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ABSTRACT

Goji berry (Lycium barbarum L.) is substantially dependent on nitrogen fertilizer application, which can signifi-
cantly enhance fruit yield and Goji berry industrial development in Ningxia, China. This study aimed to analyze
the functions of differential nitrogen application rates including low (N1), medium (N2), and high (N3) levels in
soil microbial community structure (bacterial and fungal) at 2 diverse soil depths (0–20, 20–40 cm) through
high-throughput sequencing technology by targeting 16S RNA gene and ITS1 & ITS2 regions. All the observed
physicochemical parameters exhibited significant improvement (p < 0.05) with increased levels of nitrogen and
the highest values for most parameters were observed at N2. However, pH decreased (p < 0.05) gradually. The
alpha and beta diversity analyses for bacterial and fungal communities’ metagenome displayed more similarities
than differences among all groups. The top bacterial and fungal phyla and genera suggested no obvious (p > 0.05)
differences among three group treatments (N1, N2, and N3). Furthermore, the functional enrichment analysis
demonstrated significant (p < 0.05) enrichment of quorum sensing, cysteine and methionine metabolism, and
transcriptional machinery for bacterial communities, while various saprotrophic functional roles for fungal
communities. Conclusively, moderately reducing the use of N-supplemented fertilizers is conducive to increasing
soil nitrogen utilization rate, which can contribute to sustainable agriculture practices through improved soil
quality, and microbial community structure and functions.
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1 Introduction

Lycium plants (family Solanaceae) are native to arid and semi-arid parts of Eurasia, Africa, North
America, South America and so on [1]. Two of the 31 Lycium species identified worldwide are Lycium
barbarum L. and Lycium chinense Mill. which stand out for their unique chemical composition and
health benefits. For over 2,000 years, these fruits, also known as goji berries or wolfberries, exert a
critical effect on traditional Chinese medicine [2]. In Ningxia (an arid region of Northwestern China),
Goji berry cultivation becomes a main income source [3]. In most parts of Ningxia, substantial fertilizer
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management practices are followed; however, neither the kind of fertilizer nor its time or rate of application
corresponds with the nutritional needs of L. barbarum [3,4]. In addition to being a major resource waster,
these irrational management techniques also raise the possibility of environmental pollution. For the goji
berry sector to attain sustainable production, cost-effective management practices must be implemented to
improve soil quality, boost crop yield, and increase agricultural economic advantages.

In agriculture, synthetic/inorganic fertilizers have been frequently applied since they are cost-effective
and serve as fast sources of plant nutrients, considerably increasing plant production. Nitrogen is a key
nutritional component required by plants in proper growth. The excessive nitrogen fertilizer application to
boost agricultural productivity is debated for over 5 decades [5]. Increased N inputs often increase plant
productivity [6], alter the composition of local plant communities, and typically decrease the diversity of
local plant species [7,8]. In addition, changes in microbial taxa, such as nitrifiers, are well documented
when soils receive different supplementation rates. Despite the numerous benefits that are obtained by
applying reactive N, numerous environmental problems occur due to repeated and excessive
environmental N application, which included soil/water acidification, contamination of groundwater-
surface or additional water mineral resources, and increasing ozone depletion [9]. Recent studies indicate
that different N supplementation rates can shape the bacterial and fungal community structure [10,11].
The soil microbial community composition has changed as a result of different N supplementation rates,
which has probably caused changes in how well they operate. This theory has been reinforced by
laboratory investigations, showing that microbial communities are not functionally redundant or
comparable and that changes in their structure make an influence on processes at the ecosystem level
[12,13], even though the direct effects of increasing N inputs on particular N cycling mechanisms have
been extensively documented [14].

Goji berry’s growth heavily relies on the application of nitrogen fertilizer, which significantly enhances
Goji berry yield and Goji berry industrial development [15]. Nonetheless, its low efficiency in nitrogen
utilization usually results in excess N fertilizer use by farmers, ultimately generating negative impacts on
the environment. Therefore, investigating the interaction mechanism among Goji berry plants, nitrogen
fertilizer, and spatial microorganisms for improving N utilization rate represents the key research goal for
achieving great agricultural development. This study focused on exploring how diverse N application
rates (low, medium, and high) affected Goji berry planted soil physicochemical characteristics, microbial
community structure, and their enriched functions at different depths 0-20 cm and 20-40 cm (rhizosphere
soil and non-rhizosphere soil), as it is shown that reducing nitrogen fertilizer application can be beneficial
for improving N utilization efficiency and soil quality.

