
Role of biochar and plant growth promoting rhizobacteria
to enhance soil carbon sequestration—a review

Rubab Sarfraz & Azhar Hussain & Asma Sabir &

Ibtissem Ben Fekih & Allah Ditta & Shihe Xing

Received: 22 October 2018 /Accepted: 17 March 2019 /Published online: 27 March 2019
# Springer Nature Switzerland AG 2019

Abstract Global climate is undergoing significant chang-
es due to extensive release of greenhouse gases (GHGs)
such as CO2 and methane in the atmosphere. These gases
are produced and released as a result of anthropogenic
activities and fossil fuel burnings which also result in de-
pletion of soil carbon resources. Biochar has various dis-
tinctive properties, which contribute to make it an effective,
economical, and eco-friendly approach for soil carbon

sequestration. The versatility in physicochemical properties
of biochar provides an opportunity to optimize its efficacy
to obtain desired benefits. A critical review of the literature
indicates that biochar and plant growth–promoting mi-
crobes have the potential to improve soil organic carbon
(SOC). Recent studies have depicted a significant role of the
combined application of plant growth–promoting microbes
and biochar on SOC dynamics. In future, these areas need
to be explored as these have the potential to improve SOC
dynamics and it could be a better strategy to sustain natural
resources and ultimately mitigation of the climate change.

Keywords CO2 emission . SOC . Climate change .
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Abbreviations
C Carbon
N Nitrogen
SOC Soil organic carbon
PGPR Plant growth–promoting rhizobium
CaCO3 Calcium carbonate
MgCO3 Magnesium carbonates
eCO2 Elevated CO2

SOM Soil organic matter
AMF Arbuscular mycorrhizal fungi

Introduction

Climate change is a serious global issue and is a topic of
interest for the worldwide scientific community. The
main driving force for climate change is the rise in
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temperature due to various human activities. Earth’s
average surface temperature has increased about
0.9 °C since the late nineteenth century and this rise is
greatly driven by increased CO2 through anthropogenic
activities (https://climate.nasa.gov/evidence/). For
example, a rapid increase in CO2 concentration from
277 to 400 ppm in the atmosphere has been observed
since the initiation of the Industrial Era in the 1750s (Xu
et al. 2016). Before the advent of Industrial Revolution,
the emission of CO2 was primarily caused by progres-
sive land use changes and deforestation (Lou et al. 2015
). Around 1920, fossil fuel burnings became the top
most emission source to add CO2 into the atmosphere
(Archer et al. 2009) creating a perturbation in natural C
cycle which subsequently resulted into drastic changes
in C storage in the land and ocean reservoirs giving rise
to the need of carbon sequestration.

Carbon sequestration is associated to C accumulation
in a stable solid form. Black C typically known as
Bbiochar^ is derived from plant biomass, woody mate-
rials, and straw residues obtained under high tempera-
ture and pressure in the absence of oxygen, i.e., via the
process of pyrolysis (Dungait et al. 2012). Pyrolyzing
feedstock results in the accumulation of 50% of C in its
original biomass (Conz et al. 2017; Laird 2008) which is
highly recalcitrant and persists in the soil for relatively
longer periods. Moreover, it is highly stable against
microbial attack in soil and takes millions of decades
to degrade, thereby gradually slowing down the process
of SOC release into the atmosphere (Lehmann et al.
2006). In Terra Preta soil, where black C was buried
for thousands of years, the total C stock is reckoned to
be around 250 Mg C ha−1 compared with general as-
sessments of 100 Mg ha−1 in Amazonian soil from a
similar origin (Glaser et al. 2002). Application of bio-
char in soil improves microbial activity (Glaser et al.
2002; Lehmann and Joseph 2009) and soil structure
which is necessary to keep intact the C stock balance
in soil. Another novel approach in this scenario is the
application of plant growth–promoting rhizobacteria
(PGPR). The PGPR reside in the soil around or in the
vicinity of roots and root hairs, i.e., rhizosphere, feeding
on root exudates. These PGPR devour C exuded from
plant roots and pursue on it to release more in a way,
which directly or indirectly affects the plant growth and
root development via secretion of regulatory substances
or enzymes in the rhizosphere (Figueiredo et al. 2011).
The PGPR in the soil act as the biochemists which can
influence soil pH, contribute to plant biomass, increase

enzyme activity, and improve mineralization (C, N)
process.

