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Abstract: Maintaining a diverse diet is essential for the preservation of one’s health and may con-
tribute to the fight against significant civilization diseases such as obesity or diabetes. Sweet potato
can be fitted into a diverse diet and serve as a functional food with its antioxidant content. Therefore,
it is important to know how the production technology alters the content and composition of these
antioxidant compounds. The objective of this study was to collect information on how the increased
potassium dominant fertilizer levels and also the additional high-dose fertigation can affect the
phytonutrient contents and yields in an orange- and a purple-fleshed sweet potato cultivar. Field
experiments were conducted in the Hungarian county of Heves in two consecutive growing seasons
in 2021-2022. Different doses of potassium-predominant fertilizer were applied to an orange flesh
(Beauregard) and a purple flesh (Stokes Purple) varieties of sweet potatoes. Different application
techniques were used in the form of base and top dressing at different rates. The effect on yield and
polyphenol content of the different fertilizer rates was investigated. Analytical studies were carried
out by high-performance liquid chromatography (HPLC). In the case of the Beauregard variety, in ad-
dition to identifying the carotenoids, we also performed their quantitative determination. We found
that 87% of the carotenoid content was $3-carotene. The total anthocyanin content was investigated
for the purple variety—Stokes Purple, for which a new extraction method was developed. In our
study, the split dosages, when the pre-planting fertilizer was supplemented with additional liquid
fertilization, resulted in 36 and 30.5% higher yields in the Beauregard in Experiment I and Experi-
ment II, respectively, compared to the untreated control plots over the two years. The additional
liquid fertilizer increased the yield to a lesser extent when compared to treatments received only
pre-planting fertilizer. As for Experiment III, the split dosages resulted in 34.4% higher yields in the
Stokes Purple compared to the control plots. However, the additional liquid fertilizer was not effective
at all when the plants received a double dose of pre-planting fertilizer in the case of Stokes Purple.
Total carotenoid (Experiment I-II) was higher and anthocyanin yield per plant (Experiment III) was
significantly higher in the split-dosage treatment than in the untreated control plots.
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1. Introduction

Sweet potato is the seventh most important food crop worldwide, after wheat, rice,
maize, potato, barley, and manioc. Sweet potato is particularly significant in the poor
regions of the world; thus, it is the fourth most important food crop in developing countries.
It is grown mostly in tropical and subtropical regions, where its storage root and leaves
are consumed by people and also livestock. In developed countries, including Hungary,
due to the changing consumption trends, functional food ingredients that have a positive
physiological effect through their components are coming to the fore. Sweet potato is one
of the most valuable vegetables in this respect.
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Currently, China is the biggest, sweet potato grower with 51.8 million tons, with a bit
more than 22 t ha~! average yield [1]. At present, in Hungary, sweet potato is grown in
almost 200 ha, mostly in scattered areas, with a 20-25 t ha~! average yield [2].

Sweet potato, like other root vegetables such as sugar beet, potato, and cassava, is a
plant with significant potassium need because the leaves, storage root, and stem absorb a
considerable amount from the soil. Potassium is an essential nutrient for sweet potatoes
because it improves root yield and storability. With potassium, we can increase the number,
size, quality, and unit weight of storage roots. For optimal growth and adequate yield,
it is recommended that the minimum K;O level should be twice the amount of nitrogen
applied [3]. Depending on the soil, a threefold or even higher dose can be applied. The lack
of KO significantly reduces crop yield, while the lack of P,Os does not affect it significantly.
The crop adapts well to the low level of P,Os because due to the mycorrhiza association on
the root, PO5 becomes accessible [3]. Based on research made in Japan, sweet potato with
an average yield of 13 t ha~! absorbs 70 kg ha~! N, 20 kg ha~! P,0s, and 110 kg ha~! K,0
from the soil, but it strongly depends on the length of the vegetation and the agroclimatic
conditions [3].

Several factors can cause the lack of KO, for instance, the nutrient availability of the
different soil types or the diverse agricultural practices [4,5], and the increasing problem of
using valuable stalk residues in bioethanol production, which would improve the nutrient
supply capacity of soils [6]. Potassium deficiency is one of the most important abiotic stress
factors that affect plant growth and development and limits plant productivity and quality,
mainly when it occurs at the initial stage of phenology [7].

Beauregard sweet potato variety is characterized by light rose skin with moderately
deep orange flesh. This variety was developed by the Louisiana Agricultural Experiment
station. It is resistant to soil rot, Fusarium wilt, Rhizopus soft rot, and Fusarium root rot [8].
The Stokes Purple variety is characterized by brownish skin and deep-purple flesh with
white and violet striations. Its high anthocyanin content contributes to its culinary and
health-preserving significance. It was developed in Stokes Country, North Carolina.

Sweet potato is severely sensitive to unfavorable growing conditions, including potas-
sium deficiency [9]. There are genotypic differences in resistance mechanisms, that result
in different physiological responses to potassium deficiency [10,11]. According to Sidike
et al. [12], each genotype utilizes potassium differently during vegetation. Wang et al. [13].
found significant differences in the intraspecific differences between genotypes of sweet
potato for storage root-, dry matter- and biomass yield, as responses to potassium supply.