2 Materials and Methods

The current experiment was conducted at the base of Qiyuanlvfeng Agriculture and Forestry Technology
Co., Ltd., Sanhe Town, Haiyuan County, Zhongwei, Ningxia (Fig. 1) between April 2020 (36°25′48″N,
106°09′00″E, 1428.5 m above sea level) and September 2022. The mean annual precipitation and
temperature were 367 mm and 7.5°C separately. This experimental site has a flat terrain, a deep soil layer,
good soil quality, and uniform fertility. The tested variety was a 4-year-old plant of the main Lycium
barbarum L. variety “Ningqi No. 7”, with a row spacing of 1 m × 3 m, grew vigorously and was free
from pests and diseases.

This experiment was of the one-way randomized complete block design (RCBD) under three treatments:
N1 (low fertilizer): reducing nitrogen by 20%, i.e., applying 540 kg·hm−2 of pure nitrogen (The details are
listed in Supplementary Tables S1 to S3); N2 (medium-fertilizer): medium N, which means applying
675 kg·hm−2 of pure nitrogen; N3 (high-fertilizer, control): N elevation by 20%, i.e., applying pure N
810 kg·hm−2, which is the standard for the traditional N use in the local area. N fertilizer was used with
common urea (N 46%); phosphorus fertilizer was heavy superphosphate (P2O5 50%); potash fertilizer
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was potassium sulfate (K2SO4 50%), and the amount of phosphorus and potash fertilizers were the same in
each treatment, with application amounts of 450 kg·hm−2 and 300 kg·hm−2, respectively. Fertilization was
performed based on phenological period of Goji berries, with a total of 5 fertilizations throughout the
year. Nitrogen, phosphorus, and potassium fertilizers were adopted in batches, with fertilization times
around April 20th (budding/unfolding stage), May 20th (green fruit stage), June 15th (fruit ripening
period), late July to early August (autumn fruit stage), and late September (autumn dormancy period).
Before May 20th, N and P/K fertilizer application occupied >50% and <40% of the annual growth
period, separately. After June, N and P/K fertilizer application covered <50% and >60% of the annual
growth period, accordingly. The community area was 6 m × 9 m, 3 replicates, and randomly arranged in
blocks. Following field water management, the traditional watering method of local farmers, usually
watering 1–2 days after fertilization or according to dry and wet soil conditions, performing a total of
about 9 times of watering during the annual growth period, was adopted. The annual irrigation volume
was about 7500 m3/hm2, of which the first irrigation was in mid to late April, while the second irrigation
was 8 to 10 days apart from the first, and the third irrigation was in the flowering and bearing period of
perennial branches. In the summer harvest period, irrigation was carried out once every one to two fruit
picking, when generally, irrigation was conducted 2–3 times. After entering the autumn fruit period, one
irrigation was carried out in early August combined with fertilization; one irrigation occurred in early
September, and the last winter irrigation was performed in early November.

Figure 1: Map of the experimental site
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For the soil metagenome analysis, a total of 36 samples (18 respective rhizosphere and non-rhizosphere
soils) were collected. More details regarding the samples are given in Supplementary Table S4. The samples
were obtained according to previous description [16] on August 01, 2022 (after two years of continuous
nitrogen treatment, the soil in the field has already formed a stable gradient environment). At that time,
the wolfberry plants were at the autumn fruit stage. Besides, 3–5 normal plants were selected in each
replicate under every treatment, and labeled by site-directed markers. In addition, a 5-point sampling
approach was adopted to collect rhizosphere soil samples in the 0–40 cm soil layer attached to the root
cap [17]. Non-rhizosphere soil samples were collected from 15–20 cm away from the root cap and
0-40 cm vertical depths by taking a 5-point sampling approach. The soil amount collected each time was
broadly identical. The samples were mixed, added in the frozen storage tubes, and packaged in the liquid
nitrogen tanks before being sent to the laboratory to preserve under −80°C.

2.1 Physicochemical Properties
For the physicochemical properties, totally 24 samples, 6 random samples before the start of fertilization

and 18 samples (after two years of continuous nitrogen treatment) from low, medium, and high N treatment
groups (6 from each treatment) were collected. Sampling detail with their labels is shown in Supplementary
Table S5.

The physicochemical parameters [pH, electrical conductivity (EC), organic matter (OM), total nitrogen
(TN), total phosphorus (TP), total potassium (TK), available nitrogen (AN), available phosphorus (AP), and
available potassium (AK)] of soil samples at 0–20 and 20–40 cm layers were analyzed by the “Soil
Agrochemical Analysis Method” [18]. Water extracts (pH, 1:2.5 w/v; EC, 1:5 w/v) were used to evaluate
pH and EC after being suspended for 30 min (ORION-STAR A215, Thermo Fisher Scientific, Waltham,
MA, USA). Total nitrogen in the soil was determined after the acid digestion using the micro Kjeldahl
approach [19]. Total P and total K were predicted in line with Pemberton [20] and by the atomic
absorption spectrophotometer after alkaline and acidic digestion of the soil, respectively. The
Molybdenum Blue procedure with hydrochloric acid and ammonium was followed to determine available
phosphorus [21]. Alkaline hydrolysable diffusion was used to estimate available nitrogen [22]. Available
K was extracted and quantified with ammonium acetate through flame photometry. Redox titration using
0.8 mol/L K2Cr2O7 was used to assess soil organic matter.

