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Abstract

Saline land rehabilitation plays a crucial role in expanding arable land resources and ensuring food security. To achieve
green and sustainable improvement of saline and alkaline land, the present study utilizes vinegar residue waste composted
with inter-root bacteria PGPR (phosphorus solubilizing, potassium solubilizing, and nitrogen fixing bacteria) to produce
organic fertilizers that are beneficial to plants, thus rehabilitating saline and alkaline land. The total nutrient content (X
(N +P,05+K,0) of the heap at the end of composting increases by 49.85%. PKN-VR (vinegar residue compost with added
phosphorus solubilizing, potassium solubilizing, and nitrogen-fixing bacteria) treatment group significantly increases the stem
length (55.99%), root length (54.29%), fresh weight (71.4%), and dry weight (57.9%) of wheat seedlings in the saline soil. In
addition, the compost products increase the content of chlorophyll (62.2%), proline (94%), and soluble sugar (62.7%), and
decrease the content of MAD (malondialdehyde) by 24.05%, thus enhancing the resilience of wheat seedlings. The contents
of total nitrogen, total potassium, and total phosphorus, as well as quick-acting potassium, quick-acting phosphorus, and
alkaline dissolved nitrogen in the soils of the treatment groups are significantly increased by the addition of microorgan-
isms. The soil fertility enhancement also increases the enzyme activities of the soil. The results show that PKN-VR has
considerable potential in saline soil remediation, realizes the resource utilization of vinegar residue waste, and provides a
new management method for the green development of agriculture.
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Statement of novelty

e Vinegar residue is used to produce biofertilizer.

e The biofertilizer greatly improved the land quality of
saline and alkaline land.

e The biofertilizer improved wheat growth.

Introduction

The rehabilitation of saline and alkaline land is crucial in
China as it plays a vital role in expanding the area of ara-
ble land, improving crop productivity, and ensuring food
security [1]. The total area of saline and alkaline land in
China is about 99.13 million hectares, ranking the third in
the world and the first in Asia, accounting for about 13%
of the national land area [2]. Moreover, higher salinity lev-
els can cause osmotic stress and physiological drought in
plants, restricting their growth and development [3]. The
rational development and utilization of saline land is crucial
for the sustainable development of modern agriculture in
China. Researchers adopted several physical, chemical, and
hydrological measures for the improvement of saline soils
[4-6]. However, these methods have defects such as high
cost, large workload and easy to produce secondary pol-
lution. To successfully implement the principles of green,
low-carbon, and sustainable development, it is crucial to
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explore cost-effective, efficient, and environmentally sus-
tainable methods for enhancing the capacity of saline land.
Biofertilizer amendment is widely recognized as a highly
effective strategy for enhancing saline soils, owing to its
numerous advantages including cost-effectiveness, high effi-
ciency, and environmental sustainability [7-9]. Numerous
studies demonstrated that the utilization of biowastes, their
derivatives, and soil microorganisms can effectively mitigate
soil salinity and promote sustainable agricultural practices
[10-12]. This approach was aimed at optimizing agricultural
productivity and enhancing soil health.

Vinegar residue (VR) is a noteworthy by-product of the
vinegar industry in China, boasting an annual production
that exceeds 3 million tons [13]. It is derived from rice
bran, bran, and sorghum husk, which are abundant sources
of crude protein, cellulose, semi-fibre, and other valuable
nutrients [14]. Although researchers have directly applied
vinegar residue waste to soil improvement in saline soils
and achieved certain resource utilization and improvement
effects, the disadvantages of these treatments are low degra-
dation efficiency, limited treatment capacity, insufficient eco-
nomic value, and over-application can cause acidification,
pathogen contamination, mold, etc., which can result in seri-
ous secondary contamination of the soil [15]. Composting
is a cost-effective, efficient, and secure approach to agricul-
tural waste management [16]. It enables the transformation
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of high moisture, low pH vinegar residue waste into valuable
organic fertilizer. This process not only facilitates prompt
disposal but also guarantees the productive utilization of
vinegar residue [17, 18]. However, composting usually takes
a long time and produces low quality compost. Therefore,
by adding some additives (microorganisms and organic or
inorganic substances) it is possible to reduce the composting
time and improve the quality of the product [19]. Numer-
ous studies have presented compelling evidence regarding
the significant influence of vinegar residue introduction into
soil-on-soil properties and microbial communities [15, 20].
The application of vinegar residue waste has several benefits,
because it helps regulate soil pH, improve soil structure and
nutrients, and also has a significant impact on the composi-
tion of the microbial community [21, 22]. In addition, soil
microorganisms, as key drivers of plant productivity and
ecosystem micro-processes, are effective in maintaining
soil quality and plant health [23]. Certain salinity-tolerant
inter-root bacteria (PGPR) can adapt to different soil salt
levels [24]. These bacteria dissolve phosphorus, potassium,
fix nitrogen, and assist plants in dealing with high salt levels.
They improve nutrient cycling, making phosphate and potas-
sium more accessible to plants. Additionally, these bacteria
release substances that enhance plant growth, resulting in
strong crops and sustainable agriculture [25]. However, the
effects of compost products resulting from the application
of inter-root bacteria (PGPR) in combination with vinasse
waste on saline soil properties and crop growth have not
been adequately studied. In this study, two experiments were
designed to elucidate the changes in the properties of com-
post products and to evaluate their effects on saline soils and
crop quality: (1) by a composting experiment carried out to
assess the changes in compost properties and to evaluate
the quality of the compost; and 2) a wheat seedling potting
experiment conducted to study the effect of the compost
products on the wheat seedlings growth and on the soil phys-
icochemical properties of saline soils.