A lot of efforts have been put to find out the strategies
and methods to sequester C which usually emphasize on
adopting proper land use management practices. The
role of biochar to rectify soil organic contents has also
been studied but there is a research gap on the use of
biochar and PGPR which can be a novel approach to
mitigate climate challenges and reduce global warming.
In this review, we have comprehensively described the
factors affecting SOC stocks, use of biochar as an envi-
ronmental savior, behavior of microbes in soil to influ-
ence C contents, and their interaction with biochar
which can be adopted as a strategy in the future to
replenish C resources, ultimately resulting into a sus-
tainable environment.

Carbon sequestration

Carbon sequestration is a process which involves long-
term capturing and binding of atmospheric CO2 into the
soil through crop debris and other organic solids to en-
hance the concentration of C in soil (Izaurralde et al.
2001). Generally, it refers to direct or indirect storage of
atmospheric CO2 into a more stable form. Indirect se-
questration occurs through chemical processes that con-
vert CO2 into inorganic compounds such as calcium
carbonate (CaCO3) or magnesium carbonates (MgCO3)
while direct C sequestration involves fixation of CO2 into
plant biomass through photosynthesis (SSSA 2001). All
living entities contain C and depending upon their ab-
sorbing and desorbing capacity, they are referred as C
sources or sinks. Natural sources of C include volcanoes,
organic matter decomposition, respiration and digestion
activities, and water bodies while C sinks include forest,
photosynthesis, Earth’s crust, soil, as well as ocean and
fresh water bodies. To keep up the C balance in the
atmosphere, the release of C from sources and sinks must
be in proportions (Han et al. 2017; Tarin et al. 2018).

Carbon sequestration is controlled by several factors,
e.g., production and decomposition rate of soil organic
matter (SOM), parent material (PM), landscape position,
temperature and precipitation, living biota, and other man-
agement operations (Jenny 1980). Among all these factors,
SOM contributes significantly to alter C stocks of soil
thereby influencing C sequestration in soil. In soil, a
number of factors release and transport SOM thereby
affecting soil physicochemical and biological
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characteristics and ultimately reducing C sequestration
potential of soil (Krull et al. 2004). Erosion plays an
inevitable role in deciding the fate of SOM while miner-
alization is thought to be irreversible in a landscape
(Matson et al. 1997).

Carbon sequestration is important in a way that it
reduces greenhouse effect and restores the soil activities.
It improves ecological approaches as well as ensures
sustainable developments by reducing pollution and
mitigating global warming (Lal 2004). Water also influ-
ences C storage capacity of the soil as wet soils are
likely to lose more C than dry soils hence changing C
fluxes in the atmosphere (Sofi et al. 2016). Studies
report that approaches are still needed to manage C
sequestration in dry land areas. Soil erosion in dry land
areas is leading to 0.21–0.26 Pg C year−1 emission of C
with additional 0.02–0.03 Pg C year−1 due to exposed
carbonaceous compounds to climatic afflictions by sur-
face soil erosion. The process of soil erosion has expe-
dited SOC depletion and it is demonstrated that the total
annual C emission in a dryland ecosystem would be
0.23–0.29 Pg C year−1 (Lal et al. 2007).

Plant’s net primary productivity (NPP) plays a domi-
nating role in global C cycle. The NPP refers to capturing
and storing of solar energy through photosynthesis as well
as releasing of oxygen and energy, which living organ-
isms need to breathe. The NPP also affects the global C
cycle positively by absorbing CO2 released during burn-
ing of coal, oil, and other fossil fuels. In semi-arid regions,
both NPP and degrading rate of plant residues fasten with
water accessibility (Shahzad et al. 2019). The SOC con-
sumption also deteriorates when yield supper passes input
which may reach up to 20–80 tons C ha−1 into the
atmosphere. Excessive consumption of SOC pools dete-
riorates soil quality, decreases biomass productivity, and
adversely affects C sequestration potential. Therefore,
strategies should be adopted to mitigate projected global
climate changes and preserve C stocks in soil.

