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Abstract: In this study, we investigated the effect of partially substituting inorganic nitrogen with
bio-organic fertiliser on the ‘“Tianhong?2” Fuji apple planting in Xinjiang. Bio-organic fertiliser was
applied, and nitrogen was reduced by 20% (T2), 40% (T3), and 60% (T4) during the blooming and
fruit expansion periods with conventionally fertilised fields used as control (T1); soil nutrient, soil
enzyme activity, leaf nutrients, fruit quality, and yield were measured. The total nitrogen (TN), total
phosphorus (TP), total potassium (TK), total calcium (TCa), available phosphorus (AP), available
potassium (AK), and soil organic matter (SOM) contents, as well as the soil catalase (S-CAT), soil
uretrase (S-UE), soil saccharase (S-SC), and soil nitrate reductase (S-NR) activities, significantly
increased in the experimental soils compared with those in T1. In addition, TP, TCa, and total
magnesium (TMg) content in apples significantly increased. Compared to T1, the T2 and T3 treatments
significantly improved the fruit yield and quality, increasing the sugar-acid ratio, soluble protein,
soluble sugar, peel carotenoid, and anthocyanin content and reducing peel chlorophyll content. The
brightness (L*), red—green axis (a*), yellow-blue axis (b*), colour intensity (C), and tone (h°) values
changed. The yield per hectare and nitrogen fertiliser partial productivity values were significantly
increased. Overall, the T2 treatment resulted in the best outcome for the Yili area. In conclusion,
partially substituting inorganic nitrogen with bio-organic fertiliser can effectively increase soil and
leaf nutrient content and improve fruit yield and quality.

Keywords: apple; nitrogen reduction; biological organic fertiliser; soil nutrients; soil enzyme activity;
fruit quality; yield

1. Introduction

Apple (Malus pumila Mill.) is the most widely eaten fruit in the world, with different
varieties that are cultivated in more than 80 countries. Apple production in China has a long
history due to its favourable geography, climate, human resources, and market size [1]. New
apple-producing regions with suitable climatic conditions are emerging in China [2]. These
include the Aksu and Yili River valleys, which produce high yields of apples with excellent
quality, bright colour, and rich flavour that are highly demanded by domestic and foreign
consumers [3]. Apple fruit quality is primarily affected by the application method and
amount of fertiliser [4]. The rational fertilisation of apple fields provides the plants with the
amounts of nutrients required for optimum growth and high fruit quality [5,6]. However,
fertilisation methods have not been previously standardised for Fuji apple production in
the Yili area; fruit farmers apply large amounts of fertiliser, especially nitrogen, during
cultivation, which results in soil nutrient imbalance, unstable yield, and low fruit quality [7].
Such practices also lead to the wastage of fertiliser resources and cause environmental
pollution [8]. Bio-organic fertiliser can change the microbial environment in the soil,
increase the activity of soil enzymes, improve the root development and absorption capacity
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of plants at the seedling stage, activate the soil nutrient system [9], change microbial flora,
reduce soil bulk density [10], and can also improve the disease resistance of plants, reduce
diseases [11], promote crop development [12], and can significantly increase crop yield and
improve crop quality. Therefore, it is an effective alternative to fertilisers for sustainable
agricultural development [13,14]. The partial substitution of inorganic nitrogen fertiliser
with bio-organic fertiliser effectively alleviates the adverse ecological effects of inorganic
nitrogen fertilisers, such as environmental pollution, and realises the efficient cultivation
of crops [15,16]. Previous studies have found that the application of humic acid and
Bacillus subtilis bio-organic fertiliser in the soil can promote the absorption of nitrogen,
phosphorus and potassium by crops, increase the accumulation of dry matter in crops, and
increase yields [17,18]. The relevant research shows that in the process of vegetable growth
and development, the reduction in nitrogen fertiliser application with the application of
bio-organic fertiliser can increase the content of microorganisms in the soil, improve soil
physical and chemical properties, reduce nutrient surplus [19], and promote the absorption
of nutrients by crops in the process of growth and development. It has been found that
reducing nitrogen by 20% and applying microbial fertiliser on apples can not only improve
the fruit quality, chlorophyll content and photosynthetic indexes of ‘Fuji’ apples compared
with conventional fertilisation, but also reduce their fruit shape index, titratable acid content
and chlorophyll fluorescence parameters [20]. Other studies have shown that reducing
nitrogen and applying bio-organic fertiliser can significantly improve soil enzyme activity
compared with conventional fertilisation [21]. Although many studies have investigated
the use of lower amounts of nitrogen fertiliser to improve crop quality, only a few have
reported on the application of biological organic fertilisers to apples in Xinjiang. Owing to
the large differences in soil conditions in different regions, the irrational use of nitrogen
and bio-organic fertilisers in apple fields may reduce the fruit yield and economically
affect the farmers. Therefore, in this study with “Tianhong?2’ red Fuji apple as test material
and conventional fertiliser as a control, the proportion to reduce the amount of nitrogen
fertiliser application with the application of humic acid and Bacillus subtilis biological
organic fertiliser, study different fertiliser treatment of soil nutrients, soil enzyme activity,
leaf full amount of nutrients, the influence of apple fruit quality and yield. The outcomes
of this study would help identify the most appropriate amount of nitrogen and bio-organic
fertilisers for application in apple fields in Yili and other areas of Xinjiang to improve the
fruit yield and maximise the farmers’ income.