Materials and Methods
Raw Materials and Composting Design

The vinegar residue in this study was obtained from Guo
Junqgi Sauce and Vinegar Factory in Nanxiaozhang Vil-
lage, Chang'an District, Xi'an City, Shaanxi Province, and
the basic physicochemical properties of the vinegar residue
were as follows: moisture of 65.3%, organic matter content
of 658 g/kg, total nitrogen of 14.2 g/kg, pH 4.7, and C/N
26.9. Three bacteria were isolated from the independent
isolation and screening of the saline alkaline land, with the
the strains of PSB-1, K-2, N-5 showed significant activity in
solubilizing phosphorus and potassium and fixing nitrogen,

respectively. The PSB-1, K-2, N-5 were provisionally identi-
fied as Priestia Bacillus, Paenibacillus mucilaginosus, Pae-
nibacillus sp., respectively. Before inoculation, each strain
was inoculated into the Luria—Bertani liquid medium, and
incubated for 2 days on a shaker at 28 +2 °C until the ODyy
value reached 1.0 [26].

The study on natural composting was conducted out-
doors at Northwestern University. The composting reactor
was a tightly manufactured portable cylindrical composting
bag with a diameter of 35 cm and a height of 60 cm. The
composting experiments were carried out as follows: 15 kg
of fresh vinegar residue was mixed with the test bacterial
strains at a ratio of 100:1 (m:v). A total of six different sets
of treatments were set up, and the total amount of bacterial
agent added to each treatment was 150 mL, including the
composting treatments without inoculation of strains (CK)
and inoculated with Bacillus sp.: PK-VR (P 75 mL+K
75 mL), PN-VR (P 75 mL+N 75 mL), NK-VR (N 75 mL+K
75 mL), PKN-VR (P 50 mL +K 50 mL+N 50 mL), and
PKN-Car-VR (P 50 mL+K 50 mL+N 50 mL +0.75 kg
miscellaneous salt). The miscellaneous salt was obtained by
using traditional concentrated crystallization methods from
the treatment of high-salt waste water in Shaanxi Huamu
Qingchuan Biotechnology Co., LTD. The purpose of adding
the miscellaneous salt was to verify the effect of salinity on
the compost to explore its suitability to be applied to saline
soils. The composting test was conducted for 56 days with
the moisture content controlled at around 60%-65%, reactor
aeration was done by manual turning of the pile once every
3 days, and the ambient temperature was recorded at 9 a.m.
every day by inserting a thermometer into the centre of the
compost pile 15 cm deep from the surface of the compost
heap and taking the average of the three measurements as the
temperature of the compost heap. Samples were collected at
0, 3,7, 14, 28, 35, 42, 48 and 56 d by quartile method and
mixed thoroughly. The collected samples were divided into
two parts. One portion was immediately stored at 4 °C until
analysed, while the remaining portion was air-dried, sieved
through a 0.15 mm sieve, and stored for further analysis.

Determination of Basic Physical and Chemical
Indexes During Composting

Fresh compost samples were oven dried at 105 °C for 12 h
until to a constant weight to measure moisture content.
Aliquot of 2 g of fresh compost sample was mixed with
distilled water in the ratio of 1: 10 (w/v) and shaken at
200 rpm for 1 h. pH and EC were measured with a pH
meter and EC meter, respectively (soil/water =1:5) [27].
Fresh compost samples (5 g) and 50 mL of deionised
water were shaken at 160 rpm for 30 min, then filtered
through 0.45 pm filter paper and the filtrate was collected.
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The E, E¢ ratio was measured from the above filtrate at
wavelengths of 465 nm and 665 nm by an ultraviolet spec-
trophotometer. Cucumber seeds were chosen based on the
criteria to be exposed to the filtrate for seed germination
studies, with deionized water serving as a blank control
[28], and the seed germination index (GI) was calculated
using the following formula [29].

Gl number of germinated seeds in extract

root length in extract

Raw Materials and Pot Experiment

The soil utilized in this study was sourced from a saline
farmland located in the salt-affected region of Lubotan
(109°33"26" E, 34°49'34" N), Shaanxi, China. Post-col-
lection, the soil was subjected to air-drying, homogeniza-
tion, and passage through a 5 mm sieve to ensure uniform-

number of germinated seeds in control

% 100%

root length in control

Organic matter was burnt by the scorching method, i.e.
burnt in a muffle furnace at 550 °C for 4 h until constant
weight, the ash mass was measured and then the percent-
age was subtracted from the ash mass fraction [30]. Total
phosphorus was measured spectrophotometrically [31],
total potassium was measured flame photometrically,
total nitrogen was measured Kjeldahl, nitrate nitrogen
was measured ultraviolet spectrophotometrically, and
ammonium nitrogen was measured by direct titration after
distillation [32].

=
=]

ity. The selected test crop for this investigation was "Sinon
511" wheat, with the seeds procured from a seed, pesticide,
and fertilizer factory in Xi'an, China. The physico-chemical
characteristics of the soil were as follows: pH 8.64, EC 0.936
dS/m, organic matter 12.45 g/kg, fast-acting phosphorus
12.53 mg/kg, fast-acting potassium 138.23 mg/g, and total
nitrogen 0.624 g/kg.

A series of potting experiments was conducted at out-
doors in Northwestern University's Chang'an Campus to
investigate the impact of metabolites produced by compost-
ing on plant growth in saline soil. The experiments were
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Fig. 1 Changes in physical properties during composting by treatment. a Temperature; b cumulative temperature; ¢ moisture content; d colour
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carried out during the autumn season. Standardized plastic
pots were used, measuring 29.6 cm in diameter, 20 cm in
bottom diameter, and 19.7 cm in height. Each pot contained
3 kg of soil, 30 wheat seeds, and 250 g of compost. The
experiment consisted of seven groups: CK (untreated soil),
S1(VR), S2 (PK-VR), S3 (PN-VR), S4 (NK-VR), S5 (PKN-
VR), and S6: in which compost product was added to Phos-
phate solubilizing bacteria, potassium solubilizing bacteria,
nitrogen-fixing bacterium and 0.75 kg miscellaneous salt
(PKN-Car-VR). Each treatment was replicated three times.
Throughout the experiment, the soil moisture content was
carefully maintained at approximately 60%.

