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Role of woody biochar and fungal-bacterial co-inoculation 
on enzyme activity and metal immobilization in serpentine soil 
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Abstract 
Purpose In this study, we investigated the effect of biochar 
(BC) and fungal bacterial co-inoculation (FB) on soil enzy-
matic activity and immobilization of heavy metals in serpen-
tine soil in Sri Lanka. 
Materials and methods A pot experiment was conducted with 
tomatoes (Lycopersicon esculentum L.) at 1, 2.5, and 5 % (w/ 
w) BC ratios. Polyphenol oxidase, catalase and dehydroge-
nase activities were determined by idometric, potassium per-
manganate oxidisable, and spectrophotometric methods, re-
spectively. Heavy metal concentrations were assessed by 
0.01 M CaCl2 and sequential extraction methods. 
Results and discussion An increase in BC application reduced 
polyphenol oxidase, dehydrogenase, and catalase activity. The 
application of FB increased soil dehydrogenase activity, with 
the maximum activity found in 1 % BC700+FB treatment. 
Moreover, the CaCl2 extractable metals (Ni, Mn, and Cr) in 
5 % BC700 amended soil decreased by 92, 94, and 100 %, 
respectively, compared to the control. Sequential extraction 
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showed that the exchangeable concentrations of Ni, Mn, and 
Cr decreased by 55, 70, and 80% in 5 % BC700, respectively. 
Conclusions Results suggest that the addition of BC to ser-
pentine soil immobilizes heavy metals and decreases soil en-
zymatic activities. The addition of FB to serpentine soil im-
proves plant growth by mitigating heavy metal toxicity and 
enhancing soil enzymatic activities. 

Keywords Biochar . Bioremediation . Black carbon . 

Charcoal . Phytotoxicity 

1 Introduction 

Soils may be naturally rich in heavy metals or contaminated 
through anthropogenic activities (Neilson and Rajakaruna 
2015). Unlike organic pollutants, heavy metals can persist in 
soil for extended periods, contributing to metal transfer 
through trophic levels (Gall et al. 2015). Serpentine is a natu-
rally heavy-metal-rich soil with low concentrations of plant 
nutrients (Rajapaksha et al. 2012; Vithanage et al. 2014), in-
cluding nitrogen (N), phosphorus (P), and potassium (K). 
These soils are especially rich in chromium (Cr), cobalt 
(Co), and nickel (Ni); the release of these metals into ground-
water can have a negative impact on environmental and public 
health (Rajapaksha et al. 2013; Vithanage et al. 2014). The 
presence of excessive metal concentrations can also have 
grave consequences for agricultural productivity in the form 
of phytotoxicity and metal accumulation in crops (Baugé et al. 
2013; Kayama et  al.  2002; Susaya et al. 2010). As areas ad-
jacent to serpentine outcrops are often used in agriculture 
(Vithanage et al. 2014), especially in developing countries, it 
is essential to develop environmentally-friendly methods to 
reduce phytoxicity and enhance crop productivity. 
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Conventional soil remediation techniques contribute to en-
vironmental degradation and are not economically feasible on 
a large scale (Tica et al. 2011; Houben et al. 2013b), especially 
in developing countries (Rajakaruna et al. 2006). Therefore, 
recent research has focused on sustainable remediation tech-
niques such as the use of biochar (BC) to reduce metal toxicity 
in metal-enriched agricultural soils (Ahmad et al. 2014c; Al-
Wabel et al. 2015; Herath  et al.  2015). Biochar is carbon rich 
and is produced from organic substances under a pyrolysis 
process (Ahmad et al. 2014c). The addition of BC into soils 
improves plant growth (Jones et al. 2012) primarily by in-
creasing nutrient retention (Zheng et al. 2013) and by improv-
ing microbial activities (Lehmann et al. 2011). In recent years, 
studies have highlighted BC as an effective soil amendment to 
immobilize heavy metals in soils (Ahmad et al. 2012; Ahmad 
et al. 2014a; Rajapaksha et al. 2015). Herath et al. (2015) 
documented that the addition of BC to serpentine soil immo-
bilizes Cr, Ni and Mn by reducing heavy metal toxicity in 
tomato plants. The presence of heavy metals in soils can de-
crease soil microbial activity, soil fertility, and crop yield (Ma 
et al. 2009). Previous studies have revealed that microbes can 
reduce heavy metal toxicity in metal-contaminated aqueous 
solutions (Quintelas et  al.  2009; Arini et al.  2012).  
Furthermore, a Ni-resistant bacterium was used successfully 
to reduce Ni availability in serpentine soil (Ma et al. 2009). 
Metals cannot be degraded as in the case of hydrocarbon sub-
stances. However, their bioavailability can be influenced by 
changing their physical and chemical characterizations 
(Almaroai et al. 2014). For example, microorganisms can con-
vert toxic heavy metals into non-toxic (i.e., less bioavailable) 
forms (Singh and Cameotra 2004),  thereby reducing 
phytotoxicity. 

