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Sewage sludge (SS) and garden waste (GW) compost can be used as soil amendments to improve the soil
environment. Studies done till date have been focused on the changes of harmful substances during sludge
composting, but the safety and efficacy of SS and GW composting on woodland soil environment are still unclear.
In the study, a field experiment was performed using to investigate the safety and efficacy of SS and GW compost
as a soil amendment on woodland soil. Soil nutrients (such as nitrogen, phosphorus and potassium), organic
matter and electrical conductivity were significantly increased after the addition of the SS and GW compost,
while there were no significant changes in soil heavy metals content and soil enzyme activities. From these soil
properties, it was found that SS and GW compost was safe and efficacious in improving the soil environment. The
application of SS and GW compost had no significant effect on microbial diversity. Co-occurrence network
analysis revealed that SS and GW compost efficaciously enhanced the interaction between bacterial commu
nities, which proved that it was safe and efficacious. Furthermore, SS and GW compost enhanced ABC trans
porters and carbohydrate metabolism of bacterial community, while reduced the pathotroph action (such as the
plant pathogen) and wood saprotrophs. Overall, these results proved the safety and efficacy of SS and GW
compost as soil amendments after being added to the soil. This study contributes to the use of harmless treat
ments and reutilization processes of SS and GW.
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1. Introduction
Recently, the rapid development of urbanization in China has led to
the generation of high volumes of wastewater. Moreover, sewage sludge
(SS), a by-product of the wastewater treatment process has been also
increasing. For instance, 172 million tons of SS were generated annually
from sewage treatment plants in China (Wei et al., 2017). Therefore, an
effective and ecofriendly treatment method is urgently needed to deal
with SS, otherwise improper treatments of SS can cause the generation
of secondary pollutants such as heavy metals, pathogenic microbes, and
organic pollutants (Cukjati et al., 2012; Zhang et al., 2018). Composting
is an efficient and cost-effective method for treating and reusing SS. It
can be an appropriate post-digestion process because the SS can be used
as soil amendments (Mattana et al., 2014). Bulking agents are always

required to modify the properties of SS during composting due to the
high moisture content, limited porosity and low C/N ratio. Researches
have proved that garden waste (GW) can be used as a bulking agent, as
such these wastes should be treated and the treatment of SS can be also
enhanced (Zhang et al., 2018).
Some studies have evaluated the safety of SS composting. For
example, SS composting with KH2PO4 and FeSO4 reduced the mobility
of Cu, Zn and Pb by 13.6%, 21.6% and 3.8%, respectively (Wang et al.,
2020). Besides, the compost obtained from the tobacco of smuggled
cigarettes (SCT) and industrial sewage sludge (ISS) could improve the
percentage of nicotine removal and the inactivation of pathogenic mi
croorganisms, that met the sanitation standards for agricultural use
(Zittel et al., 2020). Moreover, composting could reduce organic pol
lutants such as polycyclic aromatic hydrocarbons (PAHs), aryl
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hydrocarbon receptor and six phthalic acid esters ( PAEs) (Cai et al.,
2012; Ozaki et al., 2017). However, there are few studies on the safety
and efficacy of the SS and GW compost applied to soil as a soil
amendment. Furthermore, it is important to consider that biodegrada
tion processes of contaminant can form toxic intermediary metabolites
causing soil toxicity (Phillips et al., 2000). Another study showed that
higher application amount of SS compost would lead to environmental
stress and adverse effects on soil microbial activity and diversity
(Tipayno et al., 2011). Therefore, in order to achieve the resource uti
lization of SS and GW compost, it is necessary to assess the safety and
efficacy of SS and GW compost in different proportions of application to
soil.
Soil microbial community is sensitive to the change of soil environ
ment, and is a crucial index of soil fertility and health (Xu et al., 2019),
which can reflect soil quality more accurately and effectively than soil
physicochemical properties. In terms of safety evaluation, the most
commonly used microbial indicators are community structure, diversity
and composition. (Feng et al., 2021; Ni et al., 2021; Shaoping et al.,
2021). For example, Courtois et al. (2020) used the microbial commu
nity composition to evaluate the effects of pollution by silver nano
particles in sludge. Tipayno et al. (2011) evaluated the safety of heavy
metals in sludge compost by observing microbial activity and diversity.
Other researchers report that the application of sludge to the woodland
soil changed the co-occurrence pattern and increased the number of
positive interactions among bacterial taxa and higher connectivity
(Zhao et al., 2021). Under the paddy-upland rotation cropping system,
biochar application could inhibit pathogens and enhance soil microbial
functions related to soil health and polycyclic aromatic hydrocarbons
biodegradation (Ni et al., 2021). However, there is scarce research
following on the interaction and functional metabolism of microorgan
isms after the application of SS and GW composts to woodland.
In this study, SS and GW were applied to woodland for one year,
aiming to evaluate the safety and efficacy of SS and GW compost as soil
amendments by analyzing the soil properties, the composition, structure
and functional metabolism of microorganisms.