Plant Biomass and Stress Resistance Indexes

Plant samples were collected after 30 d of potting trials to
determine plant growth parameters. Wheat seedlings were
washed with distilled water and then oven dried to a con-
stant weight at 60 °C. A portion of the wheat seedlings was
naturally air dried for nutrient analyses, and the other portion
of the fresh samples was stored in a refrigerator at 4 °C for
subsequent determinations. Fresh weight, dry weight, root
length and stem length of wheat seedlings were determined
[33]. Chlorophyll content was determined by ethanol-ace-
tone extraction followed by spectrophotometric determina-
tion of chlorophyll a (Chl b), chlorophyll b (Chl b), and total
chlorophyll (Chl a+b) content [34]. Proline content was
determined by the method of Bates et al. [35] and malondi-
aldehyde (MDA) content was determined by the thiobarbi-
turic acid (TBA) reaction method [36]. Nitrogen, phospho-
rus and potassium contents in plants were determined by
digesting naturally air-dried wheat seedling samples with
H,SO,~H,0,. Total nitrogen content in wheat seedlings was
determined by semi-micro Kjeldahl nitrogen determination
[37], total phosphorus content by molybdenum-antimony
colourimetry, and total potassium by flame atomic absorp-
tion spectrophotometry.

Soil Physicochemical Properties

In the potting experiment, three replicate samples of soil
(the weight of each sample was 50 g) were collected for
each treatment. Some of the soil samples were air-dried after
grinding and sieving (< 2 mm) to determine soil pH and
nutrient indices. Soil pH was determined using an acidimeter
(P901, water/soil, 2.5:1), and electrical conductivity (EC)
values were measured using a conductivity meter (DDS-
307, Shanghai Jingkrei Magnetics, China), water/soil, 5:1.
Soil samples were analysed for their basic chemical proper-
ties using standard soil agrochemical analysis methods [38].
Potassium dichromate oxidation method was used for the
determination of soil organic matter.TN (total nitrogen),

TP (total phosphorus) and TK (total potassium) were deter-
mined by semi-micro Kjeldahl nitrogen fixation, molybde-
num-antimony colorimetry and flame photometric method
[39]. Soil AN (alkaline nitrogen decomposition), AP (fast-
acting phosphorus) and AK (fast-acting potassium) were
determined by alkali diffusion, sodium bicarbonate extrac-
tion colourimetry and flame photometric method. Sodium
hypochlorite colourimetric method, 3,5-dinitrosalicylic acid
colourimetric method and disodium phenyl phosphate col-
ourimetric method were used respectively [40].

Statistical Analysis

Soil and plant parameters under different treatments were
analysed using one-way analysis of variance (ANOVA).
Multiple comparisons (LSD test) were used to test the level
of significance between the different treatments at P < for
0.05. Correlation between wheat parameters and soil quality
was analysed and plotted using Origin (2022).

Results

Composting Process and Physicochemical
Properties of Compost

The temperature variations in the study are depicted in
Fig. 1a. The ambient temperature ranged during the com-
posting process was between 16.1 and 36.1 °C. In all com-
posting treatments, the temperature of the compost material
passes through three typical phases: mesophilic, thermo-
philic, and curing. At the beginning of composting, the
temperature of the compost increases dramatically due to
intense microbial degradation of organic matter and rapid
microbial multiplication, and all treatments enter the ther-
mophilic phase (50 °C) on days 5 and 6, with the PN-VR
treatment reaching a peak temperature of 57.9 °C on day 9.
The thermophilic phase should be maintained for at least
3 days to ensure that the compost product is sterilized, and
in this phase, the PKN-VR treatment lasted for a maximum
of 6 days and the CK treatment lasted for a minimum of
4 days. This indicated that microbial metabolic activity
varies in response to changes in temperature. However,
the temperatures of the treatments begin to decrease after
reaching the peak and reached the ambient level, entering
the stabilization stage at 35 days. This indicated that the
degradable organic matter is almost exhausted. At the end
of composting, the cumulative temperature of the PKN-VR
treatment (2061.3 °C) was 5.82% higher than that of the
CK group (2458.1 °C). Additionally, the temperature of the
PKN-VR treatment is significantly higher than that of the
other treatments in the curing stage (Fig. 1b). As shown
in Fig. 1c, which illustrates the change in moisture content
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during the composting process, the moisture content fol-
lowed a similar pattern in all treatments. Initially, during
the first 0-3 days of composting, there is a rapid decrease
in moisture content. This decrease helped to speed up the
compost maturation time. Then, from days 3-7, the moisture
content decreased quickly due to the significant growth of
microorganisms and the thermophilic stage of composting.
After the 14th day, the rate of moisture content declined
slows down as microbial activity decreases. By the end of
the composting process, the moisture content stabilized at
around 30% in all treatments. Figure 1d shows the color
change during composting of vinegar residue waste, which
generally turned darker due to the evolution of humic sub-
stances from the decomposition of organic matter. It can be
seen that the vinegar residue composting starts with yel-
low color, on the 3rd day of composting the vinegar residue
shows the appearance of white mycelium, which indicated
that the microorganisms are multiplying in large quantities,
and then it gradually changed to brown, and then to dark
brown after 28 days, which indicated that the organic mat-
ter was decomposed in large quantities, and there was no
significant change thereafter.

Throughout the composting process, the pH of the six
treatments changed drastically with an increasing trend in
pH, which gradually stabilized after 28 days (Fig. 2a). Upon
completion of composting, the final pH of the six composts
ranged from 7.40 to 7.70. At the completion of composting,
the final pH ranged 7.40-7.70. Figure 2b shows the electri-
cal conductivity (EC) during composting. The EC values of
the six treatments show a similar trend. A partial decrease in
EC values is shown on days 0-3, which is mainly attributed
to the volatilization of ammonia as well as to mineral salts
and may be partly attributed to the production of leachate.

