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Abstract: Seaweed extracts, which are naturally degradable and environmentally friendly, have
become important components of organic fertilizers for fruit. In this study, the effects of seaweed-
extract-based organic fertilizers on the levels of mineral elements, sugar–acid components, and
hormones in ‘Fuji’ apples were evaluated. Eleven-year-old ‘Fuji’ apple (‘Yanfu 3’/M9/Malus robusta)
trees were sprayed with seaweed-extract-based fertilizers SE1 (contained ≥20 g/L of algal polysac-
charides, ≥100 g/L of amino acids, and ≥30 g/L of EDTA-Ca) and SE2 (contained ≥100 g/L of algal
polysaccharides, ≥160 g/L of Ca, and ≥10 g/L of Mg) from early May to early October at two-week
intervals in 2020. Water spraying was used as a control treatment. The preliminary results showed
that SE1 and SE2 significantly increased the net photosynthetic rate, chlorophyll content and Rubisco
enzyme activity in ‘Fuji’ apple leaves. SE1 and SE2 improved the quality of ‘Fuji’ apples. Compared
to the single-fruit weight, soluble solid content (SSC), soluble sugar content, sugar–acid ratio, vitamin
C (VC) content, and free amino acid content of control apples, those of SE1-treated and SE2-treated
apples increased by 10.74% and 8.94%, 12.16% and 9.76%, 21.96% and 11.90%, 45.12% and 28.55%,
56.12% and 47.96%, and 17.15% and 13.42%, respectively. SE1 and SE2 significantly improved the
levels of fructose, glucose, sucrose, and sorbitol, but decreased the levels of malic acid, oxalic acid,
and tartaric acid in ‘Fuji’ apples. Meanwhile, SE1 and SE2 increased the levels of potassium, calcium,
magnesium, iron, zinc, and boron in ‘Fuji’ apples. SE1 and SE2 significantly improved the levels
of indole-3-acetic acid, zeatin riboside, and gibberellic acid, but significantly decreased the level
of abscisic acid in ‘Fuji’ apples. In conclusion, spraying seaweed-extract-based foliar fertilizer is
beneficial to the nutrient accumulation and flavor development in ‘Fuji’ apples.

Keywords: seaweed extract; organic fertilizer; mineral elements; sugar–acid components; hormones

1. Introduction

Apples, which are rich in dietary fiber, vitamins, sugars, organic acids, minerals, and
bioactive compounds, are fruits that are widely cultivated for their sweetness, sourness,
aroma, and texture [1–3]. The main bioactive compounds in apples include flavonols, dihy-
drochalcones, proanthocyanidins, and hydroxycinnamic acids [4,5]. Phenolic compounds
extracted from apples may be used in cosmetics and/or medicines because they can protect
cells from ultraviolet radiation [6,7]. On the other hand, dihydrochalcones, which are
special polyphenols, may reduce blood sugar levels and prevent diabetes [8,9].

China’s apple industry plays an important role in worldwide apple production. With
the development and expansion of China’s apple industry, the sustainable utilization
of resources and the maintenance of market competitiveness have become increasingly
prominent matters [10]. Compared with biofertilizers, synthetic fertilizers are more widely
used in agriculture [11]. Asian consumers have become increasingly concerned about
the quality and safety of fruit; therefore, the application of synthetic fertilizers in fruit
production should be reduced, and effective, environmentally friendly alternatives to the
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fertilizers should be increased [12,13]. Natural biostimulants (such as seaweed extracts,
microbial antagonists, protein hydrolysates, humic acid, and fulvic acid) have been used as
environmentally friendly fertilizers for sustainable apple production [14]. Seaweed extracts
are rich in macronutrients, micronutrients, and secondary metabolites [15–18]. Therefore,
they may stimulate plant growth by improving the uptake of nutrients by plants, efficiency
of nutrient use by plants, and resistance of plants to stresses [19–22].

The beneficial effects of fertilization are influenced by plant varieties, climatic con-
ditions, soil conditions, and agricultural management measures [14,23]. Recent studies
have shown that fertilization affects not only the size and color of apples, but also the
levels of sugars, acids, and minerals in the fruits [24–26]. Compared with soil fertiliza-
tion, foliar fertilization can enhance the effectiveness of synthetic fertilizers, avoid soil
contamination, and effectively meet the nutritional requirements of plants [11,27]. Seaweed
extracts have become important components of foliar fertilizers for fruit and vegetable
crops [18,19,28–30]. The extracts are naturally degradable and environmentally friendly.
Therefore, they are safe for humans and the environment [31].