2. Materials and Methods
2.1. Test Situation

The field experiment was conducted on 15 April 2022 at the 1st Company of the 78th
Regiment, Xinjiang Production and Construction Corps, located at 447’ N, 8037’ E. This
region is characterised by a mountainous continental climate, an annual effective tempera-
ture of 29.63 °C, annual average sunshine of 2719 h, a frost-free period of 136 days, and
sandy loam soil. The indoor experiment was conducted at the Key Laboratory of Charac-
teristic Fruit and Vegetable Cultivation Physiology and Germplasm Resource Utilisation,
Shihezi University.

2.2. Test Materials
2.2.1. Plant Materials

The study was performed using six-year-old ‘Tianhong?2’ red Fuji apples with root-
stocks in Xinjiang wild apples. The plants were characterised using high germination
rates, low branch capacity, and short and long branches. The fruit results were mostly
concentrated in short branches, with some growing on the tree body and long branches.

2.2.2. Main Fertilisers

The test fertiliser contained (NHy) ;HPOy, (N + P2O5 > 64.0%, N > 16%, P,Og > 48%,
B + Zn > 0.2%, polyglutamate > 0.2%) and was purchased from Yunnan Yuntianhua Co., Ltd.
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(Kunming, China). Garden power humic acid water-soluble fertiliser (humic acid > 30 g-L !,
P,O5 + KO > 200 g~L’1, P,Os5 > 80 g-L’l, K,O > 160 g~L’1) was purchased from Sichuan
Runer Technology Co., Ltd. (Chengdu, China). B. subtilis was obtained from Deqiang
Biological Co., Ltd. (Harbin, China).

2.2.3. Instruments and Equipment

The instruments used for analysis included an ultraviolet spectrophotometer (UV-2600,
Shimazin Instruments Co., Ltd., Suzhou, China), ice maker (SIM-F140AY65, Qingdao Sanyo
Electric Machinery Co., Ltd., Qingdao, China), oven (ZFD-A5090, Shanghai Zhicheng Instru-
ment Manufacturing Co., Ltd., Shanghai, China), ultrasonic cleaning machine (CQ-500B,
Shanghai Yuejin Medical Optical Equipment Factory, Shanghai, China), water bath pot
(HH-S, Jiangsu Jintan Hengfeng Manufacturing Co., Ltd., Suzhou, China), tissue grinder
(Tissuelyser-64, Shanghai Jingxin Industrial Development Co., Ltd., Shanghai, China), and
microplate reader (VARIOSKAN FLASH, Thermo Fisher Scientific Co., Ltd.,
Shanghai, China).

2.3. Test Design

The experimental area was 1 hm?, and four experimental plots were selected. In each
plot, 15 fruit trees with strong growth, no pests or diseases, and good growth potential were
randomly selected (row and plant spacing of 5 m x 2m). All measurements were conducted
on three trees with five replicates using a completely randomised block design. The orchard
had good fertiliser and water conditions, strong tree growth, and a high management
level. Pollination trees were planted in rows along the side length of the orchard plot, with
one row of pollination trees planted every four rows of main cultivars to facilitate field
operations. The experiment included four treatments: conventional nitrogen fertiliser (T1),
which was the annual conventional fertilisation number of farmers; conventional nitrogen
fertiliser reduced by 20% + humic acid + Bacillus subtilis (T2); conventional nitrogen fertiliser
reduced by 40% + humic acid + Bacillus subtilis (T3); and conventional nitrogen fertiliser
reduced by 60% + humic acid + Bacillus subtilis (T4).

