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ABSTRACT: The present work aimed to study oxidative damage and protection,
phenylpropanoid metabolism, and the quality of minimally processed colored sweet
potatoes cultivated with increments in P2O5 fertilization. Sweet potato was cultivated
with 0, 60, 120, 180, and 240 kg ha−1 of P2O5. The roots were harvested, and the P
content in the roots and leaves was quantified. The roots were minimally processed and
kept for 20 days at 5 °C. In general, the roots that were fertilized with P2O5 showed a
higher content of the analyzed variables. The highest P dosage in the soil increased the P
content in roots and leaves and the agro-industrial yield. Roots cultivated with P2O5
showed a higher content of hydrogen peroxide, phenolic compounds, vitamin C, yellow
flavonoids, anthocyanins, and carotenoids, antioxidant capacity by the DPPH method,
and higher activity of the enzymes polyphenol oxidase, peroxidase, and phenylalanine
ammonia lyase. These results demonstrated the role of phosphorus in protecting against
oxidative damage due to the accumulation of bioactive compounds, thus improving the
physicochemical quality of minimally processed orange sweet potato.

■ INTRODUCTION
The sweet potato (Ipomoea batatas (L.) Lam.; I. batatas) ranks
seventh in the world’s crop statistics outranked only by wheat,
rice, maize, potato, cassava, and barley, making it an important
food crop that serves as a source of energy and nutrition in
many countries.1,2 It is considered a food safety crop due to its
low input requirements, ease of production, and high-
nutritional components.3,4 In Brazil, sweet potato has a strong
social role as it is cultivated by small farmers with generally
family-based labor. Perhaps for this reason, it is still an
unexplored culture in the country mainly with regard to new
technologies, information on management, fertilization, and
the development of new cultivars adapted to different Brazilian
regions.5

The nutritional composition and productive potential place
the sweet potato among the interests of the industry regarding
its use either as a minimally processed source of raw material
for obtaining bioactive compounds or for obtaining industrial-
ized products with nutritional quality or even for adding
greater commercial value to other products.6 As pigmented
pulp cultivars have high levels of carotenoids6,7 with
antioxidant potential, sweet potato is a possible alternative as
a food supplement to supply vitamin A deficiency and an
abundant and low-cost source of β-carotene when compared to
white and cream-fleshed cultivars.8 Sweet potato roots are also
sources of phenolic compounds, which are antioxidants with

pharmacological activity, and thus, the crop can potentially be
used as a functional food. Consequently, the phenolic content
in sweet potato roots can serve as a useful indicator of their
antioxidant activity.9

The proper application of phosphorus can enhance sweet
potato yields as the crop is very efficient in absorbing
phosphorus. Due to the common deficiency in Brazilian soils
of this nutrient, it must be applied in a readily available form
and at the right time.10,11 Recently, another role was
discovered for phosphorus in inducing the metabolism of
phenylpropanoids and oxidation of phenolic compounds that
cause browning in minimally processed cassava.12 This
discovery complemented previous findings that provided
more biochemical details on the participation of adenosine
triphosphate (ATP) in the intra- and intercellular signaling and
transduction process in the tissues of cut carrots that leads to
wound-induced biosynthesis and accumulation of phenolic
compounds.13

Received: June 13, 2023
Revised: October 11, 2023
Accepted: October 13, 2023
Published: November 1, 2023

Articlehttp://pubs.acs.org/journal/acsodf

© 2023 The Authors. Published by
American Chemical Society

42235
https://doi.org/10.1021/acsomega.3c04196

ACS Omega 2023, 8, 42235−42247

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Valecia+Nogueira+Santos-Silva"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pablo+Henrique+de+Almeida+Oliveira"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Welder+de+Arau%CC%81jo+Rangel+Lopes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aline+Lima+Soares"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aline+Lima+Soares"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Natanael+Lucena+Ferreira"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ariel+Sharon+de+Arau%CC%81jo+Nogueira+Marcelino"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sarah+Alencar+de+Sa%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sarah+Alencar+de+Sa%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fred+Augusto+Loure%CC%82do+de+Brito"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniel+A.+Jacobo-Vela%CC%81zquez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aure%CC%81lio+Paes+Barros-Ju%CC%81nior"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aure%CC%81lio+Paes+Barros-Ju%CC%81nior"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lindomar+Maria+da+Silveira"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adriano+do+Nascimento+Simo%CC%83es"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c04196&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04196?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04196?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04196?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04196?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04196?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/45?ref=pdf
https://pubs.acs.org/toc/acsodf/8/45?ref=pdf
https://pubs.acs.org/toc/acsodf/8/45?ref=pdf
https://pubs.acs.org/toc/acsodf/8/45?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c04196?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/open-access/licensing-options/
https://pubs.acs.org/page/policy/authorchoice_ccbyncnd_termsofuse.html
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


The findings by Eugen̂io et al.12 raised the question of
whether the browning evidenced in minimally processed
cassava was intensified because this root lacks or has small
amounts of these antioxidant pigments, such as carotenoids
and flavonoids among others. These phytochemicals can also
mask oxidative reactions due to the coloring of these pigments,
reducing the appearance of browning.14 Thus, this suggests
that a root containing these pigments, such as sweet potato,
may have enzymatic browning masked by them. This research
aimed to study the use of increasing doses of P2O5 as an
agronomic modulator for the induction of bioactive com-
pounds and protection from oxidative damage in sweet
potatoes after minimal processing.