Previous studies have focused on the effects of the foliar application of seaweed extract
on the growth and physiological parameters of maiden apple trees [27,32]. Presently, there
is limited information about the effects of seaweed-extract-based foliar fertilizer on the
quality of ‘Fuji’ apples at harvest. Therefore, this study evaluates the effects of seaweed-
extract-based foliar fertilizers on the quality of ‘Fuji’ apples and the levels of mineral
elements, sugar–acid components, and hormones in the apples. This study provides a
scientific basis for promoting the application of seaweed-extract-based foliar fertilizer in
apple production.

2. Materials and Methods
2.1. Site Description and Experimental Design

The experimental site was an orchard in the Tianpinghu Base of the Shandong Institute
of Pomology (36◦21′ N, 117◦05′ E), Tai’an City, Shandong Province. The climate in the
area is a monsoon-influenced humid subtropical climate. In 2020, the annual average
temperature, annual total sunshine, and annual precipitation of the test base were 14.5 ◦C,
3247.9 h, and 1035.6 mm, respectively. The soil in the orchard was sandy loam, the pH of
the soil was 6.32, and the levels of organic matter, alkaline-hydrolyzable nitrogen, available
potassium, and available phosphorus in the soil were 9.84 g/kg, 62.78 mg/kg, 72.35 mg/kg,
and 28.79 mg/kg, respectively.

Eleven-year-old ‘Fuji’ apple (‘Yanfu 3’/M9/Malus robusta) trees with the same level of
vigor were selected for the experiment. The directionality of the tree rows was from north
to south, and the spacing between the tree rows was 1.5 m × 3 m. During the experiment,
all of the trees were treated with the same cultivation measures (such as irrigation and fruit
bagging), except they were sprayed with different fertilizers. Foliar-spraying treatments
were performed using the following two commercially available water-soluble seaweed-
extract-based fertilizers: SE1 (Interplant, Weifang, China; contained ≥20 g/L of algal
polysaccharides, ≥100 g/L of amino acids, and ≥30 g/L of EDTA-Ca) and SE2 (Xijian,
Qingzhou, China; contained ≥100 g/L of algal polysaccharides, ≥160 g/L of Ca, and
≥10 g/L of Mg). These fertilizers are obtained by the combination of the biological enzyme
hydrolysis process and biological processing technology of brown algae. The fertilizers
were diluted 1000 times, and they were sprayed onto apple leaves according to their
manufacturers’ instructions. The following three treatment groups were formed: SE1, SE2,
and control. Each treatment group comprised three replicates with ten apple trees in each
replicate. Apple trees were sprayed with SE1 or SE2 from early May to early October at
two-week intervals. Control apple trees were sprayed with distilled water.
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2.2. Measuring Methods
2.2.1. The Net Photosynthetic Rate, Chlorophyll Content, and Rubisco Activity in ‘Fuji’
Apple Leaves

Five healthy leaves were selected randomly from autumn shoots in the middle of
the outer canopy of each apple tree on a sunny morning. The net photosynthetic rate
in the leaves was measured by a CIRAS-4 Portable Photosynthesis System (PP Systems,
Amesbury, MA, USA) from 9:00 a.m. to 11:00 a.m., with other gas exchange parameters
(1000 µmol/m2·s, 25 ◦C), the CO2 concentration (400 µmol (CO2)/mol) and relative humid-
ity (60–65%). The chlorophyll content of the leaves was determined by ethanol extraction,
and the activity of ribulose-1,5-biphosphate carboxylase (Rubisco) in the leaves was mea-
sured after incubating the leaf extract in assay solution without ribulose-1,5-biphosphate
(RuBP) for 15 min at room temperature.

2.2.2. Fruit Quality Assessment

On 20 October, on which the apples grown in the area reached maturity, the apple
maturity stage was determined according to the flavor, color, hardness and other indicators
of the apples. In addition, 10 healthy apples without any pest infestation or disease infection
were collected randomly from the equator around the canopy of each tree. The apples were
put into plastic bags, transferred to the laboratory, and stored at a low temperature.

Five apples were randomly selected for one repeat and repeated three times to deter-
mine the fruit quality. Single-fruit weight was measured by an electronic platform scale.
The longitudinal and transverse diameters of each apple were measured with electronic
calipers. The hardness of each apple was determined by a GY-B hardness tester (Kexing,
Shenzhen, China). The color of each apple was measured by a CR-410 chroma meter
(Konica Minolta, Osaka, Japan). The levels of soluble sugars and titratable acids in the
‘Fuji’ apples were determined by the anthrone colorimetric method and acid–base titration,
respectively. On the other hand, the levels of vitamin C (VC) and free amino acids in
the apples were determined by titration with 2,6-dichloroindophenol sodium salt and the
ninhydrin colorimetric method, respectively.

