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Abstract 

Noble strains of rhizobium have been commercially available for agricultural production 

over the past few decades. These elite rhizobia, however, are often not as successful under 

adverse edaphic conditions as native strains, primarily due to low tolerance to desiccation. 

To date, peat has been extensively used as a microbial (rhizobial) carrier material on a 

large scale to improve and increase the viability of rhizobia. Apart from its global use as 

a prime carrier material for inoculants, there are multiple issues regarding its use as a 

microbial carrier. For instance, current peat-based rhizobial inoculants may not provide 

the strain with sufficient moisture to survive for an extended period under drought 

conditions. In addition, it is non-renewable, and its production is restricted to only a few 

areas of the world. It also has a high extraction cost and economically is not cheap. 

Alternatively, some attempts have been made to find other affordable, locally available 

in bulk quantity and eco-friendly materials that could be used as the appropriate carrier 

materials of rhizobia. Hereinto, biochar and biopolymer materials have gained global 

attraction due to their ease of local availability, ecofriendly nature, and excellent 

physicochemical characteristics. However, the research in this aspect is still in its infancy 

and most studies have been conducted outside Australia.   

For this PhD project, a number of research questions were investigated: a) which types of 

biochar made from different feedstock will be suitable as rhizobial carrier materials and 

what are the main reasons for the enhancement of rhizobial growth and survival inside 

them; b) how different pyrolysis temperature of biochar will affect their various properties 

leading to a good performance of biochar-based inoculant; c) how different biopolymers 

as additives in biochar-based inoculant will improve the behavior of materials as rhizobial 

carriers and what is the best formulation of them; d) how novel superabsorbent 

biopolymers/biochar inoculant could be created with addition of organic nutrients (mulch 

hay and eggshells) for excellent rhizobial performance. 
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To address these questions the following hypotheses were developed: a) biochar has been 

used widely as a soil amendment, but its role as a microbial carrier has not been explored 

at a large scale, so it was hypothesized that the properties of biochar pyrolyzed from 

different feedstocks could be suitable for the rhizobial growth and survival; b) biochar 

could be prepared at different pyrolysis temperatures ���������• -�������•��  and ppyrolysis at 

varying temperatures can result in biochars with different physical and chemical 

characteristics, such as pore structure, surface area, and chemical composition, these 

factors can influence the interactions between biochar and microorganisms, therefore 

suitability of pyrolysis temperature of the biochar as rhizobial carrier was explored; c) 

biopolymers have high water retention ability hence the addition of biopolymers to 

biochar could provide an optimum environment for rhizobia; d) superabsorbent polymers 

are known for their exceptional water absorption and retention capacities, by 

incorporating these into biochar-biopolymer materials the resulting formulation can 

potentially enhance water holding capacity (preventing water loss and improving 

moisture availability for microbes), furthermore, addition of organic nutrients (mulch hay 

and eggshells: sources of nutrients for microbes) into the formulation can provide a slow-

release mechanism for nutrient release, promoting long-term nutrient availability and 

reducing nutrient leaching.  

 In this study, the novel biochars made from locally available feedstock materials under 

different pyrolysis conditions were selected for testing their suitability and efficiency as 

rhizobial carrier materials. Furthermore, different types of biopolymers and 

superabsorbent agents and organic nutrients were used as additives in different ratios to 

biochar to increase the microbial carrier behavior of the biochar. Both biochar and 

biopolymers own some excellent biological and environmental properties that are of great 

benefit as rhizobial carrier materials. For instance, biochar possesses high carbon content, 

appropriate porous structure, and many functional groups. Similarly, biopolymers are 
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enriched in nutrients and carry high water retention ability. Peat material was used as a 

control for this study.  

The first experiment was divided into two parts (chapters 3 and 4). In the first part (chapter 

3) biochar from different feedstocks (pinewood, oak, peanut shell, tire chips, cow manure, 

�D�Q�G�� �V�X�J�D�U�F�D�Q�H���� �S�\�U�R�O�\�]�H�G�� ���X�V�L�Q�J�� �V�O�R�Z�� �S�\�U�R�O�\�V�L�V���� �D�W�� �������•�� �Z�D�V�� �X�V�H�G�� �W�R�� �W�H�V�W�� �U�K�L�]�R�E�L�D�O��

carrier potential and the role of physicochemical properties on rhizobial shelf life was 

explored using hypothesis-oriented structure equation modelling (SEM). Rhizobial strain 

CB1809 was used as inoculum and peat was used as the control carrier. A l iquid 

suspension of Bradyrhizobium japonicum CB1809 was used to inoculate all the carrier 

materials. Shelf life and survival rate were determined via the colony forming unit (CFU) 

�P�H�W�K�R�G�� �I�R�U�� �X�S�� �W�R�� ������ �G�D�\�V�� �X�Q�G�H�U���W�Z�R�� �V�W�R�U�D�J�H�� �W�H�P�S�H�U�D�W�X�U�H�� �F�R�Q�G�L�W�L�R�Q�V�� �������•�� �D�Q�G�� �����•��.  

Results showed that the physicochemical characteristics of different types of biochars 

may affect rhizobial shelf life differently. Pine wood biochar, which had the highest 

counts of 10.11 Log 10 CFU g-1 and 9.76 Log 10 CFU g-1 at the end of 90 days at 28°C 

and 38°C storage, respectively, was the best suitable carrier among all biochars. Path 

analysis showed that the factors that most significantly influenced rhizobial shelf life were 

total carbon (TC), manganese (Mn), specific surface area (SSA), pore size, C=O (ketonic 

carbon), and O-C=O (carboxyl carbon), all of which had a significant direct effect on 

shelf life. The highest rhizobial shelf was found in Pinewood biochar, which also had the 

highest concentrations of Mn, SSA, pore size, and functional groups (C=O and O-C=O) 

making it an appropriate alternative carrier as compared to other biochars and peat. In the 

second section (experiment 4) the role of pine wood biochar (showed the highest rhizobial 

cell count) and oak biochar (showed second best rhizobial cell count) was explored to test 

soybean growth and nodulation under different watering regimes (normal watering, mild 

drought, and severe drought) and soil types (garden soil 100% + sand 0% and garden soil 

50% + sand 50%). The results showed that the drought effect significantly reduced the 
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growth of soybean; however, inoculant treatments mitigated the negative impact of 

drought stress. Significant increases in plant growth parameters [(shoot/root dry biomass, 

shoot/root length, number of leaves, number of nodules, nitrogenase activity, chlorophyll 

pigments, relative water content (RWC), and membrane stability index (MSI)] were 

observed in plants inoculated with pine wood biochar as compared to control 

(uninoculated plants) at each watering regime and soil type. For example, during severe 

drought) pinewood biochar showed a 244% increase in shoot dry weight and a 425% 

increase in root dry weight as compared to control. On the other hand, plants inoculated 

with Oak BC showed a 202% and 283% increase in shoot dry weight and root dry weight, 

respectively, as compared to control. Moreover, a relatively lower amount �R�I���/13C and 

�/15N was also observed in plants treated by pine wood biochar inoculant under drought 

stress showing that pinewood biochar has a great potential to be used as an alternative 

microbial carrier. 

 In the second experiment, based on the rhizobial carrier potential, soybean growth and 

nodulation pinewood and oak materials were selected and further pyrolyzed (slow 

�S�\�U�R�O�\�V�L�V���� �D�W�� �G�L�I�I�H�U�H�Q�W�� �W�H�P�S�H�U�D�W�X�U�H�V�� ���������•���� �������•���� �������•���� �������•���� �D�Q�G�� �������•���� �W�R��

elaborate the suitable pyrolysis temperature that could support more rhizobial survival. 

Moreover, carrier material effects on soybean plant growth were also documented using 

pot trials under drought stress. Results showed that among all (pine wood and oak 

�G�H�U�L�Y�H�G���� �P�D�W�H�U�L�D�O�V�� �S�L�Q�H�� �Z�R�R�G�� �E�L�R�F�K�D�U�� �S�\�U�R�O�\�]�H�G�� �D�W�� �������•�� ���3-BC400) expressed 10.34 

log10 CFU g-1 value and 9.74 Log 10 CFU g-1 �D�W���W�K�H���H�Q�G���R�I���������G�D�\�V���D�W�������•���D�Q�G�������•��

storages, respectively, and this was the highest account as compared to other biochars and 

peat carriers. Significant increases in plant growth parameters (shoot/root dry biomass, 

shoot/root length, number of leaves, number of nodules), and physiological attributes 

(nitrogenase activity, chlorophyll pigments, RWC, and MSI) were observed in plants 

inoculated with P-BC400 as compared to control and peat at each watering regime. 
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However, �O�R�Z�H�U���H�Q�U�L�F�K�P�H�Q�W���R�I���/13C and �/15N was observed in P-BC400 treated plants. 

Overall, these experiments conclude that the biochar pyrolyzed at lower temperatures 

especially P-BC400 is the most suitable candidate for rhizobial inoculum and promotes 

soybean development in soil. 

  In experiment three, pinewood biochar was produced at a low tem�S�H�U�D�W�X�U�H�����������•�����D�Q�G��

different kinds of biopolymers were used to make new formulations that could be more 

suitable for rhizobial survival and growth. Herein, pine wood biochar was pyrolyzed at 

400°C and then mixed with different biopolymers using different ratios (1:0.1, 1:0.5 and 

1:1). Peat served as a standard reference material against which all treatments were 

compared. Bradyrhizobium japonicum (CB1809) was used as inoculum. Subsequent 

experiments evaluated the ability of CB1809 for soybean plant growth and nodulation 

under drought stress. Results revealed that both supplemented (with biopolymers) and un-

supplemented biochar was equally effective at establishing a high population density and 

survival rate of CB1809. Pot experiment results revealed that plants biopolymers 

supplementation showed significant increases in plant growth parameters (shoot/root dry 

biomass, shoot/root length, number of leaves, number of nodules), and physiological 

characteristics (nitrogenase activity, chlorophyll pigments, RWC, and MSI). A reduced 

amount of �/15N �D�Q�G���/13�&���Z�D�V���R�E�V�H�U�Y�H�G�����D�Q�G���O�R�Z�H�U���H�Q�U�L�F�K�P�H�Q�W���R�I���/15N demonstrated an 

inverse link to nodulation and nitrogenase activity. The results suggest that biopolymers 

supplementation of the BC-pinewood does not significantly promote increased shelf life 

or survival rate, therefore, the addition of some organic amendment could increase shelf 

life and survival rate. 

In experiment four, super absorbent polymers (polyacrylamide) and organic nutrients 

(mulch hay and eggshells) were used as an additive to biochar-biopolymer materials to 

enhance the efficiency of the formulation to provide more support to rhizobia against 

drought and desiccation. The present study revealed the role of biochar-based formulation 
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on the shelf life and survival rate of Bradyrhizobium japonicum (CB1809) for up to 120 

days. Peat was used as a standard carrier. Moreover, inoculant effects on soybean plant 

growth were also documented using pot trials under different watering regimes [(55% 

WHC (D0), 30% WHC (D1), and 15% WHC (D2)]. Pinewood biochar (PW-BC) was 

�S�U�R�G�X�F�H�G���D�W���������•���D�Q�G���P�L�[�H�G���Z�L�W�K���G�L�I�I�H�U�H�Q�W���D�G�G�L�W�L�Y�H�V���Z�L�W�K���G�L�I�I�H�U�H�Q�W���U�D�W�L�R�V���W�R���H�Q�K�D�Q�F�H���L�W�V��

rhizobial carrier potential. Results illustrated that among different combinations of 

biochar+ xanthan gum + polyacrylamide + eggshells + mulch hay (BC-XPEM) showed 

the highest shelf life (11.06 log 10 CFU g-1) and survival rate (95%) (p < 0.05). Moreover, 

bacterial inoculation of CB1809 with BC-XPEM improved soybean growth i.e., shoot 

dry weight (90%), root dry weight (115%), shoot length (133%), root length (189%) and 

number of nodules (163%) over control (uninoculated treatment) under severe drought 

stress (D2). Additionally, BC-XPEM inoculated with CB1809 enhanced membrane 

stability index (33%), relative water content (35%), chlorophyll a (12%), chlorophyll b 

(31%), and total chlorophyll (17%) than control under D2.  Similarly, under severe 

drought stress highest values of nitrogenase activity (1.10 µm C2H4 h-1 plant-1) were also 

observed in BC-XPEM-treated plants as compared to control. �/15N has an inverse 

relationship to the nitrogenase activity and it is proved by our study that BC-XPEM 

treated plants that showed the highest nitrogenase activity had the �O�R�Z�H�V�W���/15N (-2.47 �Å����

value under severe drought stress as compared to control. Similarly, lower enrichment of  

�/13C (-17.75 �Å�� was also observed in BC-XPEM-treated plants. It is concluded that BC-

XPEM inoculant may enhance soybean growth, nitrogenase activity, physiological 

attributes, and isotopic signatures. 

In summary, the rhizobial shelf life, survival rate and soybean plant growth elaborated 

that biochar and biopolymers have the potential to be used as alternative microbial carriers 

and the inoculant quality is highly related to the physicochemical properties of the carrier 

materials. Feedstock type and pyrolysis temperatures are key to selecting biochars as an 
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alternative microbial carrier. The addition of biopolymers improved the shelf life, and 

survival rate, and the results were also attributed to the increased soybean growth even 

under drought stress, possibly addition of biopolymers could increase organic content in 

the formulation helpful for the rhizobial growth. Moreover, biopolymers are heat resistant 

which could provide help to rhizobia against desiccation. Biochar materials were further 

strengthened with the addition of more ingredients (superabsorbent polymers, animal, and 

plant waste organic materials) alongside biopolymers and that was proved to be the ideal 

formulation for rhizobial shelf life and survival rate. superabsorbent polymers could help 

to sustain moisture in the formulation and organic wastes could add more nutrients to the 

formulation. Therefore, this study suggests that the addition of different ingredients with 

different rations to biochars significantly outperformed the peat and might be used as an 

alternative commercial product. 
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Chapter 1: Introduction and Literature Review 

1.1 Background 

Nitrogen (N), as an essential constituent of plants, is a significant part of amino acids for 

constructing proteins necessary for the growth of plants. N is also essential for the 

synthesis of other life molecules like DNA and RNA. However, N is one of the most 

limited nutrients in both managed and natural soils in the world. The N deficiency leads 

to stunted growth, chlorosis, ionic imbalance, and enzyme dysfunction, and shows 

adverse effects on crop yield (Franche et al., 2009). Dinitrogen gas (N2) makes up 78% 

of the atmosphere, but this form of N (N2) cannot be used directly by plants (Johnson, 

1992). However, the symbiosis of rhizobia and the roots of legume plants can fix N from 

the atmosphere, providing N sources for plant growth. Many plants, except nitrogen-

fixing plants (legumes), face the N deficiency in the soil, which causes abnormal plant 

growth including thinner and paler growths. However, all the leguminous/non-

leguminous plants can absorb N in the form of ammonium-N (NH4
+), nitrate (NO3

--N) 

and nitrite (NO2
--N) and from the soil, chemical fertilizers (N) have been applied to the 

soil to increase N over the years (Lesueur et al., 2016). Although express fertilizers 

achieve excellent results on plant growth, they also cause some severe consequences 

regarding soil health and properties. Excessive application of N fertilizers would lead to 

loss of dissolved N from soil to the associated watersheds, causing water pollution 

(eutrophication), Soil is a heterogeneous mixture of various components, including 

organic matter, silt, sand, clays, and inorganic salts (NaCl) (Roberts, 2014). The long-

term application of N fertilizers can lead to shifts in microbial community composition, 

structure and diversity (Schmidt et al., 2017). Moreover, due to intensive cropping and 

overuse of chemical fertilizers, microbial diversity is also no longer evenly distributed 

and is drastically affected by severe damage to their physical, chemical, and biological 

properties (Avis et al., 2008). Another adverse effect on microbes illustrated is the change 
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in the genetic diversity of beneficial microbes. Cassman (1999) reported that a significant 

loss of organic C might also be the reason for microbial growth reduction. It means that 

chemical fertilizers show a dual effect on agricultural lands, either decreasing microbial 

growth and/or reducing soil organic carbon. Besides, fertilizers also pose harmful effects 

on human health. The fertilizers could increase nitrates in soil that leach down into 

groundwater with the leaching process and contaminate groundwater by higher N content 

in water than the permissible level, which could bring about serious health consequences 

if drinking the polluted water (Camargo & Alonso, 2006; Carvalho, 2006; Schröder et al., 

2004). Fertilizers also contain high levels of heavy metals like cadmium (Cd), Mercury 

(Hg), Arsenic (As), and lead (Pb). If these metals accumulate in the body, they may cause 

severe damage to the lungs, kidney, and liver and even lead to mental disorders and cancer 

at high levels (Niazi et al., 2017). To solve this problem, other eco-friendly nitrogen-

fixing methods, for instance, biofertilizers and/or production of inoculants, are now 

growing areas of the research (Drew et al., 2012).  

Rhizobial bacteria can fix nitrogen into Ammonium-N by a process called biological 

nitrogen fixation, and they do so by establishing symbiotic relationships with leguminous 

plants by forming N-fixing rhizobial root nodules. Such microbes are part of the microbial 

group called diazotrophs (�%�X�Q�W�L�ü���H�W���D�O��������������; Dresler-Nurmi et al., 2007). These bacterial 

species are distributed widely on the earth and can help regulate nutrients and 

mineralization; some of the bacteria can fix nitrogen directly without forming a symbiosis 

with leguminous plants and are called free-fixing bacteria (Azotobacter, Beijerinckia, and 

Clostridium) in soil.  

 Rhizobia fix about 110 kg N/ha/yr. through symbiotic associations with pasture and pulse 

legumes in Australia, bringing about a national benefit of $4 billion annually (Drew et 

al., 2012). Rhizobia are introduced to the soil through an inoculant, which usually consists 

of a carrier (inorganic, organic, and salt) material and rhizobia. The carrier material 



3 
 

provides an optimum environment and nutrients for the growth and survival of bacteria, 

while these nitrogen-fixing bacteria fix nitrogen to nitrates in the soil (Lehmann et al., 

2011). However, the heterogeneous composition of soil makes the environment 

unpredictable for inoculants, creating challenges for bacterial survival, multiplication, 

and performance in soil, particularly under environmental change and stress. 

Furthermore, competition with other native microbial niches is also a problem for a 

definitive account of bacteria in inoculants. The initial response depends on soil 

composition, soil texture, type of inoculant, soil pH and moisture, environmental 

conditions (heavy metals), and inoculant density. All these factors might affect the 

rhizobia performance, and hence cause a decrease in crop production and yield, and thus 

a suitable solution to deal with such natural problems is required. The selection of an 

appropriate microbial carrier is necessary, which would provide protection and minimize 

environmental threats to microbes for a more extended period in the soil until the release 

of sufficient microbes in the soil to establish symbiotic associations with plant roots.  

Rhizobial inoculants have been used widely to solve this problem. Over the years, to find 

an appropriate carrier with the required qualities, different materials have been tested and 

treated as microbial carriers. Among various materials, peat is the most used carrier for 

rhizobial inoculants to increase the number and persistence of rhizobia. However, peat is 

a non-renewable resource, and its supply is becoming increasingly scarce in recent years. 

In Australia, around 26,200 tonnes of peat are used each year, while 70% is imported 

(Bilney, 1997). Likewise, it has high extraction (mining), processing, and sterilization 

cost (�%�X�Q�W�L�ü���H�W���D�O��������������). Therefore, new rhizobial carrier materials must be developed 

urgently to replace peat in order to maintain the relevant inoculant industry and 

agricultural production. Several alternative materials, including plant by-products, 

bagasse, manure, cork compost, attapulgite, sepiolite, amorphous silica, lignite, and rock 

phosphate, have been examined for some rhizobial strains (Albareda et al., 2008; E. M. 
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Ferreira & I. e. Castro, 2005). While results vary among alternative materials, some have 

been proven to be superior to peat as rhizobial carriers [e.g., cork compost and perlite 

(Albareda et al., 2008)]. While rhizobial carrier studies in Australia have made progress, 

the research in this area can indeed be fragmented, and some aspects of the mechanisms 

(carrier-mediated effects) involved are still not fully understood. The precise interactions 

between carrier materials, rhizobia and plant hosts, including attachment, survival, 

colonization, and signalling processes require further investigation. 