Three fertilisation treatments were conducted on 15 April 2022, 15 June 2022, and 15
July 2022. The fertiliser was dissolved in the water and applied using a fertiliser-integrated
drip irrigation system that was placed 70 cm away from the trunk. The specific fertilisation
amounts are listed in Table 1.

Table 1. Experimental treatment and its fertilisation status.

Humic Acid Water-Soluble Fertiliser

Processing 1 (g. Plant—1) Bacillus subtilis
Treatment Number N (g. Plant—1) . . (g. Plant~1)
P,05 KO, Humic Acid

Conventional fertilisation T1 30 0 0 0 0

Nitrogen reduction by 20% + T2 24 2.25 45 0.84 2
bio-organic fertiliser

Nitrogen reduction by 40% + T3 18 2.25 45 0.84 2
bio-organic fertiliser

Nitrogen reduction by 60% + T4 12 295 45 0.84 2

bio-organic fertiliser

2.4. Determination Items and Methods
2.4.1. Determination of Soil Nutrient and Enzyme Activities

After fertilisation, soil samples were collected at 0-20 cm and 2040 cm depth. Five
soil samples were obtained, parts of which were bagged, sealed, and stored at 4 °C, while
the other parts were naturally dried, ground, and sieved for use in soil indicator assays.
In brief, the total nitrogen content was determined using a Kazitometer [22], and P, K, Ca,
and Mg contents were determined using inductively coupled plasma-atomic emission
spectrometry (ICP-AES). Soil alkali nitrogen content was determined using the alkali
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diffusion method; soil available phosphorus content and available potassium content
were determined using the molybdenum-antimony resistance method and the flame light
method [22]. Soil nitrate nitrogen content was determined using nitrosalicylic acid, and
ammonium nitrogen content was determined using indophenol blue [23]. Soil organic
matter content was determined using potassium dichromate external heating [22], and soil
pH was measured using an acidity meter. Soil saccharase (invertase) and soil cellulase
(S-CL) activity were measured using the 3,5-dinitrosalicylic acid colourimetric method;
soil urease activity was measured using the sodium phenol colourimetric method. Soil
acid phosphatase (5-ACP) activity was measured using disodium benzene phosphate; soil
protease (S-ACPT) and soil dehydrogenase (S-DHA) activities were measured using the TTC
colourimetric method; soil catalase activity was measured via potassium permanganate
titration. Soil peroxidase (S-POD) activity was measured using guaiacol. Soil nitrate
reductase activity was determined via phenolic disulphate. Soil nitrite reductase (S-NiR)
activity was characterised by measuring the NO,-N content before and after adding the
Gree reagent. The determination method of soil enzyme activity is based on the reagent kit
provided by Suzhou Keming Biotechnology Co., Ltd. (Suzhou, China).

2.4.2. Determination of Nutrients in Apple Leaves

In August 2022, 50 healthy and mature leaves were collected from the outer parts of
the test tree in different directions and rinsed with pure water. Subsequently, the leaves
were oven-dried at 105 °C for 15 min and then maintained at 80 °C until the blade quality
stabilised. The baked leaves were crushed and passed through a 0.25 mm sieve, and
the mineral content was determined. In brief, leaf total nitrogen was measured using a
Kazitometer and leaf TP, TK, TCa, and TMg were measured via ICP-AES.

2.4.3. Determination of Apple Fruit Quality

During the fruit harvest period in October 2022, five fruit trees with similar growth
characteristics (e.g., tree height and crown) were selected from the experimental plots. One
fruit sample was randomly picked from each of the four directions (north, south, east, and
west) of the five fruit trees, resulting in a total of 20 fruit samples per plot. These samples
were brought back to the laboratory for testing of fruit quality. The measurement method
was as follows: an electronic digital vernier calliper was used to measure the longitudinal
and transverse diameters of the fruit, and the fruit shape index was calculated as the ratio
of the longitudinal diameter to the transverse diameter of the fruit. The fruit hardness was
measured using a GY-4 hand-held fruit hardness meter. The single fruit weight was weighed
using an electronic balance (FA2004, Shanghai Puchun Metering Instrument Co., Ltd.,
Shanghai, China); the chlorophyll content was measured using the acetone method [24].
Fruit carotenoid content was determined using high-performance liquid chromatography.
The anthocyanin content in peels was determined via the pH differential method [25].
The VC content was determined according to the 2,6-dichlorophenol indophenol titration
method in national standard GB/T 5009.86—2016 Determination of Ascorbic Acid in
National Standard for Food Safety Food. The soluble protein content was determined
using the Coomassie blue method [26]. Soluble solid content was measured using a TD-
45 meter (Zhejiang topu yunnong Technology Co., Ltd., Hangzhou, China), and soluble
sugar content was measured via anthrone [27]. The titratable acid content of the fruit was
determined via acid-base titration. The sugar-to-acid ratio was calculated by dividing the
soluble sugar content by the titratable acid content [28]. A CR-400 colourimeter was used
to measure surface brightness (L*), red-green axis (a*), and yellow-blue axis (b*), and the
colour intensity (C value = [(a*)? + (b*)2])1/2 [29,30] and the tone (h° = arctan (b*/a*)) were
calculated. According to the HunterLab system, the larger the value of L*, the brighter the
surface of the sample [31]. —a* value indicates green, and +a* value indicates red [32]. +b
value indicates yellow, and —b* value indicates blue. The larger the value of C, the higher
the red saturation of the fruit. The smaller the value of h°, the fewer colour components
there are and the more vivid the colour hue [33].
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2.4.4. Determination of Apple Yield