2.2 DNA Extraction, PCR Amplification, and Metagenomic Sequencing
Genomic DNA was extracted by the CTAB approach [23], which was then diluted to 1 ng/l and

examined for purity and concentration using agarose gel electrophoresis. For bacterial community
amplification, standard Illumina sequencing primers (515 FB and 806 RB) were utilized for amplifying
the V3-V4 region of 16S rRNA gene [24]: for identification of fungal diversity, the ITS rDNA region
was targeted by fungal-specific ITS1F and ITS4 primers [25]. In addition, the amplification region
includes Archaea 16S V4-V5/Archaea 16S V8, 18S V9, and ITS2 zones. For PCR amplification, the
Phusion® High-Fidelity PCR Master Mix (New England Biolabs) with GC Buffer was used. After
purification with magnetic beads, PCR products were quantified enzymatically, and examined with 2%
agarose gel electrophoresis. Later, in this work, agar gel electrophoresis was conducted for validating the
mixture of equal quantities of PCR products, and the Qiagen glue recovery kit was applied for recovery.
TruSeq® DNA PCR-Free Sample Preparation Kit was used in library creation. Following library
quantification using Qubit and Q-PCR, sequencing was performed on the NovaSeq6000.

2.3 Bioinformatics Analysis
Trimmomatic with a 50 bp window size was used for the initial quality control step [26]. Bases having a

Phred quality score of less than 20 were trimmed. Cutadapt was adopted to delete the primer sequence. In this
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study, FLASH [27] was utilized for combining raw paired-end reads, requiring the minimal overlap sequence
length of at least 10 bp and the maximal permitted mismatch ratio at 0.1. Chimeric sequences were identified
and removed with UCHIME [28]. In our analysis, effective tags from all data were clustered into Operational
Taxonomic Units (OTUs) using Uparse algorithm (Uparse v7.0.1001, http://www.drive5.com/uparse/
accessed on 15 May 2023) [29] with a default 97% consistency criterion. Following the guidelines of the
Uparse method, the representative sequences for these OTUs were chosen according to sequences that
were most frequent within each cluster. The UNITE database [30] and the Qiime programme (Version
1.9.1, http://qiime.org/scripts/assign_taxonomy.htm/ accessed on 15 May 2023) were used for species
annotation of the OTU sequences. Furthermore, MUSCLE programme (Version 3.8.31, http://www.
drive5.com/muscle/ accessed on 16 May 2023) [31] was followed for quick multi-sequence alignment to
determine the evolutionary connections between these OTUs. All sample data were finally normalized
and aligned with the smallest dataset to ensure data consistency. To analyze richness and diversity, Rank
abundance and dilution curves were drawn with R software (V2.15.3). In the above homogenized dataset,
the alpha- and beta-diversities were analyzed with QIIME software V1.7.0. Heatmaps of bacterial and
fungal communities were depicted based on those 35 predominant genera by the R package (V2.15.3).
Functional enrichment analyses of bacterial and fungal sequences were performed using PICRUSt and
FUNGuild databases.

2.4 Statistical Analysis
Alpha diversity parameters (Ace and Shannon index) for bacterial and fungal communities of diverse

groups were analyzed by the Kruskal-Wallis test, and any significant differences were identified. Tukey’s
test (p > 0.05) and analysis of variance (ANOVA) were employed to find significant differences across
relatively predominant bacterial and fungal phyla and genera.

3 Results

3.1 Physicochemical Characteristics
Soil physicochemical properties supplemented with varying levels of nitrogen concentration as a

fertilizer (N0: before the start of the experiment, N1: low nitrogen, N2: medium nitrogen, and N3: high
nitrogen) taken from 0–20 and 20–40 cm depths were observed and are given in Table 1. The
physicochemical parameters were significantly different (p < 0.05) for applied treatments at both depths
except for total potassium (TK) at 0-20 cm depth. If being compared with N0, all the parameters
remarkably elevated (p < 0.05), while pH declined (p < 0.05) for supplemented N groups (N1, N2, and
N3) in the 0–20 cm layer. Similarly, in the 20–40 cm layer, parameters like TK, AK, TP, and AP
increased (p < 0.05) for N-supplemented groups (N1, N2, and N3) in comparison with N0, while OM,
TN, and AN decreased (p < 0.05). Overall, N application at varying levels had a significant (p < 0.05)
effect on soil physicochemical properties, and most of them possessed the highest values at N2 (medium)
levels.