A decline in soil quality is a major problem in agricultural 
areas adjacent to serpentine outcrops due to the presence of 
heavy metals (Vithanage et al. 2014). Soil enzymes provide 
means to identify soil quality; the application of BC as a soil 
amendment may have differential effects on soil enzyme ac-
tivity (Awad et al. 2012). Paz-Ferreiro et al. (2012) reported  
that the addition of BC derived from sewage sludge increases 
dehydrogenase activity (DHA) while decreasing β- glucosi-
dase activity. In contrast, Wu et al. (2013) observed  that the  
application of wheat straw biomass and BC showed no change 
in the soil dehydrogenase activity. However, the activity of β-
glucosidase increased with increasing application rates of 
straw while it decreased with the application of BC. 

The use of microorganisms in soil and water remediation is 
an emerging field (He and Yang 2007; Singh and Cameotra 
2004) and only a few studies have assessed the performance of 
the fungal-bacterial co-inoculation (FB) in soil remediation. 
The immobilization of toxic metals found in soil can be a 
function of physico-chemical characteristics of the medium, 
the availability of reactive sites of mineral surface, organic 
functional groups, or the microenvironments of the matrix 

of FB (VanHullebusch et al. 2003; Seneviratne et al. 2015b). It 
has been previously reported that metal immobility in a FB is 
governed by several mechanisms, including mass transfer of 
metals, bio-sorption, and precipitation. The matrix of particu-
lar FB commonly consists of a variety of extracellular poly-
meric substances (EPS) such as cationic and anionic function-
al groups (NH3

+, COO−, HPO4 
−, etc.), aromatic amino acids 

and polysaccharides, which lead to various physical as well as 
chemical interactions between metals and the surface of FB, 
thereby resulting in a strong retention or accumulation of toxic 
metals in the matrix (Van Hullebusch et al. 2003). Moreover, 
the surface area to volume ratio of FB is another key factor 
that can directly promote significant retention of metals in the 
co-inoculation matrix due to its large contact interface 
(Quintelas et al. 2009). 

Studies conducted to date suggest that heavy metal immo-
bilization is greater under co-inoculation than when using 
mono or mixed cultures of bacterial inoculations (Herath 
et al. 2014; Seneviratne et al. 2015b). Therefore, there is a 
potential for co-inoculation to be used in wastewater reactors 
for heavy metal remediation (Bestawy et al. 2013). A recent 
study demonstrated synergistic effects of FB for the enhance-
ment of soil quality and the promotion of plant growth in the 
presence of heavy metals (Seneviratne et al. 2015a). However, 
to our knowledge, we have not found any studies assessing the 
joint effect of both co-inoculation and BC on the soil quality 
of a heavy-metal-rich soil. The present study investigated the 
combined effect of BC and co-inoculation of fungi and bacte-
ria on the enzyme activity and heavy metal immobilization in 
naturally metal-rich serpentine soil. 

2 Materials and methods 

2.1 Soil, amendments, and treatments 

Pre-characterized bulk surface samples of serpentine soils (0– 
15 cm) were randomly collected from Wasgamuwa (latitude 
7° 71′ 67″ N and longitude 80° 93′ 33″ E) (Vithanage et al. 
2014), Sri Lanka for use in this study. Soils were mixed and 
homogenized into one homogeneous sample, air-dried, and 
mechanically sieved to a particle size of <2 mm prior to the 
experiments. Two kinds of BC were used: BC300 was pro-
duced from Gliricidia sepium (Fabaceae) biomass pyrolysed 
at a constant temperature of 300 °C for 3 h using a muffle 
furnace (P300, Nabertherm, Germany), while BC700 was ob-
tained directly from the bioenergy industry in Sri Lanka. 
Metal resistance bacteria were isolated fromWasgamuwa ser-
pentine soil and combined with a garden soil fungus 
(Aspergillus niger) in the FB medium (Herath et al. 2014; 
Seneviratne et al. 2015a). 

