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Abstract
Background Biochar is one kind of organic matter that can be added into soil as a soil amendment to improve
its quality. To study the effect of biochar addition combined with organic and inorganic fertilizers on growth
and fertility and microbial community in purple soil, a completely randomized block design was designed with
three levels of biochar [B0: no biochar, B1: low-rate biochar (35 t/ha) , B2: high-rate biochar (50 t/ha)]; two
levels of inorganic fertilizers [F1: low-rate inorganic fertilizer (30 kg/ha N, 87.5 kg/ha P2O5 and 60 kg/ha K2O);
F2: high-rate inorganic fertilizer (60 kg/ha N, 175 kg/ha P2O5 and 120 kg/ha K2O)]; and two levels of organic
fertilizers [M1: no organic fertilizer; M2: with organic fertilizer (4.5 t/ha)].

Results With the application of biochar, the plant height and stem diameter of rapeseed were increased by
6.15%-9.80% and 16.37%-20.11%, respectively. The photosynthetic capacity increased by 20.25% to 35.83%,
and the yield increased by 16.40% to 19.11%, respectively. It also promoted the absorption and utilization of
nitrogen, phosphorus and potassium by rapeseed to varying degrees. At the same time, the combined
application of biochar and organic and inorganic fertilizers could improve soil pH, nitrogen, phosphorus and
potassium content and soil microbial community richness: The pH of B1F2M1 increased 0.41 compared with
the control, the nitrogen, phosphorus and potassium content in the soil increased by 103.95%, 117.88% and
99.05%, respectively. Meanwhile, soil microbial community richness was also improved.

Conclusions Our research showed that biochar could promote the growth and development of rapeseed, and
the combined application of biochar with organic and inorganic fertilizers could improve soil fertility and
increase microbial diversity. Low-rate biochar combined with organic fertilizer and low-rate inorganic fertilizer
was the most suitable application mode in rapeseed production in purple soil area of Southwest China.

1. Background
Agriculture production faces the challenge to feed 9.8 billion humans in 2050 as well as climate change (Bruun
et al., 2014). The healthy soil is attentively correlated with agricultural production. Management of soil quality
is critical to maintaining agro-ecosystem services (Lal, 2015).

The challenges of the agriculture sector to escalating production are natural resources degradation, small
landholder, and the effect of climate change (Lal and Steward, 2015). Cui et al. (2014) reported that from 1961
to 2011, China’s agricultural production had been strengthened by the Green Revolution with cereal production
escalating by 3.9 times. Increased yield in the Green Revolution was associated with the high application of
chemical fertilizers, pesticides, and irrigations as well as with the critical problems of soil degradation, water
contamination and air pollution (Lal, 2018; Ren et al, 2021). Overuses of inorganic fertilizers, particularly P and
N that mobilized and �owed into groundwater through runoff and leaching, have determined water
eutrophication and soil acidi�cation (Wu et al., 2018). In a short time, the Green Revolution boosted food
production worldwide, but it stimulated harmful ecological effects due to over-fertilization and nutrient losses
(Tilman et al., 2011). In the face of increasing food demand, there is a need to change the concept of
maintaining high productivity while reawakening the protection of natural resources such as soil, water and air
(Lal, 2018). Sustainable soil management is a must for control and development of modern agriculture
(Lavelle et al., 2014).
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Soil quality is the competence of soil to provide ecosystem services (Weil and Magdoff, 2004). Soil organic
carbon (SOC) is crucial to soil quality and plant production (McBratney et al., 2014). Agriculture needs to
maintain the stability of organic carbon content (Lefèvre et al., 2017), as organic carbon is depleted in most
croplands (Lal, 2005). Furthermore, Wilson (2014) stated that SOC had two types, namely recalcitrant carbon
and labile carbon. Labile carbon, such as compost or manure, is signi�cantly depleted through decomposition
in soil over months to at most decade, depending mainly on climate (Magdoff and Van Es, 2009, Wilson,
2014). To maintain organic carbon in the soil, activated carbon must be routinely added. Meanwhile
recalcitrant carbon in soil is appraised to be ten times more than labile carbon (Wilson, 2014). Biochar is one of
recalcitrant carbon that can be added to the soil (Lehmann et al., 2009). Biochar, a high-carbon material, is
charred by biomass such as wood, grass, manure, and agricultural wastes through pyrolysis process (Lehmann
et al., 2009, Tammeorg et al., 2014). Due to the recalcitrance of its chemical structure, biochar provides more
stable soil C and stays in the soil for a longer time (Lehmann, 2006; Wilson, 2014; Paustian, 2016). Moreover,
biochar not only improved soil properties but also mitigated climate change with soil carbon sequestration
(Bolan, N et al., 2016; Wu et al., 2020). Lehmann et al. (2009) described that the stability of biochar could
escalate nutrient availability beyond a fertilization effect. Biochar has been widely proposed as a strategy to
improve soil quality, to increase crop productivity and to address climate change and soil degradation (Van
Zwieten et al., 2010; Downie et al. 2011; Ok et al., 2016; Brandy et al., 2008; Hagemann et al., 2017).

At present, many studies of biochar have already been done by researchers. Study by Van Zwieten et al. (2010)
revealed that biochar has improved soil quality and crop growth. Meanwhile, Shamim et al. (2015) showed that
application of biochar together with full rate of NPK fertilizer in alkaline soil increased biomass and seed yield
of rapeseed by 391% and 377%, respectively compared with no biochar or inorganic fertilizer. Bruun et al.
(2014) has proved that biochar signi�cantly increased the density of roots in the 40–80 cm depth interval in
barley. Biochar amendment also increased the root biomass and developed root system extensively in sandy
and sandy loam soil (Abvien et al., 2015; Feng et al., 2021). Recently, Qian et al. (2016) demonstrated that
elongation of the wheat roots was promoted by adding 5% biochar processed from rice straw by pyrolysis at
400oC. Especially in recent years, the researches of biochar in soil improvement, especially in the soil
environment of farmland and fruit trees, had become more and more extensive (Srivastava, A.K. et al., 2022).
Mousavi, S.M et al., (2022) showed that biochar was the most promising option for addressing environmental
problems such as soil degradation and food production, and highlighted the response of biochar in the soil-
plant-environment continuum.