Table 1: Physicochemical parameters of soil with different nitrogen fertilizer applications (N0: before the
start of experiment; N1: low nitrogen fertilizer; N2: medium nitrogen fertilizer; and N3: high nitrogen
fertilizer) in the 0–20 and 20–40 cm layers

Parameter 0–20 cm 20–40 cm

N0 N1 N2 N3 N0 N1 N2 N3

pH 7.81 ± 0.02a 7.71 ± 0.05b 7.75 ± 0.006b 7.60 ± 0.01c 7.55 ± 0.02b 7.62 ± 0.001a 7.49 ± 0.00c 7.53 ± 0.01bc

OM (g/kg) 11.73 ± 0.09d 13.93 ± 0.13c 15.77 ± 0.09b 16.70 ± 0.15a 11.63 ± 0.22a 9.15 ± 0.04c 11.20 ± 0.06a 10.11 ± 0.15b

EC (ms/cm) 0.37 ± 0.005c 0.53 ± 0.003ab 0.54 ± 0.002a 0.52 ± 0.004b 0.73 ± 0.002b 0.62 ± 0.005d 0.83 ± 0.01a 0.69 ± 0.002c

(Continued)
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3.2 Alpha Diversity
Rarefaction and rank abundance curves were depicted for displaying optimum sequencing depth,

diversity, and richness of analyzed sequences of bacterial and fungal communities in 0–20 and 20–40 cm
layers (rhizosphere vs. non-rhizosphere soil at each depth) of Goji berry plants supplemented with three
different levels of nitrogen (N1: low-level nitrogen; N2 medium level nitrogen; and N3: high-level
nitrogen) (Figs. 2A–2D). The smoothness of the curves indicated an even distribution in all samples. The
diversity analysis (sample number, abundance, and evenness) justified the sequencing requirements and
enough sequences of bacterial and fungal communities for further analyses. Furthermore, the analysis on
alpha diversity indices, namely ACE and Shannon of bacterial communities’ sequences revealed that
groups N1 (N1R1, N1S1, N1R2, and N1S2), and N3 (N3R1, N3S1, N3R2, and N3S2) were more
enriched and diverse than N2 (N2R1, N2S1, N2R2, and N2S2) group samples (Figs. 3A and 3B).
However, alpha diversity index ACE and Shannon analyses for fungal communities’ sequences
demonstrated that there were not much differences between all groups (Figs. 4A and 4B).

3.3 Relative Bacterial and Fungal Taxa Abundances
In this study, the relative abundance histogram was plotted to reveal relatively predominant bacterial

and fungal communities (phylum and genera levels) within the rhizosphere and non-rhizosphere soils at
0–20 and 20–40 cm depth each of Goji berry plants supplemented with different levels of nitrogen (N1:
low-level nitrogen; N2 medium level nitrogen; and N3: high-level nitrogen). For bacterial communities,
Proteobacteria, Actinobacteriota, and Firmicutes were found abundantly in all groups at the phylum level
(Fig. 5A), whereas Pseudomonas, unidentified_Acidimicrobiia, and Bacillus were identified abundantly at
the genus level (Fig. 5B). Relative abundance of top phyla (Proteobacteria, Actinobacteriota, and
Firmicutes) did not vary significantly (p > 0.05) across three treatments (N1, N2, and N3) (Supplementary
Table S6). However, Proteobacteria and Actinobacteriota were featured with the highest average number
of communities in the N2 group compared to N1 and N3 groups, whereas Firmicutes had the lowest
average number of communities in the N2 group. Similarly, the relative abundance of top genera
(Pseudomonas, unidentified_Acidimicrobiia, and Bacillus) varied slightly (p > 0.05) across the three group
treatments (N1, N2, and N3) (Supplementary Table S7). However, unidentified_Acidimicrobiia and
Bacillus had the highest average number of communities in the N2 group compared to the N1 and
N3 groups, while Pseudomonas had a lowest average number of communities in the N2 group.