Among the sweet potato varieties, purple sweet potatoes contain large amounts of
polyphenols (e.g., anthocyanins) [14]. The valuable compounds found in various purple
sweet potato extracts have been shown to have remarkable and wide-ranging biological
activities, such as hepatoprotective effects [15], high antioxidant activity [16], and memory-
improving properties [17]. In addition, purple sweet potato dyes are sought after by the
food industry as a low-cost product due to their non-toxicity, unique color, and positive
nutritional benefits. Considering the trends in the food and beverage market, there is
a public demand for pigmented vegetables that can be used as alternatives to synthetic
compounds; however, agronomic practices should be researched to enhance the health
benefits of these products through improved pigmentation of raw materials [18].

The yield of extracts obtained from purple sweet potato is low. Zhenzhou [19] started
to develop a new approach to improve the extraction of coloring phytonutrient yield from
purple sweet potato. Several methods (e.g., pure water extraction and traditional solvent
extraction) have been described in the literature for the extraction of polyphenols from
purple sweet potato [20], observing low extraction yields. A high temperature of 80 °C
was used to extract the valuable compounds (anthocyanins), which was successful [21].
Although traditional solvent extraction techniques are the most common, there is a need to
develop alternative procedures and methods to increase efficiency and selectivity while
avoiding or minimizing the use of toxic solvents (e.g., methanol).
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Recently, many new technological solutions have been tried to extract anthocyanins
to increase their quantity. The potential of ultrasound- or microwave-assisted extraction
(MAE) to overcome the problems encountered in conventional extraction solutions (CSE)
has been investigated [22-24]. Among these technologies, ultrasound-assisted extraction
(UAE) has proven to be an intriguing tool for the extraction of polyphenols from raw
materials of plant-based food, as it is inexpensive compared to other alternative techniques.
It requires low equipment and maintenance costs, and we can minimize the use of toxic
solvents such as methanol use [19].

After the extraction procedure to identify the anthocyanin level, destructive methods
can be used with high punctuality in the case of purple sweet potato. For identification,
we use high-performance liquid chromatography (HPLC). Purple sweet potato contains
anthocyanins in large quantities in its storage roots, of which cyanidin and peonidin are
the main anthocyanins. Anthocyanins are excellent quality natural food antioxidants
which is a preventive solution for lifestyle-related diseases because they have significant
anticarcinogenic and antidiabetic effects [25].

Ginting [26] compared the yield, dry matter, and anthocyanin content of three different
purple sweet potatoes, where the anthocyanin content of Antin-1 according to the fresh
weight was 7.96 mg 100 g !, and the yield was 33.2 t ha~!. Antin-2 has a higher yield
potential of 37.1 t ha~!, the anthocyanin content is 130.19 mg 100 g™}, and the dry matter
content of the storage roots is 32.6 percent by weight. The yield of Antin-3 is 30.6 t ha~!
and contains a very high proportion of anthocyanin: 150.67 mg 100 g~!, while its dry
matter content is 29.7%. Nevertheless, the most important antioxidant component in the
orange-fleshed cv. Beauregard are carotenoids, which have notable phenolic compounds
as well, especially in the skin [27]. In addition, the main antioxidant compounds in the
purple-fleshed cv. Stokes Purple are polyphenolic compounds, especially anthocyanins [28].
There were about 42 anthocyanin monomers identified in purple-fleshed sweet potatoes,
according to a review [29]. Even the leaves of sweet potatoes contain anthocyanins [30].

Presumably, the raised potassium-predominant fertilizer levels are more effective
when applied in split dosages in increasing yield and phytonutrient contents. The aim
of this work was to investigate the effect of different potassium-predominant fertilizer
rates—especially when the pre-planting fertilization was supplemented with a high amount
of potassium-predominant fertigation as top dressing—on yield, carotenoids and phenolic
content of two different sweet potato genotypes which, were the orange-fleshed ‘Beaure-
gard’ and the purple-fleshed ‘Stokes Purple’ variety. In the case of the Beauregard variety, in
addition to identifying the carotenoids, we also performed their quantitative determination.
In the case of the purple sweet potato, the anthocyanin content was measured. A new
method was developed for the extraction of anthocyanins.

2. Materials and Methods
2.1. Meteorology Data

Data in Figure 1 show that the weather conditions during the sweet potato planting
season in 2021, in the second half of May, were marked by frequent movements of fronts
and the weather was colder than average, which was not favorable for the planting. During
the first days of June, daily mean temperatures remained below the long-term average.
From the 13th to the 15th, the weather was cooler again, especially in the early hours of the
morning, and then a positive anomaly prevailed throughout the rest of the month. The low
temperatures caused great stress in the formation of batata storage roots. In the second half
of the month, the daily mean temperature raised to such an extent that heat warnings were
issued successively. In July, the daily mean temperature was above the long-term average,
with the exception of the first and the beginning of the third decade. At the beginning of
August, average daily temperatures remained below the long-term average, as a wavy
frontal system shaped our weather. In the harvest season (September and October) average
daily temperatures raised rapidly, so we had warmer days than usual. It helped the storage
roots to grow and the harvest.
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Figure 1. Meteorology data show the minimum, maximum and average temperature, besides
the summarized monthly precipitation amount (columns) in 2021 (A) and 2022 (B) (Hungarian
Meteorological Service).