Biochar: state-of-the-art technology for soil carbon
sequestration

Biochar is produced sustainably as a co-product of the
bioenergy being made from the biomass. Biochar has
substantial environmental implications due to its versa-
tile heterogeneous nature such as buffering capacity,
high adsorption potential, specific surface area, and
cation exchange capacity (Jones 2008; Sarfraz et al.

2017). Physicochemical characters of the biochar play
an integral role to define the extent and direction of
reactions inferred by biochar application. Moreover,
kinds of feedstock and pyrolysis conditions used during
biochar production are two parameters which greatly
influence the physicochemical and structural properties
of biochar such as surface area, pH, functional groups,
and polarity thus defining overall surface properties of
the biochar (Ahmed et al. 2014; Ronsse et al. 2013).
These alterations in biochar characteristics have signif-
icant impacts on its suitability and efficiency in
remediating soil fertility, nutritional status, and environ-
mental applications. Upon application to soil, biochar
improves physical, chemical, and biological properties
of the soils (Tayyab et al. 2018). Biochar acts as a soil
conditioner that can increase soil water holding capacity
(Gaskin et al. 2007) and nutrient level in soil (Yuan et al.
2016) consequently increasing seed germination, plant
growth, and crop yield (Xu et al. 2012). These biochar
characters eventually lead to increasing soil carbon se-
questration (Stewart et al. 2013) and decreasing green-
house gases (GHGs) emission (Windeatt et al. 2014),
and therefore contributing to an overall beneficial effect
on soil health and properties (Zhang et al. 2017).

Biochar tailoring for soil C sequestration

Carbon contents (%) of biochar can be used as predic-
tors of biochar persistence in soil. High C contents
reported for biochar derived from elevated temperatures
are key indicators of the aromatic characteristics, stabil-
ity against decaying in soils, and subsequently greater C
retention time in biochar-amended soils (Kuzyakov
et al. 2014; Dominghetti et al. 2015). Pyrolysis temper-
ature and feedstock types are crucial determinants of
char properties (Sun et al. 2017; Sarfraz et al. 2019).
Biochar obtained at higher pyrolysis temperature (such
as more than 500 °C) has more ability to remove organic
contaminants (Cheng et al. 2008) whereas biochars
obtained at lower pyrolysis temperature (250–400 °C)
are more suitable for removing inorganic contaminants
from the environment (Verheijen et al. 2010). Biochar
produced at lower temperature usually contains less
amount of C, hence has more capacity to be degraded
by soil microorganisms favoring priming effect in soil
(Lin et al. 2012). Generally, biochar produced from
switch grass and corn stover has low aromatic C con-
tents than that from woody materials (Brewer et al.
2012). Similarly, biochars produced from animal
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manure and municipal wastes also contain less C
contents than woody plants. Table 1 clearly predicts
the effect of various temperatures and feedstock on the
fate of C contents in biochar. Bruun et al. (2017)
highlighted that application of biochar with possible
high residence times may come out as an important
approach to increase C sequestration in soils thus reduc-
ing greenhouse gas emissions. The release of green-
house gases through various anthropogenic activities
such as burning of fossil fuels, deforestation, and soil
degradation contributes tomajor climate changes (Smith
2016). Mitigation strategies are adopted to sequester
excess CO2 from the environment. Biochar being recal-
citrant in nature is often debated as a useful strategy to
reduce GHG release. Biochar application involves
drawing of C from the atmosphere, providing C sink
to terrestrial environment while improving soil and wa-
ter quality (Lehmann 2009). Production of biochar and
its field application has been proposed as a strategy to
cope climate change issues (Table 2).

Since ages, CO2 emitted during decomposition of
organic matter and fossil fuel burning was captured by
plants through the process of photosynthesis (Lehmann
and Joseph 2015). During the pyrolysis of these plant
residues, C contents in biomass are converted into stable
forms which are bound to the resulting material
(biochar) and persist in soil for centuries (Liu et al.
2015). It has been assessed that accumulating C in
biochar could prevent the release of CO2, thereby
adding less CO2 to the environment and keeping C
balance in soil and environment (Liu et al. 2015).

