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Silicon fertilizer and biochar have been widely used to remediate soil contaminated by heavy metals. The effects and mechanism of
silicon fertilizer and biochar addition on the heavy metal availability, soil biological properties, and microbial community
characteristics need further study in soils contaminated by heavy metals. Therefore, this research determined how silicon
fertilizer, biochar, and their combined using affected microbial communities related with nitrogen and phosphorus cycling. The
abundance and composition of the microbial community were evaluated by quantitative PCR and phospholipid fatty acid
analysis, respectively. Results showed that silicon fertilizer and biochar addition significantly changed soil properties, including
pH, total organic carbon, ammonium, nitrate. The Cd and Zn speciation were significantly reduced by silicon fertilizer, biochar,
and their integrated application. Microbial community abundance and structure were also significantly changed. Principal
component analysis shows that the difference in soil microbial community structure is the most obvious under the combined
addition of biochar, silicon fertilizer and biochar. In addition, the results of fluorescence quantitative PCR showed that with
biological addition, the number of soil bacteria was significantly reduced. This study reveals the influence of silicon fertilizer and
biochar on bacterial and fungal communities in heavy metal soils and the effect of soil heavy metal availability.

1. Introduction

Heavy metal pollution is a common environmental problem,
which has a serious negative impact on surrounding ecolog-
ical environments and human health [1, 2]. Human produc-
tion activities (such as agricultural fertilizer application,
chemical industry manufacturing, mineral mining) are the
main factor for the accumulation of heavy metals in the soil
[3]. About 10% of farmland in China was contaminated by
different kinds and levels of heavy metals [4]. The heavy
metal pollution in soils is becoming more serious, making
the government unable to bear the risks of losing more arable
land. Effective measures must be taken to repair the soil con-
taminated by heavy metals and restore its functions.

In order to solve the problem of heavy metal pollution, a
large number of remediation strategies have been widely used

[5, 6]. It is imperative task to select and improve remediation
techniques and materials, as some of them were potentially
hazardous or costly for soil quality [7, 8]. Silicon (Si) is one
of the most abundant elements in the pedosphere, and can
be used as fertilizer and soil conditioner. Silicon fertilizer is
a kind of calcium silicate - based slightly alkaline, weak acid
soluble vitreous fertilizer. At present, there are two main
types of silicon fertilizers produced and applied in China:
synthetic silicon fertilizers and silicon fertilizers processed
from various industrial solid wastes. Silicon fertilizer has
been widely shown to be effective in the remediation of heavy
metal contamination, and increase agricultural production
and crop yields [9–11]. Previous study showed that Si addi-
tion reduced the bioavailability of heavy metals in soils and
their stress on plants [12]. Wang et al. found that silicon fer-
tilizer significantly increased the yield of Chinese cabbage
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and reduced the content of heavy metals [13]. Biochar is
obtained by pyrolysis under high temperature and low oxy-
gen conditions. Due to its special adsorption characteristics,
it has been widely used in soil heavy metal remediation
[14]. Biochar amendment in soils increased cation exchange
capacity, promoted nutrients fixation [6, 15]. Biochar has
many extraordinary adsorption characteristics by different
functional groups, high pore structures, large specific surface
areas. The application of biochar can weaken the mobility of
heavy metals in soils, thus reducing their environmental and
ecological risk [16].

Soil microorganisms are the general term for bacteria,
fungi, actinomycetes, and algae living in the soil, which
play an important role in nutrient conversion and cycling.
Microbial communities in soil were sensitive to metal-
induced stress, and often used as important indicators of
heavy metal pollution [3, 17]. Physical and chemical
parameters will be changed by silicon fertilizer and bio-
char addition in heavy metal-contaminated soil. Many
studies have found that the application of silicon fertilize
and biochar in soil effectively changed the diversity and
structure of microbial population [13, 18]. Biochar can
reduce the soil enzyme activity, which may be due to the
direct addition of biochar to the microbial impact and
thus affect the enzyme production [16]. For example, bio-
char addition inhibits the catalase, b-glucosidase, and pro-
tease activities. However, previous research has shown that
biochar activated the activities of soil enzymes, such as
urease, invertase, dehydrogenase and alkaline phosphatase
[19]. After biochar addition, the community composition
of bacteria, fungi and archaea changed to varying degrees
in soils, and the activity of nitrifying bacteria and denitri-
fying bacteria was improved. The addition of biochar sig-
nificantly stimulated the denitrification genes nirS, nosZ
and nirK [6]. The application of silicon fertilizer increased
the bacterial community abundance, and provided a better
ecological environment for microorganisms in heavy metal
contaminated soil [13]. However, little information was
available about the biological characteristics in heavy
metal-contaminated soil after the combined application
of silicon fertilizer and biochar. Thus, we speculate that
adding silicon fertilizer and biochar to soil contaminated
by heavy metals will change the physical-chemical proper-
ties of the soils, such as pH and electrical conductivity
(EC), thus affecting the toxicity of heavy metals and the
activity and community structure of soil microbial
communities.