In the current situation, there is a need to find other affordable and readily available 

materials, which provide a better matrix for more prolonged survival, persistence, and 

release of rhizobia. The carrier materials should have some specific characteristics for 

being used as soil amendment. These characteristics include renewability, cheap source, 

local availability, nontoxicity, environmentally friendly, high aeration, and water holding 

capacity. Furthermore, carriers should have a long shelf life, particularly, sustaining the 

capacity of strain growth over a long period is one of the significant properties of a 

material. Additionally, it should be synthesized, sterilized easily, and kept manageable in 

the field (Khavazi et al., 2007). It is also crucial that the material be ground and converted 

to powder form, easily mixable, manageable, and can transfer/release bacteria virtually 

into the soil (Smith, 1992). 

Among various types of materials, biochar and biopolymers have received particular 

attention due to their excellent effect on agriculture. Biochar has vast applications in 

agricultural soil. For instance, it is used as an amendment to improve soil health, 

enhancing soil's physical, chemical, and biological properties, limiting the emission of 

greenhouse gases and sequestering carbon content (Abujabhah et al., 2016). Applications 

of biopolymers have also been recorded in agriculture. Polymers are applied to crops as 

plant activators, soil modifiers, fungicides, and elicitors (Ren et al., 2011). Consequently, 
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in agricultural sciences, both (biochar and biopolymers) are considered emerging 

microbial carriers (Igalavithana et al., 2017; Tittabutr et al., 2007). 

In detail, biochar with high porosity, water-holding capacity, and elevated concentrations 

of dissolved organic carbon and nutrients, have positive effects on soil quality and plant 

growth (Igalavithana et al., 2017). For structure analysis, scanning electron microscopic 

(SEM) images of biochar from different feedstock showed excellent channels and pores, 

making biochar a superb carrier for microbes (Husna et al., 2019; Tao et al., 2018). These 

materials in the soil matrix may provide a large surface area with several possible 

locations on which physical/chemical adsorption of microbes could occur in channels and 

pores. Useful microbes settled there, increased their number, and accelerated soil nitrogen 

fixation (Lehmann et al., 2011). Moreover, pH is another factor for microbial growth. It 

has been reported that rhizobia showed a greater increase at low pH (6.5 to 7.5) as 

compared to high pH (8.02 and 9.11) values (Husna et al., 2019). The pH value of biochar 

depends heavily on the age of the biochar; usually, the pH value decreases with an 

increase in the storage time of biochar due to moisture content decreasing over a period 

(Marra et al., 2011). Also, biochar can increase crop yield, but its performance depends 

on climatic conditions and soil type. For instance, nutrients applied by biochar increase 

the rate of plant growth in highly weathered tropical soils (�*�á�R�G�R�Z�V�N�D���H�W���D�O��������������; Major 

et al., 2010). Then, biochar as an alternative carrier could show a positive effect in 

rhizobial inoculant production. 

Natural biopolymers are generally non-toxic and accessible. They are used as carrier 

materials due to their organic nature, limiting heat transfer with high water activity, and 

protecting rhizobia cells from desiccation. Polymer-entrapped rhizobia formulations with 

good survival of rhizobia at high temperatures �������Û�&���� �P�D�\�� �S�U�R�Y�L�G�H�� �D�Q�� �D�O�W�H�U�Q�D�W�L�Y�H�� �W�R��

powdered organic-based inoculants (Tittabutr et al., 2007). Some biopolymers have also 

been used as useful adhesives (e.g., sodium alginate, gum arabic, polysaccharides) in 
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inoculant formulations to improve the contact between rhizobia and seeds. Some 

biopolymers have been reported as unique additives. For example, it has been reported 

that xanthan gum (biopolymer) derived from bacterial polysaccharides and alginate from 

algae were excellent additives (Jung et al., 1982). The critical properties include their 

viscosity, high rate of survival in inoculants even in dried conditions, heat absorbance, 

and heat transferability. They are also able to maintain or recover the density of inoculants 

due to their pseudo-plastic properties when they are applied to soil for nitrogen fixation. 

Biopolymers are nontoxic and ecofriendly and can protect their host (rhizobia) until they 

have fully degraded in soil.  

Currently, the critical challenges for the development of rhizobial inoculants are the 

exploration of alternative carrier materials, the invention of novel efficient inoculant 

formulations, the improvement of rhizobial shelf-life in the formulations, especially under 

desiccation conditions (Hartley et al., 2013), and enhanced performance of rhizobial 

inoculant in practical applications.  

This project evaluated locally available and newly emerging alternative carriers (biochar 

and biopolymers) to provide practical solutions to the above issues. In detail, this project 

employed a suite of advanced analytical approaches to evaluate the suitability of biochars 

produced from different feedstock and pyrolysis conditions and emerging biopolymers as 

alternative carriers or additives for delivering rhizobia effectively. The locally available 

biochars and biopolymers were further investigated by adding superabsorbent polymers 

and organic nutrients on capturing and retaining moisture to improve the prolonged shelf-

life of rhizobial inoculants. This project provided new knowledge on cost-effective 

alternative carriers to formulate rhizobial inoculants to improve legume N-fixation and 

soil productivity in Australian farming systems. 



7 
 

1.2 Microbial carriers  

Microbial carriers act as a delivery vehicle of live and potential soil-improving 

microorganisms from lab to field conditions (Bashan, 1998). They were designed to 

provide a suitable microenvironment for the inoculant viability with good shelf life. 

Based on their weight and volume, carriers occupy a significant portion of the inoculant 

formulation. The carriers were either solid-based or liquid-based and can be either sterile 

or non-sterile. The sterile carriers have a marked advantage over the non-sterile carrier by 

delivering an astounding number of viable microorganisms in good physical conditions.  

1.2.1 Characteristics of ideal carrier 

According to Bashan (1998), the foremost essential characteristics of all microbial 

carriers are as follows: 

1) Support growth of microorganisms 

The central aspect of the ideal carrier is to provide a suitable microenvironment to the 

target microorganisms and to deliver the right number of viable microbial cells in good 

physical conditions. 

2) High stability 

An acceptable carrier should have sufficient shelf-life and stability for at least 2-3 months 

at room temperature. Also, the carrier should adhere well to seeds and the soil, and allow 

the controlled release of the micro-organisms in the rhizosphere of plants.  

3) Optimal physicochemical properties  

The ideal carrier should be physically and chemically uniform, be able to maintain good 

water holding capacity, permits gas exchange, have high organic matter, have suitable pH 

buffering capacity with readily adjustable pH, should be free from any lump-forming 

materials, and be compatible with the nutrient and adjuvants addition (E. M. Ferreira & 

I. V. e. Castro, 2005). 
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4) Ease of manufacture and handling 

The inoculants must be manufactured efficiently with affordable raw materials and should 

allow the addition of additives. Also, the microbial inoculants should be easily handled 

with appropriate technology to deliver high-quality inoculants with specialized 

machinery (Date, 2001). 

5) Eco-friendly 

The carrier should be free of toxic materials and thrive well in all types of environmental 

conditions (E. M. Ferreira & I. V. e. Castro, 2005). They should be consistently available 

in good quality. Finally, they should be biodegradable without causing any harm to the 

environment. (Stephens & Rask, 2000). 

1.3 Key issues and inoculant industry 

The market value and potential of biofertilizers (bio inoculants) are not ignorable. There 

is a growing interest among farmers to utilize these products on larger scales to receive 

more benefits. Increasing biological N fixation will reduce the use of N fertilisers, and 

thus decrease the risks of environmental pollutions and soil eutrophication. The inoculant 

market is growing in developed countries, but now there are many examples of 

developing countries taking part in the utilization of eco-friendly biofertilizers. For 

instance, in Vietnam, it is reported that if the use of chemical fertilizers is replaced by 

cost-effective biofertilizers for nitrogen fixation, there would be improved opportunities 

for money-saving as the cost would be reduced to only USD 1 million from USD 30 

million per annum (Herridge et al., 2008).  Likewise, farmers in many other developing 

countries (Thailand, India, Bangladesh, etc.) experience less expensive agriculture 

practices (use of rhizobia inoculants) against expensive and barely available chemical 

fertilizers and pesticides (Bashan, 1998). However, there are huge constraints regarding 

inoculant production and transfer in the inoculant industry. Globally, there are many 

inoculant companies offering inoculants, promoting them as the best inoculant product, 
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asserting a considerable boost of quality and productivity of inoculants for a vast range 

of leguminous crops. However, they are commercializing inoculants of poor quality 

(Catroux et al., 2001; Malusá & Vassilev, 2014; Singleton et al., 1997; Tarbell & Koske, 

2007; Vessey, 2003). The literature gathered from twelve different developing countries 

revealed that the inoculants available in those countries featured less than 108 rhizobia 

per gram.  

Some examples demonstrated that the manufacturers from both developed and 

developing countries made inoculants that showed no rhizobia or were found highly 

contaminated with other microorganisms or species (Herrmann & Lesueur, 2013; 

Lupwayi et al., 2000; Singleton et al., 1997). Worldwide almost 90% of commercially 

manufactured bio-inoculants have low or little impact on legume growth and yield, 

showing poor attributes of inoculant products and the inoculant industry (Catroux et al., 

2001; Herrmann & Lesueur, 2013). This could be attributed due to poor soil conditions, 

like pH (high acidic or basic), dryness, high temperature and salinity (Amarger, 1980; 

Catroux et al., 2001). Rhizobial strains could only perform better if a) there are no 

indigenous strains present in the soil or b) the number of indigenous strains remains very 

low (Catroux et al., 2001). Herrmann and Lesueur (2013) estimated that among 65 

commercially produced bio-inoculants, there were only 37% tested as pure inoculant 

products, and the remaining 67% were highly contaminated with other microbial strains. 

Likewise, 40% were examined as inoculants with dead or no rhizobial strains. This is an 

alarming situation and causes inconsistency in the application potential of inoculants on 

the productivity of leguminous farms and fields, creating doubts among consumers to 

purchase the biofertilizers, posing a negative impact on the inoculant industry 

(Bhattacharyya & Jha, 2012; Gemell et al., 2005). The lack of a sterile and optimum 

environment or controlled environment is a crucial factor behind the failure of inoculant 

products. In developing countries, the lack of up-to-date manufacturing facilities and 
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storage capacity with a controlled environment is a significant problem to produce 

inoculants of the desired choice (Bashan, 1998; Kannaiyan, 2003). 

Inoculant component (rhizobia + carrier) selection is vital for effective bioformulation, 

especially for carrier material. Physical, biological, and chemical aspects of the carrier 

must be considered for proper selection as a carrier to provide prerequisite support to 

rhizobia. Moreover, for rhizobia, Xavier et al. (2004) concluded that since a �I�H�Z���G�H�F�D�G�H�V�¶��

research on rhizobia genetics gained more priority than its inoculant formulation methods 

and role, and less than 1% of articles published in this area have focused on rhizobia as 

rhizobia inoculants, meaning that its formulations and field applications are rarely 

documented. Additionally, scientists have paid more attention to identification, isolation, 

and rhizobial soil-plant interaction and mechanism, while very little research interest has 

been focused on formulation procedure and regulation (Herrmann & Lesueur, 2013). 

Consequently, there is limited evidence to ensure the production and growth of these 

critical elements at the laboratory level. However, its survival in a carrier and its field 

applications is still debatable (Stephens & Rask, 2000). There are few examples in which 

the manufacturing companies attempted to mix carrier with more than one type of 

microorganisms, for instance, rhizobia + arbuscular mycorrhizal fungi (AMF), rhizobia 

+ phosphorous solubilizing bacteria (PSB), and complex or diverse strains of AMF and 

PSB to make a single co-inoculant product to derive maximum benefit from the product. 

Although such co-inoculants showed positive effects again, their formulations, efficacy, 

and commercialization have had some technical limitations (Abd-Alla et al., 2001; 

Malusá et al., 2012; Suneja et al., 2007), leading to issues with the production and quality 

of inoculants. 

Quality control, quality assurance and legal legislation are fundamental tools to manage 

the preparation of the desired inoculant at the industrial level. Different countries have 

different quality standards based on the existence of rhizobia per gram in inoculant. For 
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instance, Australia, Netherlands, Rwanda, and Thailand, have regulated and maintained 

minimum standards varying from 5×107 to 1×109 rhizobium cells/g of inoculant product 

(Lupwayi et al., 2000). Similarly, Canada held the minimum standard for seed inoculants 

depending upon the size of leguminous seeds. The minimum requirements are 103, 104, 

and 105 rhizobium cells/g for small, medium, and large seeds, respectively. Interestingly, 

in the USA and UK, the quality standard is left to the discretion of the manufacturer 

(CFIA, 1997; Smith, 1992). The measures mentioned above could help the manufacturer 

to produce useful quality inoculants for the betterment of legume quality and quantity and 

help to remove inferior inoculant products from the industry (Bashan, 1998; 

Bhattacharyya & Jha, 2012). 

1.4 Biochar as an alternative microbial carrier 

1.4.1 General introduction of biochar 

Biochar is a highly carbonaceous organic material prepared under anoxic condition at 

high temperatures (normally 350-1000°C) in a process called pyrolysis (Duku et al., 2011; 

Lehmann & Joseph, 2009). It can be prepared in three ways, for instance, (1) by 

gasification (700°C-1500°C), (2) through fast pyrolysis (300°C-1000°C), and (3) at slow 

pyrolysis (350°C-800°C). Among all three processes, slow pyrolysis is a prime method 

that can produce the maximum amount of 35% of biochar out of the biomass, followed 

by gasification and fast pyrolysis which produce 10% of biochar each respectively 

(Ahmad et al., 2014; Brewer et al., 2009; Mohan et al., 2014). Pyrolysis temperature 

dramatically affects the structure and composition of biochar. An increase in temperature 

causes an elevation in aromaticity because the biomass undergoes a series of chemical 

changes, resulting in the formation of new aromatic rings that combine to form new 

polymeric aromatic indigenous sheets (Keiluweit et al., 2010; Preston & Schmidt, 2006). 

For instance, Baldock and Smernik (2002) recorded that during pyrolysis of pinewood, 

elevated temperature break signal to cellulose and establish high signal intensity with aryl 
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and/or O-aryl regions due to the formation of complex aromatic structures. These 

aromatic structures are of different forms. Amorphous C aromatic structures are 

predominant at low temperatures, while turbostratic C structure dominates at high 

pyrolysis temperature (Keiluweit et al., 2010; Nguyen et al., 2010). At low pyrolysis 

temperatures, different functional groups (carboxyl, lactol, and lactone) on the biochar 

surface make it slightly acidic with low pH (Amonette & Joseph, 2012; Brennan et al., 

2001; Nguyen et al., 2017). On the other hand, the alkaline nature of biochar increases 

with the elevation of pyrolysis temperature, due to the formation of primary functional 

groups (hydroxyl) and increased production of cation-containing ashes. Additionally, the 

acidic and alkaline nature of biochar depends heavily on the type of feedstock that contain 

different elemental composition, moisture, dust, presence of cellulose, lignin, and 

hemicellulose (Alexis et al., 2007; Igalavithana et al., 2017; Kloss et al., 2012). 

The essential purpose of biochar application is to sequester soil carbon and reduce 

environmental pollution. Soil weathering, excessive secondary minerals, and soil acidity 

are significant issues in agricultural lands, affecting the quantity and quality of food.  

Additionally, soil erosion causes the loss of nutrients that might run away with water by 

flooding leaving behind arid soil that causes crop reduction and poses severe effects on 

the agricultural economy. The consequences of land degradation led to a decrease of 

approximately 7% in productivity in developing countries. Land deterioration also 

reduces the production of rain-dependent plants by up to 14% and rangeland plants by up 

to 45% (Den Biggelaar et al., 2004; Donovan & Casey, 1998; Duku et al., 2011; Quaye 

et al., 2010). It has been estimated that biochar improves soil's physical, chemical, and 

biological properties to compensate above mentioned problems (DeLuca et al., 2015). 

The biochar effectiveness in agricultural land depends on biochar's density, surface area, 

porosity, and functional groups. Biochar applications in nutrient-poor soils in remote 

areas proved their role as an excellent soil amendment where farmers are unable to supply 
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chemical fertilizers to agricultural land. Biochar adds nutrients (N, P, K, Mn, Fe and Zn) 

to the soil, and hence improves water quality due to the retention of nutrients (Ajeng et 

al., 2021; Bolan et al., 2023). Reports revealed that biochar with a density less than water 

(< 1g cm-3) floated with water and transported within the soil, which provides a suitable 

environment for beneficial soil microbes. (Lehmann et al., 2011; Rumpel et al., 2009). 

Pore size and surface area are significant properties of biochar impacting on the 

development of beneficial soil microbes. These aerobic microbes consider the aerated, 

porous structure an excellent habitat and increase their colonies (Jindo et al., 2012). 

Biochar components (lignin, cellulose, and hemicellulose) change into alkali salts and 

ash, promoting cation exchange capacity in soil (Cao & Harris, 2010), hence increasing 

nutrient adsorption followed by increased microbial growth, which in return degrades soil 

organic material into minerals (Aslam et al., 2014). However, nitrogen in organic 

compounds binds on the surface of biochar, making possible the process of 

ammonification and nitrification through soil microbes. These microbes also utilize a C/N 

ratio in biochar to stimulate nitrogen fixation through various enzymatic activities that 

accumulate nitrogen in the soil. Consequently, biochar retains in soil and promotes C 

retention, sequestration, aeration, and moisture leading to enhanced soil biogeochemical 

characteristics for exceptional crop yield. Moreover, recent studies estimated that biochar 

being excellent soil adsorbent to extract toxic soil pollutants, especially biochar 

applications against heavy metals make it a reasonable choice to decontaminate soil 

pollution. Although biochar applied as the soil amendment for various agricultural 

practices worldwide, there are many aspects of biochar that require further detailed 

exploration, such as biochar half-life, its retention, and persistence time in the soil as it 

all depends upon the type and conditions of the soil. The exact mechanism of its role as a 

microbial supporter is still largely unknown. 
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1.4.2 Inoculants based on biochar carrier  

Carrier is a general term used to transport material from one place to another. In 

agricultural practices, it refers to any organic/inorganic substance that can move objects 

from source to sink. A microbial carrier is defined as any substance that can transport 

microbes from laboratory to field with proper care and nourishment until appropriate 

microbial release. Microbial carriers are used as bio-inoculants (bio-fertilizers) to reduce 

competition for chemical fertilizers for a few decades and protect soil from degradation 

due to the excessive use of fertilisers and avoid eutrophication in watersheds. A variety 

of substances have been recorded as microbial carrier materials (peat, vermiculate, lignite, 

animal waste, plant waste, etc.). Biochar's history as a beneficial soil amendment is 

centuries old. Starting with the terra preta soils, where a controlled forest fire transforms 

the land into a highly enriched carbon sink, demonstrated the presence of biochar (black 

carbon) in such soils, and the difference in agricultural yield between this soil and other 

soils demonstrated its significance as a superior soil moderator. These successful stories 

encouraged scientists to extend biochar applications to another level, for instance, 

biochar�¶�V use as a microbial carrier. Biochar possesses advantageous characteristics that 

might be helpful for its use as a carrier material. �,�Q�� �G�H�W�D�L�O���� �E�L�R�F�K�D�U�¶�V�� �H�O�H�Y�D�W�H�G 

concentrations of organic carbon and nutrients, water-holding capacity, high porosity, and 

low pH positively affect microbial growth, soil quality, and plant growth (Igalavithana et 

al., 2017; Lehmann et al., 2011).  

Elevated concentration of carbon in biochar is one of its prime functions for use as a 

potential carrier. Biochar is a source of nutrients for rhizobial growth and soil fertility 

(Hale et al., 2015; Hardy & Knight, 2020). Rhizobia within biochar as a host utilizes the 

available carbon and reproduces quickly; furthermore, moisture retention of biochar helps 

bacteria with aeration and respiration (Liang et al., 2014; Major et al., 2010). The water-

holding capacity of any carrier material is as essential as the carbon content in it.  Ghazi 
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(2017) estimated that biochar made from rice husk at 60���•���K�D�V���W�K�H���K�L�J�K�H�V�W���Z�D�W�H�U-holding 

capacity (350%) as compared to peat moss + vermiculate which has a water-holding 

capacity of 203.7%. Furthermore, biochar prepared from softwood shows an 80% water-

holding capacity, which is again more significant than the water-holding capacity of peat 

(42.1%) (�*�á�R�G�R�Z�V�Na et al., 2016).  