Rapeseed is an important edible oil crop in China. The rapeseed planting area is 1.35 billion hectares and the
output is about 4.5-5 million tons, but the supply of rapeseed oil is insu�cient (Fu et al., 2016). Inorganic
fertilizers, especially nitrogen fertilizers, had controlled rapeseed production (Hu et al., 2017). Excessive use of
chemical fertilizers had affected the environment, human health and increased production costs (Zheng et al.,
2011). Improved management practices were needed to reduce the application of inorganic fertilizers. Biochar
acts as a sorbent for organic and inorganic fertilizers, which could increase crop yields and reduce fertilizer use
(Widowati and Asnah, 2014). Although many �eld experiments and greenhouse experiments had con�rmed
that biochar improves crop yield, there was a lack of research on the effects of biochar combined with
inorganic and organic fertilizers on the growth and development of rapeseed in purple soil. Purple soil is a
special soil type in China. It is the primary soil on the purple-red sandstone and shale rich in calcium carbonate
in the subtropical region. The purpose of this study was: (1) to evaluate the effects of biochar application on
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the growth, development and yield of rapeseed in purple soil areas, and (2) to investigate the effects of
combined application of biochar and inorganic and organic fertilizers on soil fertility and microbial
communities in purple soil.

2. Results

2.1 The effects of biochar on rapeseed growth, photosynthesis,
yield, and yield components
During the budding and �owering stages, the application of biochar had a signi�cant effect on the plant height
and stem diameter of rapeseed. At the bud stage, the plant heights of B1 and B2 were increased by 50.40% and
50.51%, respectively, compared to B0; at the �owering stage, the plant heights of B1 and B2 were increased by
27.04% and 17.33%, respectively, compared to B0 (Table 1). The variation trend of stem diameter was
consistent with the plant height. The stem diameter of B1 and B2 increased by 57.52% and 43.95%,
respectively, compared to B0 at the bud stage. At the �owering stage, the stem diameter of B1 and B2
increased by 29.97% and 25.11%, respectively, compared to B0. At maturity, the increase in stem diameter was
smaller than that at �owering. The stem diameter of B1 and B2 increased by 20.10% and 16.39%, respectively,
compared to B0.

  
Table 1

Effects of biochar on plant height and stem diameter of rapeseed
Treatment Plant height (cm) Stem Diameter (mm)

Seedling Bud Flowering Maturity Seedling Bud Flowering Maturity

B0 9.27 a 32.63
b

84.78 b 98.72 a 7.64 a 7.44 b 10.51 b 12.83 b

B1 8.83 b 49.41
a

107.71 a 104.79
a

7.69 a 11.72
a

13.66 a 15.41 a

B2 9.08 a 49.12
a

99.48 a 108.39
a

7.89 a 10.71
a

13.15 a 14.93 a

Signi�cance ns ** ** ns ns ** ** *

CV% 22.91 29.21 14. 134 27.8 14.37 15.49 14.65 14.43

B0, B1, and B2 refers to the biochar application rates at 0, 35, 50 t ha− 1, respectively; Means value followed by
the same letter within columns are not signi�cantly different according to LSD test (*P = 0.05, **P = 0.001), CV
is coe�cient of variation (%).

Similar to plant height, application of biochar increased leaf and stem dry weight (Table 2). At the bud stage,
the application of biochar signi�cantly increased the leaf dry weight, and the leaf dry weight of B1 and B2 was
116% and 75% higher than that of B0, respectively. The increase in stem dry weight occurred mainly at the bud
and �owering stages. At the bud stage, the stem dry weight of B1 and B2 increased by 126.06% and 90.70%,
respectively, compared to that of B0; at the �owering stage, the stem dry weight of B1 and B2 increased by
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43.14% and 21.32%, respectively, compared to that of B0. Meanwhile, at the mature stage, the stem dry weight
of B1 and B2 decreased by 17.51% and 10.4%, respectively, compared to that of B0 (Table 2).

  
Table 2

Effects of biochar on dry weight of rapeseed leaves and stems
Treatment Leaf weight (g) Stem weight (g)

Seedling Bud Flowering Seedling Bud Flowering Maturity

B0 2.88 b 3.90 c 6.79 c 0.73 a 2.23 b 6.34 b 14.27 a

B1 2.81 b 8.46 a 8.83 a 0.73 a 5.16 a 9.41 a 13.69 a

B2 3.38 a 6.95 b 7.68 b 0.76 a 4.16 a 7.85 b 12.81 b

Signi�cance ns ** ns ns ** ** ns

CV% 33.97 32.11 29.56 39.41 39.34 22.77 23.92

B0, B1, and B2 refers to the biochar application rates at 0, 35, 50 t ha− 1, respectively; Means value followed by
the same letter within columns are not signi�cantly different according to LSD test (*P = 0.05, **P = 0.001), CV
is coe�cient of variation (%).

The yield components of rapeseed were signi�cantly improved by the application of biochar. The number of
pods in B1 and B2 increased by 31.70% and 28.90%, respectively, compared to B0. In addition, the number of
effective pods in B1 and B2 increased by 33.73% and 18.16%, respectively, compared to B0. While the dry
weight of pods in B1 and B2 increased by 16.38% and 18.90%, respectively (Table 3).

  
Table 3

Effects of biochar on the components of rapeseed yield
Treatment Total pod

number (unit)
The effective Pod
number (unit)

Thousand Seeds
Weight (g)

Pod
weight (g)

Yield

(kg/ha)

B0 271.58 b 118.83 b 5.08 a 9.63 b 2304.6
b

B1 357.67 a 158.92 a 6.08 a 11.21 a 2687.5
a

B2 350.08 a 140.42 a 5.27 a 11.47 a 2763.4
a

Signi�cance ** * ns * *

CV% 20.29 25.78 26.02 27.04 23.79

B0, B1, and B2 refers to the biochar application rates at 0, 35, 50 t ha− 1, respectively; Means value followed by
the same letter within columns are not signi�cantly different according to LSD test (*P = 0.05, **P = 0.001), CV
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is coe�cient of variation (%).

