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Abstract: The effects of biogas residue as a substrate on ginseng growth and its feasibility for ginseng cultivation are
unclear. The present study used biogas residue at different concentrations and maturity levels to cultivate ginseng.
The biological characteristics of ginseng, soil physiochemical indices, and ginseng and soil microbial communities
were investigated. The results showed that with increasing ginseng content and maturity, the total fresh weight, total
length and saponin content significantly increased. The enzyme activities of soil, NO, -N, and available phosphorus
also increased. The microbiome analysis revealed that with the addition of biogas residue, microorganisms related to
plant growth promotion, such as Chloroflexi, Gemmatimonadota and Mortierellomycota, were more common in the
plant or rhizosphere soil. The results based on the co-occurrence network showed that the structure of the bacterial
community was more stable than that of the fungal community with increasing biogas residue content. Our results
indicated that biogas residue could be used as a ginseng cultivation substrate and promote growth.

Keywords: compost; medicinal plant; soil improvement; Panax ginseng C.A. Meyer.; soil properties; microbial
community

Energy shortages have become a major concern
for people. With the advancements in science and
technology, crop yields are increasing, and more
crop straw is being produced. The annual straw
production in China is approximately 700 million
tons (Lin et al. 2022). In addition to being used as
a substrate, fertiliser, fuel, animal feed and raw mate-
rial, approximately 15% of the water is still unused
(Zhou et al. 2023). The problem of environmental
pollution caused by excess straw poses a serious threat
to human health and has become a global problem
that urgently needs to be solved. Straw energy con-
version, such as converting straw into biogas through
anaerobic fermentation, is one of the most effective
ways to address residual straw pollution.

During convergence, the production continuity
determines that the emitted biogas residue is charac-

terised by continuous, large amounts and incomplete
material decomposition. Therefore, searching for
efficient, convenient and low-cost methods is neces-
sary to eliminate the subsequent pollution pressure
caused by a large amount of excess biogas residue.
Composting is a way to convert biogas residues into
usable resources effectively. During the composting
process, the undecomposed materials in the diges-
tate are further degraded by microorganisms, and
potential threats such as parasites, pathogens and
weeds are significantly reduced (Bernal et al. 2009).
Mature biogas residue compost has been used as
a growing substrate for a variety of crops, such as
zucchini, pepper, eggplant, lettuce, and tomato plants
(Jara Samaniego et al. 2017, Meng et al. 2018, Liu et
al. 2023a). However, perennial plants, particularly
perennial medicinal plants, have rarely been reported.
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Ginseng is an important perennial medicinal plant,
and global demand is increasing. Chinese ginseng ac-
counts for 76.9% of global ginseng production (Jiang et
al. 2021), and additional ginseng needs to be cultivated
to meet the large market demand. However, due to
the severe ecological damage to forest areas caused by
the original planting method, namely, cutting down
trees and planting ginseng and because old ginseng
land has not been resolved, the problem of acreage
restriction has become a bottleneck in the develop-
ment of the ginseng industry. Ginseng cultivation on
agricultural land is one of the most effective ways to
address the land limitation problem associated with
ginseng cultivation (Jin et al. 2022). However, for gin-
seng cultivation, there are strict soil requirements. Soil
enhancement must be carried out to grow ginseng on
arable land. Composting is one of the necessary soil
enhancement measures. Therefore, whether biogas
residue can be used in ginseng cultivation must be
systematically investigated.

In this study, we carried out a pot experiment to
test whether biogas residues could be used as sub-
strates for growing Panax ginseng and to determine
suitable amounts of biogas and maturity levels. The
effects of different treatment substrates on the bio-
logical properties, soil physicochemical properties
and enzymatic properties of ginseng and the changes
in the soil microbial communities of ginseng and
soil were investigated. The results can contribute to
a comprehensive understanding of the influence of
biogas residues as substrates on ginseng growth and
to developing solutions for enhancing soil quality
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during ginseng cultivation and high-value utilisation
of biogas residues.