Pore size and surface area are also essential properties of biochar. SEM images of biochar 

from different feedstock showed excellent channels and pores, making biochar a superb 

carrier for microbes (Husna et al., 2019; Tao et al., 2018). These materials in the soil 

matrix sometimes provide a large surface area with several possible locations on which 

physical/chemical adsorption of microbes get their way to settle down in between 

channels and pores. Useful microbes settled there, increasing their number and 

accelerating the rate of soil nitrogen fixation (Lehmann et al., 2011). The pore size of 

biochar is hugely vital for the survival and growth of beneficial microbes. It has been 

estimated by �*�á�R�G�R�Z�V�N�D���H�W���D�O���������������� that the pore size of 0.3 to 30 µm is suitable habitat 

for rhizobia. That is how biochar can be used as a potential carrier for rhizobia, and this 

property enables biochar as a conditioner specifically for acidic sulfate soils. Phosphorus 

solubilizing bacteria (PSB) are excellent for such kinds of acidic soils. Therefore, PSB 

could easily be applied to acidic soils with biochar, where they can solubilize phosphorus 

for plants (Vanek et al., 2016). Consequently, pH is also another factor for microbial 

growth. Husna et al. (2019) reported that rhizobia showed more growth at low pH (6.5 to 

7.5) as compared to high pH (8.02 and 9.11) values. The pH value of biochar depends 

heavily on the age of the biochar. pH value typically decreases with an increase in the 

storage time of biochar (Marra et al., 2011). 

Furthermore, biochar can increase crop yield, but its performance depends on climatic 

conditions and soil type. For instance, nutrients applied by biochar increase the rate of 
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plant growth in highly weathered tropical soils (�*�á�R�G�R�Z�V�N�D�� �H�W�� �D�O������ ��������; Major et al., 

2010). 

The storage conditions of inoculants are vital; the different temperature is used in various 

research work with other storage duration. For instance, the storage temperature ranged 

from cold (4°C and/or 10°C) to ambient (20-30°C), and variation in the storage period 

(24-12 months) has been recorded. Therefore, it is not convenient to compare different 

results from different research work with altered storage conditions. However, concerning 

changing conditions, the survival of rhizobia is quite impressive in other materials. Viable 

cells of rhizobia between 107 to 109 g-1 have been recorded in different biochar materials 

made from different feedstock at different pyrolysis temperatures (Table 3.1), this viable 

cell number of rhizobia is acceptable according to the commercial standard.
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Table 1. 1 Biochar formulations with microbes and cell viability count . 

 
Biochar 

Pyrolysis 
Temperature 

 
Bacteria 

 
Amendment 

 
Viable cell g-1 

 
Reference 

Coconut shell 500-�������•  Paenibacillus alvei, 
Burkholderia 
cepacia, and 
Acinetobacter 
baumannii 

Nil  �•������7 at room temperature, 180 days (Husna et al., 2019)  

Agriculture waste 
(discarded cabbage, 
cauliflower, 
leguminous plants, and 
leafy vegetables) 

600�•  Burkholderia sp. 
strain L2 
 

Nil  �•������7 at 27 �•�����V�W�R�U�D�J�H���W�L�P�H�����������G�D�\�V (Kumar et al., 2017)  

Rice straw 600�•  Rhizobium phaseoli Nil  log 9.98 CFU g-1 at 28 �•���� �������� �G�D�\�V. The log value 
greater than peat-vermiculate (9.45 CFU g-1) 

(Ghazi, 2017) 

Spruce/pine/fir, bone 
meal 

No details Rhizobium 
leguminosarum 
biovar viciae 

Nil  1 x 106 cells g-1, storage duration 84 days at room 
temperature. 

(Hardy & Knight, 2020)  

Pinewood 
 

600�•  E. cloacae UW5 Nil  Increased viability of rhizobia: incubation period 4 
weeks 

(Hale et al., 2015)  
 

Softwood feedstock 700�•  P. libanensis Biopolymer 
Guar gum as 
an additive 

Showed the highest viability of cells after 22 weeks. 
Also showed a positive effect on seed coating after 16 
weeks at a storage temperature of 4 �•  

(�*�á�R�G�R�Z�V�N�D���H�W���D�O��������������)  

Softwood 700�•  Bradyrhizobium 
Japonicum 532C 

Guar gum as 
an additive 

High log 10 CFU value (6.3) than peat after 37 weeks (�*�á�R�G�R�Z�V�N�D���H�W���D�O��������������)  

Pinewood biochar 600�•  Pseudomonas putida 
UW4 

Earthworm 
casting 
extract and 
Luria Britani 
broth 

Significantly higher value than peat stored at 4 �•���I�R�U��
5 months and Luria Britani has little or no effect on 
increased viability of cells. 

(Sun et al., 2015) 

Coconut shell and 
acacia wood 

No details Azospirillum 
lipoferum (AZ204) 

Nil  Highest log 10 value 10.79 after 180 days with 
maximum moisture content (25.22 %) 

 (Saranya et al., 2011)  
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Mushroom medium-
based biochar and corn 
stalk biochar 

450�•  Bacillus 
mucilaginosus 

Volatile 
organic 
compounds 

Both biochars have similar log 10 CFU values but less 
than peat after 20 weeks 

(Tao et al., 2018) 

Hydrochar from maize 
silage 

210�•  Bradyrhizobium sp. Nil  The highest log CFU (4.2) was recorded after six 
weeks under drought stress 

(Egamberdieva et al., 
2017) 
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1.4.3 Categories of biochar inoculant formulation 

1.4.3.1 Biochar applications with different microbes 

A single kind of biochar (from the same feedstock) has been used as a carrier to test 

different types of microbes (e.g., phosphorus solubilizing and/or nitrifying bacteria) in 

various studies (�7�D�R���H�W���D�O�����������������*�á�R�G�R�Z�V�N�D���H�W���D�O������������). The results varied depending on 

the types and nature of the feedstock. Furthermore, soil type and environmental 

conditions play their role in impacting the characteristics of biochar and microbes. Husna 

et al. (2019) observed that biochar made from coconut shells showed the highest CFU 

value log 9.18 CFU g-1 towards a mixed culture of three bacteria and one phosphorus 

solubilizing fungus (Paenibacillus alvei, Burkholderia cepacia, Acinetobacter 

baumannii, and Penicillium variabile). The mixed culture enhances the chances of 

microbial survival in biochar because different kinds of bacteria have various adaptations 

to survive and distinct abilities to bear environmental threats. 

On the other hand, mixed culture also brings competition among microbial species that 

might negatively affect the CFU value. Moreover, it has been reported that native soil 

microbial species are also competitors to inoculated rhizobia. Resultantly, the inoculated 

rhizobial impact is masked by native species. Jung et al. (1982) evaluated that most of the 

root nodules were dominantly surrounded by native rhizobia instead of inoculated 

rhizobia. However, the exact mechanism used to identify the adaptation measures of 

bacteria and their survival against the competition is unknown (Lehmann et al., 2011). 

�&�R�Q�V�H�T�X�H�Q�W�O�\���� �E�L�R�F�K�D�U�� ���������•���� �P�D�G�H�� �I�U�R�P�� �D�J�U�L�F�X�O�W�X�U�H�� �Z�D�V�W�H�� �Z�D�V�� �W�H�V�W�H�G�� �D�J�D�L�Q�V�W�� �W�Z�R��

rhizobial species, Burkholderia sp. strains L2 and Bacillus megaterium strain A30, and 

both strains showed the non-significance difference when formulated with the same 

biochar. For instance, the L2-led CFU value of 11.97×107, and 10.35×107 CFU g-1 value 

was observed for A3, respectively. 
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Relatively similar results of both strains illustrated that the carrier (biochar) is suitable for 

their survival. However, the number of viable cells decreased over the period but was still 

good enough to be tested for plants to examine their growth (Kumar et al., 2017). The 

physicochemical characteristics of biochar are most important for bacterial survival. It 

has been estimated that biochar with low pyrolysis temperature seemed to be a better host 

for any kind of bacteria. There could be multiple factors helping bacteria to grow well in 

biochars pyrolyzed �D�W���O�R�Z���S�\�U�R�O�\�V�L�V���W�H�P�S�H�U�D�W�X�U�H�����������•-�������•�������I�R�U���H�[�D�P�S�O�H�����D�W���D���K�L�J�K��

number of functional groups, more carbon content, moisture, and relatively low pH are 

prime factors discussed by Hale et al. (2015). Usually, the survival time of bacteria within 

the inoculant carrier is six months. Bacterial surface characteristics (hydrophobicity, 

electrophoretic mobility, and surface charge density) are important parameters that help 

bacteria move, adhere, and survive within the carrier material. Usually, bacteria attach to 

the surface charge density, which is different for different microbes (Abit et al., 2012). 

Inoculant bacterial effectiveness is still needed to be understood regarding their multiple 

�V�S�H�F�L�H�V�¶ introduction to the same type of biochar. 

1.4.3.2 Microbial efficiency with different types of biochar  

Different types of biochar materials have been tested over the years to explore suitable 

biochar as an excellent alternative carrier to peat. For this purpose, multiple types of 

feedstocks (animal waste, plant waste) were selected for biochar production using 

different pyrolysis temperatures. The attributes of feedstock and characteristics of biochar 

affect microbial survival, persistence, and growth. Some materials showed an excellent 

survival rate for the same bacteria, while other materials (even formed at the same 

pyrolysis temperature) exhibit different results (fewer bacteria). For instance,  softwood 

biochar (blue leaf) showed a higher CFU value (Table 1.1) for phosphorus solubilizing 

strain (P. libanensis) in comparison to other biochar made from hardwood (�*�á�R�G�R�Z�V�N�D��

et al., 2016). Consequently, another research showed that biochars were made from 14 
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different feedstock materials at different temperatures ���������•�� �D�Q�G�� �������•���� �W�R�� �W�H�V�W�� �W�K�H��

survival rate of R. tropici, and among all biochars, those made from hardwood feedstock 

at low temperatures ���������•�����V�K�R�Z�H�G���D���K�L�J�K�H�V�W���Y�L�D�E�O�H���F�H�O�O��count along with grapevine and 

sugarcane bagasse (Vanek et al., 2016). 

In many cases, biochar amended with some other materials also influences the growth of 

microbes. The combined effect of fly ash and biochar showed 107 CFU g-1, which is non-

significant with the CFU value of biochar at the initial stage, but it decreased with the 

increase of storage time. The decrease in the CFU value may be due to some toxic PAHs 

(Kumar et al., 2017). Moreover, biochar mixed with sand exhibits more growth of root 

nodules in an experiment in which bagasse and biochar (made from bagasse) were tested 

in soil and sand to survive rhizobacteria. The different amendment has different 

physicochemical characteristics posing different results on the growth of bacteria. Most 

studies so far have been focussed on the effects of biochar materials on the CFU value of 

rhizobia, while the controlling factors are less studied and largely unknown.  

1.4.4 Synthesis methods of biochar inoculant 

1.4.4.1 Liquid and solid formulations 

It has been estimated that biochar inoculants are produced in two different ways (liquid 

and solid inoculants). Still, liquid formulations are rare and seen only in one or two studies 

(Hale et al., 2015). A method for liquid formulation used by Hale et al. (2014) allowed a 

�E�D�F�W�H�U�L�D�O���F�X�O�W�X�U�H���W�R���S�D�V�V���W�K�U�R�X�J�K���V�K�D�N�L�Q�J���I�R�U���������K�R�X�U�V���D�W�������•���D�Q�G���W�K�H�Q�����������I�R�U���E�D�F�W�H�U�L�D�O����

biochar (v/w) mixture was used. To attain this value, 50 ml culture was mixed with 10 g 

of biochar to prepare 1 kg of soil. Similarly, in another example, 20ml of liquid inoculum 

(UW5-pSMC21) was taken from the culture (5.6 ×109 ± 0.3 CFU ml-1) and mixed with 

���J���R�I���D���F�D�U�U�L�H�U�����E�L�R�F�K�D�U�������O�H�I�W���I�R�U���V�K�D�N�L�Q�J���I�R�U���������K���D�W�������•�����$�I�W�H�U���W�K�D�W�����P�L�[�H�G���W�K�R�U�R�X�J�K�O�\��

with 20 g of soil and the final carrier application rate (1% w/w) was achieved (Hale et al., 

2015). Biochar is mostly applied as a solid inoculant to the soil. Usually, for the solid 
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formulations, moisture attained for biochar formulations ranged between 40% to 60% 

(Lehmann et al., 2011). For this purpose, different values have been used in various 

studies. For instance, to attain the 40% moisture of biochar (Carrier), 1.2 ml of P. 

libanensis culture in the late log phase (4.9× 109 CFU ml-1) was mixed with 11 ml of 

water and then aseptically injected into the sterilized bags with 30 g of biochar, mixed 

manually, and sealed with clips (�*�á�R�G�R�Z�V�N�D���H�W���D�O��������������; �*�á�R�G�R�Z�V�N�D���H�W���D�O��������������; Husna 

et al., 2019). In the other method, cells of the inoculum (Pseudomonas putida UW4) were 

introduced into pinewood biochar (PBC-600) using vacuum infiltration by dipping the 

carrier (biochar) into the UW4 cell suspensions and to clear air from biochar pores the 

pressure at -5.75 × 104 Pa atm was maintained through laboratory vacuum line (Sun et 

al., 2015). Con�V�H�T�X�H�Q�W�O�\���� �������� �J�� �R�I�� �E�L�R�F�K�D�U�� �P�D�G�H�� �I�U�R�P�� �D�J�U�L�F�X�O�W�X�U�H�� �Z�D�V�W�H�� �D�W�� �������•�� �Z�D�V��

�S�D�V�V�H�G���W�K�U�R�X�J�K���D���V�L�H�Y�H���R�I�����������P�H�V�K���D�Q�G���D�O�O�R�Z�H�G���R�Y�H�Q���G�U�\���D�W�������•���D�Q�G���W�K�H�Q���V�W�H�U�L�O�L�]�H�G���L�Q��

an autoclave for 20 minutes at 121�•�����7�R���D�W�W�D�L�Q�����������P�R�L�V�W�X�U�H�����H�D�F�K���P�D�W�H�U�L�D�O���L�Q���E�D�J�V���Zas 

aseptically injected with 25-30 ml bacterial culture and then mixed by hand and stored at 

�����•���L�Q���D���G�U�\���S�O�D�F�H�����7�R���S�U�R�Y�L�G�H���H�Q�R�X�J�K���D�H�U�D�W�L�R�Q���������������Y�D�F�D�Q�W���V�S�D�F�H���Z�D�V���O�H�I�W���L�Q���W�K�H���E�D�J�V��

(Kumar et al., 2017). Moisture and aeration are critical factors for the prolonged survival 

of bacteria within a carrier and growth. However, to determine the role of biochar in 

saturated and unsaturated soil for the transport of E. coli, a batch column experiment was 

conducted. Biochar in this experimental setup was inoculated differently with bacterial 

culture. The bacterial suspension from the broth (�ý1 × 107 CFUs ml-1) was applied in the 

saturated columns at a rate of 2.67 mL min-1 for 30 min. KCl (bacteria-free) was also used 

at the same rate for 105 min. Bacterial culture, along with 1mM KCl, was applied to 

unsaturated columns at a rate of 1.33 ml min-1. The duration was similar to the saturated 

columns (Abit et al., 2012). Moreover, in a study shown by Egamberdieva et al. (2017), 

biochar was first mixed with arable soil at a rate of 1, 2, and 3 % (w/v), pre-germinated 

seeds soybean coated with rhizobia were introduced into soils amended by biochar. There 
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are also various examples in which biochar has been used for seed coating purposes with 

varying results. For seed coating, sterilized biochar was mixed with sterilized water, guar 

gum and liquid rhizobial (B. japonicum) culture. Soybean seeds (individually) were 

dipped into a mixture of bioinoculant for some time. Inoculated seeds were placed in a 

sterile petri plate and allowed to dry in the laminar hood for two hours. Two sets of seeds 

�Z�H�U�H�� �S�U�H�S�D�U�H�G�� �D�Q�G�� �V�W�R�U�H�G�� �V�H�S�D�U�D�W�H�O�\�� �D�W�� �W�Z�R�� �G�L�I�I�H�U�H�Q�W�� �W�H�P�S�H�U�D�W�X�U�H�V�� �����•�� �D�Q�G�� �����•���� �W�R��

determine the influence of temperature on storage time. The inoculated seeds were stored 

for 19 weeks (�*�á�R�G�R�Z�V�N�D���H�W���D�O��������������; �*�á�R�G�R�Z�V�N�D���H�W���D�O��������������). Limited research has been 

done on biochar formulations, consequently, more approaches are needed to be 

considered for liquid as well as solid formulations. 

1.4.5 Effect of biochar as the carrier material in inoculant 

1.4.5.1 Effect of biochar nutrient content and composition on microbes 

 Biochar composition is highly enriched with a large proportion of carbon, which is very 

stable due to intricate aromatic rings. It is impervious for microbes to utilize or break 

carbon and nitrogen from biochar due to the complex and long-lasting nature of biochar. 

(Nguyen et al., 2010; Thies & Rillig, 2009). However, residual bio-fuels and adsorbed 

substances on the surface of biochar appear to act as a substrate for microbes and provide 

help in microbial metabolism and growth. The metabolism and growth of microbes in 

biochar depend heavily on the composition of such residual pyrolysis compounds (Steiner 

et al., 2008). Furthermore, due to the type and nature of feedstock, some fractions of 

nutrients (C and N) leached and available in a mineralized form, which increases the 

growth of microbes and plants (Lehmann & Joseph, 2009; Rondon et al., 2007; Thies & 

Rillig, 2012). 

    Moreover, when biochar was applied to the soil, it increased the carbon and nitrogen 

ratio significantly, which ultimately poses a positive effect on leguminous plants by 

providing excessive carbon and nitrogen to the soil.  Rondon et al. (2007) found that 
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biochar applications increased the C/N ratio significantly from 15.6 to 35. Similarly, the 

addition of biochar at the rate of 30 g kg-1 bio-char (equivalent to 48.6 mg C ha-1) 

increased available K by 140% and Mg by 70%, respectively. The exact mechanism is 

still needed to explore how physical and chemical changes in soil promote the availability 

of labile fractions (C and N) to leguminous symbiotic (rhizobia) bacteria. Other vital 

components of biochar are minerals that are present in biochar with different proportions. 

These nutrients include: 1) macro-nutrients and 2) micronutrients. They are present in 

biochar as ash inclusions and play a vital role in crop yield followed by microbial 

abundance. Such minerals positively affect the chemistry of biochar during the pyrolysis 

process. For instance, during pyrolysis N replaces one or two carbon atoms in aromatics 

carbon structure (Joseph et al., 2007). But the exact effect and mechanism are still 

unknown. Consequently, minerals like iron (Fe) and silicon (Si) have also been 

investigated in biochar made from peat and grasses. Additionally, the biochar made from 

feedstock like rice hulls, sewage sludge, and nutshells showed silicon in the form of Si-

C bonds when the �W�H�P�S�H�U�D�W�X�U�H�� �U�D�L�V�H�G�� �D�E�R�Y�H�� ���������•�� �G�X�U�L�Q�J�� �J�D�V�L�I�L�F�D�W�L�R�Q��(Freitas et al., 

2000; Freitas et al., 2002; Lee & JG, 1975). The bioaccessibility of Fe and Si in biochar 

as microbial nutrients is needed to be explored. Still, it has also been reported that the use 

of aqueous acidic solution treatments in some standard soil tests helped in extracting some 

fractions (e.g., Fe, Si, K, P Ca, and Mg) from biochar (Bourke et al., 2007; Freitas et al., 

2002; Major et al., 2010), illustrating that some fraction may be accessible to 

microorganisms and plants. 

1.4.5.2 Influence of biochar pH on microbes 

The role of pH is vital for the survival and growth of microbes within a carrier material. 

Microbial biomass increases when the pH value is in the range of 3.7 �± 8.3 (�*�á�R�G�R�Z�V�N�D��

et al., 2016). Rousk et al. (2010) reported that both bacteria and fungi react differently to 

different pH value, for instance, the bacterial population increase with an increase in pH 
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up to 7 but the fungi show no change in abundance. However, the growth was reduced 

with a further increase in pH (alkaline pH). Similar effects have also been recorded for 

rhizobia (Angelini et al., 2003; Pietri & Brookes, 2008; Rousk et al., 2010; Rousk et al., 

2009). 

Different biochar materials have different pH values depending on the feedstock type, 

oxidation condition, and pyrolysis temperature. Usually, biochar pH ranges from 4 to 12. 