Finally, the EC values (0.65—-1.89 dS/m) of the compost
products of all six treatments are below the recommended
threshold (4 dS/m), indicating that there is no phytotoxic-
ity in the final product, and all of them meet the compost
maturity criteria.

As shown in Fig. 2c, the changes in GI were similar in
different treatments, and all of them showed an increas-
ing trend. According to the newly revised Chinese organic
fertilizer standard (NY525-2021), which stipulates the
requirement of GI >70%, the phytotoxicity of the compost
material was relatively low when the GI value is > 50%,
and when the GI value is > 90%, it indicates that the com-
post is mature and almost non-phytotoxic (Yang et al.
2021). At the end of the composting process, GI values in
all treatments ranged from 103.5 to 115.0%. The addition
of microorganisms to the treatments resulted in higher GI
values compared to the CK treatment. This may be due to
the accelerated biodegradation of toxic substances in the
composting material by microorganisms. The E,/E ratios
of all treatments decreased at the beginning of composting
due to the production of organic acids, tended to increase
when entering the thermophilic phase, and then gradually
decreased until the compost matures (Fig. 2d). Through-
out the process, the highest E,/E, ratio is observed in the
NK-VR treatment, indicating a low degree of humifica-
tion in this compost. The lowest E,/E ratio is observed
in the PKN-Car-VR treatment, which indicates a high
degree of condensation of humic aromatic nuclei. The E,/
E ratios of all treatments were in the range between 3.81
and 4.53 at the beginning of the composting but decreased
to 2.92-3.47 at the end of the composting (an average
decrease of 23.4%), indicating that the composted prod-
ucts have a certain degree of humification or putrefaction.
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As shown in Fig. 2, the changes in NH,"-N and NO;™-N
content followed a similar trend in all treatments. At the
beginning of composting, the concentrations of NH,*-N and
NO;™-N gradually increased. The volatilization of ammonia
at high temperatures as composting progresses leaded to a
gradual decrease in NH,"-N and NO;™-N content, which
stabilized at the end of composting. At the end of compost-
ing. In which, NH,"-N and NO;™-N contents decreased to
0.005-0.035 g/kg and 0.0398-0.0521 g/kg, respectively. The
decrease in nitrogen content indicates that several treatments
showed signs of good composting and maturation process.
In this process, the NH4+-N content of PKN-VR treatment
was higher than other treatments in the pre-composting
stage, and the lowest in CK group. At the end of compost-
ing, the highest NH,*-N content was found in the CK treat-
ment and the lowest in the NK-VR treatment, which indi-
cates that microbial activities are favorable to promote the
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decomposition of organic matter and accelerate the volatili-
zation of ammonia.

As shown in Fig. 3a, the organic matter content of each
treatment gradually decreased during the composting pro-
cess, especially the loss of organic matter was higher in the
PKN-VR and PKN-Car-VR treatments, while it was the low-
est in the CK treatment. As composting progresses, most
of the small organic molecules were decomposed so that
the rate of organic matter degradation gradually tended to
stabilize, while the difficult-to-degrade substances were
further decomposed and utilized by microorganisms during
the cooling and decaying process. At the end of compost-
ing, the content of organic matter remaining in each treat-
ment group was stable at 56.55-63.54%, with a reduction of
26.26-35.25%, and the NK-VR group has the highest deg-
radation rate of 35.25%, followed by PKN-VR at 34.852%.
Total nutrient content was a key parameter in assessing the
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fertility and application value of compost (Fig. 3b). At the
end of composting, the concentrations of total nitrogen (TN),
phosphorus (Meena et al.), and potassium (TK) reached
4.06-6.30%, 0.275-0.552%, and 1.693-2.301%, respec-
tively, in each group. Although nitrogen loss and inorganic
nitrogen production during the composting process reduced
the absolute content of TN, the N, P, and K nutrient contents
of the compost products in all groups are significantly higher
compared to those before composting. Compared to CK,
the concentrations of TN, TP, and TK were increased by
24.1-55.2%, 22.1-100.99%, and 7.46-35.93%, and the total
nutrients [Z (N +P,05+K,0)] increased by 21.35-49.85%
in all groups of compost, respectively.

Effect of Vinegar Residue Biofertilizer on Wheat
Seedlings

The present study verified the effect of vinegar residue-based
biofertilizer on growth traits of wheat seedlings (Fig. 4).
The mean stem length of wheat seedlings in all treatments
ranged from 16.54 to 25.99 cm, with the S4 treatment hav-
ing the largest mean stem length, followed by the S3 and
S5 treatments (25.56, 25.8 cm). Compared with the CK
group (6.65 cm), the S6 treatment showed longer root per-
formance (11.54 cm), which is followed by S5 (10.26 cm)
and S2 (9.24 cm) (Fig. 4b). The stem and root lengths of
wheat seedlings were remarkably increased by 37.4-57.2%
and 8.52-73.5%, respectively. In addition, wheat treated with

VRBF also significantly increased in fresh and dry weights
compared to the control, with the highest fresh weight of
wheat seedlings in the S5 treatment (0.4239 g/plant), fol-
lowed by the S1 treatment (0.4022 g/plant), with the treat-
ments increasing by 47.1-71.4%, respectively (Fig. 4c). The
highest dry weight of wheat seedlings is in the S5 treatment
at 0.0593 g/plant, which increased significantly by 25.6%
(S1), 41.3% (S2), 54.3% (S3), 50.5% (S4), 57.9% (S5), and
49.8% (S6) in S1-6 treatments, respectively, compared to
CK (Fig. 4d).