were removed. Then, 15 sampling points were randomly set around the
marked tree to collect soil with a depth of 10–20 cm and mixed it into a
composite sample. Three samples were collected in each plot. The soil
samples were subsequently refrigerated at 4 ◦ C using a portable fridge
and transported to the laboratory. Soil samples were sieved through a 2
mm mesh and divided into two parts. One part was air-dried for the
determination of soil physicochemical parameters (PP), soil enzyme
activities (SE), and heavy metals (HM) (stored at 4 ◦ C). The other part
was used for the DNA extraction (stored at − 80 ◦ C).
The pH and electrical conductivity (EC) were measured using a pH/
EC meter (NY/T 1377–2007). The organic matter (OM) and total ni
trogen were measured by the dichromate oxidation and Kjeldahl
method, respectively (NY/T 1121.6-2006 and HJ 634-2012). Total
phosphorus (TP) and available phosphorus (AP) were measured using
the molybdenum blue method after digestion with HF-HCIO4 and
extraction with sodium bicarbonate extraction (LY/T 1232-2015). Total
potassium and available potassium (AK) were determined using the
flame emission spectrometry after digestion with HF-HCIO4 and
extraction with ammonium acetate (Chinese Standard Method LY/T
1234-2015). SE was measured with colorimetric method. The urease
activity (Ur) was measured by the indophenol colorimetric method,
expressed by NH3-N mg g− 1 (37 ◦ C, 24 h) (Xue and Huang, 2013);
alkaline phosphatase activity was measured by the disodium phenyl
phosphate colorimetric method (Xue and Huang, 2013); and the dehy
drogenase activity (DHA) was measured by the TTC colorimetry method
(Mariela et al., 2016). The concentrations of Cr, Ni, As, Cu, Pb, Cd and Zn
in the soil samples were first digested with aqua regia and HCIO4 and
measured using inductively coupled plasma optical emission spec
trometry (ICP-MS) (Lin et al., 2019).
2.3. DNA extraction and sequencing
The genomic DNA of soil samples was extracted with the Fast DNA
SPIN Kit (MP Biomedicals, Santa Ana, CA, USA) according to manu
facturer’s instruction. The V3-V4 hypervariable regions of the 16S rRNA
gene and the ITS1-ITS4 hypervariable regions of the Internal Tran
scribed Spacer (ITS) gene were analyzed using high-throughput
sequencing by using the Illumina Miseq PE300 sequencing platform
(Illumina, Inc., CA, USA). The bacteria 16S rRNA gene was amplified
with the universal primers of the forward 338F and the reverse 806R
(Lee et al., 2012). For ITS sequencing, DNA samples were amplified
separately using the fungal PCR primers of the forward ITS1 and the
reverse ITS4 (Njoku et al., 2020). PCR amplification was performed in a
volume of 50 μL PCR mixture including 0.5 μL of Pyrobest DNA Poly
merase (TaKaRa), 5 μL of 10× Pyrobest Buffer, 4 μL of dNTPs, 1 μL of
each primer (10 μM), and 1 μL of template DNA and 37.5 μL of ddH2O.
The thermal cycling conditions were as follows: 96 ◦ C for 5 min, 30
cycles of 96 ◦ C for 20 s, 57 ◦ C for 25 s, 68 ◦ C for 45 s, and a final
extension at 68 ◦ C for 10 min. The samples were stored at 4 ◦ C.
The amplicons were extracted from 1% agarose gels and purified
using the AxyPrep DNA Gel Extraction Kit according to the manufac
turer’s instructions and quantified using QuantiFluor™ -ST. Then, the
amplicons were paired-end sequenced by the MiSeq PE300 platform.
The raw sequence data were processed using the Quantitative Insights
Into Microbial Ecology (QIIME v.1.9.1) platform.

2. Materials and methods
2.1. Experimental sites and experimental design
The experimental sites were located in Yanqing District, Beijing,
China (40◦ 5′ N, 115◦ 91′ E), which presents a continental monsoon
climate with a mean annual temperature of 8.5 ◦ C. In this experiment,
the Amorpha fruticosa Linn. woodland was selected as the experimental
site. The soil amendments were prepared with SS and GW in three
volume ratios as follows: GW (garden waste); SGA (V(sewage sludge):V
(garden waste) = 1:3); SGB (V(sewage sludge):V(garden waste) = 1:1).
The properties of the compost were shown in Table S1. The amounts of
soil amendments were 0, 5, 10, 50 kg per tree (kg/T) (T0, T1, T2, T3).
Three plots in the A. fruticosa woodland were randomly selected. Each
plot was 10 m × 40 m, then divided into four sub-plots of 10 m × 9 m,
and 1 m wide buffer strips were placed between plots to prevent mutual
interference. The four sub-plots correspond to different fertilization
amounts. Fifteen (15) trees with the same growth trend were marked in
each sub-plot, which means 15 repeats were performed. After, with the
trunk as the center, a circular pit was dug with a depth of 20 cm and a
radius of 50 cm, and then the SS and GW compost was fully mixed with
the original soil and backfilled. This trial began on September 2015 and
lasted for one year. During the experiment period, no additional soil
amendments were applied, and the management was done according to
local woodland measures.