MATERIAL AND METHODS

Materials. Biogas residues were obtained from
Sanhe Yingsheng Bioenergy Technology Co., Ltd.
(39°97'N, 117°01'E). The original materials for bi-
ogas fermentation were corn straw after lactic acid
fermentation (Zhang et al. 2023), and cow manure
with a volatile solid ratio of 4:1. Biogas residues
were treated and used as the substrate in this study.
Two-year-old plant (Panax ginseng C.A. Meyer) seed-
lings were planted in the greenhouse of Northeast
Forestry University (Harbin, China) from May 1% to
June 15th, 2022, according to the World Reference
Base (WRB), flower soil classified as Chernozem was
used as the control (CK). The original physiochemi-
cal properties of the flower soil and biogas residues
are shown in Table 1.

The amounts of added biogas residue were set up
as follows: 0 (CK), 30% (CM30), 70% (CM70), and
100% (CM100) mature biogas residue compost. The
maturity stage was established as follows: fresh biogas
residue (CF30), hemi-decomposed biogas residue
(CH30), and mature biogas residue compost (CM30).
The details are shown in Table 2. The cultivation
substrate was mixed according to the proportions
in Table 2 and loaded into pots with a 19 cm top
diameter, 16 cm height and 14 cm bottom diameter,
after which the two-year-old ginseng plants were
transplanted into the pots. Each pot contained 1.5 kg

Table 1. Original physiochemical properties of the substrate materials

Item Fresh biogas Hemi-decomposed Mature decomposed Flower
residue biogas residue biogas residue soil

Germination index (%) 18.00 + 0.32¢ 56.63 + 0.10P 145.10 £ 0.22? not detected
C/N ratio 87.63 + 7.41? 32.18 + 0.30P 22.66 + 1.52P 9.99 + 0.25¢
Total N (g/kg) 2.90 + 0.35¢ 8.86 + 0.41P 12.58 +0.122 7.98 + 0.36P
NH;’—N (mg/kg) 0.56 + 0.152 0.25 + 0.07¢ 0.21 + 0.134 0.39 + 0.09P
NO;-N (mg/kg) 13.14 + 0.62P 18.93 + 1.442 20.16 + 1.972 7.39 + 0.47¢
Total C (g/kg) 252.78 + 10.54P 277.53 + 3.53? 282.91 + 5.712 75.65 + 0.91¢
Available P (mg/kg) 0.35 + 0.21° 0.27 + 0.14° 0.20 + 0.224 0.30 + 0.03¢
Total P (mg/g) 4.87 + 0.25%4 5.88 + 0.392P 6.21 + 0.522 4.98 + 0.06P¢
Available K (mg/kg) 676.83 + 1.42? 93.90 + 7.754 219.57 + 31.85P 170.37 £ 12.96¢
Total K (g/kg) 10.98 + 1.452 4.06 £ 0.72¢ 3.56 + 0.53¢ 7.37 £ 0.17°
Organic matter (g/kg) 435.78 + 18.11P 478.45 + 6.092 487.74 + 1.842 130.41 + 1.56¢
pH 6.68 + 0.044 6.82 % 0.09¢ 7.40 % 0.082 6.98 + 0.28°
Moisture (%) 81.67 + 1.142 71.43 + 1.00P 67.68 + 1.15¢ 28.19 + 1.014
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Table 2. Treatments in this study

Treatment Biogas residue (%) Flower soil (%)
CK 0 100
CM30 30 (mature decomposed) 70
CM70 70 (mature decomposed) 30
CM100 100 (mature decomposed) 0

CF30 30 (fresh) 70
CH30 30 (hemi-decomposed) 70

of substrate, and one ginseng plant was cultivated.
A total of 5 ginseng plants were used per treatment.
Shade cultivation was performed. The average tem-
perature was 22 °C, and physicochemical and biologi-
cal analyses of the plants and soil were performed
after 45 days of potting. Irrigation was carried out
every two days with 20 mL of tap water until harvest.
Each treatment was repeated three times.

Sampling and analysis of the biological prop-
erties of ginseng. Rhizosphere soils from all the
treatment groups were collected and divided into
two parts. One part was immediately stored in
a refrigerator at —80 °C for soil microbial diversity
detection. After passing through a 2 mm sieve, the
other air-dried part was used to determine various
physical and chemical properties. For plant samples,
after measuring biological characteristics, the aerial
and underground parts of the ginseng plants were
collected separately, surface disinfected and frozen
at —80 °C after surface disinfection for subsequent
analysis of the endogenous microbiome.