Therefore, this study was carried out to determine the
physicochemical features, heavy metal availability, and
microbial community dynamics in soils polluted by heavy
metals after silicon fertilizer and biochar addition. The avail-
ability of heavy metals was extracted and determined by ICP-
MS. The abundance and structure of microbial communities
were measured by quantitative PCR and phospholipid fatty
acids (PLFAs), respectively. This research will deepen our
biological understanding of the impacts of silicon fertilizer
and biochar on the physical-chemical properties, effective
states of heavy metals, and microbial community dynamics
in heavy metal polluted soils.

2. Materials and Methods

2.1. Soil Samples and Raw Materials. Soil samples were col-
lected from Liuyang of Changsha City, Hunan, China. As a
result of mining and agricultural activities, soils are contam-
inated by heavy metals such as arsenic (As), cadmium (Cd),
copper (Cu) and zinc (Zn). Soils (0-20 cm) were collected
and transported to the laboratory. After removal of visible
stones and plant residues, soils were air-dried to a constant
weight, then sifted through a 2mm sieve. Biochar was pro-
duced by pyrolyzing rice straw under oxygen-limited condi-
tions (500°C, 3 h) [6]. Silicon fertilizer was provided by
Hunan Academy of Agricultural Sciences (Slag, water-
soluble silicon fertilizer content 4.6± 1.5 (g·kg-1), pH8.2).
The physico-chemical properties of soil and biochar are
shown in Table 1.

2.2. Experimental Description and Sampling. The four treat-
ments were as follow: treatment A (control groups), treat-
ment B added with silicon fertilizer (0.5%), treatment C
added with biochar (2%), treatment D added with silicon fer-
tilizer and biochar (0.5% and 2%). All the soil was cultured in
an artificial incubator, the moisture was adjusted to about
70% with ultrapure water, and the temperature is maintained
at about 25± 2°C for 100 days. Samples for molecular analysis
and physico-chemical properties were separately reposited at
-20°C and 4°C, respectively. A specific surface area instru-
ment (Gemini-2390) was used to determine the specific sur-
face area of the sample. Before analysis, perform vacuum
deoxidation was carried out at a temperature of 180°C. In a
77K high-purity liquid nitrogen environment, multi-point
BET method was used to calculate the specific surface area.

2.3. Soil Physico-Chemical Property Measurements. Moisture
content was determined by drying at 105°C for 24h. Soil pH
and EC were determined by using a digital pH meter (for
water/soil ratio of 2.5 : 1) [20, 21]. Ammonium nitrogen
(NH4

+-N) and nitrate nitrogen (NO3
--N) were extracted

Table 1: Physicochemical properties of experimental soil and
amendments.

Properties Soil Biochar

EC (ds·m-1) 0.18± 0.01 0.16± 0.01
pH (H2O) 5.16± 0.14 9.10± 0.02
OM (g·kg-1) 70.8± 0.8 816.20± 4.23
TOC (g·kg-1) 41.07± 0.46 473.44± 2.45
NH4

+-N(mg·kg-1) 34.32± 2.2 42.20± 1.39
NO3

--N(mg·kg-1) 21.67± 0.23 6.98± 1.59
Total as (mg·kg-1) 72.4± 2.01 4.25± 0.16
Total cd (mg·kg-1) 0.51± 0.01 0.15± 0.01
Total cu (mg·kg-1) 52.6± 2.29 301.62± 0.89
Total Zn (mg·kg-1) 144.9± 3.13 483.47± 13.75
Ash content (%) — 49.52± 1.23%
Specific surface area (m2·g-1) 0.69± 0.05 60.18± 3.12
Moisture (%) 18.65 7.12

Numbers are presented as means ± standard deviations (SD).
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with 2M KCl (Analytically pure) and examined by flow-
injection analyzer [22, 23]. The organic matter (OM) content
was determined by dry combustion, and the total organic
carbon (TOC) content was equal to OM/1.724 content [24].