2.4. Co-occurrence network analysis
Co-occurrence network analysis is a practical tool to reveal the
structure and internal interactions of microbial communities. In order to
reduce pairwise comparisons and network complexity, only OTUs with a
top 100-relative abundance were selected for network analysis. All
possible pairwise Spearman’s rank correlations (r) between these nodes
were then calculated. As for bacteria and fungi, only those statistically
significant and robust correlations (|r| ≥ 0.9, P ≤ 0.01 and |r| ≥ 0.8, P ≤
0.01, respectively) were considered to have significant co-occurrences.

2.2. Soil sampling and analytical methods
Soil samples were collected in September 2016. Firstly, the aboveground waste, such as fallen leaves, stones and other large particles
2
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times of SGA3 and 2.16 times of GW3. This finding could be related to
the higher content of OM in SS than GW. Previous studies showed that
high OM could enhance the activity of microorganisms in the soil
(Masmoudi et al., 2020). The AP originating from SS amendment
increased due to the organic P mineralization (Mackay et al., 2017). The
improvement of AP by sludge application compared to unamended soil
was also observed by previous study (Arif et al., 2018). Meanwhile, high
content of AP had positive significance, it can provide nutrition and
synthesize energy for microorganisms, and increase the abundance and
the activity of microorganisms (Nobile et al., 2019). Furthermore, the
content of EC was higher in SGB than GW and SGA when the soil
amendment quantity was the same, which can be related to increasing
soil soluble salt contents associated to the increase of SS in SGB (Cheng
et al., 2007). Besides, too high EC will inhibit the growth of plants. In the
experiment, the EC did not exceed 3000 μS cm− 1 in all treatments,
indicating that it was safe for the growth of plants (Amir et al., 2005).
Too high or too low pH will inhibit the activity of soil microorganisms
and the growth of plants. In this study, the soil in experimental wood
land was alkaline. Soil pH increased with the increase of GW application
values. This may be because the pH of GW was alkaline. Moreover, the
pH decreased as the soil amendment application amount increased in
SGA and SGB compared to GW. Under the same soil amendment
application ratio, the pH of SGB was lower than SGA. SGB3 had a
minimum pH of 7.48 due to the highest content of OM in SGB and the
organic acids released from degradation of OM in the SS (Habteselassie
et al., 2006). Another conceivable theory for soil acidification could be
that the nitrification process induced the release of H+ in soil (Cristina
et al., 2020). Previous studies showed that decrease of soil pH could
efficaciously improve the availability of most soil micronutrients (Shi
et al., 2020). Nevertheless, the same soil amendment did not signifi
cantly change the pH indicating that the soil amendment was safe.

Topological analysis, modular analysis and visualization were done
using the “psych” R package and Gephi.
2.5. Functional metabolism of microorganisms
The Phylogenetic Investigation of Communities by Reconstruction of
Unobserved States (PICRUSt) is a practical bioinformatics tool, which
can predict bacterial function based on 16S rRNA gene sequence. Based
on the correlation between phylogeny and function, PICRUSt uses the
phylogenetic similarity between common genome and 16S rRNA OTUs
to interpolate the metagenome of each soil sample. Predicted gene class
abundances were analyzed at Kyoto Encyclopedia of Genes and Ge
nomes (KEGG). Additionally, the FUNGuild is also a bioinformatics tool
that can be used to identify the functional groups (guilds) of fungal
community in samples. Besides the FUNGuild can taxonomically parse
fungal OTUs by analyzing ecological guild (functional group) of
sequencing databases.
2.6. Statistical analysis
The means ± standard deviations of three replicates were calculated.
All statistical analyses, such as correlations and differences, were per
formed using SPSS software. Statistically significant differences in soil
properties were determined through a one-way analysis of variance
(ANOVA) along with the use of Tukey’s test for multiple comparisons (P
< 0.05). Spearman correlation coefficients were calculated among
environmental variables and of microbial community composition. The
Shannon index was calculated in QIIME software to assess the diversity
of the microbial community. Bray-Curtis dissimilarity coupled with nonmetric multidimensional scaling (NMDS) was conducted to indicate the
microbial community dissimilarities. Canonical correspondence analysis
was performed using the Canoco 4.5 program to explore the relationship
between microbial community structure and the physicochemical
properties. Variation partitioning analysis (VPA) was used to determine
the effects of soil environmental factors on bacterial and fungal com
munities by using the vegan package of R (version 3.0.1).