Analysis and data processing of physical and
chemical indices. The pH of the soil was determined
with a pH meter. The NH,/-N content was deter-
mined via 2 mol/L KCl leaching spectrophotometry.
The NO,-N content was determined by 1 mol/L
NaCl extraction-zinc reduction spectrophotometry.
Available P was determined by the double acid ex-
traction method. Total N was determined using the
Kjeldahl method. Total P was determined by sodium
hydroxide-alkaline fusion molybdenum antimony
spectrophotometry. The total K was determined
spectrophotometrically by flame atomic absorption.
The soil organic matter content was determined us-
ing the ignition loss method, and the total saponin
content was determined using the perchloric acid-
vanillin method (Wang et al. 2022b).

For the germination index (GI), 10 mL of the aque-
ous extract from the biogas residue (1:5, w/v) was
added to cucumber seeds (10 seeds per dish, repli-

cated three times). After 48 h in the dark at 25 °C,
the number of germinated seeds and the length of
the root radicals in each Petri dish were determined.
GI (%) = 100 (mean number of germinated seeds per
dish x mean root length per dish)/(mean number
of germinated seeds in the control x average root
length of the control) (Kong et al. 2023).

One-way ANOVA and significant difference analysis
were performed for all the treatments. The signifi-
cance level was set at P < 0.05.

High-throughput sequencing and data analysis of
the microbiome. High-throughput Illumina sequenc-
ing characterised the aboveground, root and rhizos-
phere microbiomes (Majorbio Bio-Pharm Technology
Co., Ltd., Shanghai, China). The V3-V4 region of soil
bacterial 16S rRNA was amplified using the primers
338F (5'-ACTCCTACGGGAGGCAGCAGCAG-3)
and 806R (5'-GGACTACHVGGGTWTCTAAT-3'),
and the V5-V7 region of plant endophytic bacte-
rial 16S rRNA was amplified using the primers
799F (5'-AACMGGATTAGATACCCKG-3') and 1193R
(5'-ACGTCATCCCCACCTTCC-3') (Gan et al. 2019).
TheprimersITS1F (5-CTTGGTCATTTAGAGGAAGTAA-3)
and ITS2R (5-GCTGCGTTCTCCATCGATGC-3')
were used to amplify the soil fungi (Ramirez et al.
2018). Specific primers with barcodes were synthesised
according to the indicated sequencing region, and the
samples were subsequently amplified with a thermal
cycler (GeneAmp® 9700, ABI, Foster City, USA).

Bacterial PCRs were performed in triplicate with
4 uL of 5 x FastPfu Buffer, 2 uL of 2.5 mmol/L dNTPs,
0.8 uL of 5 umol/L forwards primer, 0.8 puL of 5 pumol/L
reverse primer, 0.4 uL of Fastpfu Polymerase, 0.2 uL
of bovine serum albumin (BSA), and 10 ng of tem-
plate DNA in a 20 pL reaction volume. The thermal
cycling conditions were described previously (Wang
et al. 2022a). The PCR products were identified by
2% agarose gel electrophoresis, purified using an
AxyPrep DNA gel extraction kit (Axygen, Corning,
USA) and quantified using a QuantiFluor  -ST Blue
Fluorescence Quantification System (Promega,
Madison, USA). The amplified sublibrary was se-
quenced on an Illumina PE250 platform (Biozeron,
Shanghai, China). After machine sequencing, the
data were filtered and spliced, after which database
comparison and species annotation were conducted.
The raw reads were deposited into the NCBI se-
quence read archive (SRA) with accession number
SRR25297989~SRR25298096.

A co-occurrence network based on Spearman’s cor-
relation coefficient was constructed with NetworkX to
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study the interactions between soil bacteria and fungi
in the different substrate treatments. The families with
relative abundances greater than 0.01% in each treat-
ment were screened, and related networks were con-
structed. The Spearman correlation threshold was 0.7,
P <0.05. Each node represents a family, and each edge
represents a strong and significant correlation between
different nodes. The network was visualised using
the Gephi platform (http://gephi.github.io/). On the
Majorbio Cloud platform (http://www.majorbio.com),
NetworkX was used to calculate the network topology
characteristics (average degree and modularity).