The content of heavy metals extracted by CaCl2 is usually
considered as a valid index of metal availability in contami-
nated soil [16]. The heavy metals in the soil were extracted
with 0.01M CaCl2 (AR) solution, centrifuged and filtered
with 0.45μm polyethersulfone membrane. 1mL of 1M
HNO3 (AR) solution was added to the filtered solution to
reduce microbial activity and avoid heavy metal precipita-
tion. Finally, the concentration of heavy metals in the solu-
tion was determined by ICP-MS (PerkinElmer, NexION
300×, USA) [25].

2.4. DNA Extraction and Quantitative PCR. Total genomic
DNA of soils was extracted by using the Powersoil kit (MoBio
Laboratories, USA). Primers 338F/543R [26] and Uni18S2/U-
ni18SR2 [27] were selected for bacterial 16S rDNA and fungal
18S rDNA, respectively. The PCR reaction system (20μL)
contained 10μL of 2×Power Taq PCR Master Mix (BioTeke,
Beijing), 0.5μL of each primer (10μM), 0.5μL of DNA extract,
and 8.5μL of sterile water. PCR amplification procedures were
as follows: 94°C for 4min, followed by 40 cycles of 94°C for 30
s, 55°C for 30 s, 72°C for 30 s and 83°C for 20 s. The data was
retrieved at 83°C. The linear standard curves for bacterial
and fungal community with six magnitude orders were from
1.0×103 to 1.0×108 copies.

2.5. PLFAs Analysis. Fresh soil sample (2 g) was used to mea-
sure the PLFAs with citrate buffer (0.15M): methanol: chlo-
roform mixture (0.8 : 1 : 2, v/v/v). After fractionated into
glycolipids, neutral lipids and phospholipids in the silicic acid
column (Supelco), phospholipids were subjected into mild
alkaline methanolysis. Soil sample was put in a 50mL centri-
fuge tube, and added with 15mL of 0.2M KOH (AR) meth-
anol solution, and incubated in 37°C water bath for 1 h. A
gas chromatograph (Hewlett-Packard 6890, USA) was used
to separate the fatty acid methyl esters by column HP-Ultra
2 with hydrogen as the carrier gas. The flame ionization
detector (FID) and the MIDI Microbial Identification System
software were used to detect and identify the compounds of
fatty acid methyl esters (FAME). PLFAs data was quantified
using the internal standard 19 : 0 and the program PLFA
Tools (MIDI) [28].

2.6. Data Analysis. All experimental treatments and data
analysis have three replicates. SPSS software (version 22, Chi-
cago, Illinois) and one-way analysis of variance (ANOVA)
were used to analyze the soil physical, chemical properties,
heavy metal availability and PLFA of the samples under dif-
ferent treatment conditions. The Tukey test was carried out
to compare the average values for different treatments on
the same sampling time.

3. Results and Discussion

3.1. Influence on Soil Physical and Chemical Parameters. The
physico-chemical characteristics in different treatments are
shown in Figure 1. The pH was stable and ranged from 5.1

to 6.5. Compared with the control groups, pH of treatments
B, treatments C and treatments D on day 100, were increased
by 2.7%, 22.2% and 16.5%, respectively. Previous studies have
shown that adding biochar can significantly change the pH of
the soil. Because the carbonate and silicate in the biochar can
combine with H+, this will reduce the H+ in the soil and water,
thereby increasing the pH of the soil. Biochar gradually
released alkali and alkaline metals into soils [29, 30]. The
increase in soil pH caused by the addition of silicon fertilizer
may be due to the presence of a large amount of silicate.

It can be seen from Figure 1 that after adding silicon
fertilizer, the effect on soil EC is not significant, there is
a significant increase (P<0.05) by adding biochar. The
decrease in EC value of treatment D from 0 to 100 days
may be due to the increase of biochar deposited by min-
eral salt [31]. After silicon fertilizer addition NO3

--N
rather than NH4

+-N was significantly increased in the soil,
indicating that Si addition promoted the organic nitrogen
conservation [32]. The application of biochar has a signif-
icant effect on soil TOC (Figure 1(b)). The increase in
TOC content may be due to the secretion decomposition
by soil microbial communities or the decomposition of
organic compounds. This result is consistent with the
results of previous studies [16].

3.2. Effects on the form of Available Heavy Metals. The addi-
tion of biochar and silicon fertilizer significantly reduced the
effective forms of Cd and Zn, especially in treatments C and
treatments D (Figure 2). By improving biochar and silicon
fertilizer, the effective content of Cd and Zn in treatments
C and D was significantly decreased compared with the con-
trol group on day 100. The reduction of effective forms of Zn
was 93.9% and 91.7%, and the reduction of effective forms of
Cd also reached 64.5% and 61.8%. However, by adding sili-
con fertilizer alone, the effective forms of Cu and Zn have
been significantly increased, which may be due to the large
amount of Cu and Zn contained in silicon fertilizer.