3.2. Effects of soil amendments on heavy metals
The content of heavy metals (HM) is an important factor in
restricting the use of co-compost products of SS and GW, and HM can be
considered as a key indicator for evaluating the safety of compost. There
was no significant difference in the content of most HM under different
application ratios (Table S2). This finding was similar to the results of
Alvarenga et al. (2016). These authors reported that the application of
SS did not significantly change the HM content in soil (Alvarenga et al.,
2016). Except for Cd and As, other HM met the risk control standard for
soil contamination of agricultural land (GB 15618-2018). However, the
application of soil amendments did not significantly increase the content
of Cd and As in the soil (P < 0.05). Therefore, in terms of HM, it can be
implied that the soil amendments were safe.

3. Results and discussion
3.1. Effects of soil amendments on soil physicochemical parameters
Soil physicochemical parameters were significantly affected by the
type and amount of soil amendments (Table 1). The contents of OM, AK,
TN and AP in soil significantly increased after the addition of soil
amendments, which showed that soil amendments were efficacious in
increasing soil nutrients and OM. The maximum value appeared in GW3,
SGA3, and SGB3 due to the large amount of OM and nutrients in the soil
amendments. SGB3 had the highest content of OM, which was 1.15
Table 1
Physicochemical parameters of the soil samples.
Treatment

AK/ (mg kg− 1)

TN/ (g kg− 1)

OM/ (g kg− 1)

AP/ (mg kg− 1)

pH

EC/ (μS cm− 1)

GW0
GW1
GW2
GW3
SGA0
SGA1
SGA2
SGA3
SGB0
SGB1
SGB2
SGB3

180.33 ± 9.50f
270.33 ± 10.02de
480 ± 17.32b
766.67 ± 20.82a
193.33 ± 15.28f
316.67 ± 23.09d
403.33 ± 15.28c
513.67 ± 17.04b
243.33 ± 15.28e
390.33 ± 10.02c
466.67 ± 20.82b
503.33 ± 15.28b

0.26 ± 0.05d
0.29 ± 0.017cd
0.34 ± 0.04cd
0.41 ± 0.04cd
0.23 ± 0.02d
0.31 ± 0.02cd
0.52 ± 0.03bc
0.90 ± 0.24a
0.26 ± 0.03d
0.59 ± 0.04b
0.67 ± 0.04ab
0.70 ± 0.06ab

8.68 ± 1.22f
9.94 ± 1.93f
11.55 ± 0.77ef
13.86 ± 1.30de
8.60 ± 0.84f
16.87 ± 0.71cd
19.70 ± 0.88c
26.07 ± 1.50b
8.72 ± 1.04f
14.81 ± 1.28de
17.25 ± 1.24cd
29.96 ± 1.79a

10.01 ± 1.42d
16.56 ± 0.55cd
21.07 ± 2.43c
69.25 ± 6.23a
11.14 ± 0.60d
35.01 ± 2.01b
38.47 ± 0.86b
43.15 ± 5.39b
9.22 ± 0.92d
15.08 ± 2.34cd
23.36 ± 3.13c
65.28 ± 5.64a

8.16 ± 0.07abc
8.17 ± 0.05abc
8.30 ± 0.02ab
8.37 ± 0.05ab
8.68 ± 0.27a
8.13 ± 0.08abc
7.96 ± 0.53bc
7.86 ± 0.50bc
8.17 ± 0.05abc
7.86 ± 0.10bc
7.69 ± 0.05bc
7.48 ± 0.19c

411.67 ± 10.69f
561.67 ± 26.54e
769.67 ± 30.29c
888.67 ± 18.15ab
555.33 ± 35.64e
573.00 ± 21.66e
668.33 ± 21.73d
765.00 ± 5.29c
646.33 ± 20.55d
817.33 ± 8.39c
907.33 ± 3.79ab
942.00 ± 39.51a

Note: Means ± standard deviations (n = 3) are shown. Different lowercase letters are marked with the same column data to indicate the difference between the
different treatments (p < 0.05) according to Tukey’s test. GW (garden waste); SGA (V(sewage sludge):V(garden waste) = 1:3); SGB (V(sewage sludge):V(garden waste)
= 1:1). The following numbers 0, 1, 2, 3 indicate that the amount of soil amendment applied is 0, 5, 10, 50 kg/T, respectively.
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3.3. Effects of soil amendments on soil enzyme activities