After the fruit was ripe, the single fruit weight and yield of apples were investigated on
a per-plant basis. The calculation method for single fruit weight and yield was to randomly
collect one fruit from each of the four directions of the tree canopy and mix the three trees
into one sample, totalling 12 fruits, with five repeats for each treatment. The single fruit
weight value for each repeat was the average weight of the 12 fruits, while the per-plant
yield was obtained by multiplying the single fruit weight by the number of fruits on a
single plant. The yield per hectare was obtained by multiplying the per-plant yield by the
number of trees per hectare. Nitrogen fertiliser productivity was obtained from the ratio of
fruit yield to fertiliser application per apple tree.

2.5. Data Analysis

Data processing was performed using Microsoft Excel 2021 (Microsoft, Redmond, WA, USA),
Spss 26.0 (SPSS, Chicago, IL, USA) statistical software for univariate difference analysis
(One-way ANOVA), and multiple comparisons were performed using the LSD method.
p < 0.05 indicated statistical significance, and graphs were constructed using the Origin
2021 (OriginLab, Northampton, MA, USA) software.

3. Results

3.1. Effect of Nitrogen Reduction and Application of Bio-Organic Fertilisers on Soil Nutrients and
Enzyme Activities

3.1.1. Effect of Nitrogen Reduction and Application of Biological Organic Fertilisers on Soil
Physical and Chemical Properties

The physical and chemical properties of the soil changed with increasing soil depth
(Figure 1). In the 0-20 cm deep soil, the T2 and T4 treatments increased the alkali nitrogen
(AN) contents by 74.10% and 53.57%, the nitrate nitrogen (NO3 ™) content by 60.61% and
52.20%, and decreased pH by 3.04% and 4.14%, respectively. The T2, T3, and T4 treatments
increased the available phosphorus (AP) content by 69.76%, 58.86%, and 55.23%, the quick
potassium (AK) content by 60.51%, 53.74%, and 47.80%, and the organic matter (SOM)
content by 73.80%, 62.35%, and 52.52%, respectively. In the 20-40 cm deep soil, pH changes
were not significant. Compared to the T1 treatment, AN and SOM content significantly
(p < 0.05) increased by 74.42% and 43.73%, respectively. AP and AK contents were sig-
nificantly reduced in the T3 and T4 treatments. The T2 and T4 treatments significantly
increased the nitrate nitrogen content by 48.77% and 39.80%, respectively. The ammonium
nitrogen (NH4-N) increased by 36.44% and 34.59% (0-20 cm) and 51.17%, 48.26%, and
(2040 cm), respectively.

3.1.2. Effect of Partial Replacement of Inorganic Nitrogen with Bio-Organic Fertiliser on
Soil Element Content

The total amount of soil elements decreased with increasing soil depth (Figure 2). The
contents of total phosphorus (TP) and total potassium (TK) in the 0-20 cm and 20-40 cm
deep soil with T2, T3, and T4 treatments were significantly higher than those with T1
treatment. In the 0-20 cm deep soil, compared with the T1 conventional fertilization
treatment, the soil total nitrogen (TN) of T2, T3 and T4 treatments were significantly
increased by 74.62%, 63.32% and 57.28%, respectively, and the total calcium (TCa) content
increased by 26.91%, 17.39%, and 22.11%, respectively. The total (TMg) content with the
T2 treatment was significantly higher than 33.10% with the T1 treatment. In the 20-40 cm
deep soil, the T2 treatment significantly increased by 40.35% compared to the T1 treatment.
The T2 and T3 treatments significantly increased TCa by 19.19% and 8.72% and TMg by
20.54% and 17.71%, respectively.
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Figure 1. Physicochemical properties after partial replacement of inorganic nitrogen with bio-organic
fertiliser. Soil samples were taken at 0-20 cm (orange) and 2040 cm (green) depths. The data are
presented as mean =+ standard error. Lowercase letters in the figure represent significant differences
in the same soil layer (p < 0.05). (A) alkaline lysis nitrogen, (B) available phosphorus, (C) available
potassium, (D) soil organic matter, (E) nitrate nitrogen, (F) ammonium nitrogen, (G) pH.