RESULTS AND DISCUSSION

Effects of biogas residues on the biological prop-
erties of ginseng. After 45 days of cultivation, indices
were measured, including fresh weight, length, crown

https://doi.org/10.17221/430/2023-PSE

diameter, stem diameter and ginsenoside content. As
shown in Figure 1, adding biogas residues significantly
affected the ginseng growth properties. Ginseng
growth significantly accelerated with the increas-
ing addition of mature biogas residue (P < 0.05).
Additionally, the maturity of the biogas residue also
significantly influenced ginseng growth. A com-
parison of CM30, CF30 and CH30 revealed that the
greatest fresh weight, length, and ginsenoside content
occurred in the CM30 treatment group, while the
lowest values occurred in the CF30 treatment group
(P < 0.05). The results showed that adding mature
biogas residues could promote plant growth and
metabolite accumulation (Meng et al. 2017).
Effects of biogas residue content and maturity
on the physicochemical and enzymatic properties
of the soil. The analyses of substrate physicochemi-
cal properties showed that NO;-N, total N, total C,
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Figure 1. Biological properties of ginseng with the addition of biogas residues. The significance level was set
at P < 0.05. CK — 100% flower soil; CM30 — 30% mature biogas residue + 70% flower soil; CM70 — 70% mature
biogas residue + 30% flower soil; CM100 — 100% mature biogas residue; CF30 — 30% fresh biogas residue + 70%
flower soil; CH30 — 30% hemi-decomposed biogas residue + 70% flower soil
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total P, and available P significantly increased with
the addition of mature biogas residue (Table 3) and
were the highest in the CM100 treatment (P < 0.05).
Among the maturity treatments (CF30, CH30 and
CM30), the NH;’-N concentration, available P con-
centration, and moisture content increased signifi-
cantly, while the carbon-to-nitrogen ratio decreased
significantly. These results showed that biogas residue
could provide more nutrients for ginseng growth and
better water-sustaining ability (Meng et al. 2022).
In the present study, the growth of premier ginseng
plants in the CM100 treatment group also confirmed
this finding.

Analysis of soil enzyme activities showed that
catalase, sucrase, urease and acid phosphatase activi-
ties significantly (P < 0.05) increased with increas-
ing biogas residue content (Table 3). With CM100
treatment, the activities of catalase, sucrase, urease

and acid phosphatase increased by 102.04, 4 574.40,
1 404.49 and 364.33%, respectively, compared to
those in the CK treatment. A similar trend occurred
among the maturity treatments. Compared to the
CF30 treatment, the catalase, sucrase, urease and
acid phosphatase activities in the CM30 treatment
were 75.25, 662.69, 61.41 and 168.29%, respectively.
Enzyme activities are closely related to C, N, and P
in soil, and the increase in enzymes is related to the
rapid cycling of these nutrient elements (Wu et al.
2020), thus promoting ginseng growth.

Microbial community structure in plant and
rhizosphere soils. At the phylum level, several
phyla, such as Proteobacteria, Firmicutes and
Actinobacteriota, are generally found in plants and
soil (Kou etal. 2023) and were detected in both ginseng
and rhizosphere soil (Figures 2A-C). Bacteroidota

Table 3. Physicochemical properties of the substrates after ginseng cultivation

CK CM30 CM70 CM100 CF30 CH30

0.12 0.31 0.20 0.08 0.12 0.15
NH,-N (mg/kg) +0.01¢ +0.10° +0.13 +0.03¢ +0.264 +0.23¢

NO--N (mg/kg) 58.48 159.16 180.45 237.79 69.22 70.00
37 ME/KE +0.42¢ +2.17¢ +2.20bP +3.192 +1.974 +1.92d

3.92 4.83 8.65 13.72 2.72 4.01
Total N (g/kg) +0.07¢d +0.14¢ +0.21° +0.253 +0.28¢ + 0.57¢

Total C (g/kg) 72.58 85.48 142.29 220.41 85.91 97.28
otalt{g/ks +1.03%¢ +4.77¢ +1.84P +11.56° + 4.41°¢ + 1.06°