Application of biochar signi�cantly affected the root growth of rapeseed (Fig. 1). The application of biochar
signi�cantly increased the root total length of rapeseed throughout the growth period (Fig. 1a). Especially at
the bud stage, the root total length of B1 and B2 increased by 143.09% and 190.44%, respectively, compared to
B0. At the �owering stage, the root total length of B1 and B2 increased by 67.57% and 59.20%, respectively,
compared to B0. Similar to root total length, biochar also affected the root surface area of rapeseed (Fig. 1b).
During the vegetative stage, the application of biochar had little effect on the root surface area of rapeseed, but
at other stages, biochar increased it signi�cantly. At the bud stage, the root surface area of B1 and B2
increased by 125.07% and 161.43%, respectively, compared to B0. At the �owering stage, the root total length
of B1 and B2 increased by 62.83% and 49.95%, respectively, compared to B0. Application of biochar slightly
reduced the average root diameter of rapeseed (Fig. 1c). During the vegetative growth period, the average root
diameter of B1 and B2 increased by 17.28% and 11.11%, respectively, compared to B0. At the �owering stage,
the average root diameter of B1 and B2 increased by 62.83% and 49.95%, respectively, compared to B0. At the
seedling stage, the average root diameter of B1 and B2 was 17.28% and 11.11% lower than B0, respectively.
However, the largest decrease of the average root diameter was observed under B0, being 42.30% from
�owering stage to mature stage, while B1 and B2 decreased it by 26.86% and 23.61%, respectively. The root
volume of rapeseed showed the same trend as the root surface area (Fig. 1d). At the seedling stage, biochar
had no signi�cant effect on the root volume of rapeseed, but at other stages, the addition of biochar increased
it signi�cantly.

The PCoA results showed that both agronomic traits and yield components accounted for more than 50% of
the �rst two axes, suggesting that the results were reasonably usable (Fig. 2). Moreover, there was a signi�cant
aggregation among the samples of different treatments, indicating that the agronomic traits and yield
components within the treatments with different biochar application rates did not differ clearly, but the
differences between the treatments with different biochar application rates were signi�cant. Anosim Analysis
also proved this. Meanwhile, the similarity between B1 and B2 was high, and the similarity of B1, B2 with B0
was low.

At the seedling and bud stages, biochar had a signi�cant effect on the chlorophyll content of rapeseed leaves
(Table 4). At the seedling stage, Chl a, Chl b and Chl a + b of B1 and B2 were decreased by 16.82% and 14.49%,
22.85% and 20.00%, and 18.66% and 15.33%, respectively, compared to B0. At the bud stage, the Chl a, Chl b
and Chl a + b of B1 and B2 were 24.15% and 13.52%, 25.71% and 12.85%, and 25.51% and 13.79% higher than
B0, respectively. The chlorophyll content of B1 was signi�cantly higher than that of B2 and B0.
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Table 4
Effect of biochar on chlorophyll content of rapeseed

Treatment Seedling stage (mg/g) Bud stage (mg/g)

Chlorophyll
a

Chlorophyll
b

Chlorophyll a 
+ b

Chlorophyll
a

Chlorophyll
b

Chlorophyll a 
+ b

B0 2.14 a 0.70 a 3.00 a 2.07 c 0.70 c 2.90 c

B1 1.78 a 0.54 b 2.44 b 2.57 a 0.88 a 3.64 a

B2 1.83 b 0.56 b 2.54 b 2.35 b 0.79 b 3.30 b

Signi�cance ** ** ** ** ** **

CV% 9.95 11.05 10.58 9.95 11.05 10.58

B0, B1, and B2 refers to the biochar application rates at 0, 35, 50 t ha− 1, respectively; Means value followed by
the same letter within columns are not signi�cantly different according to LSD test (*P = 0.05, **P = 0.001), CV
is coe�cient of variation (%).

Application of biochar affected the photosynthetic capacity of rapeseed at seedling, bud and �owering stages
(Table 5). At the seedling stage, the photosynthetic rates of B1 and B2 were 20.24% and 35.82% higher than B0,
respectively. At the bud stage, the photosynthetic rates of B1 and B2 were 65.73% and 50.14% higher than B0,
respectively. Similar to the photosynthetic rate, the transpiration rate under biochar application was increased
slightly during the vegetative period and then increased sharply during the budding period. At the seedling
stage, the transpiration rates of B1 and B2 were 25.26% and 17.89% higher than B0, respectively. At the bud
stage, the transpiration rates of B1 and B2 were 59.34% and 46.15% higher than B0, respectively. Compared to
photosynthetic rate and transpiration rate, biochar had different effects on water use e�ciency. There was no
signi�cant difference in water use e�ciency among B1, B2 and B0 at the seedling and bud stages. At the
�owering stage, the water use e�ciency of B1 and B2 was 50.73% and 46.22% higher than that of B0,
respectively. Meanwhile, the results of PCoA and Anosim were similar to those of agronomic and yield
components (Fig. 3), with high similarity between B1 and B2, and low similarity between B1, B2 and B0.

 



Page 8/32

Table 5
Effects of biochar on photosynthetic capacity of rapeseed

Stages Treatment Photosynthetic
rate (µmol/m2·
s)

Stomatal
conductance
(mol/m2· s)

Intercellular
CO2
concentration
(µmol/mol)

Transpiration
rate
(mmol/m2·s)

Water
use
e�ciency

Seedling

stage

B0 8.15b 0.15b 325.66b 0.95b 8.96ab

B1 9.80ab 0.19a 337.59a 1.19a 8.38b

B2 11.07a 0.18a 324.01b 1.12a 10.04a

Signi�cance ** ns ns ** **

CV% 21.37 24.60 8.76 13.60 15.78

Bud
stage

B0 6.04b 0.14a 297.48 c 0.73b 8.56b

B1 10.01a 0.13a 324.15a 1.16a 9.36a

B2 9.07a 0.09b 303.02b 1.06a 8.79b

Signi�cance ** ns ns ** **

CV% 33.55 39.77 10.86 24.32 22.67

Flowering
stage

B0 7.11b 0.23a 333.13a 0.69a 13.76b

B1 9.69a 0.23a 318.66b 0.63b 20.74a

B2 9.36a 0.20b 312.16b 0.62b 20.12a

Signi�cance ** ns ns ns **

CV% 19.23 25.79 9.73 15.2 14.75

B0, B1, and B2 refers to the biochar application rates at 0, 35, 50 t ha− 1, respectively; Means value followed by
the same letter within columns are not signi�cantly different according to LSD test (*P = 0.05, **P = 0.001), CV
is coe�cient of variation (%).