Table 1 (continued)

Parameter 0–20 cm 20–40 cm

N0 N1 N2 N3 N0 N1 N2 N3

TN (g/kg) 0.76 ± 0.01d 0.91 ± 0.003c 1.05 ± 0.005b 1.16 ± 0.003a 0.82 ± 0.01a 0.64 ± 0.00c 0.77 ± 0.003ab 0.75 ± 0.02b

AN (mg/kg) 48.00 ± 1.00c 62.33 ± 0.88b 78.33 ± 1.76a 83.33 ± 1.45a 52.67 ± 0.67a 46.00 ± 1.16b 46.67 ± 0.67b 51.67 ± 2.03ab

TK (g/kg) 13.93 ± 0.07a 13.60 ± 0.10a 13.87 ± 0.07a 13.40 ± 0.20a 13.77 ± 0.15c 14.00 ± 0.12ab 14.40 ± 0.10a 14.07 ± 0.07ab

AK (mg/kg) 143.33 ± 3.33c 196.67 ± 6.67a 176.67 ± 3.33b 173.33 ± 3.33b 133.33 ± 3.33d 190.00 ± 0.00b 213.33 ± 3.33a 176.67 ± 3.33c

TP (g/kg) 0.90 ± 0.01c 2.39 ± 0.03b 2.58 ± 0.03a 2.53 ± 0.06ab 0.80 ± 0.01d 1.72 ± 0.01b 1.54 ± 0.02c 1.79 ± 0.02a

AP (mg/kg) 47.06 ± 0.26d 169.00 ± 2.52c 205.33 ± 1.76a 192.67 ± 4.67b 121.67 ± 5.24c 155.33 ± 5.81b 216.67 ± 0.67a 170.0 ± 2.08b

Note: Mean ± SEM values of three replicates are given. The lowercase letters in rows are significantly different (one-way ANOVA;
Tukey’s test, p < 0.05) under different nitrogen levels and sampling depths: OM: organic matter; EC: electrical conductivity; TN: total
nitrogen; AN: available nitrogen; TK: total potassium; AK: available potassium; TP: total phosphorus; and AP: available
phosphorus.
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For the fungal communities, Ascomycota, Mortierellomycota, Chytridiomycota, and Basidiomycota
were found abundantly in all groups at the phylum level (Fig. 6A), whereas Mortierella, Acaulium,
Monilia, Gibberella, and Fusarium were discovered abundantly at the genus level (Fig. 6B). Relative
abundances of top phyla (Ascomycota, Mortierellomycota, Chytridiomycota, and Basidiomycota) showed
no significant difference (p > 0.05) across the three group treatments (N1, N2, and N3) (Supplementary
Table S8). Nevertheless, Ascomycota experienced a decreasing trend, and Mortierellomycota,

Figure 2: Rarefaction and rank abundance curves of Bacterial communities’ (A) and (B) and fungal
communities’ (C) and (D) sequences, respectively taken from Goji berry plants in 0–20 and 20–40 cm
layers supplemented with three different levels of nitrogen (low nitrogen rhizosphere and non-rhizosphere
samples at 0–20 cm depth: N1R1 and N1S1; low nitrogen rhizosphere and non-rhizosphere samples at
20–40 cm depth: N1R2 and N1S2; medium nitrogen rhizosphere and non-rhizosphere samples at 0-20 cm
depth: N2R1 and N2S1; medium nitrogen rhizosphere and non-rhizosphere samples at 20–40 cm depth:
N2R2 and N2S2; high nitrogen rhizosphere and non-rhizosphere samples at 0–20 cm depth: N3R1 and
N3S1; and high nitrogen rhizosphere and non-rhizosphere samples at 20–40 cm depth: N3R2 and N3S2).
The letter R is for rhizosphere and the letter S refers to non-rhizosphere samples
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Chytridiomycota, and Basidiomycota showed an increasing trend with increased levels of nitrogen.
Similarly, the relative abundance of top genera (Mortierella, Acaulium, Monilia, Gibberella, and
Fusarium) did not vary dramatically (p > 0.05) across the three group treatments (N1, N2, and N3)
(Supplementary Table S9). The genera Mortierella displayed an increasing trend, while Fusarium showed
a decreasing trend with increased levels of nitrogen. However, Acaulium, Monilia, and Gibberella
witnessed an inconsistent trend.

Figure 3: Alpha-diversity indexes (A) ACE and (B) Shannon analyses of bacterial communities’ sequences
taken from Goji berry plants in 0–20 and 20–40 cm layers supplemented with three different levels of
nitrogen (N1R1 and N1S1; N1R2 and N1S2; N2R1 and N2S1; N2R2 and N2S2; N3R1 and N3S1; and
N3R2 and N3S2)

Figure 4: Alpha-diversity indexes (A) ACE and (B) Shannon analyses of fungal communities’ sequences
taken from Goji berry plants in 0–20 and 20–40 cm layers supplemented with three different levels of
nitrogen (N1R1 and N1S1; N1R2 and N1S2; N2R1 and N2S1; N2R2 and N2S2; N3R1 and N3S1; and
N3R2 and N3S2)