C/N 18.89 17.69 16.47 15.98 31.84 24.62
+ 3.29bc +0.52¢ +0.25¢ +0.84¢ +3.412 +3.78P

Total P (mg/g) 1.26 3.65 6.67 9.45 1.44 0.93
ota 8/8 +0.104 +0.97¢ +0.23b +0.322 +0.284 +0.374

. 1.69 2.80 7.32 10.13 0.22 0.30
Available P (mg/kg) +0.044 +0.01¢ +0.055 +0.05° +0.05¢ +0.07¢

6.62 5.59 5.01 4.32 5.93 6.03
Total K (g/kg) +0.38° +0.18b +0.03¢ +0.074 +0.14 +0.02°
Available K (mg/kg) 279.30 236.50 144.13 264.70 195.97 175.27

g/Kg + 63.85° + 63.63% +12.12b + 30.86° +22.47% +22.328b

H 7.02 7.06 7.13 7.25 6.70 6.73
p +0.02¢ + 0.25b¢ +0.02P +0.172 +0.024 +0.354
Moisture (%) 48.34 64.42 66.43 74.68 48.34 57.33
osture {7 +0.714 +0.91b +2.21b +1.282 +0.714 +2.18¢
Organi | 125.13 147.36 245.31 379.99 148.10 167.72
rganic matter (g/kg) +1.784 +8.21¢d +3.19 +1.99 +7.61¢d +1.83¢

Catal . 6.61 10.69 11.63 13.39 6.24 7.18
atalase [mg/(g.min)] +0.58¢ +0.31¢ +0.12b +0.092 +002° +0.184
S (mg/g) 2.11 32.24 65.31 98.63 4.30 12.17
ucrase \mg/g +0.08f +0.26¢ +1.22b +3.342 +0.08¢ +0.204

Urease (mg/g) 0.05 0.50 0.67 0.73 0.31 0.38
8/8 +0.01f +0.85¢ +1.22b +2.30° +0.31° +1.364

. 0.05 0.11 0.22 0.24 0.04 0.08
Acid phosphatase (mg/g) +0.03¢ +0.06° +0.07> +0.14° +0.02¢ +0.11¢

CK - 100% flower soil; CM30 — 30% mature biogas residue + 70% flower soil; CM70 — 70% mature biogas residue +
30% flower soil; CM100 — 100% mature biogas residue; CF30 — 30% fresh biogas residue + 70% flower soil; CH30 —

30% hemi-decomposed biogas residue + 70% flower soil
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Figure 2. Microbial community structure at the phylum level from different treatments with biogas residue ad-
dition. CK — 100% flower soil; CM30 — 30% mature biogas residue + 70% flower soil; CM70 — 70% mature biogas
residue + 30% flower soil; CM100 — 100% mature biogas residue; CF30 — 30% fresh biogas residue + 70% flower

soil; CH30 — 30% hemi-decomposed biogas residue + 70% flower soil

and Chloroflexi were detected in the ginseng
roots (Figure 2B) and rhizosphere soil (Figure 2C).
Among the treatments involving biogas residue
(CK, CM30, CM70 and CM100), the abundance
of Firmicutes decreased, while the abundance
of Actinobacteriota increased in ginseng plants
(Figures 2A, B). In the rhizosphere soil, the abun-
dances of Actinobacteriota, Proteobacteria and
Bacteroidota significantly decreased (P < 0.05), while
the abundances of Chloroflexi and Gemmatimonadota
distinctly increased (P < 0.05) (Figure 2C). With the
increase in maturity of the biogas residue (CF30, CH30
and CM30), the differences in the microbial commu-
nity from the ginseng plants mainly occurred above-
ground. The abundance of Proteobacteria significantly
increased, while the abundances of Actinobateriota,
Firmicutes and Bacteroidota decreased significant-
ly (P < 0.05) (Figure 2A). In the rhizosphere soil,
higher abundances of Chloroflexi, Firmicutes and
Gemmatimonadota were detected (Figure 2C). In this
study, Chloroflexi and Gemmatimonadota increased
with increasing content and maturity of the biogas
residue in the substrate, which indicated that these
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two bacterial phyla played important roles in plant
growth promotion (Hao et al. 2023).