■ MATERIAL AND METHODS
Characterization, Management of the Experimental

Area, Fertilization, and Culture Management. Sweet
potato plants were cultivated in the experimental unit of
Fazenda Rafael Fernandes belonging to the Federal Rural
University of the Semiarid region (UFERSA). The study area
is located in the Alagoinha district in Mossoro ́ in the state of
Rio Grande do Norte, Brazil (5°03′31.00″ S, 37°23′47.57′′ W,
and 80 m altitude). According to the Köppen classification, the
characteristic climate of the region is semi-arid of the BSh type
(dry and very hot)15 with the rainy season occurring between
February and May. The average annual precipitation in the
region is 670 mm, the relative humidity is 68.9%, and the dry
period is from June to January.15 Meteorological data were
collected throughout the experiment through the meteoro-
logical station installed on the experimental farm (Figure S1).
The soil in the experimental area is classified as typical

dystrophic Red Latosol.16 Soil samples at depths of 0−0.20 m
and 0.20−0.40 m were collected for chemical character-
ization17 (Table 1).
Vegetative propagation of sweet potato (I. batatas) cv.

Parana ́ was used in cultivation. These were obtained from a
multiplication field located at the Rafael Fernandes. Exper-
imental phosphate fertilization was carried out via fertigation
with monoammonium phosphate (MAP) (61% P2O5 and 12%
N) at the following doses: 0, 60, 120, 180, and 240 kg ha−1.
The field experiment was conducted from May to September
2021. The phosphate fertilizer was fully applied at planting.
Fertilization with nitrogen (N) and potassium (K) was carried
out according to the manual of the Instituto Agronômico de
Pernambuco IPA (2008). The N and K fertilizations were split
twice and applied via fertigation, having, as sources, urea (46%
of N) and potassium chloride (KCl) (60% of K2O),
respectively. Most nitrogen (80%) was applied 15 days after
planting; the remaining 20% was not used to avoid shoot
growth. Half of the potassium was applied at 20 days after
planting, and the other 50% was applied 45 days after planting.
The amounts of N and K were 1.677 and 1.608 kg per plot,
respectively. The amount of N applied was averaged from the
MAP that makes phosphorus and nitrogen available jointly. An
overview of the shoot at 100 days is shown in Figure S2.
The irrigation system was a drip type with emitters spaced at

0.30 m applied to an average depth of 11 mm. Tensiometers
were implanted to monitor the soil moisture. Daily irrigation
was carried out up to 30 days after planting. From 30 to 75
days after planting, irrigation was performed when the
tensiometers showed −20 k Pa. From 75 to 90 days after
planting, irrigation was suspended then resumed and carried T
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out once a week until harvest, which was carried out 154 days
after planting considering the soil moisture.

Harvest, Minimal Processing, and Storage. The sweet
potato roots were harvested and transported to the Center for
Graduate Studies in Vegetal Production (PGPV) of the
Academic Unit of Serra Talhada of the Federal Rural
University of Pernambuco (UAST/UFRPE) located in the
municipality of Serra Talhada in the state of Pernambuco,
Brazil. The roots were harvested after 150 days and minimally
processed according to Silva et al.14 In minimal processing, the
roots were selected and washed, and the periderm was
removed. Subsequently, they were sliced approximately 20
mm thick. The roots were then immersed in water at 5 °C for
10 s, sanitized for 10 min in chlorinated water (200 mg L−1) at
5 °C, and rinsed for 10 in chlorinated water (5 mg L−1) at 5
°C. After the water was drained for 10 min outdoors, using
perforated plastic trays, the slices were placed in polypropylene
packages (150 × 150 × 0.0005 mm thick) and stored at 5 °C
for 20 days. Each experimental unit consisted of approximately
150 g of slices with three repetitions used per treatment (0, 60,
120, 180, and 240 kg ha−1 of P2O5).
Analyses were performed on days 0, 4, 8, 12, 16, and 20. On

each sampling time, cortex samples ±2 mm thick were
collected, frozen in liquid nitrogen, and stored in an
ultrafreezer (−80 °C).

Agro-industrial Yield and Phosphorus Content. The
agro-industrial yield was determined in percentage terms as
described by Freire et al.18 using the following formula

AIY
FW
IW

100i
k
jjj y

{
zzz= ×

(1)

where AY is the agro-industrial yield (%), FW is the final
weight (g), and IW is the initial weight (g).
To measure the P contents (g kg−1) in the vegetative parts

(leaf and root), 0.4 g samples were digested with sulfuric
acid.19 Phosphorus was determined by colorimetry using the
phosphomolybdic complex method in a reducing medium.19

Visual Assessment (General Appearance), Fresh
Weight Loss, and Total Soluble Solids. The visual quality
was assessed by a panel of raters to determine the presence or
absence of dark spots, streaks, and discoloration on the surface
of a slice of the potato flesh in addition to the presence of odor,
proliferation of Pseudomonas spp., and whitening in the
samples. Scores from 5 to 1 were subjectively assigned, as
described by Simões et al.20

The relative loss of fresh mass, expressed in percentage
terms, was calculated by the difference from the initial fresh
weight according to the following formula

FWL
(IFW FFW)

IFW
100

Ä

Ç
ÅÅÅÅÅÅÅÅÅ

É

Ö
ÑÑÑÑÑÑÑÑÑ

= ×
(2)

where IFW is the initial fresh weight after processing (g) and
FFW is the final fresh weight obtained after two-day intervals.
The packages were weighed on a semi-analytical scale (ARD
110, OHAUS Adventurer, Parsippany, USA).
For the determination of soluble solids, approximately 30 g

of sweet potato slices was macerated with the aid of a mortar
and porcelain pestle. The juice obtained was added to the
prism of a refractometer, and the result was expressed as a
percentage.