Sugar and acid components were identified and quantified by high-performance
liquid chromatography (HPLC) [33,34]. The HPLC system was equipped with a YMC-Pack
Polyamine II column (250 mm × 4.6 mm) and an RID-20A differential refractive index
detector (Shimadzu, Kyoto, Japan) for the identification and quantification of sugars. On
the other hand, the system was equipped with an SPD-20A UV/Vis detector (Shimadzu,
Kyoto, Japan) and a Shim-pack HR-ODS 3 column (250 mm× 3.0 mm) for the identification
and quantification of organic acids.

The extraction of mineral elements from the ‘Fuji’ apples and quantification of the
mineral elements were performed according to the methods described by Roussos et al. [35].
Five apples were randomly selected for one repeat and repeated three times to determine the
fruit minerals. The levels of nitrogen (N) and phosphorus (P) in the apples were determined
by the Kjeldahl method and the vanadate–molybdate method, respectively. The levels
of potassium (K), calcium (Ca), and magnesium (Mg) in the apples were determined by
atomic absorption spectrophotometry. The levels of boron (B), zinc (Zn), iron (Fe), and
manganese (Mn) in the apples were determined by inductively coupled plasma atomic
emission spectroscopy (OPTIMA 3300 DV, Perkin Elmer, Waltham, USA). The argon flow
rate was 15 L/min, and the injection volume was 1.5 mL/min.

The levels of indole-3-acetic acid (IAA), zeatin riboside (ZR), gibberellic acid (GA3),
and abscisic acid (ABA) in the ‘Fuji’ apples were determined by HPLC according to a
method described by Almeida-Trapp et al. [36]. The HPLC system was equipped with
an SPD-20A UV/Vis detector (Shimadzu, Kyoto, Japan) and a Venusil XBP C18 column
(100 mm × 4.6 mm).
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2.3. Statistical Analysis

Microsoft Excel 2013 was used for data processing. OriginPro 9.8 (OriginLab, Northampton,
MA, USA) was used for graphing. The single-factor analysis of variance was performed
with SPSS version 20.0 (IBM, Chicago, IL, USA). p-values less than 0.05 were considered to
be statistically significant.

3. Results
3.1. Net Photosynthetic Rate, Chlorophyll and Rubisco Enzyme Activity

The amount of photosynthate supplied to fruit affects the growth and development
of the fruit, and the amount of photosynthate formed by its leaves depends on the photo-
synthetic capacity of the leaves. As shown in Table 1, SE1 increased the net photosynthetic
rate, chlorophyll content, and Rubisco activity in the leaves by 29.63%, 23.21%, and 15.73%,
respectively. On the other hand, SE2 increased the net photosynthetic rate, chlorophyll con-
tent, and Rubisco activity in ‘Fuji’ apple leaves by 23.36%, 17.86%, and 11.47%, respectively.
The net photosynthetic rate, chlorophyll content, and Rubisco activity in the apple leaves
sprayed with SE1 were higher than those in apple leaves sprayed with SE2. However,
there were no significant differences in the three parameters between the two groups of
apple leaves.

Table 1. Effects of organic fertilizer on the net photosynthetic rate, chlorophyll content, and Rubisco
activity in ‘Fuji’ apple leaves.

Treatment Net Photosynthetic
Rate (µmol/m2·s)

Chlorophyll
Content (mg/g)

Rubisco Enzyme Activity
(µmol (CO2)/g·min)

CK 13.40 ± 0.80 b 2.24 ± 0.15 b 6.80 ± 0.23 b
SE1 17.37 ± 0.88 a 2.76 ± 0.09 a 7.87 ± 0.10 a
SE2 16.53 ± 0.65 a 2.64 ± 0.08 a 7.58 ± 0.13 a

Note: Different lowercase letters in each column indicate significant differences at the 0.05 level.

3.2. Effects of Organic Fertilizer on the Qualities of ‘Fuji’ Apples

SE1 and SE2 significantly increased the single-fruit weight of ‘Fuji’ apples (Table 2;
p-values < 0.05). The single-fruit weights of SE1-treated apples and SE2-treated apples were
10.74% and 8.94% higher than those of the control apples, respectively. Neither SE1 nor SE2
had a significant effect on the shape (represented by the L/D ratio) of the ‘Fuji’ apples. The
L* a* b* value is an important index of fruit appearance. The L* value represents brightness,
the a* value represents a red or green color (a positive a* value represents a red color, and a
negative a* value represents a green color), and the b* value represents a yellow or blue
color (a positive b* value represents a yellow color, and a negative b* value represents a
blue color) [24,37]. As shown in Table 2, SE1 and SE2 significantly increased the L* and a*
values, but significantly decreased the b* value of ‘Fuji’ apples. The a* value of SE1-treated
apples was significantly higher than that of SE2-treated apples.