474 Phyton, 2024, vol.93, no.3



Figure 5: Relative abundances of bacterial communities’ sequences at (A) Phylum and (B) Genus levels
taken from Goji berry plants in 0–20 and 20–40 cm layers supplemented with three different levels of
nitrogen (N1R1 and N1S1; N1R2 and N1S2; N2R1 and N2S1; N2R2 and N2S2; N3R1 and N3S1; and
N3R2 and N3S2)

Figure 6: Relative abundance of fungal communities’ sequences at (A) Phylum and (B) Genus levels taken
from Goji berry plants in 0–20 and 20–40 cm layers supplemented with three different levels of nitrogen
(N1R1 and N1S1; N1R2 and N1S2; N2R1 and N2S1; N2R2 and N2S2; N3R1 and N3S1; and N3R2 and
N3S2)
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3.4 Beta Diversity
In this study, principal component analysis (PCA) was carried out to analyze the differences and

similarities among bacterial and fungal communities of soil samples supplemented with different levels of
nitrogen (Figs. 7 and 8). In terms of bacterial communities, PC1 and PC2 showed 7.96% and 6% of the
variance, respectively (Fig. 7). The PCA plot revealed more differences within the group than between
groups for bacterial communities as samples from the same groups were placed apart. For fungal
communities, PC1 and PC2 possessed 6.25% and 5.35% of the variance, respectively (Fig. 8). The PCA
plot displayed more similarities between and within the fungal communities’ groups than differences
as samples were closely clustered. The heatmap was drawn to look for the significant genera among
all groups of bacterial and fungal communities (Figs. 9 and 10). For the bacterial communities, the
low nitrogen-supplemented group N1 had significant (p < 0.05) bacterial genera N1S1: Blautia and
N1R2: Gaiella (Fig. 9). Similarly, the medium nitrogen-supplemented group N2 had significant (p <
0.05) bacterial genera N2S1: Woeseia and Iodidimonas; N2R2: Corynebacterium and
unidentified_Prevotellaceae; and N2S2: unidentified_Sphingomonadacease. The high nitrogen-
supplemented group N3 had significant (p < 0.05) fungal genera N3S2: Sporosarcina.

For fungal communities, the low nitrogen-supplemented group N1 had significant (p < 0.05) fungal
genera N1S1: Microidium and Coprinus; N1R1: Monilia; N1R2: Blumeria; and N1S2: and Gliomastix
(Fig. 10). Similarly, the medium nitrogen-supplemented group N2 had significant (p < 0.05) fungal
genera N2S1: Badarisama; and N2S2: Cephalotrichum, unidentified_Orbiliomycetes_Sp, and
llyonecteria. The high nitrogen-supplemented group N3 had significant (p < 0.05) fungal genera N3S1:
Candelaria, Coprinellus, and Phlyctochytrium; N3S1: Chordomyces; N3S2: Olipidium, Inocybe,
Alternaria; and N3R2: Pseudeurotium.

Figure 7: PCA on bacterial communities’ sequences taken from Goji berry plants in 0–20 and 20–40 cm
layers supplemented with three different levels of nitrogen (N1R1 and N1S1; N1R2 and N1S2;
N2R1 and N2S1; N2R2 and N2S2; N3R1 and N3S1; and N3R2 and N3S2)
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3.5 Functional Enrichment Analysis on Bacterial and Fungal Communities
Functional enrichment analysis on bacteria and communities was performed using the PICRUSt and

FUNGuild databases, and is represented using a heatmap (Figs. 11 and 12). For bacterial communities,
the low nitrogen-supplemented group N1 was not found enriched (p > 0.05) with any of the observed
functions, whereas the medium nitrogen-supplemented group N2 was enriched (p < 0.05) with function
N2S2: quorum sensing (Fig. 11). Similarly, it was found that high nitrogen-supplemented group N3 was
enriched (p < 0.05) with different functions N3S2: cysteine and methionine metabolism and transcription
machinery.

For fungal communities, the low nitrogen-supplemented group N1 was enriched (p < 0.05) with function
N1R2: Animal_Pathogen-Unidentified_Saprotraphs (Fig. 12). The medium nitrogen-supplemented group
N2 was enriched (p < 0.05) with function N2S1: Soil_Saprotroph. Similarly, high nitrogen supplemented
group N3 was enriched (p < 0.05) with different functions N3R1: Dung_Saprotroph-
Unidentified_Saprotroph, and Fungal_Parasite-Unidentified_Saprotroph; N3S1: Lichenized; and N3S2:
Ectomycorrhizal, Animal_Pathogen-Endophyte-Fungal_Parasite-Plant_Pathogen-Wood_Saprotroph, and
Animal_Parasite-Fungal_Parasite).