Moreover, the effect of different soil amendments on microbial
composition was greater than that of different application amount
treatments. This may be because soil microbes were different in different
plots. However, the change of fungal community structure was not
significant. Early studies indicated that fungi were more sensitive to the
fertilization disturbance (Zhang et al., 2011), but different results were
obtained in this study. Further, our experiments showed that fungal
community structure was more stable than bacterial communities.
As shown in Fig. 3, the effects of different treatments on the relative
abundance of soil microorganisms in woodland were studied. The order
of the relative abundance of dominant bacteria at the level of phylum
was: Proteobacteria, Actinobacteria and Acidobacteria, (Fig. 3a). These are
abundant bacterial phyla in most woodland soil types (Zhao et al.,
2021), and their relative abundance did not change significantly in this
experiment. Specifically, Actinobacteria and Bacteroidetes are copio
trophic bacteria, which have the capacity to survive in poor nutrient soil
and to grow rapidly with nutrient application (Fierer et al., 2007). Be
sides, Bacteroidetes can convert cellulose and hemicellulose in soil
amendments into smaller polysaccharides (Wu et al., 2019). Acid
obacteria plays a significant role in soil ecosystems and is important to
keep stable in ecosystems due to their self-regulation processes (Chen
et al., 2016).
The most abundant fungi were in the following order: Ascomyco
ta > Basidiomycota > Zygomycota (Fig. 3b). This study was similar to a
survey of the soil fungi in that Ascomycota and Basidiomycota were the
two most abundant in woodland soil (Ding et al., 2017). Some studies
have shown that some Ascomycetes can secrete laccase to protect the
environment (Hao et al., 2016). The abundance of Basidiomycota
decreased after applying soil amendments, especially SBA and SGB. On
the one hand, it might be related to the pH in the soil, because pH was
the primary driver of fungal and pH was often found to be associated
with soil microbial composition (Kaurin et al., 2018) On the other hand,
it might be influenced by HM in soil, similar results were also obtained
from a previous study, suggesting a strong correlation between domi
nant fungi and HM (Lin et al., 2019). Besides, the abundance of Zygo
mycota was higher than Basidiomycota in SGA and SGB because there
were more carbon and nitrogen in the sludge compost, which can release
primary metabolites (sugar, amino acids and organic acids) and sec
ondary metabolites. Consequently, this event can benefit the growth and
reproduction of Zygomycota (Xu et al., 2020).

Soil enzymes are important components involved in the dynamics of
soil nutrient transformations, which are considered to be an indicator of
soil quality and are highly sensitive to environmental and anthropogenic
stimuli (Roldan et al., 2005; Xu et al., 2021). Urease is produced by
microorganisms (Pascual et al., 2002). When the amount of soil
amendment was 50 kg/T, the Ur was the lowest (Table 2). Interestingly,
expect for GW, the soil amendments of different amounts had no sig
nificant effect on the Ur. Similarly, the Pho and DHA (expect for DHA in
SGB) also did not change significantly. This was similar to previous
studies because the response of enzyme activities became decreased
evident with time (Crecchio et al., 2004). However, DHA in SGB was
significantly higher than other treatments, which may be related to the
high EC in SGB. Previous research results showed that there was a sig
nificant positive correlation between DHA and EC (Cheng et al., 2015).
When the amount of fertilizer was 10 kg/T, the Ur in GW and DHA in
SGB were the highest, so it does not mean that the amount of soil
amendments was the more, the more efficacious. We should control the
amount of soil amendments.
3.4. Effects of soil amendments on diversity of microbial community
A total of 751,735 bacterial sequences and 1,623,708 fungal se
quences were obtained from 36 soil samples. Soil quality could impact
the diversity, composition, or function of the soil microbial community
(Zhao et al., 2021). As shown in Fig. 1a, the bacterial Shannon index was
the highest when the soil amendment amount was 5 kg/T, and the GW1,
SGA1 and SG1 were 6.51, 6.64, and 6.60, respectively. Furthermore,
when the amount was over 5 kg/T, the Shannon index gradually
decreased. Although Tukey’s multiple comparison test showed no sig
nificant difference under different treatments, the addition of soil
amendment improved the microbial diversity compared to the treat
ment without soil amendment in SGA and SGB. This finding was similar
to earlier reports that reported bacterial community diversity did not
significantly change with the addition of sludge compost in soil (Lloret
et al., 2016). Similarly, there were no significant changes in fungal di
versity under the same soil amendment with different application ratios
(Fig. 1b).
3.5. Effects of soil amendments on structure of the microbial community

3.6. Effects of different soil amendments on correlation between microbial
community and soil properties

The NMDS analysis based on Bray-Curtis distance showed that the
bacterial and fungal communities were clustered into different groups
under the different soil amendment ratios (Fig. 2). This indicated that
the microbial community structure would change with the different
ratios of the same soil amendments (Fig. 2a, b, c, e, f, g). On the other
hand, Fig. 2d and h showed that the microbial community structure had
some differences between GW and other two soil amendments.