With this vast variation in pH, the microbes must face extremely diverse conditions to 

survive within biochar, which ultimately affects bacterial survival and growth. It has been 

reported that bacterial (Pseudomonas strains) growth is exceptional within the range of 

neutral pH (7-7.5) (Lehmann, 2007a; Thomas et al., 1994). �*�á�R�G�R�Z�V�N�D�� �H�W�� �D�O���� ������������ 

reported similar results in which the biochar (Pyrovac, Basque and blue leaf) having pH 

close to �W�K�H���Q�H�X�W�U�D�O���S�+���Y�D�O�X�H���V�W�R�U�H�G���D�W�������•���I�R�U���������Z�H�H�N�V���V�K�R�Z�H�G���W�K�H���K�L�J�K�H�V�W��number of 

rhizobia (log10 CFU was 1.64 ± 0.42 for the Pyrovac biochar, 1.06 ± 0.53 for the Basque 

biochar, and 2.02 ± 0.54 for the Blue Leaf biochar). In the other study, it was found that 

the introduction of biochar into acidic soil increases soil pH that can increase the biomass 

of nitrogen-fixing bacteria (rhizobia inoculated with peat) within root nodules and also 

increase plant yield (Rondon et al., 2007). Kumar et al. (2017) reported that the maximum 

survival rate of the rhizobia (11.97 × 107) was observed at pH 7.2 when the rhizobia was 

inoculated with biochar made from agricultural feedstock. 

Similarly, the highest number of rhizobia with 9.98 CFU g-1 was recorded at relatively 

neutral pH (Ghazi, 2017). Typically, the pH value of biochar within inoculants decreases 

over time, but usually, the change is not significant (Kumar et al., 2017). The reason could 

be reducing biochar during the microbially mediated reduction of the substrate or electron 

acceptor (Lehmann et al., 2011). However, the ageing of biochar also decreases the pH 

value of biochar from alkaline to slightly acidic. The pH value of the substrate also 

changes when inoculants are introduced into the soil which can change the pH value of 
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soil. Like C and other nutrients, the change in pH also depends upon the existing pH of 

the soil. Usually, freshly prepared biochar is introduced into the acidic soil to compensate 

the acidity of the soil to a neutral level. Therefore, biochar has highly recommended for 

the acidic soils to make the pH level up to neutral (Steiner et al., 2004).  

1.4.6 Applications of biochar-based microbial inoculants  

It has been documented that biochar-based inoculants promote plant growth and nutrient 

uptake (Egamberdieva et al., 2017; Kumar et al., 2017). Sun et al. (2015) evaluated the 

survival and root colonization potential of Pseudomonas putida in the pinewood biochar 

formed by pyrolysis at 600°C. They found that the biochar was effective as a carrier of 

inoculum and supported a high bacterial population, and the strain could effectively 

colonize plant rhizosphere resulting in increased plant biomass. The inoculant based on 

pinewood biochar and E. Cloacae UW5 substantially improved cucumber growth in the 

root and shoot biomass and root system (Hale et al., 2015). �*�á�R�G�R�Z�V�N�D�� �H�W�� �D�O���� ������������ 

reported similar findings, where under greenhouse conditions, B. japonicum formulated 

with biochar showed improved symbiotic efficiency, plant growth, and physiological 

attributes of soybean. It was also observed that P. libanensis biochar-based seed coating 

also enhanced seed germination, root and shoot growth, chlorophyll content, root system, 

and plant phosphorus uptake. Lupine seeds coated with Bradyrhizobium sp. and 

hydrochar-dependent inoculant. Compared to plants that were inoculated only with 

Bradyhribium inoculant, there was an increased nodule number, root and shoot growth, 

and nitrogen, phosphorus, and magnesium uptake. 

Also, the lupine plant nodule number in which seeds were handled with biochar-based B. 

japonicum increased by up to 146 per cent compared to plants inoculated with Just B. 

japonicum under drought stress conditions. These findings indicate a more profound 

impact of biochar-based inoculants under drought conditions when compared with 

irrigated conditions (Egamberdieva et al., 2017). The survival of inoculated bacteria in 
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soil and rhizosphere is essential for their beneficial impact on plant growth (Cho et al., 

2015; Egamberdieva & Kucharova, 2009),  while abiotic stress factors negatively affect 

soil bacterial proliferation (Romdhane et al., 2009; Van Dyke & Prosser, 2000).  Previous 

work, however, has shown that the capacity to colonize Bradyrhizobium strain formulated 

with biochar was not seriously affected by dry stress. Biochar pores help the spread of 

bacteria through improved aeration and a favourable supply of nutrients for growth, as 

well as protection against various environmental stresses such as desiccation, adverse pH, 

high salinity, and drought (Sangeetha & Venkatachalam, 2012). Steiner et al. (2004) 

found that biochar activated soil microbial communities and enhanced plant microbial 

interactions. Saranya et al. (2011) observed an increase in plant growth, the uptake of N, 

P, and K, and the yield of maize by the addition of biochar and Azospirillum inoculants. 

Ghazi (2017) assessed biochar developed from rice straw as a carrier material for rhizobia 

and found evidence of improved colonization and survival of bacterial inoculants. 

Biochar-based inoculants have improved the root and shoot biomass, nodulation, and 

nutrient uptake of a kidney bean. A study into the biochar-based efficacy of 

Bradyrhizobium sp. (HTC-BR) on lupine plant growth and yield under field conditions 

showed that HTC-BR inoculant was successful in promoting lupine growth, pod 

formation and yield under both irrigated and rainfed conditions compared to uninoculated 

control. In the other analysis, root and shoot biomass, the number of pods and the weight 

of a seed of common bean (Phaseolus vulgaris) was increased by biochar and Bacillus 

sp. treatment (Saxena et al., 2013). Besides, the use of biochar combined with bacterial 

inoculants enhanced the population of phosphate solubilizing bacteria in the plant 

rhizosphere as well as the P content in plant tissues. 

1.5 Biopolymer materials  

Biopolymers are from microbial systems, plant organisms, or chemical synthesis, which 

have been applied as medical materials, cosmetics, packaging, food additives, water 
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treatment chemical, absorbents, and biosensors. In recent years, considerable 

concentrations have been focused on various types of biopolymers as bacteria carriers for 

efficient inoculants. 

1.5.1 Polysaccharide 

Polysaccharides are long carbohydrate molecules of monosaccharide units joined 

together by glycosidic bonds. The polysaccharides reported as rhizobial carriers can be 

classified by their source, including bacterial (e.g., cellulose, xanthan gum, gellan gum), 

fungal (e.g., pullulan, yeast glucan, elsinan), plant/algal (e.g., alginate, starch, agar, 

carrageenan, cellulose) and animal (chitin/chitosan, hyaluronic acid). Among them, 

alginate has attracted the most interest due to its non-toxicity, slow degradability, 

sufficient water-holding ability, and physical protection for microorganisms (Yabur et al., 

2007). Alginate is an anionic polysaccharide distributed widely in the cell walls of brown 

algae and may form viscous gum through water binding. The basic concept of alginate is 

to entrap live microorganisms into polymeric beads and maintain their viability. The 

alginate beads could be divided into macro-beads (1-4 mm in diameter) and micro-beads 

(50-200 µm in diameter). Macro-beads exhibit high populations and survival of bacteria, 

controlled release of bacteria to the external environment, and reduced wastage of 

microbial cells. However, due to the larger size of macro beads, the bacteria require 

another carrier (native microflora), to travel to the plants (emerged after sowing). In 

contrast, micro-beads are more easily applied to the plant after sowing and could be stored 

and transported conveniently. The disadvantage of micro-beads is they need special 

techniques to produce, which may increase the cost. Hence, both approaches have 

potential improvements to displace peat in the Agro-inoculation industry. 

1.5.2 Polyphenol 

Polyphenol comprises large multiples of phenol structural units underlining the unique 

physical, chemical, and biological properties. The lignin, tannin, suberin, cutin, humic 
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acid, and fulvic acid, which belong to the polyphenol family, have emerged as potential 

materials for rhizobial carriers. Mainly, lignin composed of phenylpropane building 

blocks is increasingly being used in enzyme and bacteria immobilization (Gong et al., 

2017; Zdarta et al., 2015). Numerous functional groups in lignin molecules, especially 

carboxylic and phenolic groups on the lignin surface, make it a potentially inexpensive 

and easily accessible material. Moreover, lignin also has been characterized by other 

valuable properties, such as porosity, good thermal stability, unique absorptivity, and 

biocompatibility. It is reported the addition of lignin-polyvinylpyrrolidone (PVP) could 

considerably increase the proliferation of eubacteria in the wafer sample (by 77%) and 

increased the enzymatic activity (A Pilarska et al., 2018). And Azotobacter vinelandii 

cultured on technical lignin/corn straw mixture was rapidly grown and reached 4.2 × 1010 

CFU g�í1 dry rot after 36 h (Zhang et al., 2004).  

1.5.3 Artificial biopolymers  

Artificial biopolymers are mainly focused on the chemical polymerization of naturally 

occurring monomers. Although biological systems do not produce these polymers, they 

are derived from basic biological building blocks that confer on them many of the same 

properties as microbially or plant-derived biopolymers, including nontoxicity, 

biodegradability, biocompatibility, and renewable feedstocks. Polyacrylamide, 

polystyrene, polyurethane, and PVP belong to this category. Polyacrylamide is the most 

commonly used synthetic polymer for microbial encapsulation, such as E. coli 

encapsulated inside polyacrylamide hydrogel as potential fluorescent sensors for copper 

ion determination (Tantimongcolwat et al., 2014). At present, markets for these synthetic 

biopolymers are only being identified. The high cost of these polymers needs to be solved 

before they can become a commercially viable product.  
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1.6 Superabsorbent polymers (SAPs) or hydrogels 

Polymer hydrogels are loosely cross-linked, three-dimensional networks of flexible 

polymer chains that bear dissociated, ionic functional groups. They are essential materials 

that, under load or without load, can absorb fluids greater than 15 times their dry weight, 

liquids such as water, electrolyte solution, synthetic urine, brines, and biological fluids 

such as urine, sweat, and blood. These are polymers characterized by hydrophilicity 

containing water-insoluble carboxylic acid, carboxamide, hydroxyl, amine, imide groups, 

etc., and cross-linked polyelectrolytes. Due to their ionic nature and interconnected 

structure, they absorb large amounts of water and other aqueous solutions without 

dissolving the water molecules through hydrogen bonds by solving them, raising the 

network entropy to make the SAPs swell enormously. The factors providing polymers 

with the absorbing power are osmotic strain, mobile counter-ions, and the affinity 

between the polymer electrolyte and water. In comparison, the element that suppresses 

the absorbing ability is contained in the elasticity of the gel resulting from its structure in 

the network (Zohourian & Kabiri, 2008). 

Although the classical application of SAPs is the prolongation of plant survival under 

water stress, new data show that they can affect soils with near-field water content. The 

benefits of soil alteration with SAPs can be summarised as follows: 

1. Growing the plant water available in soils (Ekebafe et al., 2011); 

2. They induce faster plant growth, even under optimum watering conditions. 

3. They prolong the survival of water-stress plants (Ekebafe et al., 2012). 

The ecological range of the plants is therefore greatly expanded. Thus, degraded land can 

be turned into a fertile field with the aid of SAPs. 

1.7 Organic Waste Materials 

Waste materials originate from vegetable and fruit debris, bones, or human and animal 

compost, which is usually broken down by other organisms over time and may also be 
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referred to as organic waste. As the substitute for traditional sources, waste materials have 

been widely tested as rhizobial carriers which are not only due to their low cost and 

availability as a local resource in farming regions, but also meeting the rhizobial living 

conditions well, including abundance in nutrients, high moisture, and good biodegradable 

ability. The waste materials used as rhizobial carriers mainly include three categories: 

plant wastes, animal wastes and sludge. Plant wastes containing the by-product from the 

manufacturing process have become one of the most important parts of waste materials 

as rhizobial carriers. The potential materials include wheat, oat or maize bran, cheese 

whey, soybean meal, malt sprouts, yeast extract, molasses, jaggery, sawdust, coir dust, 

cork, bagasse, and pea husk. All of these have been used as alternative substrates to 

provide C, N, or other nutrients necessary for rhizobial growth. For example, Albareda et 

al. (2008) compared five non-sterile carriers as inoculants for rhizobia. As a result, 

sawdust showed the best performance for maintaining the bacterial population when used 

individually and together. Animal wastes for rhizobial carriers are mainly focused on 

vermicompost, livestock or poultry manure and fishery waste. The usefulness of 

vermicompost as a supporting medium for bioinoculants was reported by Singh et al. 

(2012). The population of bioinoculants in the rhizosphere was observed to be 

considerably higher in plots receiving vermicompost enriched with bioinoculants. More 

recently, because of nutrient elements sufficient to sustain rhizobial growth, sludge as a 

worldwide recyclable waste has shown good potential in inoculant production, in 

particular sewage sludge and industry wastewater sludge. Rebah et al. (2002) 

demonstrated that sludge generated by industrial and municipal wastewater treatment 

processes sustained the growth of various strains of rhizobia, especially the fast-growing 

rhizobia with a population higher than 1 x 109 CFU mL-1. 
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1.8 Research gaps, research questions and hypotheses 

1.8.1 Research gaps 

Both biochar and biopolymer material exhibit excellent physicochemical properties and 

have great applications in agricultural soils and few of them have great effect as promising 

rhizobial carriers. Moreover, superabsorbent biopolymers and organic waste materials 

were also reported as individual rhizobial carriers. There are, however, many challenges 

that exist in the complicated process of experiments and manufacture. The time and 

resources required to develop new rhizobial carrier materials into a final commercial 

product are enormous, and this contributes to why many carrier materials reported by the 

literature surveys are identified annually and then never reach the practical stage. 

Optimizing the formulation of rhizobial carriers is crucial to ensure the survival and 

effectiveness of the inoculant. Research could delve into developing optimized carrier 

formulations by investigating carrier-to-inoculum ratios, moisture content, pH, and 

compatibility (depending upon the physicochemical properties of carriers) with rhizobial 

strains. Moreover, Investigating the long-term viability and storage stability of rhizobial 

inoculants in alternative carriers is essential for practical application. Research could 

assess the survival and efficacy of rhizobial strains over time under various storage 

conditions, including temperature, humidity, and shelf life. Further research is needed to 

determine the specific interactions between carrier materials, rhizobia, and plant hosts, 

including attachment, survival, colonisation, and signalling pathways. Addressing these 

research gaps is vital to gain a deeper understanding of the potential benefits and 

limitations of alternative rhizobial carriers, leading to improved inoculant technologies 

for legume crops in Australia. 

1.8.2 Research questions  

The main research questions include: 
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1. How do biochars pyrolyze from different feedstock materials influence the growth 

and survival of rhizobia for a prolonged period? Which biochar could provide 

enough optimal conditions for better rhizobial survival under drought stress 

compared with peat materials for soybean growth?  

2. How does the pyrolysis temperature affect the physicochemical characteristics of 

the biochar for the growth, survival, and reproduction of the rhizobia? 

3. Can biopolymer in combination with biochar make formulation suitable for the 

rhizobial population and growth? Can biopolymers with excellent water-holding 

capacity improve the survival of the rhizobial population? 

4. How do superabsorbent polymers and organic nutrients addition with different 

ratios to biochar contribute to the sustainability and growth of rhizobia? Can their 

super absorbency increase the efficiency of rhizobia within formulation?  

1.8.3 Hypotheses 

Based on the above research questions the following hypothesis were proposed for this 

study: 

1. Previously biochar has been used widely as a soil amendment for carbon 

sequestration, and minimal applications are known as a microbial carrier. In this 

�U�H�V�H�D�U�F�K���E�L�R�F�K�D�U�����S�\�U�R�O�\�]�H�G���D�W���������•�����I�U�R�P���G�L�I�I�H�U�H�Q�W���I�H�H�G�V�W�R�F�N���P�D�W�H�U�L�D�O�V���Z�L�O�O���E�H��

tested for rhizobial survival and growth. It is hypothesised that physicochemical 

characteristics of biochars would vary among different feedstock materials and 

some of these biochar materials (e.g., chip tire and cow manure) would have a 

better capacity to be an alternative rhizobial carrier and be more suitable for the 

rhizobial population. 

2. Biochar materials created at different pyrolysis temperatures ���������•���� �������•����

�������•�����������•�����D�Q�G���������•�����Z�R�X�O�G���K�D�Y�H���G�L�I�I�H�U�H�Q�W���S�K�\�V�L�F�R�F�K�H�P�L�F�D�O���S�U�R�S�H�U�W�L�H�V���D�Q�G��

some of these biochars would be more suitable for colonisation and survival of 
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rhizobia as an alternative rhizobial carrier material due to their better surface and 

chemical properties. 

3. Based on the third research question, it is hypothesized that the addition of 

biopolymers could improve the physicochemical characteristics of biochar in 

making an ideal formulation due to their high-water holding capacity. High 

moisture content could increase the rhizobial efficiency within the formulation. 

Moisture content is an essential signal for rhizobial survival and growth. 

4. Superabsorbent polymers have excellent water-holding capacity and can retain 

moisture for a long period. Likewise, plant and animal animal-based biomass have 

diverse essential nutrients; therefore, it is hypothesized that different ratios of 

super absorbent polymers, and organic nutrients with biochar made from low 

temperatures will provide exceptional carrier formulation for rhizobia.  

 

                           Figure 1. 1 Experimental layout and thesis structure diagram. 
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Chapter 2: Materials and Methods 

This chapter covers general methodologies including materials selection/collection, 

biochar preparation methods and characteristics, rhizobial incubation, inoculants 

preparation, determination of shelf life and greenhouse pot trials. All four major 

experimental chapters (chapter 3, 4, 5, 6 and 7) are prepared according to the journal 

paper pattern and carries more details in the specific materials and method section. 

2.1 Evaluating biochar and biopolymer materials as alternative carriers 

The ideal alternative carriers for seed-applied inoculants must be available with low cost 

and consistent quality and must be able to support the growth of the target organisms and 

maintain the desired population of inoculant strains as an effective habitat over an 

acceptable period. The carrier must also have high water holding capacity and retention 

characteristics, display chemical and physical uniformity and be non-toxic to inoculant 

strains as well as environmentally safe (Stephens & Rask, 2000). In addition, good 

carriers should also have strong adhesion to seeds and a strong pH buffering capacity.  

2.1.1 Collection and characterisation of alternative carrier materials 

2.1.1.1 Sample collection and preparation 

Based on the above criteria, different types of potential carrier materials, including locally 

available biochars, biopolymers, superabsorbent polymers, and organic (plant waste and 

animal waste) materials were sourced (Figure 2.1). Peat was used as a standard carrier for 

each experiment. Further details of materials sources are explained in the materials and 

methods section of each experiment (chapters 3, 4, 5, 6 and 7). The carrier samples were 

dried at 80�•�� for 24-72 hours depending on the type of materials, ground through 0.5 mm 

and sieved (250 µm). For the preparation of biochar slow pyrolysis method was used 

because it allows more biochar yield. Biochars were prepared at a laboratory scale using 

a long tube (300 mm) horizontal furnace (HTF 80/12e3/1, Laboratory Equip. Pty. Ltd., 

Australia) under anaerobic conditions. Three controllers (Eurotherm 3216 PID, 
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Eurotherm, Australia) were used to control the slow pyrolysis process maintaining 

temperature u�Q�L�I�R�U�P�L�W�\���Z�L�W�K�L�Q�����•�����7�K�H���F�R�Q�W�L�Q�X�D�Q�F�H���W�L�P�H���R�I���E�L�R�F�K�D�U�V���P�D�Q�X�I�D�F�W�X�U�L�Q�J���Z�D�V��

���� �K�R�X�U�� �D�W�� �����•�� �P�L�Q-1 heating rate with a �J�U�D�G�X�D�O�� �L�Q�F�U�H�D�V�H�� �R�I�� �����•�� �W�R�� �W�D�U�J�H�W�� �W�K�H�� �S�H�D�N��

�W�H�P�S�H�U�D�W�X�U�H�V���������•�����������•�����������•�������������•���D�Q�G�����������•���U�H�V�S�H�F�W�L�Y�H�O�\����������-100 g of different 

feedstocks were placed in a steel cylinder within the furnace fitted with an inlet for N2 

gas (flow rate 0.5 LPM). After pyrolysis completion, the biochars were taken out of the 

furnace and were allowed to cool at room temperature later all the biochars were ground 

to powder form, sieved (250 µm) and stored in plastic bags. These potential carrier 

materials were preliminarily examined. After initial screening and evaluation, biochar 

materials were further selected for full characterisation such as surface structural analysis 

(e.g., SEM, FTIR, XPS, and BET) and physiochemical analysis (e.g., chemical structure, 

elemental composition, moisture capture and retention) and examined for their suitability 

for moisture capture and retention, rhizobial inoculants (including absorption of rhizobia 

solution, survival rate and shelf life) and for their efficacy in nodulation and N-fixation.  