Figure 8: Principal component analysis (PCA) of fungal communities’ sequences taken from Goji berry
plants in 0–20 and 20–40 cm layers supplemented with three different levels of nitrogen (N1R1 and
N1S1; N1R2 and N1S2; N2R1 and N2S1; N2R2 and N2S2; N3R1 and N3S1; and N3R2 and N3S2)
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4 Discussion

Nitrogen is the key nutrient affecting crop development, production, and product quality [32]. For
improved plant development, the nitrogen content of the soil can be raised by properly applying nitrogen
fertilizer. In numerous investigations, how nitrogen fertilizer is absorbed and assimilated, and impacts
plant growth, was examined [33]. However, excessive N use can cause negative impacts, such as water/
soil acidification, contamination of groundwater-surface and additional water mineral resources, and
increasing ozone depletion [9]. Previous studies indicate that excess N use can result in soil acidification
[34,35]. Our study revealed that after two years of varying N application rates, the soil fertility
parameters, including AN, AP, AK, and OM rose, and most of them showed the highest values at
medium-level N application than the high-level (conventional rate) N application at both 0–20 and
20–40 cm depths. However, the pH of soil showed a decreasing trend with increased N application rates,

Figure 9: Heatmap of bacterial communities’ sequences at Genus level taken from Goji berry plants in 0–
20 and 20–40 cm layers supplemented with three different levels of nitrogen (N1R1 and N1S1; N1R2 and
N1S2; N2R1 and N2S1; N2R2 and N2S2; N3R1 and N3S1; and N3R2 and N3S2)

478 Phyton, 2024, vol.93, no.3



and it could result in soil acidification if high N rates are applied for the longer term in the future as described
previously [34,35]. Previously, a metanalysis study demonstrated that major soil chemical component
causing the soil-borne diseases was a drop in soil pH [34]. The primary causes of the decline in soil pH
value were phenolic acid accumulation and available nitrogen (AN) rise due to excessive nitrogen
fertilizer application. Previous research has also shown the impacts of simulated N deposition on soil
acidification [36,37]. Nevertheless, the degree of acidity varies significantly between case studies and
ecosystems [14], probably because experimental durations and N treatments—like N-added dosage and
N-fertilizer form—of the research vary. A small amount of N supplementation promotes plant absorption
and development [38,39], while a large amount of N supplementation depletes base cations and causes
nitrate loss, maybe causing soil acidification [40]. It is indicate that the amount of N added significantly
affects soil acidity. In addition, effects of different N fertilizer types on soil acidity may differ. For
example, the effects of acidification are anticipated to differ depending on the roles of NH4

+ ion and
NO3

− anion derived from N-fertilizers. Therefore, base cations (Ca2+, Mg2+, K+, and Na+) that are bound
to soil surface can be easily displaced by NH4

+ ions, which decrease the soil’s ability to act as a buffer
against acidification [41]. Furthermore, the H+ ion can be produced in soil solution and result in soil
acidification if the NH4

+ ion is taken up into plant roots [42]. However, based on charge balance in soil
solutions, NO3

− anions cause metal cation loss via leaching [43,44]. Based on one latest meta-analysis
research, N application decreased soil base cations and had a decreased effect after five years [40].
Therefore, functions of N application in acidification probably change depending on the length of
treatment, and appropriately decreasing application of urea or additional N-fertilizers contributes to
improving sol N utilization rate as described in a previous study [45].

In agricultural environments, the soil is inhabited by various microorganisms, mainly bacteria, fungi,
archaea, protozoa, and viruses [46,47]. These organisms are vital for soil N application and crop N
uptake through promoting biogeochemical N cycling and plant N absorption [48]. However, the extensive
application of synthetic fertilizers in agriculture can lead to the alteration of the soil microbial community
structure [49,50]. In our study, metagenomic results did not indicate any significant alterations in
microbial communities’ structure of top abundant phyla and genera. In addition, the heatmap was drawn
to assess the significant genera among all groups of bacterial and fungal communities. Considering
bacterial communities, low nitrogen-supplemented group N1 had significant bacterial genera N1S1:
Blautia and N1R2: Gaiella. The genus, Gaiella is frequently found in a variety of environments,
predominating in the rhizosphere, and is potentially involved in the higher nutrient availability, plant
development, phytopathogen inhibition, and seed germination [51,52]. The medium nitrogen-
supplemented group N2 possessed significant bacterial genera N2S1: Woeseia and Iodidimonas; N2R2:
Corynebacterium and unidentified_Prevotellaceae; and N2S2: unidentified_Sphingomonadacease.
Woeseia play a dominant role in soil rhizosphere and are involved in various biogeochemical processes
[53]. Corynebacterium has been reported to be profoundly involved in nitrogen fixation and make it
available to associated plants [54]. The high nitrogen-supplemented group N3 had significant bacterial
genera N3S2: Sporosarcina. This specific bacterial genus is significantly efficient in the context of plant-
soil interactions and also exhibits PGP (plant growth-promoting) activities [55,56]. For fungal
communities, the low nitrogen supplemented group N1 had significant fungal genera N1S1: Microidium
and Coprinus; N1R1: Monilia; N1R2: Blumeria; and N1S2: Gliomastix. Similarly, the medium nitrogen-
supplemented group N2 had significant fungal genera N2S1: Badarisama; and N2S2: Cephalotrichum,
unidentified_Orbiliomycetes_Sp, and llyonecteria. Previous studies showed that Coprinus is positively
correlated with nitrogen levels and exerts an important effect on N release and plant growth promotion
[57]. Furthermore, the high abundance of the Monilia genus in the rhizosphere has already been revealed
in many crops serving as potential biocontrol agents [58,59]. Blumeria species are reported to function
critically in the transient production of nitric oxide (NO) that makes plants hypersensitive and induces a
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defense response [60]. Cephalotrichum and Orbiliomycetes genera were shown to be most abundant in
rhizosphere soil which is positively associated with increased nitrogen concentrations, NH4