Untreated soil (control) and soil treated with three concen-
trations of BC amendment were used in this experiment. Soil 
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amendments were prepared by mixing 250 g of soil and BC 
(<2-mm particle size) with a mass fraction of 1.0, 2.5, and 
5.0 % (w/w). The pot experiments were carried out with and 
without FB. Co-inoculation was diluted up to a 1:15 ratio with 
distilled deionized water and 15 ml of that solution was added 
to each pot. Five tomato seeds (Lycopersicon esculentum L.) 
were sown in each pot and the plants were grown for 6 weeks 
in the greenhouse. Each treatment was performed in triplicate. 
The soil was irrigated with equal amounts of tap water (30 ml) 
three times per week to maintain soil moisture at 70 % of the 
water-holding capacity. The treatments consisted of a control 
soil without amendment (S), soil with co-inoculation (S+FB), 
300°C biochar (BC300), 300°C biochar with co-inoculation 
(BC300+FB), 700°C biochar (BC700), and 700°C biochar 
with co-inoculation (BC700+FB). 

2.2 Plant analysis 

Five weeks after germination, plants were harvested, washed 
with tap water, and rinsed with deionized water. The plants 
were then dried in an oven at 60 °C for 48 h and the dry weight 
of each plant was measured after cooling in a desiccator. The 
total Ni, Mn, and Cr content in the plant tissue was determined 
using atomic absorption spectrophotometer (AAS; AAS-
Model GBC 933 AA) after being digested with 5 ml of con-
centrated HNO3 acid in a closed vessel temperature controlled 
microwave digester system (CEM MARS 6). 

2.3 Analyses of enzyme activity and geometric mean 
as a soil quality index 

The activity of the following enzymes was determined: dehy-
drogenase (Tabatabai 1994), plyphenol oxidase (Wang et al. 
2013), and catalase (Jin et al. 2009). All assays were carried 
out in triplicate. The geometric mean (GMea) of the assayed 
enzyme activities was calculated for each sample using the 
following equation described by Paz-Ferreiro et al. (2013): 

GMea ¼ ð Catalase � Dehydrogenase � Polyphenol oxidase Þ1=4 

2.4 Analysis of heavy metals 

The bioavailable fraction of metals in the soil was analyzed by 
0.01 M CaCl2 and sequential extractions following the 
methods of Tessier et al. (1979) and Armienta et al. (1996). 

2.5 Statistical analysis 

All results are expressed as means. The difference between 
BC/FB-amended and non-amended soil was analyzed using 
a one-way analysis of variance (ANOVA). The mean separa-
tion was estimated using Duncan’s Multiple Range Test (P= 

0.05). All statistical analyses were carried out using a statisti-
cal software package (SAS 9.1). 

3 Results  

3.1 Soil properties 

The influence of BC and FB amendments on changes in sev-
eral soil physiochemical parameters including pH, cation-
exchange capacity (CEC) and electrical conductivity (EC) of 
serpentine soils are summarized in Table 1. The pH values of 
all the treatments were between 5.73 and 6.95 and none were 
significant at a 5 % probability level. However, the results 
showed a slight increase in pH with the BC preparation tem-
perature (i.e., pyrolysis temperature) and concentration. The 
addition of BC significantly increased the soil CEC and this 
increase depended on the BC production temperature and ap-
plication rates. The 5 % BC700 treatment showed the highest 
CEC value compared to the other treatments while soil 
amended with FB showed a reduction in CEC. The maximum 
EC value was at a 5 % BC700+FB treatment with the appli-
cation of FB slightly increasing soil EC. 

3.2 Greenhouse experiments 

Generally, all the treatments contributed to an increase in plant 
height and dry weight compared to the control (S). The addi-
tion of BC and microorganisms (FB) enhanced the growth of 
tomato plants. Ten days after germination, signs of metal toxic-
ity and nutrient deficiency (leaf chlorosis, necrosis, and growth 
retardation) were observed in the S, with plants unable to 

Table 1 Effects of BC and FB amendments on pH, CEC and EC in 
serpentine soil 

Treatments pH CEC (cmol+/kg) EC (μS/cm) 