Different VRBFs have a significant effect on chloro-
phyll content in wheat seedlings (Fig. 5). Compared with
the control (0.827 mg/g), S5 treatment has the maxi-
mum chlorophyll a content (1.431 mg/g), followed by S3
(1.270 mg/g), S4 (1.090 mg/g), and the lowest performer
is S1 (0.954 mg/g). Finally, the chlorophyll a content of
the treatments is significantly increased by 15.4-73.0%,
respectively (Fig. 5a). The highest chlorophyll b contents
were found in S2 (0.316 mg/g) and S6 (0.288 mg/g), which
increased their chlorophyll b contents in wheat seedlings
by 65.8 and 51.3%, respectively, compared with the control
group (0.191 mg/g). The lowest one was S3, which is only
0.125 mg/g (Fig. 5b), even though the chlorophyll b con-
tent of S3 treatments was slightly lower than that of the CK
group. Its total chloroplast content was greater than that of
the CK group. Figure 5c reflects the total chlorophyll con-
tent of wheat seedlings in each treatment. Compared with
the CK group (1.017 mg/g), the average total chlorophyll
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contents under the S1-6 treatments were 1.185, 1.31, 1.395,
1.359, 1.649, and 1.258 mg/g, respectively, which were
increased by 16.6% to 62.2%. The best performance of total
chlorophyll content is under the S5 treatment. Soluble sugars
played a key role in dehydration tolerance during plant seed-
ling development. The highest soluble sugar content in the
leaves of wheat seedlings treated with VRBF was found in
the S4 treatment (3.517 mg/g), followed by S5 (3.479 mg/g)
and S6 (3.420 mg/g). Compared to the control, the soluble
sugar content of the S1-6 treatments significantly increased
by 14.9, 37.5, 49.6, 64.5, 62.7, and 59.9% (Fig. 5d). Simi-
larly, a significant increase in proline content was observed
under different VRBF treatments, ranging from 26.0 to
94.0% in the S1-6 treatments, respectively, compared to
the control. The highest proline contents are found in S5
(11.982 pg/g) and S4 (11.794 ug/g), and the lowest is in
S1 treatment with 7.780 pg/g. In the present study, there
was a reduction in MDA content in wheat seedlings under
different VRBF treatments (Fig. 5f). The MDA content in

@ Springer

the CK group is 17.350 pg/g. S5 treatment has the lowest
MDA content (13.176 pg/g), followed by S6 (14.961 pg/g),
S1 (14.970 pg/g). S5, S6, and S1 treatments have the MDA
content decreases by 24.05, 13.83, and 13.77%, respectively.

Figure 6 shows the variation of nutrient content in wheat
seedlings after the application of different VRBFs. The
nitrogen (N) content of wheat seedlings in the CK group
and VRBF treatments was 4.32, 5.37, 5.02, 6.18, 5.95, 6.88,
and 6.18%, respectively (Fig. 6a). The S5 treatment had the
highest N content, while there was no significant difference
(P<0.05) in the S3 and S6 treatments compared to the CK
group. The S5, S3, and S6 treatments improved wheat N
content by 59.2, 43.1, and 43.1% respectively. When VRBF
is added to the soil, N-containing compounds decomposed
slowly and provided a stable supply of N to wheat seed-
lings. Additionally, nitrogen-fixing bacteria increased N
utilization in the soil and improved uptake by the wheat
root system. This leaded to the accumulation of more N in
wheat seedlings. The highest levels of phosphorus (P) in
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wheat seedlings were found in S5 (0.585%), S2 (0.545%),
and S6 (0.532%), while the CK group only had 0.36569%
of P (Fig. 6b). Compared with the CK group, the P content
of wheat in the S2 and S5 treatments was 48.9 and 59.8%
higher than that of CK, respectively (P <0.05). From Fig. 6c¢,
the highest potassium concentration in wheat seedlings was
found in S5 treatment (1.883%), followed by S4 (1.715%).
Wheat K concentration was significantly (P <0.05) higher
in S5 and S4 treatments by 59.7, 45.5% compared to CK
group (1.179%).

Effect of Vinegar Residue Biofertilizer
on the Physicochemical Properties of Potting Saline
Soil

Soil pH and EC are direct indicators of soil salinity and
can affect soil acidity. The application of VRBDF group

treatments (S1-6) significantly reduced soil pH and EC com-
pared to the CK group (Fig. 7a, b). In the CK group, soil
pH was 8.52 and EC was 0.861 dS/m. The treatments that
showed the largest decreases in soil pH and EC were S5
(7.93) and S4 (0.320 dS/m), respectively, which were 6.9
and 62.8% lower. The treatment with the highest soil organic
matter content was S5 (22.1 g/kg), followed by S4 (21.88 g/
kg), S6 (20.6 g/kg), and S2 (20.5 g/kg). The lowest organic
matter content was found in S1 (17.92 g/kg) compared to the
control group (13.24 g/kg). The S4, S6, and S2 treatments
were 66.9, 65.3, and 54.8% higher, respectively, than the
CK group (Fig. 7c). The nutrient (N, P, and K) levels of the
potting soil are displayed in Fig. 7d. In the CK group, the
effective phosphorus content was 12.5 mg/kg. The S5 group
of treatments had the highest soil AP content, with values
of 26.77 mg/kg for S5, 23.81 mg/kg for S2, and 22.90 mg/
kg for S6. These values were 114.1, 90.4, and 83.2% higher,
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respectively, compared to the CK group (Fig. 7d). In the
CK group, the soil AK content was 146.6 mg/kg. The S5
group had the highest soil AK content at 175.6 mg/kg, fol-
lowed by S4 with 174.53 mg/kg. These values were 19.8
and 19.1% higher, respectively, than the CK group (Fig. 7e).
The soil AN content of the treatment’s ranged from 41.4 to
67.67 mg/kg. The highest AN content was observed in the
soil of the S4 treatment, which is 63.5% higher compared to
the CK group. However, there was no significant difference
in AN content between the S2 and S6 treatments (P < 0.05).
The total soil phosphorus content in the S1 (0.57 g/kg), S2
(0.39 g/kg), S3 (0.55 g/kg), S4 (0.54 g/kg), S5 (0.58 g/kg),
and S6 (0.53 g/kg) groups increased by a total of 25.8-87.1%
compared to the CK group (0.31 g/kg). In terms of soil TK
content, the treatment of group S4 had the highest level at
15.54 g/kg. This represents a significant increase of 102.8%
compared to the control group (7.66 g/kg). On the other
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hand, group S6 has the lowest TK content at 10.98 g/kg, due
to the salt content inhibiting the activity of potassium-sol-
ubilizing bacteria to some extent (Fig. 7h). Figure 7i shows
the TN content of soil in potted plants. The soil TN content
for each treatment group (CK, S1, S2, S3, S4, S5, and S6)
significantly increased by 40—112% compared to the control
group of CK. Notably, the TN content was higher in the
S4, S2, and S6 treatments, indicating that the application of
VRBF effectively increased the nitrogen content in the soil.