Table 2. Effects of organic fertilizer on the appearance quality of the apple fruit.

Treatment
Single Fruit
Weight (g)

Fruit Shape
(L/D)

Chromatic Aberration

L* a* b*

CK 203.27 ± 4.41 b 0.876 ± 0.020 a 42.61 ± 0.97 b 32.73 ± 1.20 c 14.45 ± 0.86 a
SE1 225.10 ± 9.25 a 0.882 ± 0.018 a 47.92 ± 1.90 a 36.87 ± 0.87 a 10.97 ± 0.68 b
SE2 221.43 ± 6.60 a 0.877 ± 0.008 a 46.52 ± 0.86 a 34.54 ± 1.17 b 12.84 ± 1.39 b

Note: Different lowercase letters in each column indicate significant differences at the 0.05 level.

SE1 and SE2 significantly improved the sugar–acid ratio and levels of soluble solids,
soluble sugars, VC, and free amino acids in ‘Fuji’ apples (Table 3). However, they signifi-
cantly decreased the level of titratable acids in the apples. Compared with the soluble solid
content (SSC), soluble sugar content, and sugar–acid ratio in the control apples, those in
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the SE1-treated apples increased by 12.16%, 21.96%, and 45.12%, respectively. On the other
hand, compared with the SSC, soluble sugar content, and sugar–acid ratio in the control
apples, those in the SE2-treated apples increased by 9.76%, 11.90%, and 28.55%, respectively.
The levels of VC in SE1-treated apples and SE2-treated apples were 56.12% and 47.96%
higher than those in the control apples, respectively, and the levels of free amino acids in
SE1-treated apples and SE2-treated apples were 17.15% and 13.42% higher than those in the
control apples, respectively. SE1 and SE2 significantly decreased the level of titratable acids
in ‘Fuji’ apples by 15.15% and 12.12%, respectively. However, they exhibited no significant
effect on the firmness of the apples.

Table 3. Effects of organic fertilizer on the internal quality of apple fruit.

Treatment Firmness
(kg/cm2) SSC (%) Titratable Acid

Content (%)
Soluble Sugar
Content (%)

Sugar–Acid
Ratio

VC Content
(mg/100 g)

Free Amino Acid
(g/kg)

CK 7.23 ± 0.35 a 13.73 ± 0.55 b 0.33 ± 0.02 a 10.84 ± 0.59 b 32.99 ± 2.44 b 0.98 ± 0.07 b 7.23 ± 0.40 b
SE1 8.07 ± 0.61 a 15.40 ± 0.70 a 0.28 ± 0.02 b 13.22 ± 0.49 a 47.90 ± 4.16 a 1.53 ± 0.10 a 8.47 ± 0.38 a
SE2 7.53 ± 0.31 a 15.07 ± 0.47 a 0.29 ± 0.02 b 12.13 ± 0.71 a 42.41 ± 2.80 a 1.45 ± 0.07 a 8.20 ± 0.56 a

Note: Different lowercase letters in each column indicate significant differences at the 0.05 level.

3.3. Effects of Organic Fertilizer on the Accumulation of Sugars and Acids in ‘Fuji’ Apples

As shown in Table 4, SE1 and SE2 significantly improved the levels of fructose, glucose,
sucrose, and sorbitol in ‘Fuji’ apples. Compared with the level of fructose in the control
apples, those in the SE1-treated apples and SE2-treated apples were 12.16% and 9.76%
higher, respectively. The levels of glucose in SE1-treated apples and SE2-treated apples
were 31.24% and 20.88% higher than those in the control apples, respectively. SE1 and SE2
increased the level of sucrose in ‘Fuji’ apples by 37.61% and 21.25%, respectively, and they
increased the level of sorbitol in the apples by 67.84% and 44.31%, respectively. The levels
of fructose, sucrose, and sorbitol in SE1-treated apples were significantly higher than those
in SE2-treated apples.

Table 4. Effects of bio-organic fertilizer on the contents of fructose, glucose, sucrose and sorbitol in
‘Fuji’ apples.