2.2 The effects of biochar on rapeseed nutrients and oleic acid
content
The application of biochar, inorganic and organic fertilizers had different effects on various nutrients and oleic
acid in pods (Fig. 4). At the �owering stage, the contents of nitrogen, phosphorus and potassium in the pods of
B2F2M1 were the highest, being 38.22%, 20.18% and 35.14% higher than those of B0F1M0, respectively. Under
the same amount of biochar application, the nitrogen, phosphorus and potassium contents in the pods under
different fertilizer treatments were: organic and inorganic fertilizers > inorganic fertilizer > no fertilizer. The
nitrogen content of the pods of B0F2M1 increased by 16.41% compared to B0F1M0, the nitrogen content of
pods of B1F2M1 increased by 16.70% compared to B1F1M0, and the nitrogen content of pods of B2F2M1
increased by 20.59% compared to B2F1M0 (Fig. 4a). The phosphorus content of pods of B0F2M1 increased by
14.39% compared to B0F1M0, the phosphorus content of pods of B1F2M1 increased by 6.66% compared to
B1F1M0, and the phosphorus content of pods of B2F2M1 increased by 18.73% compared to B2F1M0 (Fig. 4b).
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The potassium content of pods of B0F2M1 increased by 18.54% compared to B0F1M0, the potassium content
of pods of B1F2M1 increased by 12.39% compared to B2F1M0, and the potassium content of pods of B2F2M1
increased by 16.72% compared to B2F1M0 (Fig. 4c).

This study showed that the application of biochar combined with organic and inorganic fertilizers increased
the oleic acid content of rapeseed at maturity (Fig. 4d), and the oleic acid content of B2F2M1 was signi�cantly
higher than B2F1M0, being increased by 13.22%.

2.3 The effects of combined application of biochar and
organic and inorganic fertilizers on soil fertility
The application of biochar, inorganic and organic fertilizers had an effect on soil pH during �owering stage
(Fig. 5a). The application of biochar signi�cantly increased the soil pH. The soil pH of the high-rate application
of biochar was signi�cantly higher than that of the other treatments, and the soil pH of B2F2M1 was 7.78%
higher than that of B0F1M0. This study showed that the application of organic fertilizer could raise the pH of
soil. The pH of B0F2M1 was 0.16 higher than that of B0F2M0, and the pH of B1F2M1 was also 0.16 higher
than that of B1F2M0. Meanwhile, the application of biochar signi�cantly increased the CEC of the soil (Fig.
5b). The soil CEC of B1 and B2 was 2.27% and 6.53% higher than B0, respectively.

The application of biochar with inorganic and organic fertilizers signi�cantly affected soil nitrogen content at
�owering stage (Fig. 6a; Fig. 6b). The application of biochar signi�cantly increased the total nitrogen content in
the soil. The total nitrogen in the soil treated with high rate of biochar and low rate of biochar were 101.96%
and 62.71% higher than that without biochar treatment, respectively. Meanwhile, the total nitrogen content of
B2F2M1 was the highest, being 160.97% higher than B0F1M0. The application of biochar combined with
organic and inorganic fertilizers had a great effect on soil available nitrogen. Compared with B0F1M0, the soil
available nitrogen of B0F1M1 and B0F2M0 increased by 37.93% and 81.09% respectively, and the soil
available nitrogen of B1F1M1 increased by 75.86% compared with B0F1M0.

The application of organic fertilizer had a signi�cant effect on the content of soil total phosphorus and soil
available phosphorus (Fig. 6c; Fig. 6d). The total phosphorus content of the soil treated with organic fertilizer
was signi�cantly higher than that of other treatments. The soil total phosphorus content of B0F1M1 and
B0F2M1 were 21.51% and 36.04% higher than B0F1M0, respectively. The soil total phosphorus content of
B1F1M1 and B1F2M1 were 29.03% and 45.16% higher than B1F1M0, respectively; and the soil total
phosphorus content of B2F1M1 and B2F2M1 were 43.39% and 28.09% higher than B2F1M0, respectively.
Similar to soil total phosphorus, the soil available phosphorus content in the treatment with organic fertilizer
was signi�cantly higher than that in the other treatments. The soil available phosphorus content of B0F1M1
and B0F2M1 were 103.03% and 147.45% higher than B0F1M0, respectively. The soil available phosphorus
content of B1F1M1 and B1F2M1 were 115.75% and 147.24% higher than B1F1M0, respectively; and the soil
available phosphorus content of B2F1M1 and B2F2M1 were 55.56% and 87.30% higher than B2F1M0,
respectively.

The application of biochar and inorganic and organic fertilizers signi�cantly affected soil potassium content at
�owering stage (Fig. 6e; Fig. 6f). The total soil potassium content in B0F2M1, B1F2M1 and B2F2M1 were
30.59%, 48.64% and 63.24% higher than B0F1M0, respectively. Meanwhile, different biochar application rates
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also had effect on soil total potassium content, and the soil total potassium content of B1 and B2 was 7.57%
and 19.33% higher than B0, respectively. The effect of biochar on soil available potassium content was
different from that of biochar on soil total potassium content: soil available potassium exhibited signi�cant
differences under different biochar application. The soil available potassium content of B1 and B2 were
71.81% and 179.28% higher than B0, respectively. The application of biochar greatly increased the available
potassium content in the soil.

The application of biochar with inorganic and organic fertilizers signi�cantly affected the content of SOM (Fig.
7). The application of biochar signi�cantly affected SOM: the SOM of B1 and B2 were 80.17% and 124.55%
higher than B0, respectively. At the same time, the application of organic fertilizer also signi�cantly increased
the SOM: the SOM of B0F1M1 and B0F2M1 were 25.86% and 37.00% higher than B0F1M0; the SOM of
B1F1M1 and B1F2M1 were 16.21% and 17.41% higher than B1F1M0; and the SOM of B2F1M1 and B2F2M1
were 9.72% and 13.98% higher than B2F1M0.

2.4 The effects of combined application of biochar and organic and inorganic fertilizers on soil microbial
community

The application of biochar with inorganic and organic fertilizers signi�cantly affected the soil PLFA (Fig. 8).
First, the application of biochar signi�cantly increased the soil PLFA: the soil PLFA of B1 and B2 was 84.99%
and 112.16% higher than that of B0, respectively. At the same time, the application of organic fertilizers also
signi�cantly increased the total soil PLFA: the soil PLFA of B0F1M1 and B0F2M1 were 34.22% and 48.68%
higher than B0F1M0; the soil PLFA of B1F1M1 and B1F2M1 were 48.15% and 51.11% higher than B1F1M0;
and the soil PLFA of B2F1M1 and B2F2M1 were 23.64% and 17.74% higher than B2F1M0.