Fungi, Ascomycota, Basidiomycota, Mortie-
rellomycota, and Chytridiomycota were detected in
all the treatments (Figures 2D—-F). These phyla have
been detected in perennial medicinal plants such as
Panax ginseng C.A. Meyer and Astragalus membrana-
ceus (Fisch.) Bge (Leng et al. 2023, Wang et al. 2023).
Compared with aboveground root and rhizosphere,
more unclassified_k_Fungi were detected (Figures
2D-F), which indicated that the fungal community
structure aboveground of ginseng needs to be ex-
plored in detail (Han et al. 2023). With the increase
in biogas residue content (CK, CM30, CM70 and
CM100), similar changes occurred between the roots
and rhizosphere (Figures 2E, F). The abundances
of Mortierellomycota and unclassified_k_Fungi in-
creased. In this study, the changes in fungal com-
munities in plants and soil were not as significant
as in bacterial communities. Recently, the function
of Mortierellomycota was investigated (Ozimek and
Hanaka 2020). As an indicator of soil health, many
genera were confirmed to promote plant growth
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or significantly inhibit soil-borne pathogenic fungi
(Wang et al. 2022b, Liu et al. 2023b).

Correlation analyses of the soil microbiome and
physicochemical characteristics and enzyme activi-
ties. The results from the distance-based redundancy
analysis (db-RDA) showed that bacteria negatively
correlated with some physicochemical indices in the
CK treatment were positively correlated with those
in the CM70 and CM100 treatments. For example,
microorganisms, including bacteria (Chloroflexi,
Gemmatimonadota, Firmicutes, Planctomycetota,

Enzyme activities
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Acidobacteriota, and Patescibacteria) and (Asco-
mycota, Mortierellomycota, Chytridiomycota,
Zoopagomycota, and Rozellomycota), were positively
correlated with the activities of sucrase, catalase, and
urease in CM100 plants. In contrast, they were nega-
tively correlated with those in CK plants (Figures 3A, C).
These microorganisms are mostly involved in or-
ganic matter decomposition and the nitrogen cy-
cle, accelerating the material cycle and promoting
ginseng growth (Liu et al. 2023b, Peng et al. 2023).
Similarly, the microorganisms positively correlated

Physiochemical indexes
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Figure 3. Distance-based redundancy analysis (db-RDA) of microbial communities and physiochemical charac-
teristics in the rhizosphere soil. (A) Bacterial and enzymatic activities; (B) bacterial and physiochemical indices;
(C) fungal and enzymatic activities; (D) fungal and physiochemical indices. S-UE — urease; S-SC — sucrase; CAT —
catalase; S-ACP — acid phosphatase; A-N — NH,-N; N-N — NO,-N; TN - total N; TC - total C; TP - total P;
TK - total K; AP — available P; AK - available K; OM - organic matter; CK — 100% flower soil; CM30 — 30%
mature biogas residue + 70% flower soil; CM70 — 70% mature biogas residue + 30% flower soil; CM100 — 100%
mature biogas residue; CF30 — 30% fresh biogas residue + 70% flower soil; CH30 — 30% hemi-decomposed biogas
residue + 70% flower soil
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with total C, total N, available P, NO,-N and total P
in CM70 and CM100 were negatively correlated in
CK (Figures 3B, D).

In the different maturity treatments, soil sucrase,
catalase and urease activities were negatively correlated
with the abundances of Actinobacteriota, Bacteroidota,
Proteobacteroidota and Basidiomycota. There was
a positive correlation for bacteria, such as Chloroflexi,
Gemmatimonadota, Firmicutes, Planctomycetota,
Acidobacteriota, and Patescibacteria, and fungi,
such as Mortierellomycota, Chytridiomycota,
Zoopagomycota, and Rozellomycota. The opposite
was true for soil acid phosphatase (Figures 3A, C).
In addition, bacteria, including Chloroflexi,
Gemmatimonadota, Firmicutes, Planctomycetota,
Acidobacteria, Planctomycota, Patescibacteria,
Ascomycota, Rozellomycota, Mortierellomycota, and
Chytridiomycota, and fungi, including Zoopagomycota,
were positively correlated with total C, total N, available
P, NO;-N, available K, pH and organic matter. The
microorganisms negatively correlated with total C,
total N, available P, NO3_—N, available K, pH and or-
ganic matter included Actinobacteriota, Bacteroidota,
Proteobacteroidota and Basidiomycota.