Treatment Fructose (mg/g) Glucose (mg/g) Sucrose (mg/g) Sorbitol (mg/g)

CK 55.37 ± 1.03 c 19.40 ± 1.88 b 28.24 ± 1.01 c 5.10 ± 0.26 c
SE1 62.80 ± 1.86 a 25.46 ± 2.68 a 38.86 ± 0.50 a 8.56 ± 0.52 a
SE2 58.41 ± 0.72 b 23.45 ± 1.15 a 34.24 ± 1.38 b 7.36 ± 0.71 b

Note: Different lowercase letters in each column indicate significant differences at the 0.05 level.

SE1 and SE2 significantly decreased the levels of malic acid, oxalic acid, and tartaric
acid in ‘Fuji’ apples, but they did not significantly affect the level of citric acid in the apples
(Table 5). Compared with the levels of malic acid, oxalic acid, and tartaric acid in the
control apples, those in the SE1-treated apples decreased by 35.23%, 35.46%, and 32.30%,
respectively. On the other hand, compared with the levels of malic acid, oxalic acid, and
tartaric acid in the control apples, those in the SE2-treated apples decreased by 23.56%,
25.81%, and 27.48%, respectively. The levels of malic acid, oxalic acid, and tartaric acid in
SE1-treated apples were not significantly different from those in SE2-treated apples.

Table 5. Effects of organic fertilizer on the contents of malic acid, citric acid, oxalic acid and tartaric
acid in ‘Fuji’ apples.

Treatment Malic Acid (mg/g) Citric Acid (mg/g) Oxalic Acid (mg/g) Tartaric Acid (mg/g)

CK 4.440 ± 0.288 a 0.083 ± 0.007 a 0.441 ± 0.037 a 0.293 ± 0.046 a
SE1 2.876 ± 0.170 b 0.072 ± 0.008 a 0.285 ± 0.011 b 0.198 ± 0.017 b
SE2 3.394 ± 0.328 b 0.080 ± 0.007 a 0.327 ± 0.037 b 0.212 ± 0.031 b

Note: Different lowercase letters in each column indicate significant differences at the 0.05 level.
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3.4. Effects of Organic Fertilizer on the Levels of Mineral Elements in ‘Fuji’ Apples

Minerals are important to the development, quality, and yield of apples. K, Ca, Mg, N,
and P are macronutrients required for plant growth and development. On the other hand,
Fe, Zn, and B are examples of micronutrients required for plant growth and development.
As shown in Figure 1, SE1 and SE2 significantly increased the levels of K, Ca, and Mg
in ‘Fuji’ apples, but they had no significant effect on the levels of N and P in the apples.
Compared to the levels of K, Ca, and Mg in the control apples, those in the SE1-treated
apples increased by 31.02%, 54.99%, and 64.69%, respectively. On the other hand, compared
to the levels of K, Ca, and Mg in the control apples, those in the SE2-treated apples increased
by 25.71%, 43.12%, and 58.60%, respectively. SE1 and SE2 significantly increased the levels
of Fe, Zn, and B in ‘Fuji’ apples, but they had no significant effect on the level of Mn in the
apples. SE1 increased the levels of Fe, Zn, and Boron in ‘Fuji’ apples by 42.00%, 28.09%,
and 37.86%, respectively. On the other hand, SE2 increased the levels of Fe, Zn, and B in
the apples by 39.19%, 25.80%, and 28.17%, respectively.
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Figure 1. Effects of organic fertilizer on the levels of mineral elements (A) nitrogen, (B) phosphorus,
(C) potassium, (D) calcium, (E) magnesium, (F) iron, (G) manganese, (H) zinc, and (I) boron in ‘Fuji’
apples. Different lowercase letters indicate significant differences between treatments (p < 0.05).

3.5. Effects of Organic Fertilizer on the Levels of Hormones in ‘Fuji’ Apples

SE1 and SE2 significantly improved the levels of IAA, ZR, and GA3 in ‘Fuji’ apples,
but they significantly decreased the level of ABA in the apples (Table 6). Compared with the
levels of IAA, ZR, and GA3 in the control apples, those in the SE1-treated apples increased
by 70.25%, 74.16%, and 48.51%, respectively. On the other hand, compared with the levels
of IAA, ZR, and GA3 in the control apples, those in the SE2-treated apples increased by
40.05%, 66.92%, and 29.54%, respectively. Compared with the level of ABA in the control
apples, those in the SE1-treated apples and SE2-treated apples decreased by 40.78% and
35.84%, respectively.
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Table 6. Effects of organic fertilizer on the levels of hormones in ‘Fuji’ apples.