The application of biochar with inorganic and organic fertilizers signi�cantly affected soil microbial
community composition (Fig. 9). The application of biochar signi�cantly increased the number of eukaryotes
(Fig. 9a): the eukaryotes of B1 and B2 were 90.51% and 120.30% higher than B0, respectively. At the same time,
the application of organic fertilizer also increased the number of eukaryotes: the eukaryotes of B0F1M1 and
B0F2M1 were 14.72% and 15.06% higher than B0F1M0; the eukaryotes of B1F1M1 and B1F2M1 were 36.74%
and 57.37% higher than B1F1M0; and the eukaryotes of B2F1M1 and B2F2M1 were 23.08% and 26.48% higher
than B2F1M0. The application of biochar signi�cantly increased the number of fungi (Fig. 9b): the fungi of B1
and B2 were 80.38% and 159.85% higher than those of B0, respectively. The application of biochar and
inorganic and organic fertilizers had similar effects on actinomycetes as eukaryotes. Both biochar and organic
fertilizer could signi�cantly increase the number of actinomycetes (Fig. 9c). The actinomycetes of B1 and B2
were 56.45% and 111.59% higher than B0, respectively. The actinomycetes of B0F1M1 and B0F2M1 were
18.12% and 17.90% higher than B0F1M0, respectively; the actinomycetes of B1F1M1 and B1F2M1 were
22.34% and 39.05% higher than B1F1M0, respectively; and the actinomycetes of B2F1M1 and B2F2M1 were
11.34% and 25.62% higher than B2F1M0, respectively.The application of biochar with inorganic and organic
fertilizers signi�cantly affected the gram-negative bacteria and the gram-positive bacteria (Fig. 9d; Fig. 9e). The
low-rate application of biochar signi�cantly increased the number of the gram-negative bacteria and the gram-
positive bacteria: the gram-negative bacteria and the gram-positive bacteria of B1 increased by 114.42% and
50.91%, respectively, compared with B0. The low-rate application of biochar also signi�cantly increased the
number of protozoa (Fig. 9f): the protozoa of B1 increased by 70.08% compared to B0.
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2.5 Linking PLFA and soil fertility properties to the combined application of biochar and organic and inorganic
fertilizers

Relationships of different treatments and microbial community compositions and soil fertility properties were
illustrated by RDA analysis (Fig. 10). Soil microbial community compositions accounted for 96.2% of the soil
fertility. Speci�cally, the fungi, actinobc, eukaryot and PLFA were signi�cant positively correlated with soil
fertility. The protozoa, gram-negative and gram-positive bacteria were not strongly correlated with soil fertility.
Moreover, the contributions of different application rates of biochar to soil fertility were also different, which
was ordered as: B2 > B1 > B0.

3. Discussions

3.1 Effect of biochar application on growth, yield and yield
components, photosynthesis, and nutrient uptake.
This study showed that the application of biochar especially the low rate of biochar could signi�cantly
increase the plant height, stem diameter and dry matter weight of rapeseed. This result was consistent with the
conclusions obtained by previous studies on rice and oats, which showed that biochar had a positive impact
on plant growth (Bair et al. 2020; Wang et al. 2012; Schulz and Glaser 2012; Wang et al. 2014). One of the
reasons might be that biochar could improve the physicochemical properties of soil, increase the soil
permeability and soil fertility (Fageria, 2013; Lehmann, 2015; Yan et al., 2021), which was suitable for the
growth and development of rapeseed roots, thereby promoting the growth and development of rapeseed shoot.

In the research on roots, Amonette and Joseph (2009) pointed out that the application of biochar could
improve soil permeability in upland rice plantations, thereby promoting root growth. Fageria, (2013) showed
that, during the vegetative growth stage, the growth and development of the crop root system with biochar was
better than that without biochar. The addition of biochar to the soil resulted in faster root growth than the
treatment of no biochar. We also found that the application of biochar could signi�cantly promote root growth
in various stages of rapeseed, and this study pointed out that low-rate biochar could better promote root
growth. The reason might be that too much biochar application leaded to the inability of rapeseed root to
contact enough soil. At the same time, due to the characteristics of biochar, such as containing a large amount
of aromatic hydrocarbons (Godlewska et al., 2021), directly exposure to too much biochar might hinder the
growth of the root system.

The application of biochar to promote dry matter weight and root growth of rapeseed resulted in an increase in
yield. Compared with no application of biochar, the low-rate biochar increased the total number of pods, the
number of effective pods, the thousand-seeds weight and yield. Agegnehu et al. (2016) reported a similar trend
in barley, which showed that the application of biochar with compost promoted straw growth and increased the
yield. Furthermore, Qian et al. (2014) explained that the application of biochar with organic matter was a new
method for improving rice yield and developing carbon fertilizer carriers in soil.

Chlorophyll a �uorescence represents the photosynthesis process (Stirbet et al. 2014), and Chlorophyll b is
essential for the assembly, stability and function of light-harvesting proteins (Apostolova and Misra, 2014),
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both of which are required for photosynthesis. This study showed that the application of biochar could
signi�cantly promote the synthesis of chlorophyll. The application of biochar could signi�cantly increase the
chlorophyll content of rapeseed at the bud stage, and the chlorophyll content was higher under the low-rate of
biochar treatment. However, excessive application of biochar would affect crop growth, thereby reducing
chlorophyll content and reducing photosynthetic capacity. Previous studies had shown that leaf chlorophyll
content might be affected by the plant environment (Meskini-Vishkaee et al., 2015). Changes in chlorophyll
content might be the result of changes in soil nutrients (Dudeja and Chaudhary, 2005).

The impact of biochar on the soil environment extended throughout all stages of plant growth, and the
presence of biochar increased soil moisture and nutrients, making the soil more suitable for plant growth
(Suppadit et al., 2012; Amoah et al., 2020). This condition promoted the increase of stomatal conductance and
intercellular CO2 concentration, thereby enhancing photosynthetic rate and water use e�ciency (Xu et al.,
2015). This study pointed out that the application of biochar increased the photosynthetic capacity of
rapeseed, especially the low-rate biochar signi�cantly increased the photosynthetic rate and intercellular CO2

concentration. The higher photosynthetic capacity of rapeseed under low-rate biochar application also
explained the increase in yield from another perspective.