Organic matter and pH are two key factors controlling
heavy metal availability in soils. It has been widely indicated
that Si amendments decreased bioavailability of heavy metals
by increasing pH in soils [33, 34]. Our experimental results
indicated that the addition of biochar and silicon fertilizer
significantly changed the effective form of heavy metals,
one important reason might be the increased pH in soils.
As we all know, the effective form analysis of heavy metals
in the soil is an important indicator for evaluating the toxicity
of heavy metals, and the toxicity of heavy metals in the soil
depends on the pH value of the soil [35]. By adding biochar
and silicon fertilizer, the pH value increased and the passiv-
ation of heavy metals in the soil was the key reason for the
decrease in the bioavailability of heavy metals. Previous stud-
ies have shown that the addition of biochar increased the fix-
ation rate of heavy metals and reduced their bioavailability
[36]. The addition of biochar changes the nature of the soil
and provides a reaction site for heavy metal redox reactions.
The surface of biochar has hydroxyl, carbonyl and carboxyl
groups, which are combined with metal ions through com-
plexation. These functional groups on the surface of biochar
also provide redox reaction active sites for heavy metal
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through adsorption [21, 29]. Moreover, Si application
affected the soil properties thereby controlling the availability
of heavy metals [37, 38].

3.3. Impact on the Abundance of Microbial Community. By
adding silicon fertilizer and biochar, the total amount of soil
microbial biomass including algae, bacteria, fungi and proto-
zoa and the abundance of bacterial communities have chan-

ged (Figure 3). Adding biochar to the soil significantly
reduced the abundance of bacterial communities. However,
the addition of silicon fertilizer can increase the abundance
of bacterial 16S rRNA genes, and the maximum abundance
occurred on day 50. The abundance of bacterial community
in treatments B and treatments D was significantly higher
than that in treatments A and treatments C, which indicated
that the addition of silicon fertilizer and the combined
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Figure 1: Effect of amendments on the soil properties: pH (a), EC (b), OM (c), TOC (d), NO3
--N (e), and NH4

+-N (f). Different letters above
bars indicate significant differences between mean values at each sampling occasion (P<0.05).
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addition of silicon fertilizer with biochar significantly stimu-
lated the activity of bacteria. However, all treatments had lit-
tle effect on the gene abundance of fungal 18S rRNA.

The abundance and structure of soil microbial communi-
ties are highly sensitive to soil changes, and soil changes are
often used as indicators of metal pollution [39]. Soil micro-

bial community diversity is very rich but in moderately heavy
metal-contaminated soil, it has been reduced by more than
1,000 times [40, 41]. Many reports indicated that soil micro-
bial community abundance and structure have changed
under heavy metals stress [42, 43]. Long-term pollution with
Cd, Zn, and Cu can cause a significant decrease in soil
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Figure 2: Effect of amendments on the concentration of CaCl2-extractable heavy metals: As (a), Cu (b), Zn (c), and Cd (d) in soils. Different
letters above bars indicate significant differences between mean values at each sampling occasion (P<0.05).
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Figure 3: Bacterial 16S rRNA gene abundance (a), 18S rRNA gene abundance (b) for different treatments. Different letters above bars indicate
significant differences (P<0.05) at each sampling occasion.
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Figure 4: Continued.
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microbial diversity [44, 45]. Basal respiration was signifi-
cantly (P≤0.05) lower in the heavily contaminated soils as
compared to the weakly contaminated and control soils
[46]. A total of 6 bacterial phyla were detected, which were
Acidobacteria (57.7%), Proteobacteria (29.6%), Bacteroidetes
(5.6%), Firmicutes (4.2%), Actinobacteria (1.4%), Nitrospira
(1.4%), respectively. However, DNA band profiles of the
remediated soils which indicated by single-strand conforma-
tion polymorphism analysis were in higher number than in
the untreated soils [46]. The toxicity of heavy metals to bac-
terial communities is greater than to fungi [47], which is sim-
ilar to the results of our experiment, and there is no
significant change in the number of fungi.

In general, the abundance and diversity of microorgan-
isms depends on several factors. Among them, the pH value
is a key factor affecting the microbial community and activi-
ties. Adding biochar and silicon fertilizer can change the
nature of the soil, so it affects the growth and activity of the
soil microbial community. Similar results have shown that
biochar changed the abundance of bacterial communities
[48]. Biochar affects the structure of soil microbial commu-
nity and is closely related to the toxicity and pH of heavy
metals in the soil. Research proposed that biochar promoted
microbial reproduction by providing essential organic sub-
stances related to the water stability of soil aggregate sand
[49]. The large surface area and porous structure of biochar
is suitable habitats for microorganisms. In addition, the sili-
cate in the silicon fertilizer also provides nutrients for the
growth of microorganisms [13].