Total Carotenoids, Lycopene, and β-Carotene. The
carotenoid content of the samples was determined according

to the analytical methodology of separation and extraction of
the compounds with organic solvents. Sweet potato samples
(0.25 g) were weighed and added to 1.25 mL of acetone, 1.25
mL of methanol, and 2.5 mL of hexane. The extract was then
kept at rest for 24 h away from light. After this period, the
samples were centrifuged at 9000 rpm for 5 min at 4 °C. For
lycopene determinations, the absorbance read at 470 nm was
used, and for β-carotene, the absorbance read at 450 nm. Thus,
carotenoids were determined according to eq 3.21,22

A V
carotenoid content

1,000,000
A M 1001cm

1%= × ×
× × (3)

where A is the absorbance of the solution at 470 nm for
lycopene and 450 nm for β-carotene, V is the final volume of
the solution, ε is the molar extinction coefficient of each
pigment in the specific solvent (3450 for lycopene and 2592
for β-carotene), and M is the mass of samples for analysis.

Yellow Flavonoids and Anthocyanins. The yellow
flavonoids and anthocyanins were quantified according to the
methodology proposed by Francis (1982)23 with slight
modifications. A 1 g portion of sweet potato was weighed
and homogenized with 30 mL of ethanol−HCl solution (1.5
N) for 2 min. The sample was filtered, and the volume was
adjusted to 50 mL. Then, the extract was transferred to tubes
wrapped in aluminum foil and kept at rest for 12 h at 4 °C.
The blank was composed only of the ethanol−HCL solution
(1.5N). Readings were taken in a spectrophotometer (Libra S8
model, Biochrom) at 535 nm for anthocyanins and 374 nm for
flavonoids.
The calculations were made using the following formulas:

anthocyanin content
(Abs 50,000)

98.2
535nm=

×
(4)

flavonoid content
(Abs 50,000)

76.6
374nm=

×
(5)

Extracts for evaluating the antioxidant activity in vitro were
obtained by macerating 0.4 g of fresh samples with 2 mL of
methanol and were left to rest for 24 h. After this period, the
extracts were centrifuged at 9000g for 21 min at 5 °C, and the
supernatant was used for subsequent antioxidant activity
evaluations.

Determination of Antioxidant Activity through in
Vitro Tests (DPPH and FRAP). The antioxidant capacity by
DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scavenging assay
was determined as proposed by Brand-Williams et al.24 with
adaptations. For the assay, 840 μL of DPPH solution (0.1
mM) and 60 μL of the supernatant were combined. The
control assay was prepared by adding 840 μL of the DPPH
solution and 60 μL of the methanolic extract. After 30 min of
reaction, readings were taken with a spectrophotometer
(Biochrom, Libra S8, Cambridge, U.K.) at 517 nm and 25
°C. The decline in the absorbance of the samples generated the
percentage of free radical scavenging (%FRS), which was
calculated by the following equation:

percent inhibition
(Abs Abs )

Abs
100control DPPH sample

control DPPH
= ×

(6)

The antioxidant activity evaluated by the iron reduction
power was measured according to the methodology proposed
by Benzie and Strain25 with adaptations. For the assay, a 900
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μL aliquot of FRAP reagent (mixture containing 0.3 M acetate
buffer, pH 3.6, 0.8 M TPTZ, and 1.66 mM ferric chloride) was
mixed with 90 μL of distilled water and 30 μL of the
supernatant. The solution was then homogenized in a tube
shaker and kept in the dark for 30 min at 37 °C. After
incubation, readings were performed with a spectrophotometer
(Biochrom, Libra S8, Cam bridge, U.K.) at 594 nm and 25 °C.
For the blank, 900 μL of FRAP reagent, 90 μL of distilled
water, and 30 μL of an extractor (methanol) were used. The
antioxidant potential of the extracts was determined from a
calibration curve, traced with ferrous sulfate (FeSO4·7H2O) in
concentrations from 0 to 1500 μM. The results were expressed
in millimole Fe2+ per kilogram.

Total Soluble Phenols and Vitamin C. The extraction
and quantification of total soluble phenols were performed
according to the method proposed by Fernando Reyes et al.26

with adaptations. Vitamin C was quantified for the same
extract as proposed by Sańchez-Rangel et al.27 A portion (0.25
g) of sweet potato was weighed in a mortar and pestle
containing 1.5 mL of pure methanol. The extract remained at
rest for 20 h in the dark at 4 °C and centrifuged at 10,000g at 2
°C for 21 min. A volume of 150 μL of the supernatant, 2,400
μL of distilled water, and 150 μL of Folin−Ciocalteu (0.25 N)
were mixed. The mixture was homogenized for 3 min, and
then the vitamin C reading was performed at 765 nm. The
concentration of vitamin C was calculated from the standard
curve of ascorbic acid from 0.1 to 3.0 mM, and the result was
expressed in milligrams of ascorbic acid per gram of WF. After
reading, 300 μL of sodium carbonate (1N) was added to the
mixture containing the sample and Folin−Ciocalteu then was
kept in the dark at room temperature for 2 h. Readings were
performed in a spectrophotometer (Biochrom, Libra S8,
Cambridge, U.K.) at 765 nm, and the result was expressed
in milligrams of gallic acid per 100 grams of MF, compared to a
standard curve of gallic acid for soluble phenols.