This study showed that the combined application of biochar, inorganic fertilizer and organic fertilizer could
improve the absorption and utilization of nutrients in rapeseed. Widowati and Asnah (2014) found that biochar
application increased crop uptake of potassium by 128%. Xiang et al. (2017) explained that biochar modi�ed
the soil environment thus promoting crop root growth and soil nutrient absorption. Nigussie (2012) et al. found
that biochar signi�cantly increased nutrient absorption by crops. This study showed that the application of
biochar could improve the absorption and utilization of nitrogen and potassium in rapeseed, but there was no
signi�cant improvement effect on the absorption and utilization of phosphorus. At the same time, the
application of organic fertilizers and inorganic fertilizers could improve the absorption and utilization of
nitrogen and phosphorus in rapeseed, and the application of organic fertilizers could signi�cantly improve the
absorption and utilization of potassium.

Oleic acid is a fatty acid that is a healthier source of fat in the diet (Fu et al., 2016). This study found that the
application of biochar had little effect on the oleic acid in rapeseed, but the application of organic fertilizer
could signi�cantly increase the oleic acid content in rapeseed, indicating that the application of biochar did not
reduce the quality of rapeseed while promoting crop growth and development, and the combination of organic
fertilizer could signi�cantly improve the quality of rapeseed.

3.2 Effect of combined application of biochar and organic and inorganic fertilizers on soil fertility and soil
microbial communities.

This study showed that the application of biochar in combination with inorganic and organic fertilizers could
improve soil fertility. Application of biochar was able to signi�cantly increase soil pH and CEC. This �nding
was consistent with Martinsen et al. (2015) who explained that biochar application in the soil could react a
liming effect. It could be understood because biochar was alkaline in nature and dissociation of phenolic –OH
groups in biochar increased its net negative surface charge (Nanda et al., 2016). The presence of organic
fertilizer increased soil pH, because plant absorbed more cations (positive charges) than anions (negative
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charges), and the combined application of inorganic and organic fertilizers were generally useful to sustain pH
and soil fertility (Osman, 2013).

This study showed that the application of biochar could increase the nitrogen and potassium content in the
soil and reduce the loss of nitrogen and potassium, but had little effect on phosphorus. The application of
organic fertilizer could increase the content of nitrogen, phosphorus and potassium, especially the content of
soil available phosphorus. These �ndings were consistent with Widowati and Asnah (2014), who found that
biochar could act as a sorbent for both organic and inorganic fertilizers, thereby increasing crop yields and
reducing fertilizer requirement. This was because biochar could attract and retain soil nutrients (Lehmann et
al., 2009). However, for phosphorus, exchangeable aluminum in acidic soils would combine with phosphorus
to form insoluble aluminum phosphorus, thereby reducing the availability of phosphorus. The purple soil was
alkaline soil, so this might be the reason why the use of biochar had little effect on the phosphorus content (Jin
et al., 2019). Van Zwieten et al. (2010) showed that the positive effects of biochar treatment on plant growth
were due to its consequences on plant nutrition. This study showed that the application of biochar in
combination with inorganic and organic fertilizers could signi�cantly increase SOM. This was because biochar
itself was an organic material with a high carbon content, and its application to the soil increased the organic
matter in the soil (Liu et al., 2016). At the same time, the application of organic fertilizer also signi�cantly
increased the soil organic matter content. As soil conditioners with high organic matter content, biochar and
organic fertilizer have a very signi�cant impact on soil organic matter, and the impact of their own organic
matter on soil even exceeds the synergistic effect of biochar, organic fertilizer and inorganic fertilizer.

Biome diversity was critical to soil function and had important implications for controlling nutrient cycling,
increasing water use e�ciency, enhancing soil aeration, and maintaining soil structure and stability (Taketani
et al., 2013). This study showed that biochar application could signi�cantly increase the PLFA of the soil. With
the application of biochar and organic fertilizer, the PLFA of the soil increased signi�cantly. Li et al. (2020)
found that although the effects of biochar on soil microbial diversity were different, it was certain that biochar
application had increased microbial biomass. This study found that eukaryotes, fungi and actinomycetes
under high-rate biochar application were higher than those under low-rate biochar application; but for gram-
negative bacteria, gram-positive bacteria and protozoa, they were higher under low-rate biochar than that under
high-rate biochar. This was inconsistent with the study of Yuan et al. (2022), possibly due to differences in soil
type and the type of biochar applied. The study of Jin (2018) showed that different types of biochar, when
applied in different types of soil, had different effects on soil microbes. However, it was certain that the
combination of biochar and organic and inorganic fertilizers could improve the richness of soil microbial
communities. Lehmann et al. (2011) elucidated that the e�cacy of biochar on soil microorganism might be
determined by both physical and chemical properties of biochar. We demonstrated that biochar could
signi�cantly increase soil pH, CEC, SOM and TOC, and could signi�cantly increase the nitrogen, phosphorus
and potassium content in soil and plants. This result implied that soil microbial community was encouraged
by availability of nutrients in the soil. Gul et al. (2015) explained that the presence of inorganic and organic
fertilizer as co-amendment prevented nutrient de�ciency for microbial growth. Moreover, DeLuca et al. (2009)
proved that in farming practice, biochar was frequently applied together with fertilizer, as biochar was not
fertilizer and it did not carry a lot of readily available nutrients. In brief, biochar application in soil could change
soil physiochemical properties and mediate electron transfer processes, thereby improving metabolism of
microbial community (Wilson, 2014; Keppler et al., 2014; Yang et al., 2019)
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This study showed that soil fertility was related to soil microbial communities, being consistent with previous
studies (L R Bulluck et al., 2002; Wang et al., 2021; Niu et al., 2021), in which soil fertility could affect soil
microbial growth, and soil microbial richness could also affect soil fertility. Luo (2016) found that microbial
communities were more active in high-yielding soils in a study on two types of dryland paddy soils. This study
showed that there was a strong relation between the amount of biochar application and soil fertility. This study
showed that soil fertility, especially SOM, had the highest contribution to microbial community diversity. Li et
al. (2021) showed that SOM could be used to predict soil microbial activity. Stefanowicz et al (2020) believed
that SOM had the strongest positive effect on most microbial parameters. This study supported the conclusion
of previous studies, and this study also pointed out that K was a large contributor to the effects of fungi and
actinobc, while gram-negative bacteria and gram-positive bacteria were weakly correlated with soil fertility.