Treatment Indole Acetic
Acid (µg/g) Zeatin (µg/g) Gibberellin

(µg/g)
Abscisic Acid

(µg/g)

CK 0.154 ± 0.006 b 0.125 ± 0.008 b 0.539 ± 0.122 b 0.643 ± 0.073 a
SE2 0.2084 ± 0.010 a 0.184 ± 0.012 a 0.755 ± 0.113 a 0.513 ± 0.030 b
SE1 0.226 ± 0.006 a 0.197 ± 0.010 a 0.801 ± 0.053 a 0.429 ± 0.057 b

Note: Different lowercase letters in each column indicate significant differences at the 0.05 level.

4. Discussion

Fierce competition requires growers to meet consumers’ demand for high-quality ap-
ples. Shape, size, texture, color, levels of volatile compounds, levels of phenolic compounds,
and levels of minerals are important parameters that determine apple quality [24,38,39].
The levels of primary and secondary metabolites in apples depend on apple varieties,
rootstocks, agricultural management measures (fertilization, irrigation, and pruning), cli-
mates, picking time, storage methods, processing methods, biotic stresses, and abiotic
stresses [40,41].

Seaweed extract effectively stimulates the growth of ‘Jonathan’ apple trees and sig-
nificantly improves the area of their leaves, chlorophyll content of the leaves, and pho-
tosynthetic rate in the leaves [42]. In this study, SE1 and SE2 significantly increased the
net photosynthetic rate, chlorophyll content, and Rubisco activity in ‘Fuji’ apple leaves
(Table 1). These results are consistent with those reported by Spinelli et al. [43], who
detected increases in the chlorophyll content and photosynthetic activity after the appli-
cation of a seaweed-extract-based commercial metabolic enhancer to ‘Fuji’ apple trees.
Seaweed-extract-based fertilizer increases the level of chlorophyll in grape leaves [44].

The application of seaweed extracts and amino acids improves the yield and quality of
fruit [23]. Color intensity and distribution are essential parameters for red apples [42,45,46].
The foliar application of seaweed extract improves the intensity and distribution of the
red color of apple peel [47], which may be due to the ability of the extract to induce
anthocyanin biosynthesis in fruit peel [42]. Basak [48] found that spraying seaweed-extract-
based products Kelpak® and Goemar BM 86® improves the size and red color of apples. In
this study, SE1 and SE2 significantly increased the a* value and single-fruit weight of ‘Fuji’
apples (Table 2). It may be due to the fact that seaweed fertilizer stimulates the cell division
of young fruit, improves fruit size and increases single fruit weight. The foliar application
of seaweed extract improves the yield and size of strawberries [49]. Moreover, the foliar
application of seaweed extract improves the yield and quality of pears [50]. This study
showed that SE1 and SE2 improved the sugar–acid ratio and the levels of soluble solids,
soluble sugars, VC, and free amino acids in ‘Fuji’ apples. The improvements in SE1-treated
apples (the fertilizer contains amino acids) were greater than those in the SE2-treated
apples (Tables 2 and 3). The foliar application of a mixture of amino acids and seaweed
extract significantly improves the weight, yield, and quality of grapes [51]. Khan et al. [23]
confirmed that the application of ‘Primo’ (a mixture of seaweed extract and amino acids)
significantly increases the weight, SSC, SSC–TA ratio, and VC content of citrus fruit.

The levels, types, and ratio of sugar and acid components jointly affect the formation
of flavor. Flavor, which is an important criterion for evaluating fruit quality, is an important
parameter in the evaluation of new varieties, evaluation of new cultivation technologies,
and screening of germplasm resources for sources of flavor improvements [34,52,53]. The
most dominant sugars and sugar alcohols present in apples were sucrose, fructose, glucose
and sorbitol [54,55]. Sucrose and fructose were the most abundant sugars, followed by
glucose [52]. Sorbitol and sucrose, which are formed by photosynthesis in leaves, are
transferred to fruit tissues and converted into fructose, glucose, malic acid, or starch [56,57].
During fruit ripening, sucrose is converted into glucose and fructose. Sorbitol is preferen-
tially converted to fructose, while glucose is preferentially converted to starch. Therefore,
the level of fructose in fruit tissues is higher than that of glucose in the tissues [38]. In most
apples, the levels of fructose and sucrose are higher than those of glucose and sorbitol [58].
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Our results are consistent with those of previous studies [53,54]. As shown in Table 4, SE1
and SE2 significantly increased the levels of fructose, glucose, sucrose, and sorbitol in ‘Fuji’
apples. It may be due to fact that the seaweed fertilizer can improve the photosynthetic effi-
ciency of leaves and the promotion of the transportation and accumulation of assimilates to
fruits. The levels of fructose, sucrose, and sorbitol in SE1-treated apples were significantly
higher than those in SE2-treated apples, which may be due to the amino acid contents of
SE1. Amino acids are important signaling molecules that may stimulate the production of
plant metabolites [59]. Malic acid is the most abundant organic acid in apples [34,58]. As
shown in Table 5, the level of malic acid in ‘Fuji’ apples was higher than those of citric acid,
oxalic acid, and tartaric acid in the apples. SE1 and SE2 significantly decreased the levels of
malic acid, oxalic acid, and tartaric acid in ‘Fuji’ apples, but they did not significantly affect
the level of citric acid in the apples.

