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ABSTRACT

Soil microorganisms play a crucial role in nutrient availability and overall soil health. However, the 
effects that biochar has on soil microbial communities are not well understood. This study analysed 
the effects of biochar pyrolysis temperature and application rate on the soil microbial community 
of loess. Two biochars derived from soybean stover were produced at 300 and 600°C (BC300 and 
BC600, respectively) and were applied to loess at the rates of 1, 3, and 5% (w/w). After fifteen weeks 
of incubation, soil microbial analysis was performed using 16S rDNA amplicon sequencing technology. 
All of the BC300 and BC600 treated soils were shown to have an increase in the relative abundance of 
Gemmatimonadetes and a decrease in Actinobacteria and Chloroflexi. Proteobacteria also showed a 
significant increase in the majority of the biochar treated soils. Biochar led to a shift in the soil microbial 
community and caused a significant increase in the relative abundance of bacteria from the genus 
Lysobacter. Based on the results of this study, soybean stover-derived biochar should be considered 
as a potential soil amendment for improving the health of loess or other soils in semi-arid climates. 

INTRODUCTION

The use of biochar, a carbon-rich material which results 
from the pyrolysis of biomass (Lehmann & Joesph 2009), 
has gained much attention due to its potential benefits as a 
soil amendment.

Biochar has been shown to alter both the physical and 
chemical properties of soil (Verheijen et al. 2010). In doing 
so, biochar has the potential to increase land fertility by 
increasing soil pH (Prasad et al. 2018), water and nutrient 
retention (Verheijen et al. 2010), and soil organic matter (Han 
et al. 2016, Khadem & Raiesi 2017). A growing number of 
studies also suggest that biochar can increase soil microbial 
biomass (Fox et al. 2014, Yao et al. 2017, Zhu et al. 2017a) 
and bacterial community network complexity (Zhou et al. 
2018). However, there is still a lack of evidence for this and 
the interaction between biochar and soil microbial activity 
is not well understood (Zhu et al. 2017b). Some have also 
noted that by merely altering the physicochemical proper-
ties of soil, biochar can, therefore, indirectly cause shifts in 
the microbial community (Anderson et al. 2011). With this 
in mind, appropriate biochar pyrolysis temperatures and 
application rates need to be determined to provide sustain-
able and positive effects based on soil type, as well as other 
site-specific factors.

This study aimed to better understand the effects biochar 
has on soil microorganisms and how pyrolysis temperature 

and application rate influence these changes. The hypothesis 
was that the soils treated with soybean stover-derived biochar 
would cause an increase in soil microbial diversity due to its 
large surface area and potentially suitable habitat.

MATERIALS AND METHODS

Soil Sampling and Analysis 

The loess used in this study was collected from the top 20 cm 
of a soybean field in the town of Santan (Jingyuan County) 
in China’s Gansu Province. After the soil was collected, it 
was air-dried and passed through a 0.43 mm sieve. 

pH value was measured, first, by weighing 20 g of sample 
and adding 50 mL of deionized water. Then, the sample was 
placed in a mechanical shaker for 30 min at 250 rpm. The 
sample was filtered and the pH value was measured using a 
PHS-3C pH meter from INESA Scientific Instrument Co., 
Ltd. EC was measured following the same process as pH 
except for 10 g of sample was used instead of 20 g. EC was 
then measured using a DDS-11A conductivity meter from 
Hangzhou Aolilon Instrument Co., Ltd. Finally, SOM was 
tested using potassium dichromate oxidation according to 
the methods described by Chen & Lu (2012). 

The initial pH, electrical conductivity (EC), and soil 
organic matter (SOM) were 8.08, 0.251mS.cm-1, and 3.1%, 
respectively. 
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Biochar Production and Characterization

The soybean (Glycine max) stover that was used for biochar 
production was collected from a field in the town of Santan 
(Jingyuan County) in China’s Gansu Province. After being 
collected, the stover was washed to remove impurities, air-
dried, and ground to pass through a 0.43 mm sieve. Biochar 
was then produced by placing the soybean stover biomass in 
a covered crucible and heating it in a muffle furnace (SX2, 
Shanghai Jiazhan Instrument Equipment Co., Ltd.) at 300°C 
and 600°C for 6 and 4 h, respectively. 