Electrolyte Leakage, Detection, and Quantification of
Hydrogen Peroxide and Lipid Peroxidation. To deter-
mine the electrolyte leakage, cubes of approximately 2 g of
sweet potato were added to test tubes containing 15 mL of
ultrapure water and left to rest for 30 min. Then, the initial
extravasation value was measured (V1). After this, the tubes
were kept in a water bath at 95 °C for 30 min, and then the
final extravasation reading (V2) was taken. Both readings were
taken with an electronic conductivity meter. Thus, the
electrolyte leakage was determined according to the following
equation:

EE(%)
V1
V2

100= ×
(7)

Hydrogen peroxide (H2O2) was histochemically detected by
microscopy and by the staining technique described by Olson
and Varner28 and Repka.29 Fractions of the superficial region
of cassava tissue (2 × 2 × 5 mm) were vacuum-infiltrated with
3,3′-diaminobenzidine tetrachloride (DAB) in the dark at −25
Ba for 5 h. Then, the cellulose was washed with sodium
hypochlorite for 1 min. Control samples were infiltrated with
ascorbic acid (1 mM). All sample images were recorded with a
semiprofessional digital camera (Nikon D3100) (14.2
megapixels) and recorded with a stereomicroscope (Labomed
Luxeo 4D Zoom stereo digital inocular microscope with a
stereo zoom under 10× magnification).
Quantification of hydrogen peroxide (H2O2) was carried out

according to Kasnak and Palamutoglu30 with modifications.

Samples of 0.1 g of tissue were macerated with 2.0 mL of 1%
trichloroacetic acid (TCA). The extract was centrifuged at
1200 rpm for 15 min at 4 °C. For the reaction, 0.6 mL of the
supernatant with 0.7 mL of potassium phosphate buffer and
0.7 mL of potassium iodide solution were combined and kept
at rest for 30 min, and then readings were taken at 390 nm.
The hydrogen peroxide content was estimated in milligrams
per 100 grams of H2O2.
Lipid peroxidation was estimated by the content of reactive

substances to thiobarbituric acid (TBARS), according to
Heath and Packer.31 Then, 0.1 g tissue samples were
macerated in a mortar with 1.0 mL of 6% trichloroacetic
acid (TCA). The extract was centrifuged at 7960 rpm for 15
min at 4 °C. Then, 0.5 mL of the supernatant was added to 1.5
mL of the reaction medium containing 20% (w/v) TCA and
0.5% (w/v) TBA in closed tubes. The tubes were kept at 95 °C
for 1 h followed by an ice bath at 5 °C. Then, readings were
taken at 532 and 660 nm. The TBARS content was estimated
using the molar extinction coefficient of 155 mM−1 cm−1 and
expressed in nanomole per gram of MF.

Enzyme Extractions and Assays. Phenylalanine Am-
monia Lyase (PAL). PAL activity was determined following the
methodology described by Ke and Saltveit32 with adaptations.
Samples of 0.5 g of plant tissue were collected and
homogenized in a mortar with 3 mL of sodium borate buffer
(0.1 M, pH 8.8) composed of β-mercaptoethanol (5 mM),
EDTA (2 mM), and 1% insoluble PVPP (polyvinylpyrroli-
done) (w/v). Subsequently, the enzymatic extract was filtered
and centrifuged at 25,000g for 20 min at 4 °C.
For the assay, 1.5 mL of L-phenylalanine (60 mM) was

added to a borate buffer (0.1 M, pH 8.8), and the buffer was
kept at 40 °C for 15 min. Then, 0.5 mL of the enzymatic
extract was added. After 20 min of incubation at 40 °C, the
absorbance was measured at 290 nm with a spectrophotometer
(Biochrom, Libra S8, Cambridge, England). PAL enzyme
activity was expressed as ΔAbs per hour per gram of FW.

Polyphenol Oxidase (PPO) and Peroxidase (POD). The
PPO and POD enzymes were extracted, and their activity was
tested according to de Albuquerque et al.33 with adaptations.
Samples (0.25 g) from the superficial region of the tissue were
macerated and homogenized in 1.5 mL of 0.2 M potassium
phosphate buffer (pH 6.0). The extract was centrifuged at
10,000g for 21 min at 4 °C.
The PPO assay was performed by adding 100 μL of

supernatant to a reaction medium containing 1.5 mL of
potassium phosphate buffer (0.2 M, pH 6.0) and 1.3 mL of
catechol (0.2 M), which was previously maintained at 25 °C in
a dry bath. Readings were taken at intervals of 30 s over 2 min
with a spectrophotometer (Biochrom, Libra S8, Cambridge,
England) at 425 nm at a temperature of 25 °C. PPO activity
was calculated based on the molar extinction coefficient of
3400 M cm−1 for catechol and was expressed in micromole
catechol per minute per gram of MF.
The POD assay was performed by adding 100 μL of the

supernatant to a reaction medium containing 1 mL of
potassium phosphate buffer (0.2 M, pH 6.0), 100 μL of
guaiacol (40 mM), and 100 μL of sodium peroxide hydrogen
(23 mM) that was previously maintained at a temperature of
25 °C in a dry bath. Absorbances were read at intervals of 30 s
over 2 min using a spectrophotometer (Biochrom, Libra S8,
Cambridge, England) at 470 nm. POD activity was calculated
based on a guaiacol molar extinction coefficient of 26.6 mM−1
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cm−1 and is expressed in micromole guaiacol per minute per
gram of WF.