Apples are rich sources of minerals, such as N, P, K, Ca, Mg, Zn, and Fe. These minerals
participate in the physiological processes of the fruits [53,60]. The proportions of Ca, Mg,
and K in mature apples affect the quality, cell wall structure, and storage life of the fruits.
On the other hand, the lack of these minerals causes physiological disorders in apples [61].
Previous studies have shown that the foliar application of seaweed extract promotes the
absorption of nutrients by plants and increases the levels of macro- and micronutrients
(such as N, P, K, Ca, Mg, Zn, and Fe) in the plants [62,63]. The results of this study are
consistent with those of previous studies. As shown in Figure 1, SE1 and SE2 significantly
increased the levels of K, Ca, Mg, Fe, Zn, and B in ‘Fuji’ apples. However, they did not
significantly affect the levels of N and P in the apples. This may be due to the fact that the
seaweed fertilizer can improve the absorption of minerals and promote the transportation
and accumulation of mineral salts to fruits. These results are consistent with the results
reported by Basak [48].

Endogenous hormones play important regulatory roles in fruit growth and devel-
opment, affecting the assimilation of carbon and the transportation and distribution of
photosynthate [64,65]. Seaweed-extract-based fertilizer is able to modulate the activity of
endogenous hormones in fruit [66]. A previous study has shown that the levels of ABA,
IAA, ZR, and GA3 in fruit vary during fruit development. The levels of IAA and ABA
increase and then decrease, while the level of ZR continuously decreases and remains low.
On the other hand, the level of GA3 decreases, increases, and then decreases. At harvest,
the levels of these hormones in fruit are relatively stable [67]. This study showed that the
foliar application of SE1 and SE2 increased the levels of GA3, IAA, and ZR and reduced the
level of ABA in ‘Fuji’ apples at harvest. IAA can regulate the transport of nutrients [68].
GA3 improves the metabolism of sorbitol and sucrose and synergizes with IAA [67]. At
the late stage of fruit development, increasing the levels of IAA and GA3 and reducing the
level of ABA in fruit can effectively reduce pre-harvest fruit drop [69].

5. Conclusions

SE1 and SE2 significantly improved the photosynthetic function of ‘Fuji’ apple leaves.
Moreover, they significantly improved the quality, weight, and red color of ‘Fuji’ apples.
The fertilizers increased the levels of sugars and decreased the levels of acids in ‘Fuji’
apples, improving the flavor of the apples. Furthermore, they regulated the levels of
IAA, ZR, GA3, and ABA in these apples, promoting carbohydrate accumulation in the
fruits. In addition, the fertilizers improved the levels of soluble solids, VC, free amino
acids, sugars, and mineral elements in the apples. In conclusion, SE1 and SE2 promote
nutrient accumulation in ‘Fuji’ apples and improve the quality, appearance, nutritional
value, and market competitiveness of the apples. Further analysis should confirm whether
the beneficial effects of the seaweed-extract-based foliar fertilizers last during storage and
the subsequent growing season. The study was only conducted for one year and the
conclusions formed from this study are only preliminary.
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60. Akšić, M.F.; Mutić, J.; Tešić, Z.; Meland, M. Evaluation of fruit mineral contents of two apple cultivars grown in organic and
integrated production systems. Acta Hortic. 2020, 1281, 59–66. [CrossRef]

61. Zavalloni, C.; Marangoni, B.; Tagliavini, M.; Scudellari, D. DYNAMICS OF UPTAKE OF CALCIUM, POTASSIUM AND
MAGNESIUM INTO APPLE FRUIT IN A HIGH DENSITY PLANTING. Acta Hortic. 2001, 564, 113–121. [CrossRef]

62. Zodape, S.T.; Kawarkhe, V.J.; Patolia, J.S.; Warade, A.D. Effect of liquid seaweed fertilizer on yield and quality of okra (Abel-
moschus esculentus L.). J. Sci. Ind. Res. 2008, 67, 1115–1117.