S 5.75±2.62 3.74±0.95 349.00±59.60 

S+FB 5.73±1.83 3.74±0.48 310.00±65.71 

1 % BC300 5.87±1.44 4.34±1.56 258.50±25.62 

1 % BC300+FB 5.82±2.95 4.32±1.65 293.40±93.13 

1 % BC700 5.92±3.51 6.34±2.24 304.00±62.35 

1 % BC700+FB 5.84±1.62 6.25±2.39 427.00±81.96 

2.5 % BC300 5.99±3.43 5.62±1.38 678.00±119.07 

2.5 % BC300+FB 5.97±2.44 5.28±2.31 447.00±117.28 

2.5 % BC700 6.53±3.16 10.07±3.23 140.90±44.74 

2.5 % BC700+FB 6.29±3.57 9.46±2.32 368.00±119.25 

5 % BC300 6.14±2.58 7.88±2.22 428.00±221.66 

5 % BC300+FB 5.98±3.15 7.46±3.31 787.00±328.23 

5 % BC700 6.95±3.26 14.98±4.57 314.00±126.34 

5 % BC700+FB 6.74±2.23 14.16±4.61 842.00±388.45 



survive after 40 days. However, 2.5 % BC700 and 5 % 
BC700+FB amended soil showed the highest shoot length; 
it was 2.2-fold greater compared to that of the S. The highest 
dry weight was observed at 5 % BC700 and 5 % BC700+FB; 
they were 6.5- and 6.8-fold higher compared to that of the S 
(Fig. 1). 

Fig. 1 The a height and b dry 
weight of plants grown in BC-
and FB-amended and non-
amended soil. Within a single 
graph, bars topped by the same 
letter are not significantly 
different (P<0.05). Error bars 
represent standard errors of the 
means (n=3)  

3.3 Effects of BC and FB on heavy metal uptake in tomato 
plants 

Bioaccumulation of Ni andMn in tomato plants grown in BC-
and FB-amended and non-amended serpentine soils are 
depicted in Table 2. All BC applications significantly reduced 



Table 2 Concentrations of Ni and Mn in tomato plants grown in BC-
and FB- amended serpentine soil 

Treatments Accumulated concentrations (ppb) 

Ni Mn 

S 27.0±3.0 23.0±5.0 

S+FB 25.0±3.0 19.0±3.0 

1 % BC300 17.0±4.0 14.0±2.0 

1 % BC300+FB 18.0±2.0 16.0±4.0 

1 % BC700 13.0±3.0 10.0±6.0 

1 % BC700+FB 16.0±3.0 11.0±3.0 

2.5 % BC300 15.0±4.0 10.0±4.0 

2.5 % BC300+FB 16.0±5.0 12.0±4.0 

2.5 % BC700 09.0±1.0 05.0±2.0 

2.5 % BC700+FB 11.0±3.0 08.0±1.0 

5 % BC300 12.0±2.0 06.0±1.0 

5 % BC300+FB 13.0±2.0 08.0±2.0 

5 % BC700 02.0±1.0 02.0±3.0 

5 % BC700+FB 10.0±4.0 05.0±3.0 

the uptake and bioaccumulation of Ni andMn in tomato plants 
irrespective of their application rates and the pyrolysing tem-
peratures. The maximum accumulation of metals was found in 
the S soil. The minimum accumulation of metals occurred in 
tomato plants grown in 5 % BC700 treatment. As the concen-
tration of BC700 increased (i.e., 1, 2.5, and 5 %), the bioavail-
able fraction of Ni and Mn was reduced from 52 to 93 % and 
from 57 to 91 %, respectively. The addition of BC and FB 
resulted in a slight increase in the bioaccumulation of Ni and 
Mn content compared to the soils amended with BC only. 
Overall, the bioaccumulation of Ni and Mn in tomato plants 
grown in the S soil was 12- to 14-fold higher than in the 
tomato plants grown in 5 % BC700-amended serpentine soil. 

3.4 Enzyme activity 

The highest dehydrogenase activity was measured in the 1 % 
BC700+FB treatment and it was 3.4-fold greater compared to 
the S. The lowest activity was in the 2.5 % BC300 treatment 
and it was 33 % lower compared to the S. The maximum 
polyphenol oxidase activity (POA) was measured in S+FB 
(a 15 % increase compared to the S) and the minimum POA 
was measured in 1 % BC700 (a 78 % reduction compared to 
the S) treatment, which was significantly lower than in the rest 
of the treatments (Fig. 2). Catalase activity was significantly 
higher in 2.5 % BC300 and it was a 34 % higher compared to 
the S; 5 % BC300 showed the lowest activity, representing a 
79 % reduction, compared to the S. All the enzymatic activi-
ties were increased with the application of FB into the S treat-
ment. However, FB inoculation by itself significantly in-
creased the soil DHA. 