3.4. Dynamic Changes of Characteristic Microbial PLFAs. As
shown in Figure 4, in the process of soil culture, the concen-
tration of PLFA corresponding to the main features of total
microorganisms, bacteria and fungi in the treatment C
showed a downward trend. For actinomycetes, the influence
of PLFA concentration of G+ and G– (the main characteristic
corresponding to negative bacteria) was minimal. In addi-
tion, the Principal Component Analysis (PCA) results

showed that the contribution rates of the PCA 1 axis and
PCA 2 axis were 46.7% and 31.9%, respectively (Figure 5).
The distribution of treatment A and treatment B is relatively
concentrated and the difference is small, indicating that the
impact on the PLFA content is not significant. The distribu-
tion of treatment C and treatment D is very scattered, indi-
cating that the treatment of PLFA has a large impact. These
results suggested that the main influence on the PLFA con-
tent and structure was the addition of biochar.

In the process of soil cultivation, some related microbial
communities preferentially grow and reproduce, and the
characteristic PLFAs obtained through their own biochemi-
cal pathways are shaped to indicate the dynamic changes of
structure and biomass [50]. Many studies have shown that
the contents of biomarker PLFA can be used to estimate the
biomass of soil microbial community [51–53]. In this study,
28 characteristic PLFAs were detected in the experimental
soil, and the typical PLFA with higher content was selected
for microbial community analysis among the 21 typical
PLFAs. In order to characterize community composition,
each fatty acid has been used as a marker for various func-
tional microorganisms. Specifically, the bacterial biomass
can be estimated by the total content of the markers14:0,
i14:0, 15 : 0, i15:0, a15:0, 16 : 0, i16 : 0, 17 : 0, a17:0, i17:0,18 :
0 and 20 : 0 [54]. The total content of fungal biomass is 16 :
1ω5c [55] and 18:1ω9c [56]. The biomarkers i14:0, i15:0,
a15:0, i16 : 0, i17:0 and a17:0 represent the biomass of G+

[57]. The biomarkers 16:0 2OH, 16 : 1 2OH, 17 : 1 w8c,
cy17:0 and i17:0 3OH represent the biomass of G– [58].
The biomarkers 10Me17:0 and 10Me18:0 were used as indi-
cators of actinomycete biomass [59]. Estimate the total bio-
mass of microorganisms by the sum of all 21 PLFAs
determined.

The main reason may be that the addition of biochar
leads to obvious changes in soil pH, the activity of microor-
ganisms is inhibited, and a large number of microorganisms
die or enter a dormant state [60]. The growth rate of PLFA in
bacteria decreased significantly, and the content of PLFA in
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Figure 4: (a) Total phospholipid fatty acids; (b) bacterial; (c) Fungi; (d) G+, Gram-positive bacteria; (e) G–, Gram-negative bacteria; (f)
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fungi decreased rapidly. In treatment D, the concentration of
PLFA corresponding to the main characteristics of total
microorganisms, bacteria, fungi and actinomycetes showed
an overall upward and then downward trend, and all reached
the peak on the 50th day of culture. The main reason may be
that the silicon fertilizer and biochar in the treatment D pro-
vide abundant nutrients and growth sites for the growth of
microorganisms. During 0 to 50 days of culture, the domi-
nant strains grow rapidly. From 50 to 100 days, it may be
due to the proliferation of microorganisms that freely used
organic matter is depleted [50], resulting in a gradual
decrease in the PLFA content of bacteria, fungi and actino-
mycetes. Due to the increase in the content of PLFAs, the
main characteristic of G– in the treatment D, the G+/G- ratio
decreased, which also indicated that the soil environment
had a better nutritional status [61].

4. Conclusions

The toxicity level of heavy metals (Cd and Zn) in soils
has changed significantly after adding silicon fertilizer
and biochar. The addition of biochar significantly chan-
ged the pH, EC and TOC, and silicon fertilizer promoted
the preservation of organic nitrogen. The toxicity level of
heavy metals is significantly correlated with pH. The
addition of silicon fertilizer and its combination with bio-
char increased the bacterial community abundance. All
additives have little effect on the fungal community
abundance. Soil microbial composition indicated by PLFA
analysis was significantly changed by the addition of
biochar.
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