The 2022 growing season was the warmest year on record in Hungary. It was 2 °C
warmer than the reference average between 1991 and 2020, and 0.5 °C warmer than the
previous record year from 2003. In the growing season of 2022, there were several heat
alerts during the summer. On 21 occasions, the national average daily mean temperature
reached or went above 25 °C. Rainfall during the winter was 60-70% below average. The
spring was not favorable either, with a little amount of rainfall. This contributed greatly
to the hot, dry summer, which is favorable for tropical, subtropical plants such as sweet
potatoes. The national average rainfall during the summer was 137 mm. In the study area,
this value was 55.7 mm.



Horticulturae 2023, 9, 523

50f16

2.2. Field Experiment

The trial was set on a field in Heves, Heves county in Hungary, characterized by sandy
soil, in 2021 and 2022. The physical texture of the soil is represented as having a content of
clay 10%, silt 10%, and 80% and organic matter content below 1%.

The results of the pre-experiment soil analysis are presented in Table 1. (Mertcontrol
HL-LAB, Debrecen, Hungary). The field trial consisted of 4 treatments in 4 repetitions
on two different genotypes. Fifty sweet potato seedlings were planted within one plot,
and the plots were repeated four times. A total of 1200 orange-fleshed ‘Beauregard’ and
1200 purple-fleshed sweet potatoes (‘Stokes Purple’) were examined in the experiment.

Table 1. Results of the soil analysis (0-30 cm layer) conducted before the experiment.

Parameter Dimension Measured Amount
pH KCl (1:2.5) 6.1
organic matter mm~! (%) 0.5

N (NO,~ +NO;7) mg kg~! 7

P,0s mg kg ! 290
K,O mg kg ! 198
Mg mg kg~! 208
S mg kg_1 17.8

The seedlings were planted on ridges covered with agro foil (plastic mulch) to elimi-
nate weeds. The seedlings were planted at a distance of 30 cm, and the row spacing was
80 cm. Irrigation was carried out with drip tape, each plot received the same amount of
irrigation water. The harvest took place on the 125th day after planting.

For basal (pre-planting fertilizer) complex N-P-K fertilizer YaraMila Cropcare 8-11-23
(Yara Hungaria Ltd., Veszprém, Hungary) was applied. Potassium sulfate was applied as a
basal (BP-1, BP-1I, LP-I, LP-II) and top dressing/nutrient (BL-I, BL-1I, LL-I, LL-II) solution.
During basal dressing, potassium sulfate (23% K;O) was implemented on the ridges before
planting. The potassium sulfate nutrient solution (51% K;O) was implemented as a top
dressing (liquid fertilization) YaraTera Krista SOP (Yara Hungaria Ltd., Veszprém, Hungary)
in the case of individual rows. MgSO, was only applied with a nutrient solution. Different
K,0O amounts of 0.625 and 1.375 kg per plot were applied as basal dressing in Experiment
I-I. and Experiment II-1V., respectively. On the 45th, 64th, 72nd, 79th, and 88th days
after planting, an additional 0.375 kg (51% K,O) of potassium sulfate was implemented
with a nutrient solution in five equal doses, each time, per plot (50 plants on 12 m?).
During the entire vegetation period, the plot treated with the nutrient solution (50 sweet
potatoes/plot) received 1.875 kg (51% K;O) more potassium sulfate than the basal-dressed
plots. Magnesium sulfate (MgSO4)—YaraTera Krista MgS—(Yara Hungdria Ltd., Veszprém,
Hungary) with 16% Mg content; sulfur (5O3) with 30% S content was applied 79th, 88th,
and 93rd days after planting in three equal doses of 0.0875 kg per plot. A total of 0.2625 kg
of MgSO;4 (16% Mg) and SO3 (30% S) were implemented in the nutrient solution plot
(50 sweet potatoes/plot). The total amount of active substances are presented in Table 2.

The total yield of the different plots was measured after the harvest following the heat
treatment called curing, which is required for the recovery of the sweet potato skin. This
postharvest technique is the most important step for the long-term storage of sweet potato
storage roots [31]. Heat treatments have been used as a non-chemical means to modify
the postharvest quality and reduce pathogen levels and disease development of sweet
potato products.
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Table 2. The total amount of active substances fertilizer applied in the treatments.

Field Experiment Code Pre-(I;};r;;ilr(lg l}zzlfli:izer L(Eﬁ:::ll llj;rl:i;iﬁe)er
Sweet Potato Variety K,O N P,05 K,O MgSOy4 SO;3
Experiment I
Beauregard BP-1 119.7 33.3 45.8 0 0 0
Beauregard BL-I 119.7 33.3 45.8 796.5 32.8 69.9
Beauregard BC 0 0 0 0 0 0
Experiment II
Beauregard BP-II 263.4 73.3 100.8 0 0 0
Beauregard BL-II 263.4 73.3 100.8 796.5 32.8 69.9
Beauregard BC 0 0 0 0 0 0
Experiment IIT
Stokes Purple LP-1 119.7 33.3 45.8 0 0 0
Stokes Purple LL-I 119.7 33.3 45.8 796.5 32.8 69.9
Stokes Purple LC 0 0 0 0 0 0
Experiment IV
Stokes Purple LP-IT 263.4 73.3 100.8 0 0 0
Stokes Purple LL-II 263.4 73.3 100.8 796.5 32.8 69.9
Stokes Purple LC 0 0 0 0 0 0

2.3. Laboratory Experiment
2.3.1. Samples

Fresh sweet potato samples were obtained from the experimental field in Heves. The
storage roots were analyzed in triplicate, the fresh material was homogenized in a warring
blender, before the extraction.