The highest GMea value was calculated for S+FB and 1 % 
BC300+FB treatments, showing about 33 and 31 % increase 
compared to the S, respectively (Fig. 3). The lowest GMea 
values were observed in 5 % BC700 and 5 % BC700+FB soil 
and the decreases were about 46 and 34 % compared to the S, 
respectively. 

3.5 Bioavailability of heavy metals 

The CaCl2 extractable fraction of Ni, Mn, and Cr significantly 
decreased with the incorporation of BC. The reduction of met-
al bioavailability increased significantly with the BC prepara-
tion temperature and its rate of application. The 5 % 
BC700 application was the most effective treatment because 
the removal efficiencies for Ni, Mn, and Cr were 92, 94, and 
100 %, respectively. With increasing BC concentrations of 
BC700 (i.e., 1, 2.5, and 5 %), bioavailable concentrations of 
Ni, Mn, and Cr decreased by 40–92, 78–94, and 38–100 %, 
respectively, compared to the S. 

4 Discussion  

The major challenges plants face in serpentine environments 
are low essential nutrients, elevated concentrations of toxic 
heavy metals, low water availability, and a comparatively 
low Ca/Mg ratio (Vithanage et al. 2014). Biochar is effective 
in changing the physical, chemical, and biological properties 
of soil (Zhang et al. 2013), thereby influencing metal toxicity 
in plants (Herath et al. 2015). We observed that the addition of 
BC increased the soil pH, a condition favorable for reducing 
metal phytoavailability. The increase in pH is likely due to the 
alkaline nature of BC. Basic cations, such as Ca, Mg, K, and 
Na, in biomass are transformed into oxides, hydroxies, and 
carbonates (e.g., ash) that can adhere to BC during the pyrol-
ysis process (Houben et al. 2013b; Ahmad et al. 2014b). The 
dissolution of these alkaline substances increases the soil pH 
as well as the CEC, providing readily available nutrients for 
plant growth. Additionally, the increase in pH may also make 
heavy metals less bioavailable (Kashem and Singh 2001). 
Several authors have reported that the slight increase in pH 
due to BC may result from the decarboxylation of organic 
anions and ammonification in soil (Houben et al. 2013b). 
The increase of soil CEC in the presence of BC has also been 
noted in earlier studies (Karami et al. 2011; Houben et al. 
2013b). The increase in available nutrient content with in-
creasing concentrations of BC results from free bases, such 
as K+, Ca2+, and Mg2+, present in BC. These free bases are 
released into the soil solution, thereby increasing the CEC of 
the soil, and providing readily available nutrients for plant 
growth (Houben et al. 2013a). The results showed lower 
values for pH and CEC for all the treatments of BC+FB than 
for the treatments of BC without FB. This could be due to the 



Fig. 2 Enzyme activities: a 
polyphenol oxidase, b catalase, c 
dehydrogenase in soil with 
different treatments. Within a 
single graph, bars topped by the 
same letter are not significantly 
different (P<0.05). Error bars 
represent standard errors of the 
means (n=3)  



Fig. 3 The variation of GMea of 
enzyme activities in BC- and FB-
amended and non-amended soil. 
Within a single graph, bars topped 
by the same letter are not 
significantly different (P<0.05).  
Error bars represent standard 
errors of the means (n=3)  

acidification of soil by the rhizospheric microorganisms 
(Smith and Read 1996; Qureshi et al. 2004). Soil EC increased 
with the application of FB in the BC amended soil. This may 
be the result of the dissolution of many salts due to the activity 
of FB. 

The reduction in the accumulation of heavymetals in plants 
with different BC application rates and different pyrolysing 
temperatures is likely due to the immobilization of Ni and 
Mn in serpentine soil. Biochar can reduce metal solubility 
by raising the soil pH and through retention on cation ex-
change (CEC) sites (Lucchini et al. 2014). An increase in soil 
pH from the BC amendment may lead to decreased mobiliza-
tion of heavy metal and ion precipitation. Because there are 
many functional groups (e.g., carboxylic, alcohol, and hy-
droxyl groups) on the surface of BC, it is easy to form com-
plexes with heavy metals and these groups (Jiang et al. 2012). 
The capacity to retain the metals in the BC mesopores could 
be increased with BC application rates and their pyrolysing 
temperatures. Therefore, the reduction of heavy metals in the 
presence of BC may improve essential nutrient uptake in 
plants, resulting in high biomass production. Our analysis 
suggests that the higher biomass production in the presence 
of a 5 % BC700 application was accompanied by an enhance-
ment in soil fertility as well as a reduction in the uptake of 
toxic metal ions in plants. 