Plant growth–promoting bacteria

Plant growth–promoting bacteria reside in the soil
around or in the root surface which directly or indirectly
affects the plant growth and root development via se-
cretion of regulatory substances or enzymes in the vi-
cinity of rhizosphere (Vejan et al. 2016). The PGPR are
responsible in stimulating plant growth, nutrient mobi-
lization, and plant protection from pathogens in soil,
sequestering heavy metals and degrading toxic elements
present in soil. These PGPR positively affect the plant
growth and they are adapted to replicate, survive, and
complete their life cycle during plant growth–promoting
activities (García-Fraile et al. 2015).

Soil is an integral abode of various PGPR species.
These PGPR are classified into various groups based on

their functional activities. They act as biofertilizers
which colonize the rhizosphere and increase the nutrient
supply to host plants hence promoting plant growth
(Vessey 2003). As phytostimulators, bacteria stimulate
the biological compounds, cells, or tissues by using light
to activate the growth of certain organs and sometimes
the whole plant using sunlight. The PGPR as biopesti-
cides control disease in plants by producing antibiotics
and antifungal metabolites as well as degrading toxic
pollutants (Leonardo et al. 2006; Francis et al. 2010).
Hence, the use of PGPR is considered to be a multi-
functional approach for improving plant growth either
directly or indirectly facilitating resource acquisition (C,
N, P, and essential minerals) or modulating plant hor-
mone levels as well as acting as inhibitory agents to
overcome pathogens in the form of biological entities.

Role of PGPR to assist soil carbon sequestration

The PGPR have the potential to optimize soil microbial
functioning thus contributing positively to global climate
changes. They retain the highest proportion in the whole
microbial community which can play an important role in
carbon sequestration. The mechanism of PGPR to miti-
gate climate changes and sequester C involves several
ways. The PGPR play an important role on nutrient cycles
like C and N (Velivelli 2011). They enhance glomalin
production in rhizosphere by increasing mycorrhizal col-
onization. Glomalin are important reservoirs of C and N
in soil. The PGPR have potential to increase plant growth
directly and allocate more C in plant biomass which is
ultimately a prominent option for C recycling. They have
also been observed to affect soil quality which regulates
the proportion of C in micro and macro aggregates
(Walley et al. 2014). Elevated temperature and carbon
dioxide levels directly or indirectly influence soil micro-
bial activities. During high-temperature regimes, microbi-
al activities are enhanced which further provide positive
feedback for climate change and vice versa in case of low
moisture conditions (Sofi et al. 2016). The aggregation of
ecosystem C is maintained by the balanced proportion
between plant productivity and heterotrophic respiration
through soil organic matter decomposition (Schlesinger
andAndrews 2000). Several studies have documented the
positive effect of elevated CO2 (eCO2) on plant growth
and photosynthetic C input to soils. These elevated C
inputs can act to promote microbial growth, consequently
increasing soil microbial communities under eCO2 which
may accelerate SOMdecomposition and potentially result
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Table 1 C contents of biochar using various feedstock and pyrolysis temperature

Feedstock Feedstock C % Temperature °C Biochar C % Reference

Cattle manure and silage
digestate

44 250 52.2 Pituello et al. 2015
350 60.7

450 63.2

550 65.9

Municipal organic waste
digestate

31 250 33.7

350 34.8

450 29.4

550 26.2

Poultry litter 40 250 43.7

350 51.2

450 51.2

550 51.1

Pruning residues 45 250 48.7

350 65.9

450 69.3

550 75.1

Sewage sludge 27 250 28.3

350 27.5

450 22,5

550 20.1

Giant reed herb 43.16 200 48.53 Wang et al. 2013
300 62.17

350 66.32

400 72.28

500 74.64

600 77.10

Wood – 550 54.9 Lusiba et al. 2017

Sugarcane straw 42.4 350 60.1 Conz et al. 2017
450 65.6

550 67.6

650 69.4

Rice husk 36.1 350 32.8

450 48.6

550 49.1 b

650 49.5

Poultry litter 30.4 350 38.1

450 29.8

550 35.3

650 32.6

Saw dust 45.6 350 71.6

450 72.4

550 79.8

650 84.6

Chicken manure – 350 31.2 Domingues et al. 2017
450 27.2
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in net C losses in soil. Elevated CO2 promotes
rhizosphere priming effects which enhances SOM

decomposition related with microbial activity (Nie
et al. 2015).