Effect of Vinegar Residue Biofertilizer on Enzyme
Activity in Potted Saline Soil

The changes in enzyme activities in the potting soil are
depicted in Fig. 8. The S1-6 group exhibited significantly
higher soil enzyme activities compared to the CK group
(1.96 mL/g h). However, no significant differences in
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Table 1 Principal component analysis (PCA) of soil physicochemical
properties and enzyme activities of potting soils

Parameters PC1 PC2 PC3

pH —0.26536 0.17861 0.50104
EC —0.31364 0.06497 —0.09138
SOM 0.31006 —0.05933 —0.16478
TN 0.24408 0.36597 0.04623
AN 0.28539 —0.13073 0.24882
TK 0.28668 —0.13334 0.08186
AK 0.30356  —0.09424 —0.14792
TP 0.23832 0.51921 -0.15616
AP 0.26855 —0.19358 —0.45792
S-CAT 0.27796 0.38919 0.05409
S-SC 0.2705 0.26335 0.43225
S-ALP 0.22376  —0.48548 0.43581
S-UE 0.3005 —0.13824 0.084
Eigenvalue 9.771 1.294 0.888
Percentage of total variance 75.161 9.955 6.832
Cumulative percentage 75.160 85.116 91.948

catalase activities were observed between the treatment
groups (P <0.05). The soil catalase activity reached its peak
in the S5 and S3 treatments, both recording 2.27 mL/g h,
while the lowest activity is seen in S2 with 2.13 mL/g-h.
In comparison to the CK group, the catalase activity in
the S1-6 treatments showed an increase of 8.67-18.88%.
Additionally, the highest sucrase activity was recorded in
S4 (18.84 mg/g/d), closely followed by S3 (18.61 mg/g/d).
The sucrase activity in the S1-6 group exhibited a signifi-
cant increase of 24.26-41.9% compared to the CK group
(13.27 mg/g d) (Fig. 8b). The CK group had an alkaline
phosphatase activity of 0.74 mg/g—24 h. In the S1-6 group,
the ALPase activity was 0.89, 1.31, 1.20, 1.08, 0.95, and
1.02 mg/g-24 h, which represents increases of 20.3, 77.02,
62.2,45.9, 28.4, and 37.8% respectively. Figure 8d demon-
strates that all the S1-6 groups have higher urease activities
compared to the CK group (0.94 mg/g-24 h), with S3 exhib-
iting the highest urease activity (1.27 mg/g-24 h), followed
by S6 (1.26 mg/g-24 h). The groups S1-6 showed an increase
in soil urease enzymes ranging from 18.08 to 35.1% when
compared to the control soil.

Relationships and Correlations Between
the Parameters

Principal Coordinate Analysis (PCA) showed the effect of
VRBF on the relationship between physicochemical prop-
erties and enzyme activities of saline soils. Table 1 shows
the results of analysis of variance (ANOVA). The cumu-
lative variance explained by the first (75.161%), second
(9.955%) and third (6.832%) axes accounted for 91.948%

of the total variance. The significant differences in nutrient
content and enzyme activities in the soil after applica-
tion of VRBF further confirmed the great changes in soil
fertility. Except for pH and EC, the loadings of the first
principal component were all positive, indicating that the
other soil nutrient indicators had strong positive correla-
tions with PC1. However, pH and EC values were nega-
tively correlated with PC1. Soil chemical variables such as
P, K, N and OM contributed the most to the first principal
component, which was mainly attributed to the increase in
SOM content and nutrient levels of N, P and K by VRBF.
This indicated that PC1 represents soil nutrient content.
The second component mainly reflected the changes in
soil enzyme activities after VRBF application. The third
component, PC3, was mainly influenced by soil pH. PCA
analysis (Fig. 9a) showed that soil nutrient content was the
first driver of soil quality in saline soils, followed by soil
enzyme activity, while pH and salinity were the third driv-
ers. The correlation study (Fig. 9b) examined the relation-
ship between wheat seedling growth and soil health under
different VRBF treatments in a pot experiment. The results
showed that there were significant positive correlations
between soil pH and electrical conductivity and MAD.
In addition, negative correlations (P < 0.05) were found
with OM, AN, TK, AK, AP, S-CAT, S-UE and other wheat
parameters except Chlb and MAD. This suggested that
lowering soil pH in saline soils can effectively improve
soil quality and promote wheat growth. In addition, soil
electrical conductivity was significantly (P <0.05) and
negatively correlated with other soil physicochemical
properties, enzyme activities and wheat growth param-
eters excluding Chlb and MAD. Wheat root length (RL)
was negatively correlated with soil pH and EC, but signifi-
cantly correlated with soil OM, AN, AK, AP and S-UE.
This highlighted the close relationship between wheat
root-soil environment and soluble N, P, K and urease con-
tents. Except for wheat MAD, all other growth param-
eters were significantly and positively correlated with soil
nutrient content and enzyme activities. This suggested that
promotion of wheat growth depends on the increase in soil
nutrient content and enzyme activity.