Experimental Design and Statistical Analysis. The
experiment was implemented in a completely randomized
design with a 5 × 6 factorial arrangement represented by five
treatments (phosphate fertilization: 0, 60, 120, 180, and 240 kg
ha−1 P2O5) and six evaluation days (0, 4, 8, 12, 16, and 20
days) with three replications. Each experimental unit was
represented by a package containing approximately 150 g of
minimally processed sliced sweet potato roots. The H2O2
detection analysis was performed only on days 0 and 20 of
conservation. Data were subjected to normality (Shapiro-Wilk)
and homoscedasticity (Levene) tests, analysis of variance, and
Tukey’s test at 5% probability using SAS software, and graphs
were created using Sigma Plot software, version 11.0.

■ RESULTS
Appearance, Phosphorus Content, and Agro-indus-

trial yield. Fertilization starting at 120 kg ha−1 of P2O5
resulted in visible changes in the roots, making them larger
(Figure 1). This was accompanied by a higher P2O5 content in
the leaves and roots (Table 2). For the agro-industrial yield in

potatoes after minimal processing, a significant increase
occurred with the dosage of 120 kg ha−1 of P2O5 (Table 2).

Fresh Weight Loss, Soluble Solids, and Visual
Evaluation. Fresh weight loss increased during storage in all
minimally processed roots (Figure 2A). Interestingly, the
greatest losses were for the pieces that had their roots fertilized
with 120 and 180 kg ha−1 of P2O5; the differences were
significant at 8, 12, and 16 days (Figure 2 B). In the case of
soluble solids, fertilizations with P2O5 at doses of 60, 120, and
240 kg ha−1 of P2O5 tended to increase in their average value
compared to the control; this was observed at the beginning
(day zero) and at 4, 12, and 20 days (Figure 2B). The scores
corresponding to the visual evaluation dropped during
conservation regardless of P2O5 fertilization (Figure 2C).
The minimally processed potatoes took a maximum period of
8 days to reach commercial grade with the potatoes that were
fertilized with 180 and 240 kg ha−1 of P2O5 achieving a slightly
higher grade (Figure 2C). A sharp drop after a short time was
due to whitening symptoms (Figure 1). However, during
storage, at 20 days, there were still small, blackened spots,
mainly in the potatoes that had received higher levels of
phosphorus fertilization; however, this was not considered to
be the main problem of quality loss (Figures 1B and 2).

Total Carotenoids, β-Carotene, and Lycopene. It was
evident that the sweet potato pieces from roots not fertilized
with P2O5 at the during storage had significant lower levels of
total carotenoids, β-carotene, and lycopene (Figure 3A−C). At
20 days, potatoes fertilized with 120 and 180 kg ha−1 P2O5
showed the highest levels of these pigments (Figure 3A−C).

Yellow Flavonoids and Anthocyanins. The levels of
yellow flavonoids and anthocyanins were significantly higher
from the beginning to the end of the experiment for the roots
fertilized with P2O5 compared to the control (Figure 4A,B). A
higher content of yellow flavonoids was observed in the pieces
of roots treated with the highest level (240 kg ha−1) of
phosphate after 8, 12, and 16 days of processing.

Antioxidant Capacity (DPPH and FRAP). The level of
antioxidant capacity measured by the DPPH method was
significantly higher from the beginning to the end of the
experiment for the roots fertilized with P2O5 compared to the
control (Figures 5 B). This pattern was not observed for
antioxidant capacity by the FRAP method (Figure 5 B),
although the same trend continued at the end of 20 days
(Figure 5 B).

Figure 1. (A) Roots of sweet potato cv. Parana ́ grown at different
levels of phosphate fertilization (0, 60, 120, 180, and 240 kg ha−1

P2O5). (B) Visual appearance illustrations and (C) appearance of
minimally processed sweet potato after 8 days of storage, immediately
removed from the package (I) and later hydrated (II), grown at
different levels of phosphate fertilization (0, 60, 120, 180, and 240 kg
ha−1 P2O5), minimally processed, and stored for 20 days at 5 ± 2 °C
and 90 ± 5% RH. Images are provided by the author.

Table 2. Agro-industrial Yield (%) and Phosphorus Content
(g kg−1) in Different Parts of the Sweet Potato Plant cv.
Parana ́ Submitted to Different Levels of Phosphate
Fertilization (0, 60, 120, 180, and 240 kg ha−1 P2O5);
Letters Represent Significant Differences by Tukey’s Test at
5% Probability, and Capital Letters Compare the Different
Phosphate Fertilization Levels

phosphorus content (g kg−1)

fertilizer dose
(kg ha−1 P2O5)

agro-industrial
yield (%) leaf root

0 35.61 ± 3.72BC 1.75 ± 0.16B 1.99 ± 0.25A

60 30.49 ± 2.35C 1.73 ± 0.22B 2.10 ± 0.20A

120 38.14 ± 6.9B 2.36 ± 0.14A 2.27 ± 0.67A

180 34.10 ± 5.07BC 2.69 ± 0.29A 2.33 ± 0.15B

240 50.97 ± 4.89A 2.5 ± 0.04B 3.10 ± 0.27A
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Vitamin C and Total Phenolic Compounds. Concern-
ing the content of vitamin C and total phenolic compounds,
during storage, the phosphate-fertilized potatoes showed
significantly higher values of these phytochemicals (Figure 6
A). Furthermore, in the case of total phenolic compounds, the
harvested sweet potatoes grown at the highest P2O5 dosages
resulted in the highest phenolic content (Figure 6 B).

TBARS, Electrolyte Leakage, and Hydrogen Peroxide
Content. TBARS and hydrogen peroxide levels and electro-
lyte leakage were similar at the beginning of the experiment
regardless of whether the roots were fertilized with P2O5

(Figure 7A−C). During storage of the sweet potato slices,
these measures increased. No significant differences were
observed in the case of electrolyte leakage and TBARS levels
(Figure 7A,B). However, for H2O2 levels, the roots fertilized
with P2O5 showed the highest levels of H2O2 from eight days
onward (Figure 7 C).