Analysis of the co-occurrence network of differ-
ent substrate treatments. Based on the soil microbial
co-occurrence network analysis, interrelationships
within the same bacteria or fungi were determined in
this study. As shown in Figure 4, the core bacteria in

https://doi.org/10.17221/430/2023-PSE

the CK, CM30 and CM70 treatments with increasing
amounts of biogas residue were Actinobacteriota. In
contrast, the core bacteria in the CM100 treatment
were Acidobacteriota and Gemmatimonadota. The
core fungus in the CK treatment was Basidiomycota,
and the core fungus in the CM30, CM70 and CM100
treatments was Mortierellomycota. According to
Table 4, the negative correlation ratio of bacteria im-
proved with increasing biogas residue content, which
indicated that the bacterial community structure was
more stable. However, the negative correlation ratio
of fungi decreased, indicating that the fungal struc-
tural communities were unstable (Vries et al. 2018).

With increasing maturity, the core bacteria in
the CF30 treatment were Actinobacteriota and
Bacteroidota, while the core bacteria in the CH30
and CM30 treatments were Actinobacteriota. The
core fungi in the CF30 treatment were Basidiomycota,
while the core fungi in the CH30 and CM30 treatment
groups were Basidiomycota and Mortierellomycota.
The data from Table 4 show that the negative cor-
relation ratio of bacteria and fungi first increased
and then decreased, which could be related to the
more diverse microbial communities involved in
the maturation of biogas residues (He et al. 2022,
Wang et al. 2022b).

In conclusion, in this study, biogas residue of dif-
ferent concentrations and maturities was used as
a substrate for ginseng cultivation, and its effects
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Figure 4. Soil bacterial and fungal co-occurrence network analysis. CK — 100% flower soil; CM30 — 30% mature
biogas residue + 70% flower soil; CM70 — 70% mature biogas residue + 30% flower soil; CM100 — 100% mature
biogas residue; CF30 — 30% fresh biogas residue + 70% flower soil; CH30 — 30% hemi-decomposed biogas resi-
due + 70% flower soil
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Table 4. Coeflicients for co-occurrence network analysis of rhizosphere soil fungi
Microorganism Item CK CM30 CM70 CM100 CF30 CH30
nodes 48 49 50 49 50 49
edges 469 434 426 430 448 497
Bacteria positive correlation ratio (%) 69.3 69.3 53.9 53.7 57.1 51.1
negative correlation ratio (%) 30.7 30.7 46.1 46.3 42.9 48.9
average degree 19.54 17.71 17.04 17.55 17.92 20.29
modularity 0.33 0.53 0.59 0.54 0.52 0.36
nodes 50 49 48 48 49 47
edges 342 390 364 399 392 385
Fungi positive correlation ratio (%) 51.7 56.1 55.7 74.2 56.4 50.1
negative correlation ratio (%) 48.3 43.9 44.3 25.8 43.7 49.9
average degree 13.68 15.92 15.17 16.63 16 16.39
modularity 0.65 0.63 0.65 0.57 0.62 0.51

CK - 100% flower soil; CM30 — 30% mature biogas residue + 70% flower soil; CM70 — 70% mature biogas residue +
30% flower soil; CM100 — 100% mature biogas residue; CF30 — 30% fresh biogas residue + 70% flower soil; CH30 — 30%

hemi-decomposed biogas residue + 70% flower soil

on ginseng growth and rhizosphere soil were in-
vestigated. The results showed that adding biogas
residues could promote ginseng growth by directly
supplying nutrients and indirectly enriching plant
growth-promoting rhizobacteria. Therefore, based on
our results, biogas residues can be used as a substrate
for ginseng cultivation. By combining physiochemical
indices with microbial community analysis, mature
biogas residue compost could be the best choice for
growing Panax ginseng.
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