2.3.2. Chemicals Used

HPLC grade organic solvents used in the HPLC analyses were from Merck (Budapest,
Hungary), while analytical grade solvents and other chemicals used were from WVR
(Debrecen, Hungary). Standard carotenoids such as lutein (95%), 3-carotene (93%), ly-
copene (90%), and B-apo-8'-carotenal (96%) were purchased from Sigma-Aldrich via Merck
(Budapest, Hungary). Stock solutions of 1 mg/mL for standard carotenoids such as lutein,
[3-carotene, lycopene, and 8-apo-f3-carotenal were prepared in 2:1 methanol-acetone. The
working solutions were made by diluting the stock solutions with HPLC-grade acetone.

2.3.3. Extraction of Carotenoids

Carotenoids were extracted according to a previously published protocol [32]. Five
grams of sweet potato tubers were crushed in a crucible mortar in presence of quartz
sand and 0.5 g of ascorbic acid. The solvent extraction started with the addition of 20 mL
methanol to bind the water. The supernatant was decanted into a 100 mL Erlenmeyer flask
and residues were extracted carefully by the gradual addition of 60 mL of 1:6 methanol-
n-hexane with continuous mixing. The mixture was transferred carefully to the flask
containing the first supernatant and shaken vigorously by hand. To achieve phase separa-
tion 1-2 mL of water was added and the mixture was shaken mechanically for 10-15 min.
The phases were separated in a separating funnel and the n-hexane phase containing
carotenoids was passed through an anhydrous NaySOy to a round-bottom flask. The sol-
vent was then removed under vacuum at a maximum of 40 °C using a rotary evaporator.
The residues were re-dissolved in 10 mL of HPLC grade acetone and further purified and
cleaned through a 0.22 um glass fiber syringe filter before injection into the HPLC column.
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Separation of carotenoids was performed on a core type C-30, 2.6 pm, 150 x 4.6 mm
column (Accucore from Thermo-Fischer Scientific, Walthan, MA, USA) with gradient
elution consisting of (A): 2% water in methanol and (B): tert-butyl-methyl-ether. The
elution started with 97% A and 3% B, changed to 35% B in A in 25 min, stayed isocratic
for 5 min, and turned to 97% A and 3% B% in 5 min. The flow rate was 0.6 mL/min and
carotenoids were detected between 190 and 700 nm using a diode-array detector.

The peaks were identified based on a comparison of their spectral characteristics
and retention times with those of available standard materials such as lutein, 3-carotene,
and lycopene as well as with the literature data [33-35]. Quantitative determination
was performed by integration of each peak area at the maximum absorption wavelength
provided by DAD and relating it to that of the internal standard (8-apo-f3-carotenal), which
was spiked to the samples at known concentration before extraction. In addition, available
standard lutein, 3-carotene, and all trans-lycopene were used as external standards to
emphasize their quantification.

2.3.4. HPLC Determination of Phenolics

Five grams of freshly harvested sweet potato storage roots were taken and crushed
in a crucible mortar in presence of 1-2 g of quartz sand. The phenolic compounds were
extracted by the addition of boiled ethanol containing 40% ortho-phosphoric acid solution.
The macerate was then transferred to an Erlenmeyer flask and shaken for 15 min at 80 °C
followed by ultrasonication for 5 min at 80 °C in a water-bath ultrasonic device (model
RK-165-BH Bendelin Sonorex, Berlin, Germany). The extract was centrifuged for 5 min at
5000 rpm (M-Universal, MPW Med. Instrument, Warszawa, Poland). The supernatant was
decantated and purified by passing through a 22 pm, 13 mm glass fiber syringe filter before
injection into the HPLC apparatus.

2.3.5. HPLC Instrument and Conditions

A Chromaster Hitachi HPLC instrument containing a Model 5160 gradient pump,
a Model 5260 autosampler, a Model 5310 column oven, and a Model 5430 diode-array
detector was used with EZChrome Elite software for operation and data processing.

The separation of phenolic compounds was performed on Ascentis phosphor-conditioned
C18 phase (C18-PCP, from Supelco, Bellefonte, PA, USA) with gradient elution of 1% ortho-
phosphoric acid (A) and acetonitrile (B) according to a recently developed protocol (Under
publication). The gradient elution started with 1% B in A, changed to 20% B in 20 min,
stayed isocratic for 10 min, changed to 30% B in 5 min, stayed isocratic for 10 min, and,
finally, turned to 1% B in 5 min. The DAD detection was between 190 nm and 700 nm. The
quantification was based on recording the area at the maximum absorbance wavelength of
each compound and relating it to that of the standard solution.

Stock solutions for different phenolics (Sigma-Aldrich via Merck, Budapest, Hungary)
were prepared by dissolving 2-3 mg in 10 mL absolute ethanol or methanol and diluted
10 times with 40% ethanol in 1% ortho-phosphoric acid. The working solutions were used
for calibration curves, identification, and quantification of phenolic compounds. In the
case of no standard being available, the compounds were tentatively identified on the basis
of a comparison of their spectral characteristics and chromatographic behavior with the
literature data.

In the case of anthocyanins, only delphinidine chloride was available, therefore all antho-
cyanins detected on the HPLC profile were quantified as delphinidine chloride equivalent.