H2O2 Detection. For the detection of H2O2, on day 0, the
pieces from nonfertilized roots showed little difference in dark
tones whether treated with DAB alone or together with ASA
(Figure 8). This was in contrast to the roots that were

Figure 2. (A) Fresh weight loss (%), (B) visual score (5−1), and (C)
soluble solids (°Brix) in roots of sweet potato cv. Parana ́ grown at
different levels of phosphate fertilization (0, 60, 120, 180, and 240 kg
ha−1 P2O5), minimally processed, and stored for 20 days at 5 ± 2 °C
and 90 ± 5% RH. Bars represent the standard deviation of the mean.
Letters represent significant differences by Tukey’s test at 5%
probability. Capital letters compare the different phosphate
fertilization levels, and lowercase letters compare storage days.

Figure 3. (A) Total carotenoids (mg 100 g−1 FW), (B) β-carotene
(mg 100 g−1 FW), and (C) lycopene (mg 100 g−1 FW) in roots of
sweet potato cv. Parana ́ grown at different levels of phosphate
fertilization (0, 60, 120, 180, and 240 kg ha−1 P2O5), minimally
processed, and stored for 20 days at 5 ± 2 °C and 90 ± 5% RH. Bars
represent the standard deviation of the mean. Letters represent
significant differences by Tukey’s test at 5% probability. Capital letters
compare the different phosphate fertilization levels, and lowercase
letters compare storage days.
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cultivated with increased phosphorus fertilization, where the
pieces treated with DAB alone always had a darker hue
compared to those treated with DAB + ASA (Figure 8). A
more intense darkening in the pieces with DAB was observed
in samples collected at 20 days (Figure 8).

Peroxidase (POD), Polyphenol Oxidase (PPO), and
Phenylalanine Ammonia (PAL) Activity. At the beginning
of conservation (day 0), POD and PPO activities of potatoes
derived from phosphate fertilization were significantly higher
than those of the control (Figure 9A,B). In the same period,
PAL activity was significantly increased only in the samples of
potatoes derived from fertilization of 240 kg ha−1 with P2O5
(Figure 9 C). During storage, the PPO activity was significantly
lower in the control sweet potato tissues (Figure 9 B). For
POD and PAL, these differences were accentuated at 12 and
16 days for the control roots (Figure 9A,C).

■ DISCUSSION
The present work investigated the effect of increasing doses of
P2O5-based fertilization on oxidative damage and protection
and the accumulation of important antioxidants for the quality

of minimally processed orange sweet potato roots. It is
believed that phosphate fertilization can accelerate phenyl-
propanoid metabolism, resulting in the accumulation of
phenolic compounds.12 Furthermore, it is assumed that,
depending on the sensitivity of the tissue to browning, these
increases in antioxidant metabolites, instead of being positive,
become a problem as they stimulate the evolution of enzymatic
browning as seen in minimally processed manioc.12 In the
present research, the plant model to investigate this
phenomenon was the root of an orange sweet potato called
Parana,́ a commercial variety grown in Brazil, accepted as a
table sweet potato being sweet and14 fast-cooking32 and with
an orange hue attractive to the consumer.14

The main problem that led to the loss of quality of the
minimally processed sweet potatoes in this study was the
disorder caused by whitening where the pieces became aged
regardless of the P2O5 dose to which the potatoes had been
subjected (Figure 1C). Changes in the visual quality were
quantified by assigning a visual score between 5 and 1 in which
grade 3 was considered the acceptable limit.20 A trained panel
gave this score for samples stored within a limit of eight days

Figure 4. (A) Yellow flavonoids (mg 100 g−1 FW), (B) anthocyanins (mg 100 g−1 FW) in roots of sweet potato cv. Parana ́ grown at different levels
of phosphate fertilization (0, 60, 120, 180, and 240 kg ha−1 P2O5), minimally processed, and stored for 20 days at 5 ± 2 °C and 90 ± 5% RH. Bars
represent the standard deviation of the mean. Letters represent significant differences by Tukey’s test at 5% probability. Capital letters compare the
different phosphate fertilization levels, and lowercase letters compare storage days.
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regardless of whether the roots were derived from phosphate
fertilization (Figure 2 C). Results indicated no relationship
between the phosphorus doses and the whitening symptoms. It
is worth noting that, although these potatoes presented
whitening symptoms that could compromise marketing,
when hydrated, they return to the initial orange color similar
to that observed in the first days of storage (Figure 1 C). Sweet
potatoes are usually steamed or boiled in water. For this
reason, storage was extended for up to 20 days even knowing
that bleaching could compromise the visual quality of the
uncooked sweet potato.
The sweet potato samples from soil treated with phosphate

fertilizers after minimal processing showed increased levels of
β-carotene, lycopene, and total carotenoids in their tissues in
addition to yellow flavonoids and anthocyanins compared to
the control sweet potatoes (Figures 3A−C and 4A,B).
However, even with these pigment differences, there were no
differences in the perception of whiteness even though another
study by Ahmed et al.34 related whiteness to pigment
degradation. It is believed that the main cause of whitening

is a physical phenomenon related to dehydration,35 as also
studied by Cisneros-Zevalllos et al.36 Furthermore, it is worth
noting that the method of Francis et al.23 was used for
anthocyanins in which the values were obtained as total
anthocyanins. Unlike that reported by Lee et al.,37 using more
robust methods, Tang et al.38 expressed their results as
monomeric anthocyanin cyanidin-3-glucoside equivalent.
However, when we compare total anthocyanins, our data are
in the range of 40−80 mg 100 g−1, the data from Tang et al.38

are in values close to 20 mg CyE/g. We believe that this
difference may be due to the plant material and also the
technique mentioned. In the present study, the percentage loss
of fresh mass was estimated in the packaged pieces from the
different P2O5 fertilizations, where an increase in the mass loss
was noted. At the end of the conservation period, however, the
doses of 120 and 180 kg of P2O5 ha−1 were the ones that
showed the highest moisture loss (Figure 2A). However, this is
difficult to explain in practice as there was no difference in
whitening between treatments.