4. Conclusion
The application of biochar in combination with organic and inorganic fertilizers could promote the growth of
rapeseed and improve the soil fertility and microbial environment. Low-rate of biochar could promote rapeseed
growth, improve soil fertility, and increase soil PLFA. However,excessive biochar application was not conducive
to sustainable farming. Therefore, we recommend the application of low-rate biochar (35 t/ha) in combination
with organic fertilizer (4.5 t/ha) and low-rate inorganic fertilizers (30 kg/ha N, 87.5 kg/ha P2O5 and 60 kg/ha
K2O) in rapeseed production in purple soil area of Southwest China.

5. Materials And Methods

5.1 Experimental area
The experiment was conducted using pot experiment in the green house of College of Agronomy and
Biotechnology (CAB), Southwest University (SWU), China, during September 2016 to May 2017. There was no
additional supplementary light in the greenhouse, and the light intensity and photo-period in the greenhouse
were consistent with the external environment. The research area was located at 220m in altitude, 29°49 32 N
in latitude, and 106°26 02 E in longitude. Measurement of soil, biochar and plant parameters was carried out
in Key Laboratory of Crop Quality Improvement of Chongqing Municipality, CAB, SWU, China. The main
physical and chemical properties of the soil are: soil bulk density 1.21 g·cm-3, pH value 6.47, organic matter
content 28.00 g·kg-1, total nitrogen content 1.68 g·kg-1, total phosphorus content 1.46 g·kg-1, the total
potassium content is 34.54 g·kg-1, the available phosphorus is 18.13 mg·kg-1, the available potassium is
270.23 mg·kg-1, and the alkaline hydrolyzable nitrogen is 35.23 mg·kg-1.

5.2 Experimental design
A pot experiment was conducted in Randomized Complete Block Design (RCBD)with 3×2×2 treatments, with
three replications. The �rst treatment was rate of biochar(B): B0, B1, and B2. The second treatment was
fertilizer (F): F1, and F2. The third treatment was organic fertilizer (M): M0 and M1. Table 6 showed the twelve
treatment combinations.

Table 6. Treatment combinations of biochar, inorganic fertilizer, and organic fertilizer
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Treatment Inorganic fertilizer 
(30 N, 87.5 P2O5,60 K2O) 
  kg/ha) F1

Inorganic fertilizer 
(60 N, 175 P2O5,120 K2O) 
  kg/ha (F2

Organic fertilizer 
 0 t/ha (M0)

Organic fertilizer 
 4.5 t/ha (M1)

Organic fertilizer 
 0 t/ha (M0)

Organic fertilizer 
 4.5 t/ha (M1)

Biochar 0 t/ha(B0) B0F1M0 B0F1M1 B0F2M0 B0F2M1

Biochar 35 t/ha(B1) B1F1M0 B1F1M1 B1F2M0 B1F2M1

Biochar 50 t/ha(B2) B2F1M0 B2F1M1 B2F2M0 B2F2M1

Total weight of soil, biochar, and organic fertilizer in each pot was 5000 g. They were mixed with inorganic
fertilizer as treatment before transplanting. The seeds of rapeseed were provided by Rapeseed Research
Institute, CAB, SWU, China. According to local planting traditions, 'two-cropping' system was uesd in this study:
rapeseed was sown in September 2016, and the rapeseed variety was 'Zhongshuang No. 11', and soybean was
sown in April 2017 after rapeseed harvest, and the soybean variety was 'Zhechun No.3'. The rapeseed and
soybean varieties were arti�cially cultivated varieties and supplied by the Engineering Research Center of South
Upland Agriculture, Ministry of Education, Chongqing, China. Each pot was transplanted with 1 plant. The
plants were watered once every 5 days according to the daily temperature. The amount of water added in each
pot was the same, and the amount of water added in each pot was 200 – 600 ml, to made sure the relative soil
moisture content was controlled at about 60% of the saturated moisture. The temperature of glasshouse
ranged from 20 to 25oC and relative humidity was 50 to 90% during the entire growth period.

Biochar (carbonized corncob) was obtained commercially from Nanjing Qinfeng Straw Technology Co., LTD.,
China. Based on the information from the manufacturer, corncob was prepared at a pyrolysis temperature of
400℃. Inorganic fertilizers used were urea, P2O5, and K2O as sources of mineral nitrogen, phosphate, and
potassium, respectively. The organic fertilizer used in the experiment was the ZhenGeng biological organic
fertilizer provided by Beijing Xingpeng Agricultural Development Co., Ltd. The main component of organic
fertilizer was pig manure, and the main technical parameters were: organic matter content was greater than
50%, Amino acid + nucleotide was greater than 3%, moisture was lower than 18.0%, effective viable count was
greater than 50 million/g, Zn + B + Fe + Mn + Mo + Si was greater than 0.1%. The tested purple soil was
collected from the Experiment Farm of SWU, China. The soil was air-dried and sieved to pass through 2mm.
The plastic pots used in the experiment were 23 cm in diameter and 22 cm tall with a total soil volume of 5000
gram. The basic physical and chemical properties of biochar were: pH was 9.90 ± 0.04, EC was 0.94 ± 0.01
ms·cm-1, total nitrogen was 5.76 ± 0.23 g·kg-1, total phosphorus was 3.75 g·kg-1, total potassium was 21.15 ±
0.17 g·kg-1, CEC was 34.49 ± 5.16 cmol·kg-1, and organic carbon was 439.01 ± 40.06 g·kg-1.

5.3 Growth, yield, and yield components and photosynthesis
The data of rapeseed plants were collected at four stages of growth: vegetative stage, bud stage, �owering
stage, and maturity stage. Plant height was measured with a ruler. Stem diameter was measured with a
calliper. Plant dry weight was measured gravimetrically with an electronic scale.
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Rapeseed plants were harvested at the end of May, 2017. The plants were removed from the pot and divided
into stems and pods while roots were washed thoroughly. Dry matter of plant samples was obtained after
being dried in an oven at 75 °C for 48 h. 

The plant root was collected at �owering stage, and was slowly washed to remove soil. Total of root length,
root surface, volume of root and mean diameter of root was determined by root scanner (Epson Perfection
V700, 6400 dpi optical resolution �lm scanning) in transparent plastic tray �lled with a few water using
WinRhizo Pro 3.10, 2007 (Regent Instrument Inc., Quebec, Canada).