VPA was used to evaluate the relative contribution of soil physico
chemical parameters (PP), soil enzymes activity (SE), and heavy metals
(HM) to the bacterial and fungal community composition after the
addition of soil amendments (Fig. 4a-b). The variation total effect of PP,
SE and HM accounted for 60.52% and 59.11% in bacterial community
and fungal community respectively. Specifically, PP values were 18.67%
and 20.66%, HM values were 19.29% and 20.28%, and SE values were
7.60% and 8.12%. The PP and HM had the greater effects on bacterial
and fungal communities, followed by SE. However, the difference be
tween PP and HM was not significant.
Additionally, CCA demonstrated that bacterial and fungal commu
nity composition was significantly (Adonis analysis: p < 0.01) shaped
by some soil properties (Fig. 4c-d). The pH, Cu and Zn significantly
impacted the bacterial community compositions (Fig. 4c). In fact, soil
pH was suggested as an important predictor of bacterial community
composition and diversity (Wan et al., 2020). For example, the relative
abundances of Nitrospira, Bacteroidetes, Chloroflexi and Actinobacteria
increased across pH gradient (Shen et al., 2018), while the relative
abundance of Firmicutes decreased with the increase of pH (Wu et al.,
2017). Moreover, recent studies found that high concentrations of Cu
and Zn addition had inhibition to the growth of bacteria (Yang et al.,
2020). According to the data of soil PP and HM, the pH, Cu and Zn values

Table 2
Soil enzyme activities.
Treatment

Ur/ (mg g− 1)

Pho/ (mg g− 1)

DHA/ (µg g− 1)

GW0
GW1
GW2
GW3
SGA0
SGA1
SGA2
SGA3
SGB0
SGB1
SGB2
SGB3

36.21 ± 1.37ab
35.66 ± 0.40ab
39.73 ± 1.70a
35.04 ± 1.53b
34.97 ± 1.43b
35.19 ± 0.40b
36.69 ± 0.57ab
34.42 ± 1.41b
39.87 ± 0.79a
39.35 ± 1.58a
39.37 ± 1.70a
37.94 ± 2.44ab

45.53
45.36
46.03
45.89
44.70
43.84
41.42
42.48
46.36
44.69
45.26
43.43

2.34 ± 0.85e
5.30 ± 2.71cde
16.66 ± 1.76cde
3.26 ± 1.47e
6.58 ± 2.72cde
7.16 ± 3.30cde
21.40 ± 6.02cd
5.00 ± 2.34de
65.97 ± 13.92a
47.33 ± 5.72b
66.54 ± 11.04a
22.73 ± 2.96c

± 1.09a
± 2.33a
± 0.46a
± 1.54a
± 0.90a
± 0.66a
± 1.72a
± 2.08a
± 3.02a
± 2.48a
± 3.06a
± 5.46a

Different letters following the values indicate significant differences among
samples (p < 0.05).
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Fig. 1. Changes of Shannon index of bacteria (a) and fungi (b) in soil during different treatments. Different letters indicate differences between treatments that are
significant at P < 0.05 (Tukey HSD). Each error bar represents one standard deviation. GW (garden waste); SGA (V(sewage sludge):V(garden waste) = 1:3); SGB (V
(sewage sludge):V(garden waste) = 1:1). The following numbers 0, 1, 2, 3 indicate that the amount of soil amendment applied is 0, 5, 10, 50 kg/T, respectively.

Fig. 2. Nonmetric multidimensional scaling (NMDS) analysis of bacterial (a-d) and fungal communities with OTUs classified at 97% sequence similarity. The a-c and
e-g respectively represent the dissimilarity of bacterial and fungal communities under different soil amendment amounts, different colors represent different soil
amendment amounts. The d and h represent the dissimilarity of bacteria and fungi under all different treatments, different colors represent different soil amend
ments. GW (garden waste); SGA (V(sewage sludge):V(garden waste) = 1:3); SGB (V(sewage sludge):V(garden waste) = 1:1). The following numbers 0, 1, 2, 3
indicate that the amount of soil amendment applied is 0, 5, 10, 50 kg/T, respectively. For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.

related to the bacterial and fungal communities, did not change signif
icantly, which further indicated that the compost of SS and GW was safe.

co-occurrence network were exhibited in Table S3. All the modularity
values were higher than 0.4, so each network could be separated into
multiple modules (i.e. the modularity value of 0.4 was considered to be a
threshold to define modular structures as proposed by (Newman,
2006)). Fig. 5a-d shows bacterial networks with 51 nodes and 44 edges,
72 nodes and 392 edges, 59 nodes and 115 edges, and 53 nodes and 74
edges in CK, GW, SGA, SGB, respectively. Specifically, there were 13,
164, 43, 14 negative links and 31, 228, 72, 60 positive links recorded in
the CK, GW, SGA and SGB networks, respectively. The network

3.7. Effects of different soil amendments on co-occurrence patterns of the
microbial community
In our study, the interspecies correlations between soil microor
ganism at the phylum level (abundance top 100) under different soil
amendments were investigated (Fig. 5). Topological parameters of the
5
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Fig. 3. The relative abundances of bacteria phylum (a) and fungal phylum (b) (>1%). GW (garden waste); SGA (V(sewage sludge):V(garden waste) = 1:3); SGB (V
(sewage sludge):V(garden waste) = 1:1). The following numbers 0, 1, 2, 3 indicate that the amount of soil amendment applied is 0, 5, 10, 50 kg/T, respectively.
Fig. 4. Variation partitioning analysis (VPA)
performed to quantify the contribution of PP,
SE and HM to bacterial community variations
(a) and fungal community variations (b). Ca
nonical correlation analysis conducted to show
significant PP, SE and HM in governing the as
sembly of 16s rDNA (c) and ITS (d). PP includes
pH, EC, AK, AP and TN; SE includes Ur, Pho and
DHA; HM includes As, Ni, Pb, Cu, Zn, Cr and
Cd. GW (garden waste); SGA (V(sewage
sludge):V(garden waste) = 1:3); SGB (V(sewage
sludge):V(garden waste) = 1:1).