C, H, N, and S content was determined using a combus-
tion analyser (Vario Microcube, Elementar, Germany) and 
the BET surface area of both biochars was determined with 
a TriStar II surface area analyser (Micromeritics). SEM 
images were taken with a JSM-5600LV scanning electron 
microscope to compare the structures of BC300 and BC600. 
Ash content was tested by adding 1.0 g of biochar to a pre-
weighed 30 mL crucible. The crucible was then heated in a 
muffle furnace until it reached 650°C ± 20°C. After cooling, 
the final weight of the ash and crucible was recorded and 
the ash content of BC300 and BC600 was calculated by the 
difference in the final weight and the pre-weighed crucible.

Pyrolysis temperature had a slight effect on the biochar’s 
elemental composition, ash content, and pH. The chemical 
characterization and properties of the 300°C and 600°C bio-
char (BC300 and BC600) are shown in Table 1. BC600 had 
a slightly higher carbon content, ash content, and pH when 
compared with BC300. Scanning electron microscopy (SEM) 
images were used to compare the structure of BC300 and 
BC600 (Fig. 1). BC600 had a relatively large BET surface 
area as 13.84 m2·g-1, while BC300’s surface area was only 
2.00 m2·g-1. However, it is unclear why BC600 did not have 
an even larger surface area. A soybean stover-derived bio-

char with a much higher surface area (420.33 m2·g-1 with a 
pyrolysis temperature of 700°C) was reported by Ahmad et 
al. (2016a). Other studies (Windeatt et al. 2014, Khadem & 
Raiesi 2017) also saw higher BET surface areas (from 88.4 
to 222.5 m2·g-1) with various types of biochars pyrolyzed at 
600°C. Nevertheless, the higher surface area of BC600 still, 
in theory, makes it a more suitable habitat for soil microbiota.

Experimental Design 

BC300 and BC600 were added to 100 g of loess at the 
rates of 1, 3, and 5% (w/w), with the control containing 
no biochar. These samples will be referred to as BC300-1, 
BC300-3, BC300-5, BC600-1, BC600-3, and BC600-5. 
Three replicates of each treatment were incubated for fifteen 
weeks at 25±1°C. After fifteen weeks, the methods outlined 
as following were used to analyse changes and shifts in soil 
microbial community of each treatment group.

DNA Extraction, Sequencing and PCR Amplification 

Microbial analysis was conducted using a 16S rDNA am-
plicon sequencing technology based on the IonS5TM XL 
sequencing platform. The genomic DNA of the sample was 
extracted using a CTAB extraction protocol, and then the pu-
rity and concentration of the DNA were detected by agarose 
gel electrophoresis. The appropriate amount of sample DNA 
was taken in a centrifuge tube and the sample was diluted to 
1 ng·μL-1 with sterile water. Phusion® High-Fidelity PCR 
Master Mix with GC Buffer (New England Biolabs) was 
used to perform all of the polymerase chain reactions (PCR).

PCR products were detected using a 2% agarose gel and 
electrophoresis. The samples were mixed according to the 
concentration of the PCR products. After thorough mixing, 
the PCR products were purified by electrophoresis using 
a 1×TAE concentration of 2% agarose gel. The products 
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Fig. 1: SEM images at 20.0 μm of BC300 and BC600 (a and b, respectively). 
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Fig. 1: SEM images at 20.0 μm of BC300 and BC600 (a and b, respectively).
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were then purified using a GeneJETTM Gel Extraction Kit 
(Thermo Scientific).

Sequencing libraries were generated using Ion Plus Frag-
ment Library Kit 48 rxns (Thermo Scientific) following the 
manufacturer’s recommendations. The quality of the library 
was evaluated on the Qubit@ 2.0 Fluorometer (Thermo Sci-
entific). Finally, the library was sequenced on an Ion S5TM XL 
platform and 400 bp/600 bp single-end reads were generated.

Data Processing 

Quality filtering on the raw reads was performed under 
specific filtering conditions to obtain the high-quality clean 
reads according to the command-line tool Cutadapt (Martin 
2011). The reads were then compared with the Silva database 
project (Quast et al. 2013). UCHIME (Edgar et al. 2013) was 
used to detect and remove chimaera sequences (Haas et al. 
2011). Clean reads were then finally obtained.