3.1.3. Effect of Partial Replacement of Inorganic Nitrogen with Bio-Organic Fertiliser on
Soil Enzyme Activity

The S-CAT, S-UE, S-SC, S-CL, S-ACP, S-DHA, S-NR, S-POD, S-NiR, and S-ACPT
enzymatic activities decreased with increasing soil depth (Figure 3). In the 0-20 cm deep
soil, compared to the T1 treatment, S-CAT activity increased by 45.59%, 38.78%, and 23.58%,
S-SC activity increased by 78.23%, 71.22% and 69.16%, S-NR activity increased by 69.06%,
53.38% and 64.79%, and S-UE activity increased by 72.57%, 66.10%, and 56.86% with T2,
T3, and T4 treatments, respectively. T2 treatment increased S-CL, S-DHA, S-POD, and
S5-NiR enzyme activities by 49.80%, 60.82%, 28.94%, and 14.15%, respectively. T2 and T3
treatments increased the S-ACP activity by 69.77% and 58.61%, and S-ACPT activity by
46.12% and 44.48%, respectively.

In the 20-40 cm deep soil layer, T2 treatment increased the S-CAT, S-UE, S-DHA,
S5-NR, S-POD, and S-NiR activities by 23.68%, 32.43%, 33.21%, 58.26%, 18.83%, and 13.77%,
respectively. The T2 and T3 treatments significantly increased the S-CL activity by 38.38%
and 44.69% and S-ACPT activity by 42.88% and 38.84%, respectively. T2 treatment in-
creased S-ACP activity by 30.64%. S-SC enzyme activity did not differ significantly among
the treatments.
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Figure 2. Change in total element content in soil treated by partial replacement of inorganic nitrogen
with bio-organic fertiliser. Soil samples were taken at 0—20 cm (orange) and 2040 cm (green) depths.
Different lowercase letters in the figure represent significant differences in the same soil layer (p < 0.05).
(A) total nitrogen content, (B) total phosphorus content, (C) total potassium content, (D) total calcium
content, (E) total magnesium content.

3.2. Effect of Nitrogen Reduction and Bio-Organic Fertiliser on Full Element Content in
Apple Leaves

The elemental contents of apple leaves were significantly different under treatment
with reduced amounts of inorganic nitrogen and bio-organic fertiliser (Figure 4). Compared
with T1, the total nitrogen (TN) content of leaves treated with T2 and T4 was increased by
9.30% and 9.17%, respectively. The total phosphorus (TP) content of the leaves significantly
(p < 0.05) increased by 33.20%, 22.48%, and 26.02%; the total calcium (Tca) content signifi-
cantly increased by 51.74%, 38.21%, and 30.02%, and the total magnesium (TMg) content
significantly increased by 18.88%, 13.52%, and 8.98% with T2, T3 and T4 treatments, respec-
tively. The total potassium (TK) content in the leaves of T2 and T3 treatments increased
significantly by 28.38% and 6.94%, respectively.