Figure 5. (A) FRAP (mmol Fe2+ kg FW) and (B) DPPH scavenging activity (%) in roots of sweet potato cv. Parana ́ grown at different levels of
phosphate fertilization (0, 60, 120, 180, and 240 kg ha−1 P2O5), minimally processed, and stored for 20 days at 5 ± 2 °C and 90 ± 5% RH. Bars
represent the standard deviation of the mean. Letters represent significant differences by Tukey’s test at 5% probability. Capital letters compare the
different phosphate fertilization levels, and lowercase letters compare storage days.
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The application of P2O5 at any dose resulted in higher levels
of yellow flavonoids and anthocyanins as well as greater
antioxidant capacity by the DPPH method, vitamin C, and
total phenolic compounds, compared to the control (Figures
4A,B, 5D, and 6A,B). In addition, the highest doses of P2O5
resulted in minimally processed tissues richer in phenolic
compounds (Figure 6B), which can be explained in part by the
higher PAL activity (Figure 9 C), a key enzyme in the
phenylpropanoid metabolism, where phenolic compounds are
biosynthesized.39 This fact shows the participation of
phosphorus in the accumulation of phenolic compounds in
sweet potato cv. Parana ́ as also observed in minimally
processed cassava.12 Interestingly, in the case of the sweet
potato under study, the tissue did not darken intensely as in
the cited work by Eugen̂io et al.,12 even observing greater PPO
and POD activities in the tissues that were higher in soil
fertilized with phosphorus compared to the control (Figure
9A,B). It is believed that the presence of pigments or
antioxidants in the tissue of the sweet potato cv. Parana,́ as
seen in Figures 2−5, made the plant more tolerant to

enzymatic browning, as evidenced in the study performed by
Silva et al.14

Therefore, we highlight an important role of phosphate
fertilization in reducing enzymatic browning in minimally
processed sweet potato roots. More investigations must be
carried out to elucidate the functions of phosphorus to
complement the knowledge evidenced by Jacobo-Vellazquez
and Cisneros-Zevallos40 and by Eugen̂io et al.12 However, it
has been reported that phosphorus applied via fertilization is a
nutrient that increases bioactive compounds in strawberries41

and Vitex negundo Linn.42

Regarding oxidative damage, some parameters indicative of
cell damage, such as TBARS and hydrogen peroxide content,
and the in situ detection of H2O2 were measured (Figures 8
and 9). In general, phosphate fertilization did not increase
membrane damage or TBARS content (Figure 7A,B).
However, H2O2 levels were significantly higher in the tissues
of minimally processed roots derived from P2O5-based
fertilization (Figure 7C). Moreover, H2O2 was detected in
the tissues using the DAB reagent and the addition of
ascorbate as a control. Interestingly, a slightly darker tissue was

Figure 6. (A) Vitamin C (mg of ascorbic acid g−1 FW), (B) total soluble phenols (mg of gallic acid 100 g−1 MF) in roots of sweet potato cv. Parana ́
grown at different levels of phosphate fertilization (0, 60, 120, 180, and 240 kg ha−1 P2O5), minimally processed, and stored for 20 days at 5 ± 2 °C
and 90 ± 5% RH. Bars represent the standard deviation of the mean. Letters represent significant differences by Tukey’s test at 5% probability.
Capital letters compare the different phosphate fertilization levels, and lowercase letters compare storage days.
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detected in the roots resulting from phosphate fertilization at
the beginning and at 20 days (Figure 8). Hydrogen peroxide is
required for polyphenolic formation during wound healing and
suberization in tubers. Higher amounts of H2O2 may be related
to stress-induced phenylpropanoid metabolism in phosphate-
treated samples. The level of stress might not be sufficient to
cause cell damage especially because of the counteracting effect
of increased levels of hydrosoluble and liposoluble antiox-
idants. These results may be associated with the higher PAL
and PPO activities detected in the roots resulting from

fertilization, suggesting that, although there exists an oxidation
of phenolics, contributing to the darker color, the enzymatic
activity of PAL is also high, allowing the accumulation of
soluble phenolics. This response could be mediated by
extracellular ATP release from the cytoplasm of the wounding
tissue, which binds to ATP receptors and triggers the
production of secondary signaling molecules, such as H2O2,
in response to phosphorus applied to the soil.40 This ATP-
dependent wound response could be increased due to the
higher availability of phosphate in sweet potatoes grown under
P fertilization, as previously suggested for cassava.12,13

Furthermore, these findings contribute to the discussion that
phosphate fertilization can accelerate the loss of homeostasis
when associated with abiotic stress caused by minimal
processing, as reported by Cisneros-Zevallos and Jacobo-
Velazquez.43 This supports the idea that the orange sweet
potato with its antioxidant tissues can be an adequate model
system to study the effect of P fertilization on the accumulation
of bioactive compounds during postharvest storage of fresh-cut
tissue. More investigations in this field of study must be carried
out to understand better the relationship between P and the
loss of cellular homeostasis that destabilizes oxidative reactions.
The findings of the present work showed that agronomic

biofortification through fertilization with P2O5 could be a
feasible tool to increase the levels of bioactive compounds in
sweet potatoes with colored flesh, which could be increased
due to wounding stress during storage. The recommended
P2O5 fertilization for soils of the Brazilian semi-arid region for
sweet potatoes is 60 kg ha−1 P P2O5.