 

Figure 2. 1 Material collection from various places in Australia and biochar preparation 
using different feedstock and pyrolysis temperatures. 
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2.1.1.2 Physiochemical analysis 

A full physical and chemical characterisation was carried out for the potential alternative 

carrier materials including pH, electrical conductivity (EC), total carbon (C), nutrient [ 

nitrogen (N), phosphorus (P), sulphur (S), microelements] contents, available organic C, 

N, metal contaminants and water holding capacity (WHC).  

 EC and pH values were measured using the procedures previously described (Rajkovich 

et al., 2012). After shaking in an end-to-end shaker at 70 rpm for one hour, pH and EC 

values were determined in a 1:20 volumetric ratio of samples to distilled water using an 

Accumet® basic AB15 pH/cond. meter.  

The LECO CN analyser (TruMac NO.830-300-400) was used to measure the total C and 

N contents utilizing the dry sample combustion method (Figure 2.2).  

 

               Figure 2. 2 The LECO CN analyzer (TruMac NO. 830-300-400). 
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The available organic C and N (hot water extractable organic C and total N) were 

determined using the method proposed by F. Chen et al. (2000). Briefly, in a sealed test 

tube, 1.5 g (oven-dry equivalent) samples were incubated with 30 mL distilled water for 

18 hours at 70 °C. Following the incubation period, test tubes were shaken for one hour 

using an end-over-end shaker before being filtered through a Whatman 42 paper 

(Whatman Ltd., Maidstone, UK). The soluble organic C and total soluble N were 

determined using Shimadzu TOCN analyser (SHIMADZU TOC-VCPH, Kyoto, Japan) 

(Figure 2.3).  

 

       Figure 2. 3 The SHIMADZU TOC-L TOCN analyzer (Shimadzu, Kyoto, Japan). 

 

Contents of total P, S, Ca, Mg, K, Si, Al, Ca, Zn, Fe, Mn, and Cu were determined using 

an inductively coupled plasma optical emission spectroscopy (ICP-OES, Perlin Elmer, 

USA), following digestion in the mixture of HNO3 and HClO4 in a 4:1 ratio. All results 

were converted and presented on an oven-dry basis.  
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Water holding capacity (WHC) was measured by oven-drying methods. Small PVC rings 

(2 cm width and 1 cm height) with thin membranes at the bottom were used for the WHC 

test of carrier materials.  Alternative carrier samples were added into the PVC rings 

depending upon the volume of the PVC rings and weighed. Materials in rings were soaked 

in water for 24-48 hours, and the sample was weighed after draining for 3 hours. The wet 

sample was transferred to an oven at 105�•  for 24-48 hours and weighed again. The water 

holding capacity (WHC) was estimated by calculating the difference in moisture content 

between wet and oven-dried samples.  

2.1.1.3 Surface structure, chemical composition, and functional group 

Surface nanostructures of carrier materials were examined using Scanning Electron 

Microscopy (SEM, JSM-7001F) (Figure 2.4).  

 

               Figure 2. 4 The Scanning Electron Microscope (SEM, JSM-7001F) 

 

The surface functional groups were determined using the FTIR Spotlight 400 series 

(PerkinElmer Spectrum Two IR spectrometer, PerkinElmer, USA) in the spectrum range 

of 650-4000 nm-1 (Figure 2.5).  
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Figure 2. 5 The Fourier Transform Infrared Spotlight 400 series (PerkinElmer Spectrum 
Two IR spectrometer, PerkinElmer, USA)   

 

Surface porous and layered structures, pore size and specific surface area (SSA) were 

determined using a Brunauer-Emmett-Teller (BET) analyser by determining nitrogen 

adsorption-desorption isotherm (Quantachrome Autosorb-iQ MP, USA). The X-ray 

photoelectron spectroscopy (XPS) of biochars was also carried out to quantify different 

functional groups on biochar surfaces using Kratos Axis ULTRA XPS instrument (Figure 

2.6).  

 

Figure 2. 6 The Kratos Axis ULTRA X-ray photoelectron spectroscopy (XPS) analyser 
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2.1.2 Rhizobial culture, inoculant preparation and shelf-life measurements 

Rhizobia strain Bradyrhizobium japonicum (CB1809) associated with the key soybean 

(Glycine max) legume in the CRC participant regions was used for testing the survival 

rates of rhizobia on the seeds under various moisture and temperature conditions. The 

strain was obtained from the Australian Inoculant Research Group, Department of 

Primary Industries, New South Wales, Australia. The strain was prepared in Yeast 

mannitol broth (YMB) in a 250 ml Erlenmeyer flask and incubated on a gyratory shaker 

�I�R�U���I�L�Y�H���G�D�\�V���D�W�������•���D�W����������-180 rev min-1. Cell count was done on nutrient agar plates 

after serial dilution (10-6) (Vincent, 1970). 10 g of carrier materials were placed in 

�V�W�H�U�L�O�L�]�H�G���E�D�J�V���D�Q�G���V�W�H�U�L�O�L�]�H�G���D�W���������•���I�R�U���������P�L�Q�X�W�H�V���D�Q�G��later enough strains 109 were 

�P�L�[�H�G���Z�L�W�K���P�D�W�H�U�L�D�O�V���D�Q�G���V�W�R�U�H�G���X�Q�G�H�U���G�L�I�I�H�U�H�Q�W���W�H�P�S�H�U�D�W�X�U�H�V���������•���D�Q�G�������•�������G�H�W�D�L�O���L�V��

mentioned in each experimental material and methods section). 30% space was left for 

proper aeration. CFU value was counted after 30 days, 60 days, 90 days, and 120 days 

(Figure 2.5). To calculate the CFU value, 1 g of inoculant was suspended in 9 mL of 

YMB broth. After that, the rotatory shaker was used to fully mix inoculants with YMB 

in test tubes for two minutes. To achieve complete release of rhizobial strains from 

carriers, the test tubes were shaken for 30 minutes at 150 rpm on a gyratory shaker. Then, 

the solutions in tubes were serially diluted up to 10-6�Å 10-7 times with 100 µl of the final 

dilution plated onto PKV agar plates. Each dilution was replicated three times. All plates 

�Z�H�U�H���L�Q�F�X�E�D�W�H�G���I�R�U�����Å�����G�D�\�V���D�W���������“�������ƒ�&�����7�K�H���Q�X�P�E�H�U���R�I���P�L�F�U�R�E�L�D�O���F�R�O�R�Q�L�H�V���W�K�D�W���D�S�S�H�D�U�H�G��

on each petri plate was counted, and the inoculant's Log CFU g-1 was calculated. 
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Figure 2. 7 Preparation of the inoculant and determination of CFU value 

 

2.1.3 Greenhouse pot trial 

The pot experiment was carried out at the greenhouse (day/night �W�H�P�S�H�U�D�W�X�U�H�� �����•�� 

humidity 50-60%, day length 16 h), Griffith University, Brisbane, Queensland, Australia 

(Figure 2.6). A completely randomized design was used for the pot trial. The soybean 

(Glycine max L.) cultivar selected for the study was Bunya (Green harvest organic 

gardening Supplies, Pty. Ltd, Queensland, Australia). Before the pot trial, the seeds were 

surface-sterilized/washed with sodium hypochlorite (2% NaOCl) for 30 min, dipped into 

ethanol (95% C2 H6 O) for 5 min, and were rinsed a few times with sterile double distilled 

water (Kumar et al., 2017). The seeds were allowed to air dry for 30 minutes. Seeds were 

mixed with 3-4 days-old inoculants (carrier material + CB1809). Briefly, 4g of each 

inoculant and 10 % sucrose solution (as a sticking agent) were used to coat the seeds. 

After coating, seeds were left in the shade for dry aeration. Different soil types were used 

in the pot trial for each experiment (chapters 4, 5, 6 and 7) and their physicochemical 

details are also mentioned in their material and method section (chapters 4, 5, 6 and 7). 

Three different moisture levels of soil were adjusted based on WHC: 55% WHC, 30% 
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WHC, and 15% WHC to achieve water (drought) stress at varying rates. Normal irrigation 

(55% WHC), mild drought (30% WHC), and severe drought (15% WHC) were 

represented by D0, D1 and D2, respectively. Details of the treatment plan, experimental 

units and moisture levels are mentioned in detail in the materials and method section of 

each experiment (chapters 4, 5, 6 and 7). 

 

Figure 2. 8 Pot trial carried out in the greenhouse at Griffith University (Nathan campus), 
Australia. 

 

2.1.3.1 Harvesting and measurement of plant growth attributes, nitrogenase 

activity, physiological attributes, and isotopic signatures 

After harvest shoot/root length, shoot/root dry biomass, number of leaves, and root 

nodules were measured and recorded. Roots were separated from the shoots and washed 

carefully to remove any kind of dirt and placed on paper towels for air drying. Before 

determining the root and shoot dry weight, the root and shoot samples were put into the 

oven and d�U�L�H�G�� �D�W�� �����•�� �I�R�U�� �W�Z�R�� �G�D�\�V���� �5�R�R�W�� �G�U�\�� �Z�H�L�J�K�W�V�� �Z�H�U�H�� �G�H�W�H�U�P�L�Q�H�G�� �D�I�W�H�U�� �W�K�H��

nitrogenase activity. Nitrogenase activity was measured through acetylene reduction 

assay (ARA). The detailed procedure of ARA, physiological attributes (membrane 

stability index, relative water content, chlorophyll a, b, and total chlorophyll) and isotopic 
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signatures is mentioned in the materials and methods section of each experiment (chapter 

4, 5, 6 and 7).
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Chapter 3: Biochar surface properties and chemical composition 

determine the rhizobial survival rate 

Abstract 

Biochar may be potentially used as a rhizobial carrier due to its specific chemical 

compositions and surface properties, but the relationship between these properties and 

rhizobial survival rate is largely unknown. Herein, we analysed the physicochemical 

characteristics and carrier potential of six types of biochars made from various feedstocks 

�D�W���������•���X�V�L�Q�J��the slow pyrolysis method, and results were compared with conventional 

carrier material peat. A l iquid suspension of Bradyrhziobium japonicum CB1809 was 

used to inoculate all the carrier materials. Shelf life and survival rate were determined via 

the colony forming unit (CFU) method for up to 90 days under two storage temperature 

�F�R�Q�G�L�W�L�R�Q�V���������•���D�Q�G�������•�������7�K�H���G�H�W�H�U�P�L�Q�H�G���S�K�\�V�L�F�R�F�K�H�P�L�F�D�O��characteristics of biochars 

were categorized into major elements, trace elements, relative ratios, surface morphology, 

functional groups, and key basic properties; and their interaction with shelf life was 

analysed using hypothesis-oriented structure equation modelling (path analysis). Results 

revealed that different types of biochars had different capacities to impact shelf life due 

to their different physicochemical properties. Among all biochars pine wood BC was the 

most suitable carrier with the highest counts of 10.11 Log 10 CFU g-1 and 9.76 Log 10 

CFU g-1 at the end of 90 days at 28�•�� �D�Q�G�� �����•�� �V�W�R�U�D�J�Hs, respectively. Path analysis 

revealed that rhizobial shelf life was largely explained by total carbon (TC), manganese 

(Mn), specific surface area (SSA), pore size, C=O (ketonic carbon), and O-C=O (carboxyl 

carbon) functional groups, and all these indicators exhibited positive direct impact on 

shelf life. Pinewood BC showed the highest values of Mn, SSA, pore size and functional 

groups (C=O and O-C=O), contributing to its highest rhizobial shelf life and survival rate 

among other biochars and peat tested.   
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3.1 Introduction 

Globally, rhizobia fix about 200 to 300 kg of nitrogen (N) per ha per year through 

symbiotic associations with pasture and pulse legumes. In Australia, the estimated values 

of rhizobial N fixation (ca. 110 kg N per ha per year) bring about a national benefit of $4 

billion annually (Peoples et al., 2009; Peoples et al., 2021). Commonly rhizobia are 

introduced to the soil as an inoculant with the aid of a carrier material that provides an 

optimum environment and nutrients for rhizobial survival and growth (Bashan et al., 

2014). Peat is the most commonly used carrier material for current rhizobial inoculants. 

However, it is a non-renewable resource, and its supply is becoming scarce in recent 

years. Likewise, it has high extraction (mining), processing, and sterilization cost (�%�X�Q�W�L�ü��

et al., 2019). Although peat availability in soils (peat lands) makes the land fertile, peat 

harvesting poses negative impacts on the environment as it causes the emission of 

greenhouse gases [e.g., methane and carbon dioxide (CO2)]. Another drawback includes 

soil subsidence which happens when peat soils (that are usually wet) drain out extra water 

to increase agriculture production, resulting in an imbalanced increase in underground 

water level. Peat lands also cause the drying of surrounding (neighbouring) areas and 

deteriorate underground water quality by increasing the salt concentration (salinity) 

(Poppe et al., 2021). Therefore, alternatively, it is urgently needed to develop new and 

extraordinary carrier materials for sustaining relevant inoculant industry and agricultural 

production. It has been noted that several alternative materials, including plant by-

products, bagasse, manure, cork compost, attapulgite, sepiolite, amorphous silica, lignite, 

and rock phosphate were examined for some rhizobial strains (Albareda et al., 2008; E. 

M. Ferreira & I. e. Castro, 2005). While the results varied among those materials, and 

some were observed superior to peat {e.g., cork compost and perlite (Albareda et al., 

2008)}. Nevertheless, findings are fragmented, and mechanisms are largely unknown.  
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Among various types of carrier materials, biochar also has received particular attention 

due to its excellent physicochemical properties (Ajeng et al., 2020; Azeem et al., 2021). 

Biochar has been widely used as a soil amendment (modifier). (Abujabhah et al., 2016). 

Biochar applications to soil increase water retention, increase soil pH via liming impact, 

enhance N uptake by plants and ameliorate soil buffering capacity (Gul et al., 2015; Lan 

et al., 2019; Major et al., 2010). Moreover, the relative resistance of biochar to soil 

microbial decomposition, and consequently its slower return of terrestrial organic carbon 

(C) as CO2 to the atmosphere, determine the efficiency of employing biochar as a strategy 

to mitigate climate change (Kavitha et al., 2018; Lehmann, 2007b).  

The main physicochemical characteristics (that could be suitable for microbial 

inhabitation and growth) include high porosity, efficient water-holding capacity (WHC), 

appropriate C content, functional groups, and nutrients (Igalavithana et al., 2017). For 

example, scanning electron microscope (SEM) images of a few biochars (used as carrier 

materials) provided channels and pores on the biochar surface (Husna et al., 2019), 

allowing large surface area with several possible locations useful for microbial 

attachment through physical/chemical interactions (Qi et al., 2021; Tao et al., 2018). 

Furthermore, the biochar surface's abundant O-bearing functional groups (e.g., C=O, O-

C=O) aid in the sorption of dissolved organic molecules, simple organic compounds, and 

NH4
+ ions, resulting in a beneficial microbial habitat (Oliveira et al., 2017). Biochar's 

surface roughness aid in the better adherence of microbial cells (Ajeng et al., 2020) and 

different stacks of aromatic layers makes it amphoteric to a variety of adsorbates 

enhancing effective and nonlinear adsorption (Ye et al., 2017). Moreover, biochar pH 

(mostly 6-10) may also be another factor affecting microbial growth. The optimum pH 

for rhizobial growth ranges from 6.5-7.5 (Husna et al., 2019). Although, few studies 

reported biochar as an alternative microbial carrier (Hardy & Knight, 2020; Kumar et al., 

2017; Sun et al., 2016; Tao et al., 2018), the mechanism of microbial interaction with the 
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biochar surface is yet to be explored. Previously, Hale et al. (2015) reported the 

relationship between physicochemical characteristics (excluding functional groups) of 

biochar and the survival of plant growth-promoting rhizobia (PGPR) (Enterobacter 

cloacae UW5) in the soil using liquid inoculation. However, the soil is a heterogeneous 

mixture of various components, including organic matter, silt, sand, clays, and inorganic 

salts (e.g., NaCl) that could influence the microbial survival (Lehmann et al., 2011). 

Hence, it is not well understood that how rhizobial shelf life is impacted by different types 

of biochars (as a solid carrier material) under different storage conditions.  

To better understand the interactions between various physicochemical characteristics of 

biochar and rhizobial shelf life is the hypothesis-oriented path analysis, a quantitative 

analysis tool that has been widely employed in multivariate interacting systems (Yao et 

al., 2021). Herein, this project evaluated the potential of biochar as an alternative carrier 

material and explored the mechanism of interaction of carrier and rhizobia using various 

physiochemical attributes of biochar. 

3.2 Materials and Methods 

3.2.1 Carrier materials collection, biochar preparation and characterisation 

Four different types of feedstock materials were selected across Australia. For instance, 

pine wood (Pinus radiata) and oak (Allocasuarina torulosa) were collected from the 

Narrongin region, Western Australia, sugarcane (Saccharum officinarum) was obtained 

from Tully Sugar Mill, North Queensland, and peanut shell (Arachis hypogaea) was 

kindly provided by Kingaroy, Peanut Company of Australia. Prior to biochar production, 

all the feedstocks were cut into 3-4 cm small pieces and oven dried at 70�•���I�R�U�������G�D�\�V����

Biochars were prepared from pine wood, oak branches, sugarcane bagasse and peanut 

shell using a �V�O�R�Z���S�\�U�R�O�\�V�L�V���P�H�W�K�R�G���D�W���������•�� �D�Q�G��a residence time of one hour. These 

biochars are named pine wood BC, oak BC, sugarcane BC, and peanut shell BC in this 

study, respectively (Zhang et al. 2017). Grassdale Pty. Ltd. Australia provided novel tire 
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�F�K�L�S�V���D�Q�G���F�R�Z���P�D�Q�X�U�H���E�L�R�F�K�D�U�V���W�K�D�W���Z�H�U�H���D�O�V�R���S�\�U�R�O�\�]�H�G���D�W���������•���D�Q�G���Z�H�U�H���Q�D�P�H�G���W�L�U�H��

chips BC and cow manure BC, respectively.  Biochar materials were ground to powder 

form and were sieved (250 µm) before use. 

For the elemental analysis, the total carbon (TC) and total nitrogen (TN) contents of 

biochars were measured by the LECO CN analyzer (TruMac NO.830-300-400) using the 

dry combustion method (Zhang et al., 2017). The hot water extractable organic carbon 

(HWEOC) was measured using the method proposed by F. Chen et al. (2000). Concisely, 

1.5 g (oven-dry equivalent) biochar samples were incubated with 30 mL distilled water 

in a capped falcon tube at 70 °C for 18 h. After incubation time, shaking of falcon tubes 

was carried out for one hour using an end-over-end shaker followed by filtration through 

a Whatman 42 paper (Whatman Ltd., Maidstone, UK). The concentration of HWEOC in 

the filtrate was determined using a SHIMADZU TOC-VCPH (Shimadzu, Kyoto, Japan) 

TOCN analyser. Results were expressed on an oven-dry basis. Wet digestion of biochar 

samples was carried out following the method explained by  Zasoski and Burau (1977) 

using HNO3 and HClO4 in a 4:1 ratio to analyze other major and trace elements. 