Discussion

Composting Process and Physicochemical
Properties of Compost

As an important sign of microbial life activity during fer-
mentation, the compost temperature can directly reflect the
composting process and microbial activity, and also signifi-
cantly affect the decomposition of organic matter and micro-
bial community succession during fermentation [41]. During
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Fig.9 a Correlation analysis
(PCA) of physico-chemical
properties of potting soil with
enzyme activities and b cor-
relation thermogram of potting
soil parameters with growth
parameters of wheat. **P <0.01
and *P <0.05
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the 10th—13th day of composting, the temperature gradually
decreases, which may be due to the insufficient carbon con-
tent of the microorganisms and the evaporation of water that
carries away a large amount of heat, resulting in the presence
of an anaerobic environment and limitation of the activity of
aerobic microorganisms. Afterwards, after turning the piles,
the six treatments enter the thermophilic stage again after the
14th day, and the temperatures of all the treatments increase
slightly after each turn of the piles. This finding is consistent
with the study conducted by Li et al. [42]. Moisture content
is critical for soluble nutrients required for microbial meta-
bolic activities during composting [43].

The pH of the treatments shows a decreasing trend at
day 3, which is related to the production of small molecule
organic acids from the microbial decomposition of carbohy-
drates in the materials during the fermentation process, This
finding aligns with the outcomes of a previous investiga-
tion [44]. Afterwards, the mineralization and humification
of organic matter within the vinegar residue during com-
posting produced NH;, which neutralized the organic acids,
leading to a gradual increase in pH [45]. The decrease in
EC value at the beginning of composting is mainly attrib-
uted to volatilization of ammonia, as well as mineral salts
and precipitation, and may be partially attributed to leachate
production [46]. Subsequently, there is a gradual increase
in EC values due to lower volatilization rates of ammonia,
weaker degradation of organic matter, and nitrification or
denitrification processes in the maturation phase. After the
21st day, the EC decreases again due to the conversion of
small molecules and ions into large humus molecules [47].
The EC is able to reflect the salinity level and phytotox-
icity of the compost, and some studies have reported that
the addition of salt inhibits the microbial activity affecting
the biodegradation process [48]. The reason for the initially
low GI values during composting may be that toxicity from
the accumulation of organic acids inhibits the growth of the
seeds, which is in agreement with a previous study [49].
Subsequently, during the thermophilic phase (0-28 days),
the GI values of all treatments increase significantly. This
increase can be attributed to the biodegradation of toxic sub-
stances (e.g. NH,*, organic acids, and phenolic acids) in the
composted material [50]. The E,/Eq ratio characterizes the
quality and degree of aromatization of humic acids [51].
NH,*-N and NO;™-N as the two most abundant forms of
nitrogen in the composting process, NH,*-N is converted
to NH; and released to the environment, and the change of
NO;™-N content is the result of the combined effect of nitri-
fication and denitrification [52]. At the early stage of com-
posting, NHj is produced due to the decomposition of amino
acids and some nitrogenous compounds by microorganisms,
leading to a NH,*-N content decreasing. The NH,*-N con-
tent increased and then decreased several times during the
composting process, which may be due to the increase in

temperature and the increased ammonification triggered by
the degradation of many nitrogenous substances [53].The
NH,*-N content of PKN-Car-VR treatment was higher than
that of the other added microbial treatments is relatively
low, and some researchers believe that the salt incorporation
will have an inhibitory effect on organic matter humifica-
tion, thus reducing the NH,*-N content [54]. During the
early decomposition stage, microbial proliferation promotes
the decomposition rate of organic matter and the moisture
content of the compost decreases rapidly, which helps to
shorten the maturation time of the compost. After that, the
rate of decrease in moisture content slows down due to the
thermophilic stage of composting, where microbial activity
is reduced and less water is evaporated to the surrounding
environment [55].

According to previous study [56], compost organic mat-
ter conversion mainly consists of three stages: degradation,
CO, release, and carbon sequestration, in which microor-
ganisms play a dominant role. During the warming period,
microorganisms use the soluble organic matter in the pile
to rapidly multiply and mineralize to make the organic mat-
ter degradation rate faster. During the high temperature
period, microorganisms decompose large molecules of cel-
lulose, hemicellulose and lignin, resulting in a reduction of
organic matter, but the degradation rate slows down relative
to the warming period, due to the fact that the composting
microorganisms consume amino acids and low-molecular-
weight organic acids at the beginning, but the degrada-
tion of organic compounds produces many smaller soluble
substances, resulting in a smaller change of organic matter
content, which is similar to the results of Zhang et al. [57].
The mineralization of organic compounds in the compost-
ing process produces a “concentration effect”, leading to
an increase in nutrient concentration [58]. According to the
Chinese industry standard (NY/T 525-2021), the total nutri-
ent content (X (N+P,05+K,0)) is total nitrogen (TN), total
phosphorus (Meena et al.), and total potassium (TK), and
the limit value is (£ (N+P,05+K,0) >4.0%) [59]. Overall,
the nutrient composition of the final product is quite impres-
sive, and all of them meet the requirements of the Chinese
Organic Fertilizer Quality Standard (NY/T 525-2021).