Table 1 (continued)

Feedstock Feedstock C % Temperature °C Biochar C % Reference

750 24.7

Eucalyptus sawdust 350 70.4

450 78.6

750 90.9

Coffee husk 350 60.5

450 61.3

750 66

Sugarcane bagasse 350 74.7

450 81.6

750 90.5

Pine bar 350 67.6

450 75.2

750 86.3

Wheat-straw biochar – 400 57.8 Gai et al. 2014
500 70.3

600 73.4

700 73.9

Corn-straw biochar 400 56.1

500 58

600 58.6

700 59.4

Peanut-shell biochar 400 58.4

500 64.5

600 71.9

700 74.4

Rice straw – 100 39.19 Mei et al. 2017
200 40.02

300 49.68

400 61.24

500 69.78

600 77.24

700 86.99

800 88.12

Rica bran – 100 42.39

200 46.53

300 50.68

400 64.05

500 71.72

600 77.58

700 82.03

800 83.14
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Enzymatic activity of PGPR can decompose SOM in
soil. Moisture plays an important role in microbial-assisted
climate change activities. Under drought andwater stress in
various soils, microbial activity will be increased because
of lower water level and oxygen introduction into previ-
ously anaerobic soils (Zibilske and Bradford 2007). Peat
lands and wetlands are among the greatest reservoirs of
terrestrial C (Ward et al. 2007) being rich inC stocks, hence
such an increased degradation of recalcitrant and stable
organic matter under dry conditions could have major
implications for the global C cycle (Freeman et al. 2004).

Mechanism of soil carbon sequestration in biochar
and PGPR systems

Application of biochar affects physicochemical proper-
ties of soil and crop yield in several ways which

contribute in C sequestration, e.g., increased crop yield
and productivity through improved soil structure and
microbial activity, reduced use of fertilizers for increas-
ing soil fertility, and ultimately reduced emission of
greenhouse gases (Kookana et al. 2011). It adsorbs
agrochemicals in such a way that can increase microbial
activity (Zimmerman et al. 2011). High surface area of
biochar facilitates habitat for microorganisms such as
PGPR while improvement in soil cation exchange ca-
pacity makes more availability of nutrients for plants
and microbes (Atkinson et al. 2010). The interactive
effect of biochar and PGPR on C sequestration is sum-
marized in Table 3.

Priming effects of added C on mineralization rates of
SOM are now well documented. Incorporation of bio-
char into soil increases microbial population in micro-
sphere which promotes the process of priming effect by
inducing fresh OM into the soil (Fontaine and Barot

Table 2 Potential of biochar for carbon sequestration

Source of biochar/other
feedstock

Crop(s)/experimental
condition

Response/results References

Wheat straw biochar Rice/field experiment Reduced C intensity of rice production from -
36.9 to − 18.6% by decreasing methane
and CO2 from paddy soil

Zhang et al. 2012

Mangrove (Rhizophora
apiculata)

Sweet sorghum/field
experiment

An increase in 26.55 Mg C ha−1 in soil
organic carbon (SOC) stocks was observed

Suekhum et al. 2012

Woodchips Leaf beat/pot experiment Reduced the cumulative CO2 emissions
from 46 to 52%

Lai et al. 2013

Rye grass (Dactylis
glomerata)/plant litter

Forest and grass land Biochar has less mineralization and priming
effects in subsoil as compared to uncharred
plant residues which shows that substrate
mineralization and priming effects induced
on subsoil organic matter are dependent
on the composition of the added substrate,
as well as soil characteristics

Naisse et al. 2014

Soil charcoal Anthroposols Charcoal additions between 650 and
1609 years, resulted in long-lived,
significantly elevated soil carbon (SC)
stocks as compared to the adjacent soils

Downie et al. 2011

Eucalyptus saligna tree
biochar/Tithonia
diversifolia green manure

Humic Nitosols/field
experiment

Manure additions increased CO2 C loss by
22% while biochar addition reduced soil
CO2 carbon loss by 27% and increased
intra-aggregate C per respired C by
6.8 times relative to the green manure.