41 Given that the studied
soil had, on average, a layer of up to 40 cm 4.5 mg dm−3, it is
possible that this favored a greater absorption and the use of P
by the roots. Studying other horticultural products (roots or

Figure 7. (A) TBARS content (μmol g−1 MF), (B) electrolyte leakage
(%), (C) hydrogen peroxide content (g 100 g−1 FW) in roots of sweet
potato cv. Parana ́ grown at different levels of phosphate fertilization
(0, 60, 120, 180, and 240 kg ha−1 P2O5), minimally processed, and
stored for 20 days at 5 ± 2 °C and 90 ± 5% RH. Bars represent the
standard deviation of the mean. Letters represent significant
differences by Tukey’s test at 5% probability. Capital letters compare
the different phosphate fertilization levels, and lowercase letters
compare storage days.

Figure 8. Detection of hydrogen peroxide (H2O2) at days 0 and 20 of
storage by vacuum infiltration with diaminobenzidine tetrahydro-
chloride (DAB) + ascorbate (control) and only DAB in segments (0−
5 mm) of roots of sweet potato cv. Parana ́ grown at different levels of
phosphate fertilization (0, 60, 120, 180, and 240 kg ha−1 P2O5),
minimally processed, and stored for 20 days at 5 ± 2 °C and 90 ± 5%
RH. Images are provided by the author.
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not) with strong antioxidant potential is necessary. Sweet
potato is still not exploited for the production of carotenoids.
This is a vast field for exploration given the possibility of using
carotene as a natural dye additive in the food industry.44,45 In
the pharmaceutical and nutraceutical industry, carotene can
prevent photosensitivity disorders, cardiovascular diseases,
diabetes, vision disorders, cancer, neurological disorders, and
immune diseases.46 In addition to the enhanced content of
phytochemicals due to P fertilization, it is also important to

point out the increase in the root size (Figure 1 A) and agro-
industrial yield (Table 1) as crucial parameters for agronomic
and industrial sustainability. The present study demonstrated
the role of phosphorus in protecting plants from oxidative
damage by inducing the synthesis of antioxidant compounds
and enhancing the quality of minimally processed colored
sweet potatoes. Fertilization with P2O5 is associated with
greater detection and content of hydrogen peroxide, which was
accompanied by an increase in phenolic compounds, vitamin
C, yellow flavonoids, anthocyanins, carotenoids, antioxidant
capacity (DPPH), and activities of the enzymes polyphenol
oxidase, peroxidase, and phenylalanine ammonia lyase. This
finding on the use of P fertilization to improve the quality of
sweet potatoes has applications in the fresh-cut industry to
generate products with a higher content of bioactive molecules
and higher acceptability by consumers. However, additional
applications of technologies such as edible coatings are still
needed to minimize the whitening of minimally processed
roots.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.3c04196.

Precipitation (mm), air temperature (°C), relative
humidity (%), and wind speed (m s−1) between the
months of April to August 2021 in the municipality of
Mossoro,́ Rio Gande do Norte, Brazil, and sweet potato
cultivars plants fertilized with different doses of
phosphorus (PDF)

■ AUTHOR INFORMATION
Corresponding Author
Adriano do Nascimento Simões − Federal Rural University
of Pernambuco, Unidade Academ̂ica de Serra Talhada,
Recife, PE 52171-900, Brazil; orcid.org/0000-0001-
8438-2621; Email: adriano.simoes@ufrpe.br

Authors
Valecia Nogueira Santos-Silva − Science of Plant, Federal
Rural University of the Semi-Arid, Mossoro, RN 59625-900,
Brazil

Pablo Henrique de Almeida Oliveira − Science of Plant,
Federal Rural University of the Semi-Arid, Mossoro, RN
59625-900, Brazil
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Ramoń Corona 2514, Nuevo Mexico, Zapopan C.P.
45138, Jalisco, Mexico.; orcid.org/0000-0002-9478-
2570

Aurélio Paes Barros-Júnior − Science of Plant, Federal Rural
University of the Semi-Arid, Mossoro, RN 59625-900, Brazil

Lindomar Maria da Silveira − Science of Plant, Federal Rural
University of the Semi-Arid, Mossoro, RN 59625-900, Brazil

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.3c04196

Author Contributions
V.N.S.S. handled the conceptualization, methodology, soft-
ware, formal analysis, investigation, data curation, and writing -
original draft. P.H.A.O. and W.A.R.L. contributed in
conceptualization, methodology, formal analysis, writing -
review and editing, supervision, and project administration.
A.L.S., N.L.F., and A.S.A.N.M. participated in the method-
ology, investigation, and resources. S.A.S. conducted the
methodology and validation. F.A.L.B. and D.A.J.V. participated
in the methodology and validation. A.P.B.J. and L.M.S.
contributed in writing - review and editing, visualization,
supervision, project administration, and funding acquisition.
A.N.S. contributed in conceptualization, methodology, writing
- review and editing, visualization, supervision, project
administration, and funding acquisition.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This research was supported by Coordenaca̧ o de Aperfeiçoa-
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