
processing [52]. Several sources, such as potato peel, were found to provide raw material as a source
of PPO for bioremediation of phenol-contaminated water, organic compounds, and biosensors, in
addition to products useful for other analytical applications [19]. Therefore, avocado peel is a potential
source of PPO that has not been investigated to date.
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3.5. Statistical Correlation between the Phytochemical Parameters and Avocado Physiology

Significative positive correlations were found among the response variables in S, M, and L avocado
fruits (Table 3). Strong correlations (p < 0.001) were observed in TPC with DPPH inhibition and with
CHS. Similarly, PAL and CHS were highly correlated (p < 0.001) with weight and volume. In addition,
TPC, TFC, and DPPH were correlated (p < 0.05) with PAL. TFC showed the same correlation with
CHS (p < 0.001). Regarding PPO, it was only correlated (p < 0.05) with PAL and inversely with
weight. Strong negative correlations (p < 0.001) were presented between TFC with weight and volume.
Similarly, PAL and CHS demonstrated the same tendency. TPC was inversely correlated (p < 0.05)
with weight, volume, and DPPH scavenging capacity.

Table 3. Pearson’s correlations among enzymatic activities and fruit weight and volume.

TFC z DPPH PAL CHS PPO Weight Volume

TPC 0.5514 y 0.9753 0.8847 0.9131 0.6220 −0.8118 −0.8943
NS x ** ** ** NS * **

TFC 0.5663 0.8286 0.6938 0.5330 −0.9002 −0.8282
NS * * NS ** *

DPPH 0.8441 0.9088 0.5144 −0.8129 −0.8607
* ** NS * *

PAL 0.8986 0.7202 −0.9626 −0.9859
* * ** **

CHS 0.5194 −0.9157 −0.9334
** **

PPO −0.5863 −0.7319
*

Weight 0.9596
**

Z Abbreviations: TPC—total phenolic content; TFC—total flavonoid content; DPPH—2,2-diphenyl-1-picrylhydrazyl;
PAL—phenylalanine ammonia-lyase; CHS—chalcone synthase; PPO—polyphenol oxidase. y R2 values are reported
above significance level. x NS indicates not significant at p < 0.05. * indicates a statistically significant correlation at
p < 0.05). ** indicates statistically significant correlation at p < 0.001.

Similar correlations have been reported in previous studies, i.e., between DPPH scavenging
inhibition and TPC and flavonoids [18] and between phenolic composition and enzymatic activity
due to abiotic and biotic stressors affecting the plant [53] and hormones [54]. No correlation between
phenols and PPO was observed in the other water-stressed fruits in an earlier report [51]. Nevertheless,
comparative studies correlating fruit phenotypes, phenolic composition, and key enzymes that act
in the phenolic metabolism have not been performed. Therefore, this work is the first to elucidate
the relationship between fruit byproducts, fruit size, phenolic content, and the factors that induce
variability and their impact on biorefinery.

In terms of the circular economy, numerous accounts of successful exploitation of byproducts
in biorefining have been reported. The utilization of food byproducts and eco-friendly technologies
(such as ultrasound, microwaves, pressurized liquids, and others) for processing are now popular
research topics for companies aiming to obtain biomolecules, fibers, polysaccharides, pectin, and
proteins, among numerous other elements [55–57]. These changes have increased the potential of the
bioeconomy and the biorefinery industry [58]. For example, the orange industry generates significant
byproduct waste, including low-quality fruit. It has been noted that these byproducts are rich in
phytochemicals and other valuable compounds, such as pectin, ethanol, and essential oils. Following
the implementation of the biorefinery concept, it was concluded that these changes are economical
and practical, although new opportunities such as the implementation of green technologies and the
development of novel engineering processes remain to be addressed [59].

Similarly, a biorefinery approach has been proposed for potato peel and reviewed for other
tropical fruits [60]. Avocado has been assessed for the integral exploitation of the whole fruit into oil,
encapsulated phytochemicals, xylitol, ethanol, and energy [61]. These studies indicated that the high
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cost of the raw material was the principal factor affecting production. Nevertheless, it was concluded
that the biorefinery concept is economically and environmentally viable if the energy requirements
are reduced. In this sense, formerly, we studied the impact of easy, scalable green extraction methods
(ultrasound and microwave) on the obtainment of extracts that are high in phenolic compounds from
avocado peel [10]. The results demonstrated that the implementation of these methods, separately and
in combination, significantly reduced energy and raw material consumption by up to 75% and 54.8%,
respectively, compared to conventional extraction. Therefore, the integration of green processing and
the phytochemical characteristics of the small, underpriced avocado size fruits studied herein will be
pivoting for the bioeconomy of the avocado industry.

4. Conclusions

As a live organism, avocado orchards produce different sized fruits; those with a larger size are
better valorized than the smaller fruits that are usually discarded or utilized for processing. In this study,
our hypothesis, stated at the beginning of this work, was probed. Greater TPC, TFC, and inhibition
of DPPH radicals, higher content of individual flavonoids and phenolic acids, in addition to the
higher activities of PAL, CHS, and PPO in the APEs of small-sized “Hass” avocados compared to
the large-sized type were demonstrated. Peels from small avocado fruits are an excellent source of
phenolic compounds and enzymes, with multiple industrial applications on food, pharmaceuticals,
biochemistry, and analytics. Moreover, it is recommended that eco-friendly extraction technologies to
enhance the bioeconomy of the avocado industry and promote sustainability in a biorefinery framework
be implemented. Consequently, the utilization of avocado byproducts is pivoting to provide healthy,
wholesome, and high-quality foods and to reduce environmental pollution and economic losses.
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