Chlorophyll contents, including chlorophyll a (Chl a), chlorophyll b (Chl b) and chlorophyll a+b (Chl a+b), were
assessed at seedling and bud stages by using the method of Weng (2020). A leaf sample (0.10 g) was taken
from fresh leaves of rapeseed, made into small size and transferred into a 15 mL centrifuge tube, which was
�lled with 10 mL of solution by 95.5 % acetone and absolute ethyl alcohol in ratio of 1:1. Then the tube was
stored at dark place to avoid from light for 24 hour or until the color of leaf sample was changed into white.
The absorbance concentrations of Chl a, Chl b and Chl a+b were measured at 645 nm, 652 nm and 663 nm,
respectively using a UV-visible spectrophotometer. 

Photosynthesis gas exchange was determined with a portable infrared gas analysers (IRGAs) based
photosynthesis system (Li-6400, Li-Cor, Lincoln, Nebraska, USA) during 8:30–10:30 am at seedling and bud
stages (Yao et al., 2017). Nine leaves were needed for each sample with the following arrangement: molar �ow
of air per unit leaf area was 400.00 mmol/m2·s, water vapor pressure into leaf chamber was 3.7 mbar, the
photosynthetically active radiation (PAR) at leaf surface was up to 978 mmol/m2·s, leaf temperature was
ranged from 29.9℃ to 37.5℃, ambient temperature was ranged from 30.1 to 37.8℃, ambient CO2

concentration was 399.9 mol/mol and relative humidity (RH) was 59.78%. The parameters of photosynthesis
gas exchange consisted of net photosynthesis (Pn), transpiration (Tr), stomata conductance (Gs), and
intercellular CO2 concentration (Ci). The ratio between Pn and Tr was known as water use e�ciency (WUE).

5.4 Plant and soil analysis
Kjeldahl method was used for determination of total nitrogen content in plant tissues. Phosphorus content was
determined by vanadium molybdenum yellow absorbance method. Potassium content was determined by
�ame photometer method (Zhou et al., 2019).

Soil samples were collected at the same stages as plant samples. They were air-dried and then sieved to pass
through 2mm. Soil pH (H2O) was measured in 1:5 soil to water ratio with pH digital apparatus. Kjeldahl method
was used for determination of soil total nitrogen content. Total phosphorus was determined
using molybdenum antimony anticolorism method. Soil total potassium was determined using �ame
photometer method. (Athalye-Jape et al., 2020; Tian et al., 2020) The ready kits provided by Nanjing Jiancheng
Bioengineering Institute, China was used for determining soil organic matter (SOM). The test of SOM was
carried out following the procedure mentioned with the detection kits. The 1 M NH4OAc saturation method at
pH7 was used to measure cation exchange capacity (CEC)(Cui et al., 2021). 
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The soil samples for soil microbial community were restored in -80℃ fridge to keep fresh before test.
Phospholipid fatty acids (PLFA) method was used for measurement of soil microbial diversity. Phospholipid
fatty acids were extracted from fresh sieved soil at the maturity stage. Procedure standard method of PLFA
followed the literature described by Zalles and Bai (1993) , Zelles (1999) , Ringelberg (1997) and Buyer and
Sasser (2012) . The recognized PLFAs were appointed into a microbial group, such as eukaryotes, Poly-
unsaturated fatty acids, gram-positive bacteria (branched saturated fatty acids), gram-negative bacteria
(monounsaturated fatty acids) and protozoa labeled as 20:3 and 20:4 .

5.5 Statistical analysis 
The factorial ANOVA technique was used to analyze the data. Only the signi�cant ANOVA results were �xed
with Least Signi�cant Different (LSD) test with probability of 0.05, which was performed by SPSS 17.0 (SPSS
Inc., Chicago, IL, USA). Graphics of the data was made using Microsoft Excel. In order to evaluate the
compositional differences of various indicators in rapeseed under different biochar application rates, principal
coordinate analysis (PCoA) and Anosim analysis were performed for each indicator in this study. The PCoA
was conducted using the factoextra package in the R and the Anosim analysis was conducted using the vegan
package in the R. PCoA was based on weighted Unifrac distances. Redundancy analysis (RDA) was conducted
using CANOCO 5.0.
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Figures

Figure 1

Effects of biochar on root growth during �owering stage of rapeseed. Bars followed by the same letter are not
signi�cantly different according to LSD-test (P≤ 0.05). Bars represent ± standard errors of the means.



Page 24/32

Figure 2

Principal coordinates analysis (PCoA) and Anosin test of agronomic (a) and yield components (b) of rapeseed
under different biochar treatments.
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Figure 3

Principal coordinates analysis (PCoA) and Anosin test of photosynthetic traits of rapeseed under different
biochar treatments.
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Figure 4

Effects of biochar, inorganic fertilizer and organic fertilizer on pod nutrients at �owering stage and seed oleic
acid at mature stage. Bars followed by the same letter are not signi�cantly different according to LSD-test (P≤
0.05). Bars represent ± standard errors of the means.
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Figure 5

Effects of biochar, inorganic fertilizers and organic fertilizers on soil pH (a) and CEC (b) at �owering stage. Bars
followed by the same letter are not signi�cantly different according to LSD-test (P≤ 0.05). Bars represent ±
standard errors of the means.
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Figure 6

Effects of biochar, inorganic fertilizers and organic fertilizers on soil nutrients at �owering stage. Bars followed
by the same letter are not signi�cantly different according to LSD-test (P≤ 0.05). Bars represent ± standard
errors of the means.
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Figure 7

Effects of biochar, inorganic fertilizers and organic fertilizers on SOM at �owering stage. Bars followed by the
same letter are not signi�cantly different according to LSD-test (P≤ 0.05). Bars represent ± standard errors of
the means.
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Figure 8

Effects of biochar, inorganic fertilizers and organic fertilizers on soil PLFA at �owering stage. Bars followed by
the same letter are not signi�cantly different according to LSD-test (P≤ 0.05). Bars represent ± standard errors
of the means.
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Figure 9

Effects of biochar, inorganic fertilizers and organic fertilizers on soil microbial communities at �owering stage.
Bars followed by the same letter are not signi�cantly different according to LSD-test (P≤ 0.05). Bars represent
± standard errors of the means.

Figure 10
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The redundancy analysis (RDA) and heatmap based on different treatments and microbial community
compositions and soil fertility properties.