Effect of Vinegar Residue Biofertilizer on Wheat
Seedling

The treatment with added microbiome promoted the growth
of wheat seedlings better compared to CK. The related study
shows that Bacillus sp. can improve plant growth through the
production of IAA and ACC deaminases to improve plant
growth, and these enzymes are mainly involved in improving
the plant root system [60]. On the other hand, the micro-
bial degradation of organic matter in the vinegar residue
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improved the soil microenvironment of the root system of
wheat seedlings.

soil microenvironment, enhanced the nutrient content in
the soil, and increased soil fertility. The results of this study
are similar to those of Robas Morae et al. [61]. Chloroplast
content is an important photosynthetic pigment in energy
conversion and carbon assimilation in plants, and it reflects
changes in leaf physiological activity [62]. The positive
effect of the addition of VRBF treatment on photosynthetic
pigment metabolism is further evident, which is attributed to
the presence of nitrogen-fixing bacteria that fix atmospheric
nitrogen and maintain the continuous use of nitrogen for the
synthesis of chlorophyll molecules in seedlings [34]. Soluble
sugars play a key role in dehydration tolerance during plant
seedling development. This increase is attributed to VRBF
enhancing nutrient uptake and promoting photosynthesis,
resulting in increased water holding capacity. Consequently,
the sugar content in wheat seedlings is effectively improved.
Therefore, with the application of VRBF, the reduction of
salinity stress in the soil led to an increase in the rate of pro-
line accumulation in wheat seedlings, which makes the S5
and S6 treatments more resistant than the other treatments
and more water stress resistant. This result is similar to the
findings of Qayyum et al. [63]. Malondialdehyde (MDA)
reflects the degree of oxidative damage in plants, with higher
MDA levels indicating weaker damage capacity and resist-
ance [64]. It has also been shown that an increase in proline
in plants also promotes a higher concentration of reactive
oxygen species in the soil, which reduces oxidative dam-
age in plants [50]. The increase in phosphorus concentration
in wheat seedlings may be due to the degradation of some
difficult-to-use phosphates in saline soil by phosphate-sol-
ubilizing bacteria [65], which increases the concentration
of phosphorus in the rhizosphere soil. The incorporation
of VRBF into saline soils significantly increased the N, P,
and K contents of wheat seedlings. Some of the nutrients
in VRBF can be rapidly released into the soil solution and
absorbed by wheat [66].

Effect of Vinegar Residue Biofertilizer
on the Physicochemical Properties of Potting Saline
Soil

The decrease in soil EC may be attributed to improved
porosity, aeration, and hydraulic conductivity, which pro-
motes leaching of salts from the surface to the lower layers.
Decrease in soil pH, which may be due to the release of reac-
tive organic acids and carbon dioxide from the decomposi-
tion of bio-organic additives [67]. It may also be attributed
to the further decomposition of organic matter in the vin-
egar residue, leading to the production of organic acids [68,
69]. These findings indicate that the treatment groups that
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received added microorganisms (S2-6) have higher organic
matter content compared to those with vinegar residue appli-
cation alone (S1). This is likely because microorganisms
promote the decomposition of soil organic matter, leading to
the production of more organic matter and an improvement
in soil quality. Previous studies have demonstrated that phos-
phorus in the soil primarily exists in the form of insoluble
mineral complexes. However, the effectiveness of soil phos-
phorus can be enhanced by introducing phosphate-solubiliz-
ing bacteria which can release mineral-soluble substances
like organic acid anions and iron carriers, and by decom-
posing organic compounds in humus [70]. Several studies
have shown that phosphorus and potassium in soil exist
mainly in the form of insoluble mineral complexes, and by
adding VRBF, Bacillus sp. may help to improve soil nutri-
ent effectiveness by releasing mineral-soluble substances
such as organic acid anions and iron carriers, secretion of
extracellular enzymes and substrate degradation as well as
decomposition of humic substances in organic compounds
[71]. In addition, the high content of nitrogen compounds in
the raw material of VRBF compost can effectively enhance
the accumulation of nitrogen in the soil.

Effect of Vinegar Residue biofertilizer on Enzyme
Activity in Potted Saline Soil

Soil enzymes play a key role in various nutrient cycles and
their activity is considered a key indicator of soil fertility
[72]. Among these groups, the S2 group had the highest
alkaline phosphatase activity, possibly due to a higher pres-
ence of phosphorus solubilizing bacteria that can produce
phosphate through their phosphorus solubilizing capacity
[72]. Other soil enzyme activities also showed different lev-
els of increase. These results indicate that the application of
VRBF can effectively enhance and modify enzyme activities
in the soil, promoting soil nutrient cycling and providing
ample energy for soil microorganisms, thus improving the
soil environment [38].

Relationships and Correlations Between
the Parameters

According to previous studies, enzyme activities in soil are
closely related to soil physicochemical properties [20, 73].
PCA shows that soil organic matter, quick nutrients and
enzyme activities were the main drivers limiting the fertility
deficit of saline soils. Further analysis of hotspot diagrams
showed that, except for soil pH, EC and MDA, there was
a significant positive correlations. This result was similar
to that of Zhang et al. [74]. However, some studies have
shown that the changes in soil enzyme activity by fungal
fertilizer application are indirect, and that it directly affects
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the microbial community mainly through the soil physico-
chemical properties, which indirectly affects the soil enzyme
activity soil [32]. The results of this study confirmed that by
improving saline soil pH, organic matter, nitrogen, phospho-
rus, potassium and other nutrient indexes at the same time, it
is also conducive to the improvement of soil enzyme activ-
ity, which can further improve the soil fertility and promote
the growth of wheat.

Conclusion

In this study, phosphorus solubilizing bacteria, potassium
solubilizing bacteria and nitrogen fixing bacteria were
screened from saline soil, and then the strains and vinegar
residue were mixed according to the ratio of 1:100 (v:m) to
prepare biological fertilizer. The results of potting experi-
ments by saline soil amended with vinegar residue-based
compost showed that PKN-VR could effectively reduce
soil salinity and increase soil nutrient content and enzyme
activity. The improvement of saline soil environment pro-
moted the growth and development of wheat seedlings and
the absorption of nitrogen, phosphorus and potassium. The
results showed that PKN-VR has considerable potential in
saline soil remediation, realizes the resource utilization of
vinegar residue waste for the green development of agricul-
ture. It is observed that the treatment with addition of such
PGPR promotes better growth of wheat seedlings due to
the presence of phosphorus, potassium and nitrogen fixing
bacteria which increases the photosynthetic activity, chloro-
phyll formation, nitrogen metabolism and growth hormone
content of wheat seedlings, which ultimately improves the
root growth and fresh dry weight of the plant.
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