2.4. Statistical Analysis

Anova and Tukey posthoc tests were used to reveal differences among treatments, and
in the case of the Beauregard variety, the relationship between total carotenoid and total
yield was examined with linear regression, and the same was used in the case of Stokes
Purple assessing the relationship between total anthocyanins and total yield.
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3. Results and Discussion
3.1. The Effect of Different Fertilizer Dosages on the Yield of Beauregard

The high potassium-predominant fertilizer application had a positive effect on the
yield (Figure 2). The split dosage BL-I treatments in Experiment I, where the plants received
0.625 kg of potassium-rich pre-planting fertilizer and then another 1.875 kg divided by
four doses of top dressing (liquid fertilization) achieved higher yield (0.76 kg per plant
in 2021 and 1.61 kg per plant in 2022 growing season) than BC (0.42 kg per plant in 2021
and 1.17 kg per plant in 2022) which was the untreated control plot. As a result of the BL-I
treatment (Experiment I), the average yield increased by 36.1% compared to the BC. Under
BL-II treatments (Experiment II), split dosages of raised pre-planting and liquid fertilizer
were used and resulted in 30.5% higher yield (BL-II-0.62 kg per plant in 2021 and 1.64 kg
per plant in 2022) than BC (0.42 kg per plant in 2021 and 1.17 kg per plant in 2022), this is
a similar outcome that showed in Experiment I. The additional liquid fertilizer increased
the yields by 23.3% over the two years. From the perspective of yield, the raised levels of
pre-planting fertilizers were not effective. Important to note, that the 2021 growing season
was cold, which is not favorable for sweet potato growth thus, the yield results were not
reaching the standards of an ordinary year. The second year (2022) was more favorable for
Beauregard sweet potato production than 2021, thus higher yields were reached under all
treatments (Figure 1).

25 Experiment L. Experiment II. B 25 Experiment 1. Experiment II.
a a

2 2 a
—_ — a
T Z }
g 15 15 | a a
=Y Y ="
b ] b0
= T ab P % 1
e ab a L a4 =
S N

0 0

BP-I BL-I BC |BP-Il BL-II BC BP-I BL-I BC |[BP-IIBL-II BC
Treatments Treatments

Figure 2. The effect of different fertilizer dosages on the Beauregard yield in 2021 (A) and 2022
(B) growing seasons (n = 4). Error bars represent SD. Different letters indicate statistical differences
(p < 0.05).

The maximum commercial yield of the Beauregard cultivar was achieved when
85 kg ha~! KO was applied in a study conducted in Brazil [36]. Abd El-Baky [37] found the
highest yield of 1.19-1.49 kg plant~!, in the different growing seasons with a 150 kg fed !
(357.2 kg ha—1!) K,O fertilization level, in Egypt. In another experiment, conducted in Brazil,
the highest marketable yields were achieved when potassium fertilizers were applied in
one dose 30 or 60 days after planting using KCl or K,SO4, respectively [38]. According to
Harvey et al. [39], profitable production of Beauregard can be achieved under 174 kg ha~!
K>O; however, the maximum K content of leaves and roots could be measured at 269 and
404 kg ha~! K,O doses.

3.2. Influence of Different K;O Predominant Fertilizer Treatments on the Carotenoids

Tables 3 and 4 show the difference between the carotenoid compounds identified
in the orange-fleshed Beauregard sweet potato for the two different experiments in two
consecutive years. The main identified carotenoids were the (3-carotene, cis-p-carotene,
-cryptoxanthin, a-cryptoxanthin, luteo-chrome, cis-luteo-chrome, 3-carotene-epoxide,
and mutatochrome. 3-carotene represented the highest amount (87% of the total carotenoid
concentration in general). Others reported that about 99% of the carotenoid composition
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is B-carotene in orange-fleshed sweet potatoes [40]. The dominance and high level of
3-carotene were reported by Ishiguro [41] as well, in orange-fleshed sweet potato varieties.
The second and third highest concentration levels were reached by the cis-f3-carotene and
a-cryptoxanthin, respectively, in 2021 (Table 3). In 2021, the content of ff-carotene and the
second-most important carotenoid o-cryptoxanthin were significantly higher in Experiment
I under the BL-I treatments, than in the BP-I and BC. Although in the 2022 growing season,
neither showed any statistically significant difference between treatments.

Table 3. The difference between the carotenoid compounds identified in Beauregard sweet potato for
different nutrient doses in the 2021 growing season (1 = 4).