3.3. Effect of Nitrogen Reduction and Application of Bio-Organic Fertiliser on Apple Fruit Quality

The fruit quality in the different treatment groups varied significantly (Figure 5). The
weight, shape index, and hardness were greater in the T2 and T3 than in the T1-treated
fruits, whereas the T4-treated fruits showed the lowest values. The soluble solid content
of both T2- and T3-treated fruits decreased by 6.13%, with no significant changes in each
treatment. The VC content was higher by 31.44% and 19.90%, and the sugar-acid ratio
was higher by 23.41% and 37.11% in the T2- and T3-treated fruits, respectively, than in
the T1-treated fruits. The soluble protein content of the T2-, T3-, and T4-treated fruits
significantly increased by 37.16%, 30.14%, and 34.99%, respectively, and the soluble sugar
contents significantly increased by 16.15%, 14.86%, and 8.92%, respectively, compared
to the T1-treated fruits. The titratable acid content was 36.57% lower in the T2 treated
than in the T1-treated fruits. The carotenoid content was 44.64% and 40.05% higher, and
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the anthocyanin content was 31.77% and 30.14% higher in the T2- and T3-treated fruits,
respectively. The total chlorophyll content was 14.22% and 11.28% lower in the T2- and
T3-treated pericarps, respectively.
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Figure 3. Enzyme activity in soil treated with reduced amounts of inorganic nitrogen and bio-organic
fertiliser. Soil samples were taken at 0-20 cm (orange) and 20—40 cm (green) depths. Lowercase letters
in the figure represent significant differences between samples from the same soil layer (p < 0.05).
(A) soil catalase, (B) soil uretrase, (C) soil saccharase, (D) soil cellulase, (E) soil acid phosphatase,
(F) soil dehydrogenase, (G) soil nitrate reductase, (H) soil peroxidase, (I) soil nitrite reductase,
(J) soil protease.
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Figure 4. Total elemental content in apple leaves under nitrogen reduction and bio-organic fertiliser
treatment. Lowercase letters represent significant differences in the total element content of leaves
under different treatments (p < 0.05). The empty and solid dots represent the mean and data points,
respectively, and the dashed line is the normal distribution curve fitted to the data points. (A) total
nitrogen content, (B) total phosphorus content, (C) total potassium content, (D) total calcium content,

(E) total magnesium content.

The change in the colouring coefficient of apple peels treated with bio-organic fertiliser
(Figure 6). Compared to T1, the skin tone h°, red—green axis a* value, and colour intensity
C value of the other treatments did not change significantly. The T2 and T4 treatments
decreased the yellow-blue axis b* value by 35.74% and 4.63% and the brightness L* value

by 27.80% and 3.11%, respectively.

3.4. Effect of Nitrogen Reduction and Applying Bio-Organic Fertiliser on Apple Production

The apple yield was significantly different under the bio-organic fertiliser treatment
(Figure 7). Compared to T1, the apple per-plant yield of T2 treatment increased by 10.21%.
T2 and T3 treatments significantly increased yield per hectare by 14.81% and 9.97% and

PFPy by 10.21% and 7.59%, respectively.

3.5. Correlation Analysis

As shown in Figure 8, SFW, 5-NiR, S-ACP and S-ACPT negatively correlated with the
fruit quality indicators of fruit firmness (FF) and soil organic matter (SOM). SSC, Car, and

Ant positively correlated with all soil indicators except AN, SOM, NO3~, S-CL, and S-POD.

TA and Chl negatively correlated with pH and S-ACPT. SAR positively correlated with AK
and TK. SP and VC positively correlated with all soil indicators except NO;~, pH, S-CL,
S-POD, 5-NiR, and S-ACPT. L* negatively correlated with AN, TN, TK, TMg, and S-ACP;
a* showed a positive correlation with NH4-N, S-UE, and S-SC; PPY and YPH positively
correlated with TK, S-NiR, S-ACP, and S-ACPT. PFPN positively correlated with S-NiR,
S5-ACP, and S-ACPT. All correlations were found to be statistically significant (* p < 0.05).
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Figure 5. Changes in apple fruit quality under nitrogen reduction and biological organic fertiliser
treatments. Lowercase letters in the figure indicate significant differences in apple peel colouring
coefficient values (p < 0.05). The empty and solid dots represent the mean and data points, respectively,
and the dashed line is the normal distribution curve fitted to the data points. (A) single fruit weight,
(B) fruit shape index, (C) fruit firmness, (D) toluble solid content, (E) VC content, (F) soluble protein
content, (G) soluble sugar content, (H) titratable acid content, (I) sugar—acid ratio, (J) total chlorophyll
content, (K) carotenoid content, (L) anthocyanin content.
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Figure 7. Changes in apple yield under nitrogen reduction and bio-organic fertiliser treatment.

Lowercase letters in the figure represent significant differences in yields (p < 0.05). The empty

and solid dots represent the mean and data points, respectively, and the dashed line is the normal
distribution curve fitted to the data points. (A) per-plant yield, (B) yield per hectare, (C) partial factor
productivity from applied N (PFPy).
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Figure 8. Correlation analysis of apple fruit quality, yield, and soil index. All soil indicators were
obtained from 0 to 20 cm soil samples. SFW: single fruit weight, FSI: fruit shape index, FF: fruit
firmness, TSS: total soluble solid, TA: titratable acid, SSC: soluble sugar, SAR: sugar—acid ratio; SP:
soluble protein, VC: Vitamin C, Chl: chlorophyll, Ant: anthocyanin, Car: carotenoid, L*: brightness,
a*: red-green axis, b*: yellow-blue axis, C: colour intensity, h°: tone, PPY: per-plant yield, YPH:
yield per hectare, PFPy: partial factor productivity from applied N, AN: alkaline lysis nitrogen, AP:
available phosphorus, AK: available potassium, SOM: soil organic matter, NO3 ™: nitrate nitrogen,
NHy-N: ammonium nitrogen, TN: total nitrogen, TP: total phosphorus, TK: total potassium, TCa: total
calcium, TMg: total magnesium, S-UE: uretrase, S-CAT: catalase, S-SC: saccharase, S-CL: cellulase, S-
POD: peroxidase, S-NR: nitrate reductase, S-NiR: nitrite reductase, S-ACP: acid phosphatase, S-DHA:
dehydrogenase, S-ACPT: protease.