Soil enzymes play a fundamental role in organic matter 
decomposition and nutrient cycling. Our results suggest that 
the addition of FB into serpentine soil increases soil enzymatic 
activities. On the other hand, the enzymatic activities of BC-
amended soil generally depend on the sorption of enzymes or 
substrate into the porous structures of the BC (Lammirato 

et al. 2011). All the physio-chemical properties of BC mainly 
depend on the pyrolyzing temperature and the development of 
pores in BC, which are both enhanced by increasing temper-
atures (Al-Wabel et al. 2013; Rajapaksha et al. 2014). Higher 
soil POA in an S+FB treatment may be due to the increased 
activity of fungi and bacteria. Compared to the S, all the BC-
and BC+FB-amended soil showed a reduction of POA. This 
may be due to the sorption behavior of BC. Soil dehydogenase 
is an intracellular enzyme and its activity is considered a basic 
index for determining soil microbial activities (Demisie et al. 
2014). Our results suggest that the DHA was higher in FB-
amended soil. However, increasing both the amended percent-
age and pyrolytic temperature reduced soil DHA. 

Soil quality is important to sustain plant and animal pro-
ductivity, maintain or enhance water and air quality, and sup-
port human health and habitation (Doran and Zeiss 2000). The 
geometric mean of enzyme activities has proven to be a good 
index for estimating soil quality and it can be used as an early 
sign of change in soil quality (Paz-Ferreiro et al. 2012). In our 
study, the highest GMea value was recorded in S+FB and 
1% BC300+FB treatments (Fig. 3). The lowest GMea 
values (2.98) were in 5 % BC-amended soil, suggesting 
that the application of high doses of BC is harmful for soil 
microorganisms or soil enzymes dispersed in the pores of 
BC. In other words, the application of high doses of BC 
results in a decrease in soil quality. Our results showed a 
significant decrease in the bioavailable metal concentra-
tions with an increase in BC amendment and the applica-
tion of BC under high pyrolysing temperatures. Overall, 
the results demonstrated that in terms of Gmea, 1 % BC 
amendment is the best application rate in improving 
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soil quality and that the 5 % BC application rate enhances 
soil quality by significantly immobilizing toxic metals. 
The present study also suggested that the 2.5 % BC ap-
plication rate simultaneously maintains the quality of ser-
pentine soil with regard to both physiochemical and bio-
logical parameters tested in this study. Furthermore, Ni 
showed the highest  CaCl2 extractability under BC-
amended treatments. Hence, the bioavailability of Ni, 
Mn and Cr in both BC-amended and non-amended serpentine 
soil was in the order of Ni>Mn>Cr. 

5 Conclusions  

Biochar (BC) and fungal-bacterial (FB) co-inoculation as soil 
amendments for effective remediation and soil quality en-
hancement have attracted much interest. Our results suggest 
that BC has the potential to significantly affect the behavior of 
metals in soil by altering their solubility, availability, transport 
and spatial distribution. Furthermore, the application of BC to 
metal-contaminated soil has the potential to achieve in situ 
remediation by immobilizing metals, thereby reducing metal 
availability for plants. In addition, BC improves agronomic 
properties by increasing nutrient availability and microbial 
activity. By-products obtained from the bio energy industry 
were more effective in both the immobilization of metals and 
the increase in plant growth compared to BC produced at 
300 °C. Therefore, BC700 can be used to enhance the 
phytostabilization of metal-contaminated soils. Our results al-
so showed that FB co-inoculation with BC increases overall 
soil enzymatic activity in metal-contaminated soil. Overall, 
our study suggested that in terms of both geometric enzyme 
activity and metal immobility, the 2.5 % BC application rate 
simultaneously maintains the quality of serpentine soil. 
Furthermore, these inoculants release essential nutrients into 
the rhizosphere assisting in plant growth. Additional field-
based studies can shed light on the applicability of these find-
ings to enhance the quality of metal-contaminated soils in Sri 
Lanka. 
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