Experiment I

Experiment II

C‘(’gpg"f‘l‘;“t BP-I BL-I BC BP-II BL-II BC
B-carotene 121.3 £ 3.7 “a” 188.5 + 15 “b” 129.7 £ 12.6 “a” 1421+ 94 “a” 154.1 +33.4 “a” 129.7 £ 12.6 “a”
cis-B-carotene 49 +1.6"a” 48+12"a" 55+0.8"a” 54+12"a" 6.6 £4.1"a” 55+ 0.8"a”
B-cryptoxanthin 21+01"b” 09+0.1"a"” 1.1+0.1"a” 28 +29"a” 1+0"a” 1.1£0.1"a”
a-cryptoxanthin 58 +0.3"a” 8.8 £0.7 “b” 6.6 £1.3"a” 7.8 £0.5"a” 77+£14"a” 6.6 £1.3"a”
luteo-chrome 2.6 £0.1"b” 1.8 £0.1“a” 1.8 +£0.1"a” 1.8 £0.1“a” 1.8 +£0.1"a” 1.8 £0.1“a”
cis-luteo-chrome 09 +04"a” 0.7 £0"a” 0.7£0"a” 0.7 £0"a” 0.7 £0.1"a” 0.7 £0"a”
3-carotene-epoxide 1.9+ 0"a” 3+02"b” 23+04"a” 2.84+0.3"a” 2.8 +£0.9"a” 23+£04"a”
Mutatochrome 14 +£03"“a” 14+0.1“a" 1+0.1“a” 1.1+0.1“a” 1.1+0.1"a” 1+0.1“a”
Means + SD. Values marked with different letters are significantly different at p < 0.05 level.
Table 4. The difference between the carotenoid compounds identified in Beauregard sweet potato for
different nutrient doses in the 2022 growing season (1 = 4).
Experiment I Experiment II
Component BP-I BL-I BC BP-II BL-II BC
(ngg™")
B-carotene 142.2 £ 5.2 “a” 142.1 £13.6 “a” 127.2 £ 41.3 “a” 105.2 +15.8 “a” 186 +17.2 “b” 127.2 +41.3 “ab”
cis-B-carotene 21+05"a” 4+0.7 “a” 28+02"a” 41+1.6"a” 104 +7.7 “a” 28+02"a”
B-cryptoxanthin 0.8+0“b” 0.8+0"b” 03+02"a” 1.8+22“a” 09+0"a” 03£0.2"a”
a-cryptoxanthin 09+0.1"a” 1+£01"a” 0.7+0.1"a” 0.7+02"a"” 0.9 £ 0.1 “ab” 0.7 £0.1"a”
luteo-chrome 54+0.6"a” 6.3 £0.3"a” 6.5+ 0.5 "a” 494+0.6"a” 7+£0.5“b” 6.5+ 0.5 "“b”
cis-luteo-chrome 1.8 £ 0.6 “a” 1.9+ 05"a” 3£01"" 1.8 +£0.7 “a” 28+0.2"a” 3+0.1"a”
B-carotene-epoxide 1.9 £0.3 “ab” 23 £05"b” 09 +02"a” 1.3+09“a” 1.9+02"a” 09 £0.2"a"
Mutatochrome 0.7+0.3"a” 0.8+0.2"a” 1+02"a” 0.6 +0.3“a” 09+02"a” 1+02"a”

Means =+ SD. Values marked with different letters are significantly different at p < 0.05 level.

In Experiment II, the different treatments did not show significant differences for
any of the carotenoid components in the 2021 growing season, but in the 2022 growing
season the $-carotene concentration was significantly higher in BL-II treatment, than in
BP-II and BC.

If we compare the 2021 and 2022 growing seasons in Experiment I and Experiment II,
the second most important carotenoid component after $-carotene was x-cryptoxanthin in
2021, while it was luteo-chorme in 2022 (Tables 3 and 4).

In Experiment I, in the 2021 growing season the maximum total carotenoid value was
reached in the BL-I split-dosage treatment with an average 198.8 ug g~ ! treatment, which
is significantly (p > 0.05) higher than the value obtained by BP-I and BC, which reached
140.7 and 147.7 pg g~! concentration, respectively. In 2022 the highest total carotene
concentration was also achieved under BL-I treatment with an average of 159.1 ug g~ !, but
the difference between treatments was not significant. Experiment II showed similar results
to Experiment I, where the split-dosage fertilizer treatment BL-II achieved the highest
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total carotene concentration in both growing seasons. BL-II treatment of total carotene
concentration was 175.1 pug g*1 in 2021 which is higher than BP-I, but the difference was not
significant. In the 2022 growing season, the highest concentration was found (205.4 ug g~ 1)
under BL-II treatment and was significantly higher compared to BP-II (126 pg g~ !) and BC
(149.5 pg gfl) treatments (Figure 3).

Experiment L Experiment IL Experiment .| ExperimentII
A 250 B 250 5
. 225 tf a . 225
§ 200 a T . & 200 a 2 a
E 175 g al| 7 g 175 & 7

-

o150 Il Il S 150 a
3 oo 125 3 w0125 -
g w 100 g §100
o = 75 o= 7
3 50 3 50
= 25 = 25
<) 0 8 0

BP-I BL-I BC IBP-IIBL-IT BC BP-I BL-I BC|BP-IBL-I BC

Treatments Treatments

Figure 3. The difference between the total carotenoid concentration in Beauregard sweet potato for
different nutrient doses in 2021 (A) and 2022 (B) growing seasons. Values marked with different
letters are significantly different at p < 0.05 level.

Due to the more favorable weather conditions for sweet potato production, the nutri-
ent utilization was better, so the higher dose of fertilizer (BL-II) contributed to the highest
average total carotenoid (Figure 3). The use of a higher amount of potassium-predominant
fertilizer resulted in an increase in the total and $3-carotene content compared to the un-
treated control (BC), which is the same as the finding of other studies [37,42].

The average f-carotene concentration was 140.6 pg g~ ! from the fresh samples which
is 7 times higher than the amount measured in another study in a different orange-fleshed
cultivar with a different method [43]. Teow et al. [44] reported 52% lower f3-carotene
concentration from the same variety.