4. Discussion

Partially replacing inorganic nitrogen with bio-organic fertilisers improves soil quality
by regulating nutrient release and enhancing nutrient utilisation by plants [34,35]. High-
quality soil is crucial for plant growth, and the amount of fertiliser significantly affects
plant growth. Therefore, controlling the amount and type of fertiliser can improve soil
quality, which plays an important role in nutrient absorption and crop yield [36]. This
study shows that compared to the conventional fertilisation method (T1), reducing nitrogen
and applying bio-organic fertiliser reduces soil pH (Figure 1). This is consistent with the
results of the study by Li [5] on Fuji apples but not with those by Qi et al. [37]. This may
be due to the neutralisation of the slightly alkaline soil by humic acid in the bio-organic
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fertiliser. In addition, this study showed that reducing the amount of inorganic nitrogen
and applying bio-organic fertiliser could significantly promote the content of soil AN,
AP, AK, NO3;~, and NHy-N, especially in the 0-20 cm layer with T2 treatment, which
is consistent with the results of the study by Liu [22] and Guo [12]. The reason may be
that the appropriate application of nitrogen fertiliser improves the soil carbon—nitrogen
ratio, optimises the soil microbial environment, and accelerates the production of available
nitrogen, phosphorus, and potassium in the soil [38]. Moreover, the bio-organic fertiliser
contains humic acid, whose structure includes several functional groups that can form
complexes with ammonium, phosphate, and potassium ions in the soil, reducing the
loss of alkali-hydrolysed nitrogen, inhibiting phosphorus and potassium fixation and
enhancing the release of fixed phosphorus and potassium, thereby improving the soil
available nutrients and nitrate nitrogen and ammonium nitrogen content [39]. Compared
to the conventional fertilisation method, the soil organic matter and total elemental content
in the soil also increased significantly, especially in the 020 cm layer (Figure 2). This is
consistent with the findings of Li et al. [40]. Therefore, the reduction in nitrogen fertiliser
application might increase soil enzyme activity and enhance the utilisation of nitrogen,
phosphorus, and potassium in fertilisers [41]. Moreover, B. subtilis in bio-organic fertilisers
decomposes some relatively difficult-to-decompose substances in soil, accelerates the
decomposition of organic matter in the soil, improves the soil granule structure, and
promotes the survival of other beneficial bacteria, thereby indirectly increases nutrients in
the soil [42-45].

Soil enzyme activity reflects the biochemical reactions and fertility changes that occur
in the soil, as well as the state of soil fertility. Determining enzyme activity is an effective
tool for understanding the biological processes in soil [46]. Excessive nitrogen fertilisation
can reduce soil enzyme activity and plant nutrient absorption [47]. Soil urease activity can
characterise the nitrogen status of the soil [41], and acid phosphatase (ACP) is involved
in the dephosphorisation of organic phosphorus in the soil [48]. Catalase activity charac-
terises the ability of the soil to degrade pollutants [49,50], and the enzymatic product of
soil invertase is closely related to the nutrient content (such as organic matter, nitrogen,
and phosphorus) in the soil [51]. This study found that reducing nitrogen fertiliser and
applying bio-organic fertiliser resulted in higher enzyme activities of CAT, ACP, UE, SC, CL,
DHA, NR, NiR, ACPT, and POD in the soil than the conventional fertilisation treatment,
especially in the 0-20 cm soil layer. The enzyme activities significantly increased when the
amount of nitrogen fertiliser was reduced by 20% and 30% and combined with bio-organic
fertiliser (Figure 3), which is consistent with the results of other studies [52-54]. This might
be because organic fertilisers can increase the carbon content of soil, root exudates and
microbial activity, thereby increasing enzyme activity in soil [55,56]. Furthermore, the
application of bio-organic fertilisers improves the structure of microbial communities and
the content of beneficial microorganisms in soil. Microorganisms secrete large amounts of
enzymes during multiplication, thereby enhancing soil enzyme activity [57,58].