63. Rathore, S.; Chaudhary, D.; Boricha, G.; Ghosh, A.; Bhatt, B.; Zodape, S.; Patolia, J. Effect of seaweed extract on the growth, yield
and nutrient uptake of soybean (Glycine max) under rainfed conditions. South Afr. J. Bot. 2008, 75, 351–355. [CrossRef]

64. Huang, J.; Tu, D.-P.; Ma, X.-J.; Mo, C.-M.; Pan, L.-M.; Bai, L.-H.; Feng, S.-X. [Study on exogenous hormones inducing parthenocarpy
fruit growth and development and quality of Siraitia grosvenorii]. China J. Chin. Mater. Med. 2015, 40, 3567–3572.

65. Wang, C.; Liu, Y.; Li, S.-S.; Han, G.-Z. Insights into the Origin and Evolution of the Plant Hormone Signaling Machinery. Plant
Physiol. 2015, 167, 872–886. [CrossRef] [PubMed]

66. Wally, O.S.D.; Critchley, A.T.; Hiltz, D.; Craigie, J.S.; Han, X.; Zaharia, L.I.; Abrams, S.R.; Prithiviraj, B. Erratum to: Regulation of
Phytohormone Biosynthesis and Accumulation in Arabidopsis Following Treatment with Commercial Extract from the Marine
Macroalga Ascophyllum nodosum. J. Plant Growth Regul. 2012, 32, 340–341. [CrossRef]

67. Sha, J.; Wang, F.; Xu, X.; Chen, Q.; Zhu, Z.; Jiang, Y.; Ge, S. Studies on the translocation characteristics of 13C-photoassimilates to
fruit during the fruit development stage in ‘Fuji’ apple. Plant Physiol. Biochem. 2020, 154, 636–645. [CrossRef]

68. Srivastava, A.; Handa, A.K. Hormonal regulation of tomato fruit development: A molecular perspective. J. Plant Growth Regul.
2005, 24, 67–82. [CrossRef]

69. Zhao, H.Y.; Jiang, C.Y.; Qi, J.L.; Zhao, M.J.; Jin, G.M.; Wu, W.J. The law of olive fruit falling and the changes of soluble sugar,
starch and endogenous hormone content in leaves during fruit development. China Fruits 2022, 10, 43–48. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.11923/j.issn.2095-4050.cjas2018-1-033
http://doi.org/10.17660/ActaHortic.2002.594.44
http://doi.org/10.1080/15538360802365251
http://doi.org/10.17660/actahortic.2011.909.72
http://doi.org/10.1016/j.foodchem.2006.07.030
http://doi.org/10.3389/fnut.2022.941487
http://doi.org/10.1016/j.foodchem.2010.05.053
http://doi.org/10.1021/jf040118p
http://doi.org/10.1016/j.scienta.2016.09.024
http://doi.org/10.2503/jjshs1.79.1
http://doi.org/10.13386/j.issn1002-0306.2020060350
http://doi.org/10.1016/j.scienta.2017.09.007
http://doi.org/10.17660/ActaHortic.2020.1281.10
http://doi.org/10.17660/ActaHortic.2001.564.12
http://doi.org/10.1016/j.sajb.2008.10.009
http://doi.org/10.1104/pp.114.247403
http://www.ncbi.nlm.nih.gov/pubmed/25560880
http://doi.org/10.1007/s00344-012-9311-7
http://doi.org/10.1016/j.plaphy.2020.06.044
http://doi.org/10.1007/s00344-005-0015-0
http://doi.org/10.16626/j.cnki.issn1000-8047.2022.10.009

	Introduction 
	Materials and Methods 
	Site Description and Experimental Design 
	Measuring Methods 
	The Net Photosynthetic Rate, Chlorophyll Content, and Rubisco Activity in ‘Fuji’ Apple Leaves 
	Fruit Quality Assessment 

	Statistical Analysis 

	Results 
	Net Photosynthetic Rate, Chlorophyll and Rubisco Enzyme Activity 
	Effects of Organic Fertilizer on the Qualities of ‘Fuji’ Apples 
	Effects of Organic Fertilizer on the Accumulation of Sugars and Acids in ‘Fuji’ Apples 
	Effects of Organic Fertilizer on the Levels of Mineral Elements in ‘Fuji’ Apples 
	Effects of Organic Fertilizer on the Levels of Hormones in ‘Fuji’ Apples 

	Discussion 
	Conclusions 
	References