In Experiment I, as a result of the BL-I treatment, the average total carotenoid yield per
plant was 151 mg g~ !, which was significantly (p > 0.001) higher than the value of 62 mg
measured in the control BC treatment, which was represented with the lowest value in the
growing season of 2021. The highest carotenoid yield per plant was achieved due to the
split K,O predominant dosage for BL-I (256.2 mg g~ !) similarly in the growing season of
2022 (Figure 4).

Experiment . = ExperimentIL Experiment. | Experiment II.

400 400

A B b
. 350 _ 350

Z 300 & 300 a

[=% [=9 T

g 250 5 250 a a a
O o, a

= 200 b = 200 T

g %9150 b 5 ¥150

z & b T EE

% 7100 a al 2 a & <100

3 - . T

2111 I I 1:

5 0 z 0

g G

BP-I BL-I BCIBP-IIBL-IT BC BP-I BL-I BC IBP-IIBL-IT BC

Treatments Treatments

Figure 4. The total carotenoid yield per plant in the 2021 (A) and 2022 (B) growing seasons. Values
marked with different letters are significantly different at p < 0.05 level.

In Experiment II, the BL-II split-dosage K,O predominant fertilizer treatment resulted
in significantly higher total carotenoid yield per plant, compared to the BC in both growing
seasons. In the 2022 growing season, the highest average total carotenoid yield per plant



Horticulturae 2023, 9, 523

11 of 16

was 336.9 mg g1, which was 51.9% higher than the BC control plot value of 174.9 mg g~ !
under the BL-II treatment.

The split fertilizer dosage applied under BL-I and BL-II treatments resulted in the
highest total carotenoid yield per plant, significantly higher than BC in three and higher
than BP-I1 and BP-II in two cases (Figure 4). Generally lower carotenoid contents were
measured in every treatment, in the first year, compared to the second experimental year.

The relationship of yield and carotenoid content considering the data of Experiment
I and II in a linear regression model the results showed high correlation (R? = 0.85) in
the 2021 growing season; however, low correlation was detected (R? = 0.22) in the 2022
growing season. When the results of both growing seasons were evaluated in a single
linear regression model, no correlation was found since the two growing seasons were very
different resulting in varying levels of yields and carotenoid contents.

3.3. Root Yield Results of Stokes Purple

It is clearly supported by the results that potassium played an important role in the
yield of purple-fleshed sweet potato (Figure 5). The application of K,O predominant
fertilizer improved the yield compared to the control plot in both years in the case of the
purple-fleshed variety in Experiment III and IV. In the 2021 growing season, the highest
value of 0.18 kg plant~! was measured under the LL-I treatment which was 80% higher
than the value of 0.1 kg plant ! measured in the control plot (Figure 5). The growing season
of 2022 was favorable for sweet potato production, so the yields were significantly higher
than in the first year. The highest value was measured under the LL-I treatment as well in
the 2022 growing season, reaching 0.62 kg plant~!. The LL-I treatment resulted in 100%
higher yields compared to LC with 0.31 kg plant~! yield.

A ExperimentIIl. | Experiment IV. B  ExperimentIIL Experiment IV.
b
07 ~07
—_— |}
T oo < 06 b
s 0.6 _'E.' . b
= 05 0.5
=% B0 a a
0o 04 204
< 3
— 03 a 5 03
£02 2 al a 2 a >02
“1nannn
0 0
LPI LL-I LC"LP-II LL-II LC LP-I LL-I LC ILPII LL-II LC
Treatments Treatments

Figure 5. The effect of different fertilizer doses on the yield of Stokes Purple in the 2021 (A) and 2022
(B) growing seasons (n = 4). Different letters indicate significant differences at p < 0.05 level.

In Experiment IV, the highest yields were measured under LP-II treatment in the
2022 growing season. The variation between yields was minimal in 2021. The double-
dose pre-planting treatment exceeded the LC by almost 40% in 2022. High levels of K,O
predominant split-dosage fertilizer applied in LL-II treatments reduced the Stokes Purple
sweet potato yields in the 2022 growing season compared to LP-II treatment (Figure 5).

In Experiment IV., the split-dosage fertilizer treatment resulted in a lower yield, than in
Experiment III, which suggested that an excessive amount of fertilizer caused an inhibitory
effect on the yield production of Stokes Purple sweet potato.

Balanced nutrient supply, as the results of LL-I treatment (Experiment III) was the
most effective from the perspective of the Stokes Purple sweet potato yield. According
to results found in another study [45], the optimum storage root yield of sweet potato is
achieved by applying 150-300 kg KO kg ha~!. In our experiments the maximum yield
was measured under higher, levels of K,O fertilizer thus it should be highly dependent on
soil properties (Table 2).
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3.4. Total Anthocyanin Content and Yield of the Stokes Purple

In Experiments III and IV, the anthocyanin content of storage roots in the control plot
was significantly higher than in the treated plots (p < 0.05) in the 2021 growing season
(Figure 6). Due to the stress caused by the lack of nutrient supply, we measured the highest
anthocyanin value of 620.2 ug g~ ! in the control treatment in this study. However, different
results were measured in Experiment III in the 2022 growing season.