Concentrations of key elements were measured by an inductively coupled plasma (ICP) 

spectroscopy method. Results were calculated on an oven-dry basis. The electrical 

conductivity (EC) and pH value of biochars were determined using previously described 

methods (Rajkovich et al., 2012). In detail, pH and EC values were measured in a 1:20 

volumetric ratio of biochar to distilled water after shaking in end to end shaker at 70 rpm 

for one hour, using Accumet® basic AB15 pH/conductivity meter. Water holding 

capacity (WHC) for the biochar carriers was also determined. Precisely, biochar materials 

were saturated in water for 24 h, then were allowed to drain (covered with plastic or filter 

paper to minimize the evaluation) in the air for 3 hours, being oven dried (105°C) for 48 

hours and acceded to cool at room temperature. The %WHC values were determined 

based on the mass of water held in the biochar material per g dry weight ×100 (Gondim 
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et al., 2018; Hale et al., 2015). The functional groups of biochar carriers were measured 

through FTIR (PerkinElmer Spectrum Two IR spectrometer, PerkinElmer, USA), FTIR 

was recorded in a spectral range of 650-4000 cm1 using the Spotlight 400 series. The X-

ray photoelectron spectroscopy (XPS) scans of C1s (adventitious carbon) of biochars 

were used to determine the relative number of compositions of different functional groups 

such as alcoholic functional groups (C-OH), ketonic (C=O), and carboxylic functional 

groups (O-C=O) on biochar surface. The XPS analysis was performed using Kratos Axis 

ULTRA XPS spectrometer and CASA software (version 1.0.0.1) was used to analyse the 

data. Physical structures such as porous and channel structures, of biochar carriers were 

documented using a scanning electron microscope (SEM) (JSM-7001F), while specific 

surface area (SSA), pore size, and total pore volume (TPV) was measured by Brunauer-

Emmett-Teller (BET) analyser. 

3.2.2 Rhizobial strains, culture, and inoculant preparation 

Bradyrhizobium japonicum (CB 1809) strain was obtained from the Australian Inoculant 

Research Group, Department of Primary Industries, New South Wales, Australia. Yeast 

mannitol broth (YMB) was used to culture CB 1809. For this purpose, CB 1809 strains 

were prepared in a 250 ml Erlenmeyer flask and incubated on a gyratory shaker for five 

�G�D�\�V���D�W�������•���D�W����������-180 rev min-1. Cell count was done on nutrient agar plates after serial 

dilution (10-6) (Vincent, 1970). All sieved biochar carrier materials were placed in 

autoclave bags for sterilization. 10 g of each biochar carrier material was taken in each 

autoclave bag. All the bags were put into an autoclave for sterilization for 20 minutes at 

�������•�����6�X�I�I�L�F�L�H�Q�W���D�P�R�X�Q�W���R�I���I�L�Y�H���G�D�\�V���R�O�G�����L�Q�F�X�E�D�W�H�G���&�%�������������V�W�U�D�L�Q�V�����������î����9 ml-1) were 

injected aseptically into the autoclave bags and 40% moisture content of biochar carrier 

materials was maintained. Biochar materials inside bags were mixed with hands 

thoroughly; 30% space was left in bags to provide proper aeration. Bags were stored at 

�����•�� (room temperature) and �����•  for up to 90 days. �����•�� �V�W�R�U�D�J�H�� �W�H�P�S�H�U�D�W�X�U�H�� �Z�D�V��
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selected to explore whether the carrier material support rhizobia under a harsh 

environment, it will improve inoculant quality for storage, shipment, product application 

timing and cost-effectiveness. Biochar carrier materials were subsampled at 20, 40, 60, 

and 90 days to determine the Log 10 CFU g-1 value of CB1809.  

3.2.3 Measurements of shelf life  

To assess the shelf life of prepared inoculants, the population density of strain CB 1809 

in each biochar inoculant was checked by Colony-forming unit (CFU) value at 20 days, 

40 days, 60 days, and 90 days. Briefly, the CFU value was measured by suspending 1 g 

of inoculant in 9 mL of YMB broth. After that, biochar inoculants were mixed with YMB 

thoroughly in falcon tubes for two minutes by the rotatory shaker. The falcon tubes were 

placed on a gyratory shaker for 30 minutes at 150 rpm to ensure the complete release of 

rhizobial strains from carriers. Serial dilutions of bio-formulations were carried up to 10-

6 - 10-7, and 100 µL of the last dilution was plated onto nutrient agar plates. Three 

replications were made for each dilution. All plates were incubated at 28 ± ���•���I�R�U�����a����

days. The number of microbial colonies appearing on each Petri plate were recorded, and 

Log CFU g-1 of each inoculant was estimated.  

3.2.4 Statistical analysis 

Path analysis was performed to find out the direct and indirect effects of the 

physicochemical properties of biochar on rhizobial shelf life. The model results were 

produced and calculated under partial least square path modelling (PLS-PM) using R 

�V�R�I�W�Z�D�U�H�¶�V�� �S�D�F�N�D�J�H�� �³�S�O�V�S�P�´�� ���5���� �Y�H�U�V�L�R�Q��4.0.5). The physicochemical properties were 

�G�L�Y�L�G�H�G���L�Q�W�R���V�L�[���O�D�W�H�Q�W���Y�D�U�L�D�E�O�H�V�����µ�0�D�M�R�U���H�O�H�P�H�Q�W�V�¶�����µ�W�U�D�F�H���H�O�H�P�H�Q�W�V�¶�����µ�I�X�Q�F�W�L�R�Q�D�O���J�U�R�X�S�V�¶, 

�µ�V�X�U�I�D�F�H���P�R�U�S�K�R�O�R�J�\�¶�����µ�U�H�O�D�W�L�Y�H���U�D�W�L�R�V�¶�����D�Q�G���µ�N�H�\���E�D�V�L�F���S�U�R�S�H�U�W�L�H�V�¶. The physicochemical 

characters including HWEOC, TC, TN, P, S, and Ca were recognized as potential 

�L�Q�G�L�F�D�W�R�U�V���I�R�U���W�K�H���O�D�W�H�Q�W���Y�D�U�L�D�E�O�H���µ�P�D�M�R�U���H�O�H�P�H�Q�W�V�¶�����7�K�H���µ�W�U�D�F�H���H�O�H�P�H�Q�W�V�¶��was represented 

by Zn, Fe, and Mn. We determined C-OH, O-C=O, and C=O as useable indicators for 
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�µ�I�X�Q�F�W�L�R�Q�D�O���J�U�R�X�S�V�¶. The latent variabl�H���µ�V�X�U�I�D�F�H���P�R�U�S�K�R�O�R�J�\�¶��was attributed to SSA, pore 

size and TPV. Different elemental ratios (total C:N, total C:P, total N:P and total Ca:S) 

�V�H�U�Y�H�G�� �D�V�� �L�Q�G�L�F�D�W�R�U�V�� �I�R�U�� �µ�U�H�O�D�W�L�Y�H�� �U�D�W�L�R�V�¶, while WHC, pH and EC were used as useful 

indicators for �µ�N�H�\�� �E�D�V�L�F�� �S�U�R�S�H�U�W�L�H�V�¶���� �3�U�L�Q�F�L�S�D�O�� �F�R�P�S�R�Q�H�Q�W�� �D�Q�D�O�\�V�L�V�� �Z�D�V�� �S�H�U�I�R�U�P�H�G�� �W�R��

distinguish biochar materials depending on their physicochemical properties based on a 

correlation matrix among different variables (physicochemical parameters). Furthermore, 

the results 

3.3 Results 

3.3.1 Biochar chemical and surface characteristics 

Distinct physicochemical characteristics were observed in all biochars (Table 3.1). For 

instance, the biochar materials showed a wide range of TC (470 g kg-1 to 852 g kg-1), TN 

(2.67 g kg-1 to 3.80 g kg-1), and HWEOC (0.94 g kg-1 to 2.39 g kg-1) respectively. In 

contrast to TN concentrations (p > 0.05), TC and HWEOC concentrations were 

significantly different (p < 0.05) among all biochars (Table 3.1). The highest 

concentration of TC (p < 0.05) was observed in sugarcane BC, while the highest amount 

of TN (p > 0.05) and HWEOC (non-significant to tire chips BC, p > 0.05) were detected 

in pine wood BC and cow manure BC, respectively (Table 3.1). For other elemental 

contents (P, S, Ca, Fe, Zn, and Mn), pine wood BC showed significantly (p < 0.05) higher 

concentrations of Ca (9.28 g kg-1) and Mn (0.51 g kg-1) as compared to other biochars, 

however, the concentration of Ca in pine wood BC was not significantly (p > 0.05) 

different to oak BC. Moreover, the highest SSA (142.6 m2g-1) and pore size (6.38 µm) 

were observed in pinewood BC, but with being non-significant (p > 0.05) to other 

biochars. However, among all biochar materials tire chips BC showed the lowest values 

of SSA (117.9 m2 g-1) and pore size (3.97 µm), respectively. The value was significantly 

(p < 0.05) lower than pine wood BC. Interestingly, tire chips BC showed approximately 

neutral pH (7.26), significantly (p < 0.05) different as compared to other biochar materials 
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that exhibited relatively alkaline pH (7.90 �± 11.42). Cow manure BC possessed 

significantly (p < 0.05) highest (alkaline) pH value (11.42). In addition, cow manure BC 

and peanut shell BC exhibited significantly (p < 0.05) highest EC (1750 µS cm-1) and 

WHC (114%) values (non-significant to sugarcane BC, p > 0.05), respectively. Values of 

potentially toxic metals (e.g., Ni, Cd, Pb, Hg, As) in all biochar carriers were below 

detection limits, illustrating their little toxicity to rhizobia and the environment.  

The SEM analysis showed that the surfaces of all biochar materials were coarse with 

some channels and porous structure, noted by white and yellow arrows respectively 

(Figure 3.1a-f). Particularly, notable channels and pores were observed in both pine wood 

BC (Figure 3.1a) and oak BC (Figure 3.1b). Sugarcane BC, peanut shell BC and cow 

manure BC also showed channel structure, but with fewer pores in their surfaces (Figure 

3.1c, d, f). Shapeless structures with lumps were observed for tire chips BC as indicated 

by a white circle (Figure 3.1e).  

 

Figure 3. 1 Representative SEM images of pine wood BC (a), oak BC (b), sugarcane BC 
(c), peanut shell BC (d), tire chips BC (e), and cow manure BC (f).  

 

Numerous functional groups and representative bands in six biochar materials identified 

with FTIR spectra are illustrated in Figure 3.2. The FTIR analysis showed that almost all 
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biochars did not vary significantly in their C structures. This may be because in biochar 

materials C structures depend more on pyrolysis temperature rather than feedstock 

(Zhang et al., 2017). However, special -OH stretching peaks were observed in both tire 

chips BC and cow manure BC at 3346 cm-1. Strong aromatic structure C=C appeared at 

1579 cm-1 (Zhang et al., 2017) in almost all biochars. Aliphatic structures for instance, 

saturated (-CH3) and unsaturated (CH2) stretching vibrations were observed at 2902 cm-1 

and 2988 cm-1, respectively in three biochars (oak BC, sugarcane BC and peanut shell 

BC) (Keiluweit et al., 2010).  C-O stretching vibrations that could be due to the sourced 

materials (cellulose, lignin, and hemicellulose) were observed at 1046 cm-1 (Uchimiya et 

al., 2011) in almost all biochar carriers except pine wood BC. The peaks that appeared at 

1400-1200 cm-1 encircled in Figure 3.2 represented the presence of carbonates (CO3
2-) in 

biochar materials (Zhang et al., 2017).  

 

Figure 3. 2 FTIR spectra of pine wood BC, oak BC, sugarcane BC, peanut shell BC, tire 
chips BC and cow manure BC, respectively. 

 



55 
 

Table 3. 1 Physicochemical characteristics of biochars selected in this study. 

The values (mean ± SD, n = 3) do not share a same letter are significantly different (Fisher 
LSD test, p < 0.05). TC: total carbon; TN: total nitrogen, HWEOC: hot water extractable 

Properties Pine 
wood BC 

Oak BC Sugarcan
e BC 

Peanut 
shell BC 

Tire 
chips BC 

Cow 
manure 

BC 
Major elements 

TC (g kg-1) 812 ± 
20.30 b 

797 ± 
10.40 b 

852 ± 
20.20 a 

745 ± 
10.10 c 

470 ±  
9.70 e 

648 ±  
10.5 d 

TN (g kg-1) 3.80 ± 
0.70 a 

3.66 ± 
0.51 a 

3.21 ± 
0.80 b 

2.67 ± 
1.15 c 

3.34 ± 
0.85 b 

3.31 ± 
0.57 b 

HWEOC  
(g kg-1) 

0.94 ± 
0.10 c 

1.13 ± 
0.04 bc 

1.32 ± 
0.08 bc 

1.46 ± 
0.10 bc 

1.85 ± 
0.60 ab 

2.39 ± 
1.05 a 

P (g kg-1) 0.75 ± 
0.13 e 

1.57 ± 
0.10 d 

2.61 ± 
0.10 b 

2.30 ± 
0.10 c 

0.38 ± 
0.07 f 

5.95 ± 
0.16 a 

S (g kg-1) 0.30 ± 
0.08 b 

0.39 ± 
0.06 b 

0.93 ± 
0.12 b 

2.05 ± 
0.10 a 

2.00 ± 
0.05 a 

0.70 ± 
0.15 b 

Ca (g kg-1) 8.23 ± 
0.98 a 

9.28 ± 
0.97 a 

0.91 ± 
0.09 d 

6.80 ± 
1.02 b 

4.86 ± 
0.14 c 

6.58 ± 
0.15 b 

Relative ratios 

Total C:N  214 ± 
35.45 b 

218 ± 
26.85 b 

265 ± 
65.05 a 

279 ± 
70.71 a 

141 ± 
35.17 c 

196 ± 
28.70 b 

Total C:P  1083 ± 
161 a 

508 ± 
25.77 b 

326 ±  
4.78 b 

323 ± 
60.72 b 

1237 ± 
210.53 a 

109 ± 
10.15 c 

Total N:P  5.06 ± 
0.09 b 

2.33 ± 
0.17 c 

1.21 ± 
0.26 d 

1.16 ± 
0.45 de 

8.79 ± 
0.63 a 

0.56 ± 
0.08 e 

Total Ca:S  27.43 ± 
7.02 a 

23.79 ± 
8.66 b 

0.98 ± 
0.50 f 

3.31 ± 
0.20 d 

2.43 ± 
0.30 e 

9.40 ± 
50.60 c 

Trace elements 

Zn (g kg-1) 0.11 ± 
0.04 b 

0.16 ± 
0.03 b 

0.17 ± 
0.08 b 

0.09 ± 
0.03 b 

0.50 ± 
0.10 a 

0.20 ± 
0.10 b 

Fe (g kg-1) 0.21 ± 
0.10 d 

0.04 ± 
0.01 e 

0.13 ± 
0.02 de 

2.10 ± 
0.05 a 

1.72 ± 
0.10 b 

0.74 ± 
0.14 c 

Mn (g kg-1) 0.51 ± 
0.15 a 

0.30 ± 
0.05 b 

0.09 ± 
0.03 c 

0.07 ± 
0.03 c 

0.05 ± 
0.02 c 

0.08 ± 
0.03 c 

Surface morphology 

SSA (m2g-1) 142.6 ± 
11.30 a 

138.4 ± 
12.10 ab 

128.6 ± 
12.20 ab 

132.6 ± 
11.1 ab 

117.9 ± 
14.11 b 

127.9 ± 
13.05 ab 

TPV (cm3g-

1) 
0.13 ± 
0.02 a 

0.12 ± 
0.03 a 

0.10 ± 
0.02 ab 

0.10 ± 
0.01 ab 

0.05 ± 
0.02 c 

0.06 ± 
0.02 bc 

Pore size 
(µm) 

6.38 ± 
1.02 a 

6.02 ± 
1.03 a 

4.85 ± 
1.10 ab 

5.73 ± 
0.62 a 

3.97 ± 
1.03b 

5.64 ± 
1.02 ab 

Key basic properties 

pH (1:20; 
w/v) 

7.90 ± 
0.38 c 

8.73 ± 
0.32 b 

9.11 ± 
0.28 b 

9.26 ± 
0.29 b 

7.26 ± 
0.35 d 

11.42 ± 
0.35 a 

EC (µS cm-1) 120 ±  
40 d 

156 ± 
15 d 

609 ± 
20 c 

550 ±  
70 c 

938 ±  
60 b 

1750 ± 
200 a 

WHC (%) 107 ± 
6 ab 

100 ± 
5 b 

105 ± 
4 ab 

114 ±  
7 a 

29 ±  
3 d 

39 ±  
4 c 
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organic carbon; SSA: specific surface area; TPV: total pore volume; EC: electrical 
conductivity; WHC: water holding capacity. 
 

The oxidation status of elements on the surface (2�±10 nm) of samples was determined 

using XPS analysis (Singh et al., 2014). The XPS spectra of biochars is presented in 

Figure 3.3 and the results (% atomic concentration) obtained from peak fitting are 

mentioned in Figure 3.4. The XPS spectrum for the C1s was used and further 

deconvoluted into four peaks. The first peak appeared at a binding energy of 284.80 eV 

and was related to C�±C/C�±H; the second peak came at a binding energy of 286.30 eV and 

was caused by C�±OH; the third peak with a binding energy of 287.80 eV and the fourth 

peak at 288.50 eV were related to C=O and O-C=O, respectively (Singh et al., 2014). The 

peak fitting results (Figure 3.4) showed that apart from aromatic (C�±C/C�±H) functional 

groups that have the highest percentage (52.2% - 73.9%), the second highest were 

alcoholic (C-OH) functional groups in all biochars. However, pine wood BC showed the 

highest amount (12.6%) of C=O and O-C=O functionalities (8.5 %) among all other 

biochars.  

 

Figure 3. 3 XPS scans of C1s of pine wood BC (a), oak BC (b), sugar cane BC (c), peanut 
shell BC (d), tire chips BC (e), cow manure BC (f). The binding energies for the sample 
XPS spectra were calibrated by setting C to 1 s at 284.8 eV. 
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Figure 3. 4 Relative abundance (% atomic concentration) of different functional groups 
on pine wood BC (a), oak BC (b), sugar cane BC (c), peanut shell BC (d), tire chips BC 
(e), cow manure BC (f). 

 

3.3.2 Rhizobial shelf life and survival rate 

Among the evaluated biochar carriers, pine wood BC showed the foremost results for 

rhizobial shelf life and survival rate at two storage temperatures (28 °C and 38 °C) (Figure 

3.5a-d). For instance, under 28 °C (Figure 3.5a, c), pine wood BC had a greater shelf life 

(10.11 log10 CFU g-1) and survival rate of 93% (p < 0.05), compared with peanut shell 
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BC (8.25 log10 CFU g-1), tire chips BC (7.23 log10 CFU g-1), and cow manure BC (6.89 

log10 CFU g-1), respectively. However, there were no significant differences in shelf life 

among pine wood BC, oak BC (9.62 log10 CFU g-1), sugarcane BC (9.52 log10 CFU g-

1) and peat (9.85 log10 CFU g-1).  

 

Figure 3. 5 Log 10 CFU g-1 �Y�D�O�X�H���V�W�R�U�H�G���D�W�������•�����D�����D�Q�G���������•�����E�������V�X�U�Y�L�Y�D�O rate stored at 
�����•�����F�����D�Q�G����8�•�����G�����I�R�U����-90 days. The values (mean ± SD, n = 3) do not share a same 
letter are significantly different (LSD test, p < 0.05). 

 

�$�W�������•�����)�L�J�X�U�H��3.5b, d), different levels of colony count reduction were observed in all 

carrier materials tested, but the shelf life and survival rate of strains still maintained above 

6.39 Log 10 CFU g-1 and 59%, respectively. Particularly significantly (p < 0.05) higher 

shelf life (9.76 Log 10 CFU g-1) and survival rate (90 %) were recorded in pine wood BC 

than those of peat (shelf life: 9.36 Log 10 CFU g-1, survival rate: 86%) and other biochars. 