The leaf blade can reflect the nutrient supply and its nutritional status is the most
important quantitative indicator for nutritional diagnosis [59]. Appropriate amounts of
phosphorus and potassium nutrition can also promote fat metabolism and the synthesis
of aroma substances [60]. This study found that the TP, TK, TCa, and TMg contents in
apple leaves under various nitrogen reduction treatments were significantly higher than
those under the T1 conventional fertilisation treatment, except for TN (Figure 4), which is
consistent with the results reported by Teng et al. [61]. This may be related to the beneficial
microorganisms in B. subtilis that regulate plant hormone levels, phosphorus-solubilisation,
and potassium availability, improving the bioavailability and utilisation of soil phosphorus,
potassium, calcium, and other nutrients [62,63].

Excessive nitrogen application can lead to excessive vegetative growth, inhibit repro-
ductive growth in fruit trees, and inhibit nutrient absorption, which can affect tree growth
and crop yield [64]. Many studies have shown that proper reduction in nitrogen fertiliser
application increases the yield and improves the nutritional quality of crops. Moreover, it
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reduces the amounts of wasted nitrogen fertiliser, improves fertiliser utilisation efficiency,
and reduces environmental pollution [65]. This study found that under different fertili-
sation treatments, fruit weight, shape index, and hardness of apples increased with 20%
and 30% nitrogen reduction combined with bio-organic fertiliser (Figures 5 and 6), and
the fruit yield and nitrogen partial factor productivity also increased accordingly (Fig-
ure 7). These findings are consistent with those of Li [66]. The change in soluble solid
content was not significant; however, the titratable acid content significantly decreased
under all treatments. Soluble protein, vitamin C, soluble sugar content, and sugar-acid
ratio significantly increased, consistent with the findings of Zhang et al. [67] and Wang
et al. [4]. This is consistent with the notion that humic acid can promote protein synthesis
and increase the activity of sucrose synthase and vitamin C synthase [68]. In addition,
bio-organic fertilisers can increase soil enzyme activity, activate soil nutrients, and promote
plant absorption, thereby improving fruit quality, which is consistent with the positive
correlation between most fruit quality indicators and soil nutrients in this study. Fruit
colouration is one of the most important parameters for evaluating apple quality. The
colour of apples is determined by many factors, including maturity, ecology, genotype,
soil type, and climate [69]. This study found that the total chlorophyll content in apple
peels decreased in the 20% and 30% nitrogen reduction treatments, whereas the carotenoid
and anthocyanin contents significantly increased. This result is consistent with previous
studies that concluded that soils with high organic matter and potassium content are more
conducive to the development of fruit colour [70]. In addition, this study found that the
changes in fruit colouration coefficients a*, C, and h° were not significant, with a* and C
values slightly increasing compared to the T1 conventional fertilisation treatment. This
indicates that the reduction in nitrogen fertiliser combined with the application of bio-
organic fertiliser can increase the anthocyanin content in the fruit, promote fruit colouring,
make the fruit brighter and redder [24,71], and improve the commercial value of the fruit.
The b* and L* values significantly decreased when nitrogen fertiliser was reduced by 20%
and 60% and combined with bio-organic fertiliser, which is consistent with the results of
previous studies [70]. This may be due to the promotion of organic matter accumulation
in the soil by humic acid in the bio-organic fertiliser, which promotes the accumulation of
pigments in the peel of the fruit and deepens the colour of the peel, thereby reducing L*
and b* values. The reasons for this need to be further investigated. In addition, this study
did not conduct an in-depth analysis of the structure of soil microbial communities under
different treatments and was unable to fully understand the impact of nitrogen reduction
combined with bio-organic fertiliser on soil microorganisms. This will be addressed in
future research.

5. Conclusions

Reducing nitrogen fertiliser application and applying bio-organic fertilisers can ef-
fectively fertilise the soil, increase leaf nutrient content and fruit yield, and improve fruit
quality. Moreover, fruit quality was significantly and positively correlated with most soil
indicators, whereas yield was positively correlated with most soil indicators. Among them,
T2 treatment, which resulted in a 20% reduction in nitrogen application combined with
bio-organic fertiliser, resulted in the best outcomes and could be used for apple cultivation
in the Yili region. The results of this study also reveal the important role of reducing
nitrogen application and applying bio-organic fertiliser in improving fruit quality and soil
and have potential significance for promoting organic cultivation of apple fruit and green
agricultural development.
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