Experiment II[. Experiment IV. Experiment IIl, Experiment IV.
A B
650 ab b b 650 a
600 a ggg [ a a
= 550 a a = a
§ 50 1 § 500 Tl a T
= 450 T 2 450 ]
8 ~a00 S —~400 T
& 0330 = 5350
2 25300 2 22300
T 3250 g = 250
o777 200 T 7200
2 130 2 1%
£ 100 = 100
© 50 T 50
0 0
LPI LL-I LC|LP-IILL-II LC LP-I LLI LP-IILL-II LC
Treatments Treatinents

Figure 6. Total anthocyanin content of storage roots of Stokes Purple in the 2021 (A) and 2022
(B) growing seasons (1 = 4). Different letters indicate significant differences at p < 0.05 level.

Anthocyanin formation is significantly influenced by environmental factors such
as abiotic stress. The growing season of 2021 was unfavorable for batata cultivation,
also confirmed by the lower yields. In Experiment III, under the LL-I treatment, the
anthocyanin content was 540.3 pg g~ !, which was not clearly distinguished statistically
from the concentration in the control 620.2 ug g~ !, despite the 13% difference (Figure 6).
Other studies reported around 13 100-13 420 pg g~ ! (calculated for dry weight) total
anthocyanin content from different purple-fleshed sweet potato cultivars [46,47]. Peng
et al. [48] reported 793-3 650 ug g~ ! (calculated for dry weight) total anthocyanin content
from commercially available, purple-fleshed sweet potatoes. A very high level of total
anthocyanin content (30 446 ug g~ ! (calculated for dry weight)) was reported from the
Korean cultivar ‘Sinjami” [49].

According to Zheng et al. [50], the polyphenol substances were easy to accumulate by
the abiotic stresses in the storage roots of sweet potatoes. The favorable growing season of
2022 resulted in fewer anthocyanin maximums than in the 2021 growing season (Figure 6),
where the average temperature was lower. It can be said that fertilization clearly not
increased the anthocyanin content of storage roots, in contrast to the abiotic stress, such
as colder weather, which was observed in the 2021 growing season. Additionally, it must
be noted, that the storage roots under the LL-I treatment in 2022 reached higher levels of
anthocyanins than in other treatments.

Figure 7 shows that the yield of anthocyanin amount per plant was the highest under
the LL-I treatment 97.3 mg plant~! in 2021 and 322.9 mg plant~! in 2022. Higher storage
root yields influenced the anthocyanin amount per plant more than the concentrations.
Root yields were not correlated with anthocyanin content at all, which accedes to the results
of acquired in another study [51]. The yield and concentration data were evaluated with
linear regression, which showed no correlation in Experiment III. In Experiment IV, the
relationship of yield and anthocyanins content showed a negligible correlation R? = 0.21.
From the anthocyanin amount point of view, the LL-I split potassium-predominant fertilizer
treatment was the optimal one in Experiment III, which resulted in the highest yield and
the highest amount of anthocyanin that could be produced per plant in our experiments
(Figure 7).
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Figure 7. The total anthocyanin yield per plant in 2021 (A) and 2022 (B) growing season (1 = 4).
Different letters indicate significant differences at p < 0.05 level.

4. Conclusions

In the case of the Beauregard variety, the divided application of KO predominant
fertilizer in Experiment I and Experiment II, as pre-planting and top dressing fertigation
increased the yield compared to the untreated control in both growing seasons. The
split-dosage treatment which received additional fertigation (BL-I and BL-II) averaged
over two growing seasons increased the yield of the Beauregard variety compared to the
untreated control (BC). The total carotenoid content was also positively affected by the
additional fertigation over pre-planting fertilization. The carotenoid compounds in the
orange-fleshed Beauregard sweet potato were successfully identified during the study.
The main identified carotenoids were the (3-carotene, cis-f3-carotene, 3-cryptoxanthin, o-
cryptoxanthin, luteo-chrome, cis-luteo-chrome, 3-carotene-epoxide, and mutatochrome.
As the dominant component, (3-carotene represented 87% of total carotenoid concentration.
The effect of K,O predominant fertilization levels on the different carotenoid components
was not clear. The total carotenoid concentration of sweet potatoes is not clearly related to
yield. Weather and abiotic factors play a more important role in the development of total
carotenoid yield. However, the different fertilization levels affected the total carotenoid
concentration as the highest concentrations were measured in BL-I and BL-II (Experiment I
and Experiment II) treatment in the two years, respectively.

For the purple variety—Stokes Purple, the LL-I (Experiment III) split-dosage treatment
was the most effective, when single-dose pre-planting was combined with additional ferti-
gation, regardless of the effect of different growing seasons. The LL-I treatment averaged
over two growing seasons increased the yield by 104% of the Stokes Purple variety com-
pared to the untreated control (LC). The double dose of potassium-predominant-fertilizer
applied was not favorable for the Stokes Purple sweet potato variety in Experiment IV. It
resulted in less yield production when compared to single-dose pre-planting and fertiga-
tion combination and it was less beneficial to anthocyanin content values as well. Under
the LL-I split potassium-predominant fertilizer treatment the highest yield was achieved
along with the highest amount of anthocyanin that can be produced per plant, even if the
application of potassium-predominant fertilizers did not significantly increase the total
anthocyanin content of sweet potato storage roots in these experiments. The conclusions
are limited to these presented findings and direct suggestions cannot be formulated for
growers until these will be supplemented with a cost—profit analysis. In the future, the
identification and quantification of the anthocyanin compounds of ‘Stokes Purple’ should
be examined.
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