+-N [61,62].
The high nitrogen-supplemented group N3 had significant fungal genera N3S1: Candelaria, Coprinellus,
and Phlyctochytrium; N3S1: Chordomyces; N3S2: Olipidium, Inocybe, Alternaria; and N3R2:
Pseudeurotium. The significant abundance of Coprinellus genus in soil treated with high nitrogen levels
has been in consistence with previous studies and directly influences microbial biomass nitrogen [63].
Inocybe is an important fungal genus that is beneficial for plants, found in nitrogen-enriched soil and
generates ectomycorrhizal symbionts that are involved in water and nutrient exposure to plants [64]. The
presence of the Alternaria genus in the higher nitrogen level group is also in line with the result reported
previously that nitrogen application increases its relative abundance [65].

Functional enrichment analysis of bacterial and fungal communities showed differentially enriched
functions that were associated with the above-mentioned differentially enriched genera in different N-
supplemented groups. The low nitrogen-supplemented group N1 was not found enriched with any of the
observed functions, whereas the medium nitrogen-supplemented group N2 was enriched with function
N2S2: quorum sensing. The quorum sensing pathway is of importance for soil health and plant growth. It

Figure 10: Heatmap of fungal communities’ sequences at genus level taken from Goji berry plants in 0–
20 and 20–40 cm layers supplemented with three different levels of nitrogen (N1R1 and N1S1;
N1R2 and N1S2; N2R1 and N2S1; N2R2 and N2S2; N3R1 and N3S1; and N3R2 and N3S2)
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is involved in microbe-microbe association and also exhibits plant growth-promoting effects [66]. Similarly,
high nitrogen-supplemented group N3 was demonstrated to be enriched with different functions N3S2:
cysteine and methionine metabolism and transcriptional machinery. Previous studies also validated the
cysteine and methionine metabolism enrichment pathway in the rhizosphere microbiome [67]. This
pathway participates in amino acid metabolism, which is primarily affected by different nitrogen levels,
as nitrogen is an important component of this pathway [68]. For the fungal communities, the low
nitrogen-supplemented group N1 was enriched with the function N1R2: Animal_Pathogen-
Unidentified_Saprotraphs, while the medium N-supplemented group N2 was enriched with the function
N2S1: Soil_Saprotroph. These results confirmed the previously found functionally enriched pathways in
the rhizosphere [69]. Saprotrophic fungi have continuous engagement in the search of fresh nutrients and
are key agents for soil nutrient redistribution [70].

Figure 11: Functional enrichment analysis of bacterial communities’ sequences taken from Goji berry plants
in 0–20 and 20–40 cm layers supplemented with three different levels of nitrogen (N1R1 and N1S1;
N1R2 and N1S2; N2R1 and N2S1; N2R2 and N2S2; N3R1 and N3S1; and N3R2 and N3S2)
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5 Conclusion

In our study, it was concluded that the N supplementation at varying levels improved soil
physicochemical parameters, and most of them showed the maximum value at a medium level of N
application. However, pH decreased gradually, which could result in soil acidification if high levels of N
are used for longer periods. The top bacterial and fungal phyla and genera were not affected by increased
levels of N; however, it was found that some differentially enriched bacteria and fungi could be involved
in metabolism and saprotrophic functions. In brief, appropriately decreasing N-fertilizer application
contributes to enhancing soil N utilization rate and can contribute to sustainable agriculture practices
through improved soil quality, microbial community structure, and functions.
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