indicated that soil amendments efficaciously enhanced the interaction of
bacterial community. Therefore, the high porosity of soil amendments
could provide a comfortable habitat for microorganisms (Luo et al.,
2013). This result indirectly proved that the soil amendments used in
this study were safe and efficacious. A new study reported that appli
cation of SS treated with anaerobic-anoxic-oxic (A2/O) significantly
changed bacterial interactions, and increased the positive interactions
and decreased negative interactions (Zhao et al., 2021), this was similar
to the results of our study.
There were only three dominant phyla, Ascomycota, Basidiomycota
and Zygomycota, in the fungal network (Fig. 5e-h). The CK, GW, SGA,
SGB networks had a total of 90 nodes and 304 edges, 92 nodes and 424
edges, 83 nodes and 271 edges, and 87 nodes and 266 edges, respec
tively. Specifically, CK had 132 negative links, GW had 117, SGA had 66,
and SGB had 122, whereas the number of positive links was 172, 307,
205, and 144, respectively. The complexity of the fungal network
structures had no significant changes among them, so the fungal com
munity could be more resistant than the bacterial community with the
external environment fluctuations (Wang et al., 2018).

Additionally, previous studies have confirmed that complex net
works have higher resource and information transmission efficiency,
which can enhance the tolerance and stability of microbial communities
to environmental disturbances and improve the multi-function of
ecosystem functions (De et al., 2018; Wagg et al., 2019; Zhou et al.,
2020). Positive and negative connections between microorganisms are
also very important features in the network. Among them, positive
interaction usually reflects cooperation and niche overlap among spe
cies, while negative interaction means competition and niche separation
(Deng et al., 2016). In this study, the number of positive links in bac
terial networks increased and the number of negative links in fungal
networks decreased after the addition of soil amendments. Therefore,
soil amendments did enhance the cooperation between microorganisms.
Similarly, earlier reports suggested that long-term organic amendments
exhibited stronger functional potentials and more interactions within
soil microbial community (Ling et al., 2016).
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Fig. 5. Network of relationships between
microorganism at the phylum level (abundance
top 100). a-d represents the bacterial network
and e-h represents the fungal network. CK
(control without any soil amendment), GW
(garden waste); SGA (V(sewage sludge):V(gar
den waste) = 1:3); SGB (V(sewage sludge):V
(garden waste) = 1:1). The significant correla
tions (p < 0.01) were linked. The thickness of
the lines indicates the strength of the relation
ship. The red lines indicate positive correla
tions, and green lines indicate negative
correlations. The node color represents various
phylogenetic phyla. Larger nodes indicate a
higher degree of connection. For interpretation
of the references to color in this figure legend,
the reader is referred to the web version of this
article.

3.8. Effects of soil amendments on function of the microbial community

have shown that symbiotic fungi are important for plant health and
nutrition (Igiehon and Babalola, 2017). However, pathotrophic fungi
mainly obtain nutrients by attacking host cells, so they may have
negative impacts on other components of the fungal community (An
thony et al., 2017). The number of pathotrophs was minimum when the
soil amendment amount was 10 kg/T with percentages values of 1.99%,
3.81% and 5.38% in GW, SGA and SGB, respectively. Therefore,
appropriate soil amendment amount could reduce fungal pathogen. This
was similar to previous results, adding compost could reduce fungal
pathogens (Dang et al., 2021). These results also indicated that adding
soil amendments could protect soil safety.
The fungal OTUs in the soil of different soil amendment treatments
could be classified into different guild types (Fig. S2b). The wood sap
rotroph pathogen firstly decreased and then increased in the GW and
SGA, but it was lower than the treatment without any soil amendment.
There was no significant change in SGB. When the soil amendment
amount was 10 kg/T, the values were 6.98%, 6.68% and 16.84% in the
GW, SGA and SGB amendments, respectively. The wood saprotrophs had
a phytopathogen-like trend. The minimum proportion of plant patho
gens in SGA2 was only 3.08%. Additionally, the soil saprotrophs had
only 0.52% in SGB1. Importantly, all three treatments with soil
amendments reduced the plant pathogens and wood saprotrophs to
varying degrees, which indicated that different treatments had signifi
cant effects on the function of fungi. In this study, the soil amendments
reduced the presence of pathotrophs. Previous studies showed that the
OM could effectively control fungal pathogens by improving the soil
structure and soil fertility (Ndubuisi-Nnaji et al., 2011), which was
similar to the results of the present study. In general, it was shown that
the application of soil amendments was safe and feasible.