From 0-������ �G�D�\�V���� �X�Q�G�H�U�� �E�R�W�K�� �V�W�R�U�D�J�H�� �W�H�P�S�H�U�D�W�X�U�H�V�� �������•�� �D�Q�G�� �����•���� �D�� �U�D�S�L�G�� �G�H�F�U�H�D�V�H�� �L�Q��

viable cell count (shelf life and survival rate) was observed in some biochars. For instance, 
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�������������������•�����D�Q�G�����������������•�����U�H�G�X�F�W�L�R�Qs were observed in cow manure BC, while tire 

�F�K�L�S�V���%�&���D�Q�G���V�X�J�D�U�F�D�Q�H���%�&���V�K�R�Z�H�G���D���V�L�P�L�O�D�U���U�H�G�X�F�W�L�R�Q�����F�D�������������D�W�������•���D�Q�G������-27% at 

�����•���� ���)�L�J�X�U�H��3.5a-d). This reduction in viable cell count was significantly (p < 0.05) 

different from pine wood BC and closely related to greater moisture loss during this period 

(Figure 3.6 a, b). However, a gradual decrease in viable cell count was observed from 20-

90 days �X�Q�G�H�U�������•���D�Q�G�������•���U�H�V�S�H�F�W�L�Y�H�O�\�����Z�K�L�F�K���Z�D�V���Fonsistent with the trend in gradual 

moisture reduction (Figure 3.6 a, b). The change in the pH value of carriers at each interval 

was shown in Figure 3.6 c, d. Compared with the initial pH value of each carrier, there 

was a decrease up to 30 days, and then the pH value slightly fluctuated or increased until 

the end of storage time, which may be induced by the enzyme secretion of strains inside 

carrier materials (Bailey et al., 2011). The temperature showed little influence on pH value 

change for all carriers. 
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Figure 3. 6 �9�D�U�L�D�W�L�R�Q�V���R�I���W�K�H���P�R�L�V�W�X�U�H���F�R�Q�W�H�Q�W�����������X�Q�G�H�U�����D���������•���D�Q�G�����E���������•�����S�+���Y�D�O�X�H��
�X�Q�G�H�U�� �F���� �����•�� �D�Q�G�� �G���� �����•�� �R�I�� �G�L�I�I�H�U�H�Q�W�� �E�L�R�F�K�D�U�� �F�D�U�U�L�H�U�� �P�D�W�H�U�L�D�O�V�� �L�Q�R�F�X�O�D�W�H�G�� �Z�L�W�K��B. 
japonicum �&�%�����������R�Y�H�U���D���V�W�R�U�D�J�H���S�H�U�L�R�G���R�I�������Å���������G�D�\�V�����0�H�D�Q���“���6�'. 

 

3.3.3 Relationship between the physicochemical characteristics of biochars and 

rhizobial shelf life  

Path analysis, PCA and Pearson correlation were applied to explore the effect of the 

physicochemical properties of biochar on shelf life. Because biochars had a longer shelf 

life at 28 °C, the log 10 CFU g-1 value of carrier inoculants (after 90 days) held at 28 °C 

�Z�D�V���X�V�H�G���I�R�U���S�D�W�K���D�Q�D�O�\�V�L�V�����3�&�$�����D�Q�G���3�H�D�U�V�R�Q�¶�V���F�R�U�U�H�O�D�W�L�R�Q���D�Q�D�O�\�V�L�V���� 

�7�K�H���S�D�W�K���D�Q�D�O�\�V�L�V�¶���O�R�D�G�L�Q�J���V�F�R�U�H�V�����K�L�J�K�H�V�W���Y�D�O�X�H�V�������7�D�E�O�H��3.2) indicated that TC, Mn, SSA, 

total C:P, C=O / O-C=O and EC were typical (representative) indicators of major 

elements, trace elements, surface morphology, relative ratios, functional groups, and key 
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basic properties, respectively. The goodness of fit that represents the average prediction 

of the whole model was 0.494, path analysis (Figure 3.7) indicated that major elements, 

functional groups, and surface morphology had a significant (p < 0.01) positive 

relationship with shelf life. Relative ratios did not pose a significant direct effect (p > 0.05) 

on the shelf life of rhizobia. However, both trace elements and key basic properties 

showed significant (p < 0.01) negative effects on the shelf life. The latent variable 

functional groups showed a significant (p < 0.05) positive direct effect on surface 

morphology, while major elements did not significantly (p > 0.05) affect functional 

groups.  

The PCA (Figure 3.8a) divided the six biochars into four groups (pine wood BC and oak 

BC as the first group; sugarcane BC and peanut shell BC as the second group; cow manure 

BC as the third group; tire chips BC as the fourth group). The biochars in the same group 

described that they did not have significant differences in their physicochemical 

properties, hence, indicating non-significant differences in the shelf life of rhizobia. 

Furthermore, PCA divided all the variables into 22 factors (F1 to F22), but only five 

factors (PC1, 2, 3, 4 and 5) were major contributors (Table 3.3). These five factors 

contributed to 39%, 25%, 14%, 10% and 6% of variability, respectively (Table 3.3). For 

factor F1 (PC1), Shelf life, TC, Mn, SSA, TPV, C=O, and O-C=O were the major 

contributors. 
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Table 3. 2 Each latent variable's loading score values (correlation coefficients) with 
their representative indicators (observable variables). 

HWEOC: hot water extractable total organic carbon; TC: total carbon; TN: total nitrogen; 
SSA: specific surface area; TPV: total pore volume; C-OH: alcoholic functional group; 
C=O: ketonic carbon functional group; O-C=O: carboxylic carbon functional group; EC: 
electrical conductivity; WHC: water holding capacity. 
 

 

Figure 3. 7 Path analysis results showing the direct and indirect effects of 6 latent 
variables (physicochemical characteristics) of biochars on shelf life. Numbers show the 
value of path coefficients. Blue and Red paths indicate significant positive and negative 
e effects respectively. The dashed path illustrates the effect is insignificant. *p < 0.05; 
** p < 0.01; ***p < 0.001. 

 

Latent 
Variables 

Indicators  
Loading 
score 
values 

Latent 
Variables 

Indicators  
Loading 
score 
values 

Major elements  Relative ratios  
 HWEOC -0.49  C:N 0.23 
 TC 1.00  C:P 0.37 
 TN 0.13  N:P 0.16 
 P 0.05  Ca:S -0.82 
 S -0.51 Functional groups  
 Ca 0.02  C-OH 0.74 
Trace elements   C=O 0.84 
 Zn 0.37  O-C=O 0.84 
 Fe -0.60 Key basic properties  
 Mn 0.99  WHC -0.08 
Surface morphology   pH 0.66 
 SSA 1.00  EC 0.99 
 Pore size 0.96    
 TPV 0.66    
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Therefore, these variables were grouped near the x-axis, illustrating a positive correlation 

to shelf life (Figure 3.8b). The main contributors of F2 (PC2) include Zn, total C:P and 

total N:P, and they were scattered away from the x-axis, hence, posed a non-significant 

correlation to shelf life (Figure 3.8b). Other variables for instance, HWEOC, Fe, total Ca: 

S, and EC showed negative correlations with shelf life; therefore, they were grouped 

closer together (Figure 3.8b). 

 

Figure 3. 8 Principal component analysis (PCA) for biochars physicochemical properties 
and shelf life of rhizobia.  HWEOC: hot water extractable organic carbon; TC: total 
carbon; TN: total nitrogen; SSA: specific surface area; TPV: total pore volume; C-OH: 
alcoholic functional group; C=O: ketonic carbon functional group; O-C=O: carboxylic 
carbon functional group; EC: electrical conductivity; WHC: water holding capacity. 

 

https://onlinelibrary.wiley.com/doi/full/10.1111/jac.12451#jac12451-fig-0004
https://onlinelibrary.wiley.com/doi/full/10.1111/jac.12451#jac12451-fig-0004
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Table 3. 3 Contributions (Eigenvectors) of all biochar physicochemical properties 
and shelf life to PC 1 and 2 after PCA analysis. The percentage of total variations 
that each factor accounts for is indicated in parenthesis in the columns of Factor 1, 
2, 3, 4 and 5 (PC 1, 2, 3, 4 and 5). 

Variable 
PC1  

(39.2%) 
PC2 

(24.7%) 
PC3 

(14.2%) 
PC4  

(10%) 
PC5  

(6.3%) 
Shelf life 0.319 0.048 0.049 -0.103 0.100 
HWEOC -0.207 -0.111 -0.322 -0.136 -0.085 

TC 0.289 -0.186 0.092 -0.038 0.078 
TN 0.143 0.120 -0.419 -0.130 0.130 
P -0.103 -0.358 -0.195 0.114 0.084 
S -0.197 0.065 0.143 -0.345 -0.434 
Ca 0.089 0.087 -0.154 0.472 -0.405 
Zn -0.201 0.237 -0.191 -0.248 0.116 
Fe -0.204 0.055 0.108 -0.144 -0.576 
Mn 0.285 0.135 -0.111 0.166 0.002 

Total C:N 0.084 -0.227 0.408 0.021 -0.166 
Total C:P -0.004 0.399 0.055 0.028 0.055 
Total N:P -0.073 0.401 -0.044 -0.078 0.038 
Total Ca:S -0.255 0.097 -0.164 -0.024 -0.054 

SSA 0.240 -0.031 -0.313 -0.148 -0.253 
TPV 0.289 -0.002 0.007 -0.019 -0.118 

Pore size 0.217 -0.090 -0.338 -0.034 -0.317 
WHC 0.149 -0.331 0.088 -0.248 -0.050 
EC -0.250 -0.167 -0.263 -0.031 0.078 

pH value -0.052 -0.371 -0.229 0.076 -0.026 
C-OH 0.086 -0.103 0.025 -0.599 0.132 
C=O 0.293 0.130 -0.158 -0.103 -0.037 

O-C=O 0.291 0.164 0.031 -0.140 -0.117 
The bold font shows that the variable contribution > or = 10%. For abbreviations see 
Table 3.1. 
 
 
Furthermore, the correlation between various physical and chemical features of biochars 

and shelf life was carried out using Pearson correlation (Table 3.4).  Results demonstrated 

that among major elements, TC was positively (p < 0.001) associated with shelf life while 

HWEOC was negatively (p < 0.001) associated with shelf life. Similarly, among trace 

elements, Mn showed a significant (p < 0.001) positive relation to shelf life as compared 

to Fe which caused a negative (p < 0.01) effect on shelf life. Relative ratios (total C:N, 

total C:P, total N:P, and total Ca:S) showed a non-significant (p > 0.05) effect on shelf 

life. However, among surface morphological attributes TPV showed a significant (p < 

0.001) positive effect on shelf life and similar results were obtained by SSA (p < 0.01) 
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and pore size (p < 0.05) to shelf life. Among key basic properties of biochar, EC showed 

a significantly (p < 0.001) negative relation to shelf life. Consequently, among functional 

groups C=O and O-C=O were positively (p < 0.001) related to shelf life. Importantly, TC, 

TPV, SSA, pore size, C=O, and O-C=O are salient features with a significantly positive 

correlation (p < 0.05-0.001) to shelf life.  

Table 3. 4 Pearson correlations (n= 18) between physicochemical properties of 
different biochars as carrier materials and CFU value (Log 10 CFU g-1) of incubated 
B. japonicum CB1809 for 9�����G�D�\�V���V�W�R�U�D�J�H���D�W���������•. 

 �
�6�L�J�Q�L�I�L�F�D�Q�W�� �D�W�� �S�×���×������������ �
�
�6�L�J�Q�L�I�L�F�D�Q�W�� �D�W�� �S�×���×������������ �
�
�
�6�L�J�Q�L�I�L�F�D�Q�W�� �D�W�� �S�×���×�������������� �%�R�O�G��
letters represent significant negative correlation to shelf life while italic bold letters show 
significant positive correlation to shelf life. HWEOC: hot water extractable organic 
carbon; TC: total carbon; TN: total nitrogen; SSA: specific surface area; TPV: total pore 
volume; EC: electrical conductivity; WHC: water holding capacity; C-OH: alcoholic 
functional group; C=O: ketonic carbon functional group; O-C=O: carboxylic carbon 
functional group. 
 

It was consistent with the most appropriate shelf-life performance of pine wood BC as a 

Biochars properties 
Shelf life 

R2 P value 
HWEOC -0.613**  0.007 
TC 0.828***  0.000 
TN 0.382 0.118 
P   -0.452 0.060 
S   -0.464 0.052 
Ca   0.102 0.188 
Zn   -0.438 0.069 
Fe  -0.629**  0.005 
Mn  0.789***  0.000 
C:N ratio 0.176 0.486 
C:P ratio 0.106 0.676 
N:P ratio -0.082 0.746 
Ca:S ratio -0.713***  0.001 
SSA 0.641**  0.004 
TPV 0.812***  0.000 
Pore size 0.509*  0.031 
WHC 0.398 0.102 
EC -0.802*** 0.000 
pH  -0.319 0.196 
C-OH  0.188 0.111 
C=O 0.861***  0.000 
O-C=O 0.910***  0.000 
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rhizobial carrier containing appropriate TC, TPV, SSA, pore size, C=O, and O-C=O 

content among other carrier materials.  

3.4 Discussion 

All the six biochar materials studied here showed distinct physicochemical attributes. The 

correlation between these characteristics and rhizobial shelf life was analyzed through 

various statistical approaches (Path analysis, PCA and Pearson correlation). All biochar 

carrier materials as well as peat tested were effective, and none had any negative impacts 

on the CB1809 population. Among all biochar carrier materials, pine wood BC was 

recorded as the better inoculum carrier material and showed the highest shelf life and 

survival rate of rhizobia under each interval (0-�������G�D�\�V�����D�W���E�R�W�K���W�H�P�S�H�U�D�W�X�U�H�V���������•���D�Q�G��

�����•�������)�L�J�X�U�H��3.5a-d). After 90 days of storage, the strain population in pine wood BC 

carrier was still as high as 10.11 log10 CFU g-1 �D�W�������•�����Q�R�Q-significant to peat, p > 0.05) 

and 9.76 Log 10 CFU g-1 �D�W�������•�����V�L�J�Q�L�I�L�F�D�Q�W���W�R���S�H�D�W����p < 0.05), respectively, higher than 

industrial standards i.e., 109 rhizobia g-1 carrier material (Balume et al., 2015). This was 

linked to its definite physicochemical characteristics.  

Attachment of microbes depends on various properties of biochar,  for instance, basic 

properties (pH, EC and WHC),  macro- (TC, HWEOC, TN) and micro-nutrients (e.g., 

Mn, Fe, and Zn), surface properties (SSA, pore size, TPV), and chemical (aromatic 

structures, and functional groups) attributes (Asada et al., 2006; Bashan, 1998; Oliveira 

et al., 2017; Sashidhar et al., 2020). TC, TN, and total C:N ratios are important indicators 

for rhizobial shelf life and have a direct and significant (p < 0.05) positive influence on 

inoculum survival within biochar carrier materials (Hale et al., 2015; Hardy & Knight, 

2020). Bacteria can assimilate C through the ribulose monophosphate pathway 

(Kalyuzhnaya et al., 2015). However, in this study non-significant (p > 0.05) effect of 

total C:N ratios on rhizobial shelf life was observed. Moreover, a significant (p < 0.05) 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/ribulose
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negative correlation was reported by Jindo et al. (2012) between C:N ratio and bacterial 

biomass in biochar-compost mixtures.  

Among trace elements (micronutrients) only Mn showed a significant (p < 0.05) positive 

effect on rhizobial shelf life. Mn is an essential nutrient for manganese-reducing bacteria. 

Manganese solubilizing bacteria as plant growth-promoting bacteria (PGPB),  could 

solubilize or reduce Mn to help in plant growth (Ijaz et al., 2021).  The pH value of biochar 

also had a great effect on the shelf life of rhizobia. Depending on the feedstock, pyrolysis 

temperature, and degree of oxidation, the pH of biochar can range from below 4 to above 

12 (Lehmann, 2007a). The growth of rhizobia was regarded to be ideal at a pH of 6.5-7.5 

(Hardy & Knight, 2020). Therefore, significantly (p < 0.05) lowest CFU values were 

observed in cow manure BC (Figure 3.5a, b) carrier that could be due to significantly (p 

< 0.05) highly alkaline pH (11.42) value (Table 3.1). However, tire chips BC had a pH 

value (7.26) close to neutral and hence showed the second worst shelf life (significant to 

peat, p �����������������R�I���U�K�L�]�R�E�L�D���D�W���E�R�W�K���V�W�R�U�D�J�H���W�H�P�S�H�U�D�W�X�U�H�V���������•���D�Q�G�������•�������)�L�J�X�U�H��3.5a, b), 

most probably due to presence of toxic substances (poly aromatic hydrocarbons; not 

tested in this study) (Ding et al., 2020). The values of pH in most biochars in this study 

were > 7.5 which was outside of the optimum (6.5�±7.5) range for rhizobia and showed a 

non-significant (p > 0.05) negative relationship between pH and shell life (Table 3.4).  

TPV, SSA and pore size were other important variables as shown in Pearson correlation 

(Table 3.4), path analysis (Figure 3.7), and PCA (Figure 3.8b) that were significantly (p 

�����������������U�H�O�D�W�H�G���W�R���L�Q�F�U�H�D�V�H�G���U�K�L�]�R�E�L�D�O���V�K�H�O�I���O�L�I�H���R�I���L�Q�R�F�X�O�D�Q�W�V���V�W�R�U�H�G���D�W�������•�����3�L�Q�H wood 

BC had the highest values of TPV, SSA and pore size (Table 3.1), significant (p < 0.05) 

to tire chips BC. Wood-derived biochar (especially pine wood BC) pores resemble 

interconnected chambers with a diameter of 5-10 µm. This is the optimal size for bacterial 

retention and colonization (�*�á�R�G�R�Z�V�N�D���H�W���D�O��������������). On average, bacteria have a diameter 

range of 0.3�±�������P��(Awasthi et al., 2020; �*�á�R�G�R�Z�V�N�D���H�W���D�O��������������) and pine wood BC has 
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a larger pore size (6.38) to inhabitant rhizobia. These results were parallel to a study 

reported by �*�á�R�G�R�Z�V�N�D�� �H�W�� �D�O���� ������������ where they found that biochar obtained from 

Pyrovac, Basque, and Dynamotive, had optimum pore size and was directly related to the 

shelf life of rhizobia. Biochar with a larger SSA and pore size provides possible sites for 

microbiota attachments, microbial growth and reproduction, and the porous structure 

provides a rich source of C, nutrients, and water (Lehmann et al., 2011; Yu et al., 2019). 

However, Hale et al. (2015) reported that biochars obtained from pistachio nutshell and 

�V�W�R�Q�H���I�U�X�L�W���Q�X�W�V���I�H�H�G�V�W�R�F�N�V�����S�\�U�R�O�\�]�H�G���D�W���������•�����V�K�R�Z�H�G���K�L�J�K�H�U���6�6�$���E�X�W���Zere negatively 

(p < 0.05) correlated to the inoculum survival. Panahi et al. (2020) illustrated that these 

biochars may have large amounts of nano micropores inaccessible to bacteria and 

therefore do not reflect the material function as an inoculum carrier (Zhao et al., 2013).  

Numerous functional groups such as C-C/C-H, C-OH, C=O, and O-C=O were observed 

in all types of biochars (Figure 3.3) through XPS analysis, especially pinewood BC had 

the highest amount of C=O (12.6%), O-C=O (8.5%) functional groups. Path analysis 

showed that these functional groups had a significant (p < 0.001) positive impact on the 

shelf life of rhizobia. The surface chemistry of biochar is very diverse and contains OC 

aromatic structures (C-C/C-H) possessing heteroatoms that can create 

microenvironments within biochar with coexisting acidic and basic moieties. Because of 

this feature, biochar can be used as a carrier material for a variety of inoculum ingredients 

with varying pH needs (Sashidhar et al., 2020). In addition, the surface properties of 

biochar, such as surface functional groups (C-OH, C=O, O-C=O), also affect the 

interactions between microbes and biochar. Bacterial systems secrete extracellular 

enzymes (structural orientation of these enzymes highly dependent on surface functional 

groups of biochar) that help break down complex compounds (C=O, O-C=O) into the 

simpler forms (C and O) needed for metabolism (Elzobair et al., 2016). Furthermore, the 

existence of these natural surface functional groups makes biochar significant among 
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other carrier materials (peat, clay minerals, and polymers) as they help to attract 

surrounding nutrients useful for bacterial growth (Sashidhar et al., 2020).  

It was also noted that highly performing carrier (pine wood BC) material had an average 

WHC (107%) and overall non-significant (p > 0.05) effect of WHC (Figure 3.8b, Table 

3.4) was observed in relation to shelf life. This could be a wide range of WHC among 

biochars. Hale et al. (2015) reported similar kind of results and demonstrated that biochar 

carrier materials with WHC in mid-ranges were appropriate for the highest survival of 

rhizobia. 

Biochar has a great input to the environmental processes and management, contributing 

heavily to the agricultural systems (Lehmann & Joseph, 2015). For instance, the biomass 

containing organic C used for biochar production (pyrolysis) comes from agricultural 

waste materials, waste forest residues, and manures (cow manure, chicken manure, sheep 

manure etc.) (Sun et al., 2015). Furthermore, biochar applications to soils help reduce 

environmental pollution (Oni et al., 2019). Several studies reported that biochar had the 

potential to mitigate nitrous oxide emission (310-fold greater potential to cause global 

warming than CO2 over a 100-year time frame) from the soils and help to mitigate climate 

change (Hu et al., 2016; Lan et al., 2019; Leng & Huang, 2018). Moreover, biochar could 

also reduce soil pollution by adsorbing pollutants available in the soil, which depended 

on their great physicochemical properties, such as surface negative charges, degradation 

resistance and high surface area (El-Naggar et al., 2018; Oni et al., 2019).  