Sequence analysis was performed by UPARSE (version 
7.0.1001) (Edgar et al. 2013) and sequences with ³97% 
similarity were assigned to the same operational taxonomic 
units (OTUs).

Statistical Analysis 

QIIME (version 1.7.0) was used for statistical analysis for 
this study. Bacterial community richness was identified using 
the Chao1 estimator and abundance-based coverage estimator 

(ACE). Shannon and Simpson’s indices were used to identify 
bacterial community diversity. Nonmetric multidimensional 
scaling (nMDS) (Kruskal 1964) was used to determine the 
variance in and overall effect on the bacterial community due 
to the addition of biochar. Linear discriminant analysis (LDA) 
effect size (LEfSe) (Segata et al. 2011) was also utilized to 
further analyse the metagenomic data.

RESULTS AND DISCUSSION

The Effects of Biochar on Microbial Structure and 
Bacterial Diversity 

Variance in bacteria phyla distributions showed that the 
application of biochar did cause a shift in the microbial 
community of loess (Fig. 2). The majority of the control 
(81.9%), BC300 treatments (83.4% to 86.9%), and BC600 
treatments (85.6% to 87.1%) were all mainly associated 
with five different bacteria phyla (Proteobacteria, Gemmati-
monadetes, Actinobacteria, Bacteroidetes, and Chloroflexi). 
This trend in soil bacterial community is similar to studies 
conducted by Ahmad et al. (2016b) and Kolton et al. (2011). 
However, the results of this study were less pronounced. 
Every treatment, except for BC300-1, showed an increase 
in the relative abundance of Proteobacteria from the control 
(27.3%) with BC300-5 and BC600-5 being the highest at 
34.2% and 35.2%, respectively. The relative abundance of 
Gemmatimonadetes increased significantly in all biochar 
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Fig. 2: Distribution of soil bacteria phyla from soils treated with BC300 and BC600. 

 

 

 

 

 

 

 

 

 

 

Fig. 2: Distribution of soil bacteria phyla from soils treated with BC300 and BC600.
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treatments where BC300-1 and BC600-3 were the most 
notably different than the control (14.6%) at 22.0% and 
23.6%, respectively. Actinobacteria and Chloroflexi both saw 
small reductions in relative abundance with the addition of 
biochar whereas Bacteroidetes and Acidobacteria saw little 
to no change. Ahmad et al. (2016b) also reported a similar 
decrease in Chloroflexi and increase in Proteobacteria with 
the addition of soybean and peanut stover-derived biochars. 
The study conducted by Kolton et al. (2011), on the other 
hand, saw a significant decrease in Proteobacteria and a 
significant increase in Bacteroidetes with the addition of 
citrus wood biochar. These variances in results are most likely 
due to different types of biomass, pyrolysis temperatures, 
and soil types.

The total observed species, diversity indices, richness 
estimators, and Good’s coverage values are shown in Table 
2. BC300-3 had the highest number of observed species at 
2,767 ± 196 with the control and BC600-3 slightly lower 
at 2,728 ± 466 and 2,723 ± 132, respectively. The Good’s 

coverage values (0.991-0.996) were all very high indicating 
the number of sequencing reads was sufficient in covering 
the full diversity of the samples. The Shannon and Simpson 
diversity indices showed that BC300-3 had the highest 
bacterial diversity and that the rest of the biochar treat-
ments were either slightly higher or similar to the control. 
BC600-5 was shown to have the highest bacterial richness 
based on Chao1 and ACE richness indices. The bacterial 
richness of the other treatments were either slightly lower 
or similar to the control.

Shifts in Microbial Community Based on LEfSe 
Analysis 

LEfSe was used to further analyse the impact of biochar 
on soil microbial community. The first comparison made 
was between BC600-5 and the control. The results showed 
that BC600-5 and the control’s variations occurred between 
not only different classes of bacteria, but different phyla 
of bacteria (Proteobacteria, Bacteroidetes and Firmicutes, 
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Fig. 3: LEfSe comparison between the control and BC600-5: (a) Effect size of class 
variations with LDA scores greater than 4, (b) Cladogram of phylogenic distributions 

based on class.  
 