Kimetu and Lehmann 2010

Biochar/miscellaneous Upland cropping system,
rice paddy, and grassland

Biochar amendment greatly enhanced SOC
contents up to 40%

Liu et al. 2016

Guazuma ulmifolia and
Crescentia alata tree
maize (Zea mays L.) silage

Silvopastoral system of
Central America poplar,
willow/field experiment

The presence of trees enhanced carbon (C)
contents of subsoil

The decomposition rate of original SOM
was decreased at both cropping sites
after biochar addition, suggesting a
positive influence of biochar on SOM

Hoosbeek et al. 2018
Ventura et al. 2015
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2005; Dilly and Zyakun 2008; Di Lonardo et al. 2017).
As soon as the microbial growth is increased, the release
of microbial enzymes is enhanced thus producing pos-
itive effect on soil C reservoirs (Kuzyakov and
Larionova 2005). Biochar also favors detoxification of
allelochemicals (Qiu et al. 2009), thereby promoting
rhizobacterial (Rhizobium sp., Pseudomonas sp.,
Paenibacillus sp., Bradyrhizobium sp., etc.) growth.
Similarly, various O-containing functional groups on
the biochar surface favor the adsorption of simple or-
ganic compounds and dissolve these organic com-
pounds and NH4

+ ions, which provide a suitable micro-
bial habitat (Wardle et al. 2008). Therefore, the biochar
surface undergoes favorable changes in soil to affect
microbial community and microbial activity in the soil.

Biochar has the potential to alter the soil pH which
can affect microbial biomass in soil. Bacterial popula-
tion is likely to be enhanced with pH rising up to 7,
whereas, fungal population may show no changes in
total biomass (Rousk et al. 2010), or potentially drasti-
cally decrease its growth at higher pH (Rousk et al.
2009; Figueiredo et al. 2011). By enhancing plant bio-
mass and growth rate, PGPR can reduce use of fertilizers
in the future to sustain better agriculture practices thus
decreasing the detrimental elements to environment.
Moreover, several PGPR have also been reported to
alter soil pH which affects the SOC pool by affecting
physicochemical properties of soil. Biochar has the ca-
pacity to adhere microbes on its surface. Adhesion may
depend on pore sizes (Rivera-Utrilla et al. 2001). Bac-
teria may adhere to biochar surfaces, favoring them less
prone to leaching in soil (Pietikäinen et al. 2000; Tayyab
et al. 2019). Pore size for optimal adhesion requires to
be 2–5 times greater than cell size if microorganisms are
supposed to enter the pores, or about 2–4 mm for
Acinetobacter sp. and some Bacillus mucilaginosus spe-
cies (Samonin and Elikova 2004).

Conclusions and recommendations

Atmospheric carbon dioxide flux is considerably vary-
ing because of rapid deforestation, fossil fuel combus-
tion, and improper cultivation and management prac-
tices. Therefore, awareness should be created regarding
the role of soil as a storehouse of C and other nutrients
and its effects on climate change. Judicious application
of agrochemicals can be altered by using C-rich com-
pounds such as biochar. The efficient use of PGPR as aT
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way to sequester C will be helpful to replenish C re-
sources at a large scale.

Priming effects can affect C mineralization either
positively or negatively but appraising priming effect
in field conditions is still controversial though it is well
suited in lab conditions. Moreover, it remains debatable
to fully understand the effects of biochar on an ever-
fluctuating environment which is influenced by biotic
and abiotic stresses as well. The bacterial community
succession occurred and the relative abundance of dom-
inant species declined when treated with high rates of
biochar. The PGPR have the ability to improve plant
growth but the effects of PGPR on C stocks are less as
compared to that of AMF in soil. Under future climate
conditions, elevated CO2 can increase PGPR dominance
as plant-associated microbes enhance plant success un-
der CO2. However, understanding of PGPR-plant inter-
actions to regulate SOM decomposition and potential to
alleviate environmental stress imposed by elevate CO2

is limited. In case of adhesion, much larger and smaller
pores will not render a favorable site for microorganisms
to be adsorbed on the surface either because pore cur-
vature is too large to encourage adhesion or microor-
ganisms do not settle well into the pores. It is, therefore,
likely that the production of biochar to gain desirable
benefits should be kept in mind before application.
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