The KEGG pathway database was employed to analyze the effects of
different soil amendments on the function of the bacterial community
(Fig. S1a). The microbes were involved in a diverse pathway, the pre
dicted protein sequences annotated based on KEGG pathways in 36 soil
samples were related to metabolism (60.09–60.61%), genetic informa
tion processing (17.37–18.16%), environment information processing
(15.96–17.45%), cellular processes (3.90–4.67%), and organism sys
tems (0.93–0.95%). The differences in metabolic functions under
different soil amendments were investigated at KEGG level 3 (Fig. S1b).
For instance, the abundance of sequence associated with methane
metabolism increased in GW, but decreased in SGA and SGB. This in
crease could be related to the fact that GW was rich in more cellulose and
lignin, and its hydrolysates can provide sufficient metabolic substrates
for methanogens, thus enhancing methane metabolism (Guo et al.,
2020). On the other hand, the inhibition of methane metabolism indi
cated that soil amendments could effectively reduce the carbon losses.
Also, the processes by ABC transporters improved after the addition of
soil amendments. Previous studies suggested that ABC transporters
could mediate membrane translocation of heavy metal and helped mi
croorganisms overcome heavy metal stress (Lerebours et al., 2016).
Carbohydrate metabolism was an important pathway, providing for
pyruvate metabolism, butanoate metabolism, glycolysis, amino sugar
and nucleotide sugar metabolism, and TCA cycle (Duan et al., 2020).
Previous studies reported that acetic acid, propionic acid, butyric acid,
and lactic acid were the four main types of organic acids (Nakasaki et al.,
2013), and the pH decreased due to the production of organic acids.
Fig. S1b showed that the abundances of pyruvate metabolism, butanoate
metabolism, glycolysis, amino sugar and nucleotide sugar metabolism,
and TCA cycle were higher in GW than the other treatments, leading to
numerous organic acids loss. This finding correlate with the pH increase
in GW.
The fungal communities were classified into trophic mode and
ecological guild by using the FUNGuild database (Fig. S2). This database
can provide functional information by parsing the provided sequences
into trophic guilds. The fungal OTUs were classified into saprotroph,
symbiotroph, and pathotroph, with 68.70%, 5.91% and 4.33%, respec
tively (Fig. S2a). The saprotrophs were the major fungal trophic type in
all treatments. Most of the saprotrophic fungi belonged to Ascomycota
and Basidiomycota which are known to have strong abilities to decom
pose cellulose (Baldrian et al., 2012; Peng et al., 2019). Previous studies

4. Conclusion
In this study, the effects of SS and GW composts, as soil amendments,
on soil properties and microbial communities were investigated to assess
their safety and efficacy. The application of SS and GW composts
improved the soil nutrients and OM and enhanced the complexity of the
co-occurrence pattern of bacterial community, indicating the efficacy as
soil amendments. Unlike bacterial community, the fungal community
co-occurrence pattern had no significant response. Moreover, the results
of the function metabolism of the bacteria and fungi community showed
that the ABC transporters and carbohydrate metabolism were enhanced.
Also, the number of pathotrophs (i.e. plant pathogen) and wood
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saprotrophs were reduced after the SS and GW compost addition. These
results indicated that SS and GW composts were safe and efficacious as
soil amendments, so they could be applied to woodland to improve the
soil conditions. Besides, these data can provide support for the appli
cation of SS and GW compost in the future. Future studies can focus on
the effect of SS and GW amendments in plant growth and study the
safety of soil environment with a higher addition of these composts. By
doing this, it could be established as an effective method for the treat
ment of high volumes of sludge.

Cheng, H., Xu, W., Liu, J., Zhao, Q., He, Y., Chen, G., 2007. Application of composted
sewage sludge (CSS) as a soil amendment for turfgrass growth. Ecol. Eng. 29,
96–104.
Courtois, P., Rorat, A., Lemiere, S., Guyoneaud, R., Attard, E., Longepierre, M., Rigal, F.,
Levard, C., Chaurand, P., Grosser, A., Grobelak, A., Kacprzak, M., Lors, C.,
Richaume, A., Vandenbulcke, F., 2021. Medium-term effects of Ag supplied directly
or via sewage sludge to an agricultural soil on Eisenia fetida earthworm and soil
microbial communities. Chemosphere 269, 128761.
Crecchio, C., Curci, M., Pizzigallo, M.D.R., Ricciuti, P., Ruggiero, P., 2004. Effects of
municipal solid waste compost amendments on soil enzyme activities and bacterial
genetic diversity. Soil Biol. Biochem. 36, 1595–1605.
Cristina, G., Camelin, E., Tommasi, T., Fino, D., Pugliese, M., 2020. Anaerobic digestates
from sewage sludge used as fertilizer on a poor alkaline sandy soil and on a peat
substrate: effects on tomato plants growth and on soil properties. J. Environ. Manag.
269, 110767.
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