 

 

 

 

 

 

Fig. 3: LEfSe comparison between the control and BC600-5: (a) Effect size of class variations with LDA scores greater than 4, (b) Clado-
gram of phylogenic distributions based on class.
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respectively). This again shows that application of biochar, 
specifically BC600 in this case, led to a shift in the structure 
of the microbial community. The variations between these 
two samples can be seen in Fig. 3. The rings in the clado-
grams (Figs. 3b and 4b) from inside out represent phylogenic 
level from phylum to species.

The second comparison was made between B600-1 and 
BC600-5. This was done to compare the variance between 
two biochar groups when different application rates were 
used. The variations between these two samples, which are 
shown in Fig. 4, are from two different classes stemming 
from the phylum Proteobacteria. BC600-1 was associated 
with bacteria from the class Alphaproteobacteria and order 
Sphingomonadales, whereas BC600-5 was associated with 

bacteria from the class Gammaproteobacteria and order Xan-
thomonadales. BC600-5 had the highest relative abundance 
of bacteria from the genus Lysobacter (the relative abun-
dance of each sample can be seen in Fig. 5), which proves 
significant for a variety of reasons. First, bacteria from the 
genus Lysobacter have been shown to suppress damping-off 
disease (Islam et al. 2005); a disease which affects a variety 
of crops including soybeans (Zitnick-Anderson et al. 2014). 
Second, research has also proven bacteria from this genus 
can be used as a means of biological control against various 
soybean fungal diseases (Nian 2015). Third, Lysobacter has 
been found in soybean cyst nematodes and could be used as 
a potential biocontrol agent against such cysts (Nour et al. 
2003). BC300-5 (cladogram not shown) also showed similar 
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Fig. 4: LEfSe comparison between the BC600-1 and BC600-5: (a) Effect size of class 
variations with LDA scores greater than 4, (b) Cladogram of phylogenic distributions 

based on class. 

 

 

 

 

 

 

Fig. 4: LEfSe comparison between the BC600-1 and BC600-5: (a) Effect size of class variations with LDA scores greater than 4, (b) Clado-
gram of phylogenic distributions based on class.

Table 1: Physical and chemical characterization of BC300 and BC600.

Elemental Composition (%)

BET Surface Area (m2·g-1)C H S N O Ash (%) pH

BC300 66.43 3.51 0.53 1.58 14.46 13.5 7.87 2.00

BC600 74.23 1.59 0.58 1.46 6.64 15.5 8.42 13.84
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variations from the control with differences stemming from 
the class Proteobacteria. 

The fact that BC600-5 and the control had more variance 
than BC600-1 and BC600-5 shows that the microbial com-
munities of biochar amended soils were more similar in struc-
ture. This also supports the idea that biochar can significantly 
influence the structure of microbial communities in loess.

Nonmetric Multidimensional Scaling (nMDS) Analysis 

nMDS analysis, based on OTU level, showed that biochar 
addition did cause a statistically significant change in the bac-
terial community, especially when considering pyrolysis tem-
perature. BC300-1 and BC300-3 were more like the control 
whereas the other treatments showed more variance. When 

BC300 and BC600 were added at 5%, there also appeared 
to be more variance than with 1% and 3% amendments. The 
nMDS plot grouped by the various biochar treatments can 
be seen in Fig. 6.

CONCLUSIONS

The results of this study showed that soybean stover-derived 
biochar caused shifts in the soil microbial community of 
loess and in some samples led to higher bacterial diversity 
and richness. Based on LEfSe analysis, BC600 was shown 
to provide the most suitable habitat for bacteria from the 
genus Lysobacter. The higher BET surface area and pH of 
BC600 most likely led to changes seen in microbial structure 
and the increase in the relative abundance of Lysobacter. 
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Fig. 5: Relative abundance of bacteria from the genus Lysobacter (LEfSe biomarkers). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: Relative abundance of bacteria from the genus Lysobacter (LEfSe biomarkers).
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Fig. 6: nMDS plot based on OTU level from soils treated with BC300 and BC600. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6: nMDS plot based on OTU level from soils treated with BC300 and BC600.
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Soybean stover-derived biochar should be considered as a 
soil amendment due to its positive effect on the microbial 
community in loess. 
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