Similarly, in the current study waste derived biochars (pine wood BC, oak BC, sugarcane 

BC, peanut shell BC and tire chips BC) were used to test whether they could be useful 

for the environmental and agricultural practices by evaluating them as rhizobial carrier 

potential. This approach will help to better understand how waste materials could be 

managed properly (environmentally friendly) and reused for agricultural practices, which 

exhibited a promising impact on environmental benefits.  
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Economically, the use of biochar-based inoculants in agricultural fields could produce 

high crop yields resulting in more benefits to farmers and society. Likewise, Ijaz et al. 

(2019) reported that a combination of biochar + PGPR + NPK fertilizer to wheat crops in 

three different locations produced a high percentage of increased grain yield (64%, 50%, 

and 44%) brought net benefit calculated (h-1) US$438, US$421, and US$348 respectively. 

In another study, it was noted that the use of composted biochar (60 t h-1) earned a 243% 

increase in maize yield as compared to sole applications of NPK fertilizer worth US$1800 

(Pandit et al., 2019). The porosity of biochar, which determines how it can be used to 

reclaim nutrients, microbes and water from agricultural soils, could illustrate an untapped 

economic gain (�0�D�U�R�X�ã�H�N���H�W���Dl., 2019).  

Our research concluded that biochar is a resourceful material for rhizobial inoculation. 

However, the different nature of different feedstocks and pyrolysis temperatures could 

affect the quality of the biochar. Moreover, the large-scale evaluation of biochar-based 

inoculants in the greenhouse and field trials will help to better understand the 

effectiveness of these inoculants. Additionally, such inoculants may cause shifts or 

changes in soil microbial communities or native microbes, which is also another broad 

area to be explored. 

3.5 Conclusions 

The impact of different types of biochars on shelf life was closely related to their 

physicochemical properties. Major elements, functional groups, and surface morphology 

had a significant (p < 0.01) positive relationship with rhizobial cell density. TC, Mn, pore 

size, SSA, TPV, O-C=O, and C=O were observed as key indicators for governing 

rhizobial growth, contributing to the best rhizobial shell life of pinewood BC. Future work 

should explore the impact of the biochars produced at lower temperatures on rhizobial 

growth, and inoculant applications should be addressed under field trials for rhizobial 

survival rates, nodulation, and N fixation.  
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Chapter 4: Use of biochar derived from different feedstocks as inoculant 

for soybean growth under water deficit condition 

Abstract 

Limited information is available regarding the effectiveness of biochar with rhizobia on 

legumes (soybean) under water-scarce conditions. Herein, the role of pinewood BC and 

oak BC inoculants was explored on growth of Glycine max L. (soybean) under different 

watering regimes [55% water holding capacity (WHC) of soil represented by (D0), 30% 

WHC (D1) of soil represented by (D1) and, 15% WHC of soil represented by (D2)] and 

soil types (garden soil 100% + sand 0%, garden soil 50% + sand 50%). The seed coating 

method was used to treat the soybean seeds and the results were compared with control 

(without inoculant) and peat inoculant. The results showed that the drought effect 

significantly reduced the growth of soybean; however, inoculant treatments mitigated the 

negative impact of drought stress. Significant increases in plant growth parameters 

(shoot/root dry biomass, shoot/root length, number of leaves, number of nodules, 

nitrogenase activity, chlorophyll pigments, relative water content, and membrane stability 

index) were observed in plants inoculated with pine wood BC as compared to control at 

each watering regime and soil type. For example, at D2 pinewood BC showed a 244% 

increase in shoot dry weight and a 425% increase in root dry weight as compared to 

control. On the other hand, plants inoculated with Oak BC showed a 202% and 283% 

increase in shoot dry weight and root dry weight, respectively, as compared to control. 

Moreover, a lower enrichment �R�I�� �/13C of �/15N was also observed in pinewood BC 

inoculant-treated plants under drought stress showing that pinewood BC has a great 

potential to be used as an alternative microbial carrier.  

4.1 Introduction 

Drought and water scarcity affect rhizobial persistence and survival in the soil, as well as 

nodule activity and N-fixing function (Mouradi et al., 2016). Drought also inhibits 
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nodulation by affecting nitrogenase activity, root-hair colonisation, and rhizobial 

infection (Graham, 1992). Droughts are recurrent natural disasters that affect most 

climatic zones in the world (Askarimarnani et al., 2021; Meza et al., 2020). Due to its 

unique hydroclimatic variability and remote geographic location, Australia is sadly 

subject to drought (Baik et al., 2019). To date Australia has faced three major drought 

seasons for instance, the Federation drought (1895�±1902), the toughest World War II 

drought (1937�±1945) and the Millennium drought (1997�±2010) (Askarimarnani et al., 

2021). The major challenge for rhizobia to survive in drought-affected soils is to tolerate 

desiccation stress. However, it has also been reported that few free-living rhizobia can 

survive and grow even under harsh conditions (Fuhrmann et al., 1986). Biochar is a by-

product of the thermal decomposition of plant wastes in the absence or with little oxygen 

and can alter soil structure, nutrient uptake, and water retention (Ma et al., 2016; Ouyang 

et al., 2013). Biochar has a strong adsorptive capacity due to its vast surface area and low 

density enhancing nutrient absorption by the active surface, biochar has the potential to 

enhance soil fertility (Lehmann et al., 2011; Nartey & Zhao, 2014; Sohi et al., 2010). 

Moreover, biochar has a significant water-holding capacity, which raises the soil's ability 

to retain moisture (Briggs et al., 2005; Karhu et al., 2011). Literature suggested that under 

normal watering conditions improvement in plant growth was observed by biochar 

amendment. However, few investigations revealed that biochar application also mitigates 

the negative effect of drought stress on plant growth (Nadeem et al., 2017). Rhizobia can 

improve plant growth in both normal and stressful environments through a variety of 

direct and indirect processes (Herridge et al., 2008; Lehmann et al., 2011). Inoculation of 

plants with rhizobia protects them from the negative impact of drought stress and 

minimizes plant stunt growth by secreting Exopolysaccharides (EPS) which helps plants 

tolerate desiccation (Sandhya et al., 2009). By the activity of 1-aminocyclopropane-1-

carboxylic acid (ACC) deaminase, synthesis of exopolysaccharides, up- or down-
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regulation of stress-responsive genes, and accumulation of osmolytes, rhizobia can 

improve plant development under drought conditions (Hussain et al., 2014; Staudinger et 

al., 2016). Rhizobia and biochar each play important roles in enhancing plant 

development under both normal and drought stress conditions, however there is limited 

data on how rhizobia interact with biochar especially under water deficit condition. 

Therefore, the current study was carried out to develop a better understanding of how 

biochar and rhizobia interact to improve plant water deficiency stress tolerance by taking 

soybean as a test plant. 

4.2 Materials and Methods 

4.2.1 Biochar and rhizobial strain 

Depending upon the excellent log 10 CFU g-1 value (chapter 3) pinewood BC and oak 

BC were selected to determine their role as carrier inoculants on soybean nodulation and 

�J�U�R�Z�W�K�����%�R�W�K���E�L�R�F�K�D�U�V���Z�H�U�H���S�\�U�R�O�\�]�H�G���D�W���������•�����3�L�Q�H�Z�R�R�G���%�&���K�D�G���7�&�������������J���N�J-1), TN 

3.80 (g kg-1), HWEOC 0.94 (g kg-1), SSA 142.6 (m2g-1), pore size 6.38 (cm3g-1), pH 7.90, 

EC 120 (µS cm-1) and WHC 107%. Oak BC had TC 797 (g kg-1), TN 3.66 (g kg-1), 

HWEOC 1.13 (g kg-1), SSA 138.4 (m2g-1), pore size 6.02 (cm3g-1), pH 8.73, EC 156 (µS 

cm-1) and WHC 100%. Rhizobial strain CB1809 was used for inoculation and cultured in 

YMB broth. 

4.2.2 Seed inoculation 

CB 1809 strains were prepared in a 250 ml Erlenmeyer flask and incubated on a gyratory 

�V�K�D�N�H�U���I�R�U���I�L�Y�H���G�D�\�V���D�W�������•���D�W����������-180 rev min-1 (Vincent, 1970). The soybean (Glycine 

max L.) cultivar selected for the study was Bunya (Green harvest organic gardening 

Supplies, Pty. Ltd, Queensland, Australia). The seeds were surface-sterilized/washed with 

sodium hypochlorite (2% NaOCl) for 30 min, dipped into ethanol (95% C2 H6 O) for 5 

min, and rinsed six times with sterile double distilled water. The seeds were left for dry 

aeration for 30 minutes. Seeds were mixed with 3-4 days-old inoculants (carrier material 
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+ CB1809). Briefly, 4g of each inoculant and 10 % sucrose solution (as a sticking agent) 

were used to coat the seeds. After coating, seeds were left in the shade for dry aeration.  

4.2.3 Greenhouse pot trial and moisture treatments 

The suitability of the biochar as the carrier inoculants of CB1809 for soybean (Glycine 

max L.) against the carrier control (without any carrier and/or with peat) was determined 

through a pot trial that was carried out in a greenhouse (�G�D�\���Q�L�J�K�W�� �W�H�P�S�H�U�D�W�X�U�H�� �����•�� 

humidity 50-60%, day length 16 h) at Griffith University (Nathan campus, Australia). A 

completely randomized design was used. The soybean (Glycine max L.) cultivar selected 

for the study was Bunya (Green harvest organic gardening Supplies, Pty. Ltd, 

Queensland, Australia). Two soil combinations, for instance, garden soil 100% + sand 

0% (soil) and garden soil 50% + sand 50% (soil + sand) were used in the pot trial. The 

sand was mixed with garden soil to see the impact of carrier material in sandy textured 

soils.  Plastic pots (14 cm × 11.5 cm) were filled with 1000 g soil alone and/or with a 

combination of soil + sand. Three different moisture levels (55% WHC, 30% WHC, and 

15% WHC) were used depending upon the WHC of the soils i.e., soil = 85.45%, soil + 

sand = 65.65% to attain water (drought) stress at different rates. 55% WHC, 30% WHC 

and 15% WHC represent normal watering (D0), mild drought (D1), and severe drought 

(D2), respectively. Twenty-four treatments (Table 4.1) with four replicates, means 96 

pots were used in this study. Before sowing, oven-dried soil in each pot (96) was watered 

to normal watering of soil(s), with 470 mL (soil) and 361 ml (soil + sand) of water, 

respectively. Five inoculated seeds were sown in each pot, approximately, 10-15 days 

after emergence, thinning was done with three seedlings in each pot. After thinning of 

soybean seedlings water (drought) stress was implemented in mild drought and severe 

drought treatments. 256.4 ml (soil) and 196.9 ml (soil + sand) of water were used to water 

mild drought treatments, similarly, 128.2 ml (soil) and 98.4 ml (soil + sand) were used to 

water severe drought treatments. Each day the pots were weighed and watered regularly 
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to maintain the required moisture level in each pot. Healthy seedlings were allowed to 

grow in each pot for another six weeks.  

Table 4. 1 Treatment plan and each treatment was replicated four times. 

BC: biochar; D0: 55%WHC (water holding capacity); D1: 30% WHC; D2:15% WHC  

 

4.2.4 Soil physicochemical characteristics 

Physicochemical characteristics of soil and soil + sand were determined (Table 4.2). TC 

and N were estimated by the LECO CN analyzer (TruMac   NO.830-300-400). Hot water 

extractable organic C (HWEOC) or labile C and hot water extractable total nitrogen 

(HWETN) was measured according to methods explained by C. Chen et al. (2000). 

Quantity of Na, K, P, Ca, Fe, Zn, were determined through inductively coupled plasma 

(ICP) spectroscopy method. The values of pH and EC were determined in a 1:5 

volumetric suspension of soil to double distilled water (Rayment & Lyons, 2011). WHC 

and soil bulk density were determined according to methods described by Hale et al. 

(2015) and Maynard and Curran (2008) respectively. 

4.2.5 Harvesting and measurement of plant growth attributes 

Soybean seeds were sown on October 20, 2019, and harvested on December 30, 2019. 

After harvest shoot and root length, the number of leaves, and root nodules were measured 

 Watering Regimes 

 D0 D1 D2 

Inoculant 

applications in 

garden soil 100% + 

sand 0% 

Control Control Control 

Peat Peat Peat 

Oak BC Oak BC Oak BC 

Pinewood BC Pinewood BC Pinewood BC 

    

Inoculant 

applications in  

garden soil 50% + 

sand 50% 

Control Control Control 

Peat Peat Peat 

Oak BC Oak BC Oak BC 

Pinewood BC Pinewood BC Pinewood BC 
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and recorded. Roots were separated from the shoots and washed carefully to remove any 

kind of dirt and placed on paper towels for air drying. Before determining the root and 

shoot dry weight, the root and shoot samples were put into the �R�Y�H�Q���D�Q�G���G�U�L�H�G���D�W�������•���I�R�U��

two days. Root dry weights were determined after the determination of nitrogenase 

activity. 

Table 4. 2 Physicochemical properties of soils. 

Properties Garden soil 100% + sand 
0% 

Garden soil 50%+ sand 50% 

HWEOC (g kg-1) 0.97 0.45 
HWEON (g kg-1) 0.188 0.07 
TC (%) 4.02 1.98 
TN (%) 0.35 0.12 
Na (g kg-1) 0.83 0.74 
 K (g kg-1) 3.78 0.32 
P (g kg-1) 0.69 0.40 
Ca (g kg-1) 1.29 0.48 
Fe (g kg-1) 0.10 0.06 
Zn (g kg-1) 0.25 0.11 
pH 6.70 6.50 
EC (µS cm-1) 150 79 
WHC (%) 85.4% 65.6% 
Bulk density (g cm-

3) 
1.23 1.45 

HWEOC: hot water extractable organic carbon; HWEON: hot water extractable organic 
nitrogen, TC: total carbon; TN: total nitrogen; WHC: water holding capacity; EC: 
electrical conductivity. 
 

4.2.6 Nitrogenase activity 

Nitrogenase enzyme activity in plant root systems was determined using acetylene 

reduction assay (ARA) (Hardy et al., 1973). Briefly, the whole root system (washed and 

air dried) of each treatment (n=24) was placed in 250 ml incubation bottles and sealed 

tightly with a sealed cap. Before roots placement, moist paper towels were placed in each 

bottle to reduce root dryness during the assay. 10% of the air was replaced with acetylene 

gas and left the system in darkness for 24 hours at room temperature (Bahulikar et al., 

2021). A 500 µl sample was taken from each incubation bottle and injected into a gas 

chromatograph (GC-2010, Shimadzu Plus) to estimate ethylene production. The setup of 



78 
 

GC included a 30 M gas pro colum�Q�����R�Y�H�Q���W�H�P�S�H�U�D�W�X�U�H�������•�����I�U�R�Q�W���L�Q�O�H�W���D�Q�G���)�,�'���G�H�W�H�F�W�R�U��

�W�H�P�S�H�U�D�W�X�U�H���Z�D�V���R�S�W�L�P�L�]�H�G���D�W�������•���D�Q�G���������•���U�H�V�S�H�F�W�L�Y�H�O�\�����12 gas was used as make-up 

gas with constant flow of 10 ml min-1. To record the concentration of ethylene produced 

in ARA, standard curves of GC peak area were created using serial dilutions of a known 

quantity (standards) of ethylene. The nitrogenase activity was estimated as amount of 

ethylene collected per unit fresh weight of roots per hour (µm C2H4 h-1 plant-1). 

4.2.7 Leaf pigmentation, membrane stability index (MSI) and relative water content 

(RWC) analysis 

Lichtenthaler (1987) method was used to determine the leaf pigments: chlorophyll a, b, 

and total chlorophyll. Concisely, 1.0 g of fresh leaf samples were taken and immediately 

dipped in liquid nitrogen to cease metabolic activities in the leaf tissue, later 80% acetone 

was mixed with leaf tissues and ground until homogeneity was achieved. The 

homogenized mixture was passed through centrifugation at a speed of 3000×g for 10 min. 

The supernatant collected was used in UV�±spectrophotometer (UV1800, Shimadzu, 

China) and absorbance was recorded at 663.2 and 646.8 nm wavelengths. The chlorophyll 

contents were calculated using equations proposed by Lichtenthaler (1987). Results were 

�H�[�S�U�H�V�V�H�G���L�Q�����J���J-1 of leaf fresh weight. Chlorophyll-a = 12.25* Abs 663.2�±2.798* Abs 

646.8, Chlorophyll-b = 21.5* Abs 646.8�±5.1* Abs 663.2, Total chlorophyll = 7.15* Abs 

663.2 + 18.71* Abs 646.8. 

The Leaf Membrane stability index (MSI) was calculated according to the methods shown 

by Sairam et al. (2002). For this purpose, 0.5 g of fresh leaves were dipped in 10 ml of 

�D�O�L�T�X�R�W���Z�D�W�H�U�����7�Z�R���J�U�R�X�S�V���Z�H�U�H���S�U�H�S�D�U�H�G�����2�Q�H���J�U�R�X�S���Z�D�V���R�Y�H�Q���K�H�D�W�H�G���D�W�������•��estimated, 

hour and electrical conductivity (EC0) was estimated, and the second group was oven 

�K�H�D�W�H�G���D�W���������•���D�Q�G���L�W�V���H�O�H�F�W�U�L�F�D�O���F�Rnductivity (EC1) was measured. The given equation 

was used to calculate MSI. 

�/�5�+
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l
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�'�%�s


p
H�s�r�r 



79 
 

Relative water content (RWC) of soybean leaves was measured by using the youngest 

fresh apical leaves following methods explained by Sairam et al. (2002).  

4.2.8 Determination of stable C (�/13C), and N (�/15N) isotopes 

�)�R�U���W�K�H���G�H�W�H�U�P�L�Q�D�W�L�R�Q���R�I���/13C, and �/15N fresh apical soybean leaves were taken and air 

dried followed by oven drying �D�W�������•���I�R�U���������K�����7�K�H���G�U�L�H�G���O�H�D�I���V�D�P�S�O�H�V���Z�H�U�H���I�L�Q�H�O�\���J�U�R�X�Q�G��

to powder form, and approximately 5-7 mg of each sample was pelletized in tin capsules. 

The pelletized samples were analysed for �/13C and �/15N using an isotope-ratio mass 

spectrometer (Sercon Hydra 20�±22 Europa EA-GSL). Ratios for stable C and N isotopes 

�D�U�H���H�[�S�O�D�L�Q�H�G���L�Q���/�����V�W�D�Q�G�D�U�G���G�H�O�W�D�����D�Q�G���Å�����Q�R�W�D�W�L�R�Q���S�H�U���P�L�O�����X�V�L�Q�J��the following equation: 

�/�\�×� �×�>���5sample�×���×�5standard���×�í�×���@�×�î�×�����������Z�K�H�U�H���<���L�V either 13C or 15�1���D�Q�G���5�×�L�V���W�K�H���V�D�P�S�O�H���D�Q�G��

�V�W�D�Q�G�D�U�G�¶�V�� �K�H�D�Y�L�H�U�� �W�R�� �O�L�J�K�W�H�U�� �L�V�R�W�R�S�H�� �U�D�W�L�R�� �R�I��13C/12C or 15N/14N, respectively. The 

measurements had an accuracy of ± 0.05�Å for �/13C and ± 0.1�Å for �/15N.  Pee Dee 

Belemnite (PDB) limestone and ambient N were utilised as standard values for C and N 

respectively (Bahadori et al., 2019; Garzon-Garcia et al., 2017). 

4.2.9 Statistical analysis 

There were four replicates for each treatment in the pot trial. The data were analysed by 

three-way analysis of variance (ANOVA) with soil type, watering regimes and treatments 

as factors. The data of interaction was estimated and presented between soil type, 

watering regimes and treatments. Means of different soil types, watering regimes and 

treatments were compared by the least significant difference (LSD) test at a 5% (p < 0.05) 

probability level (Steel, 1997). Minitab 18 software was used to carry out ANOVA.  

4.3 Results 

4.3.1 Plant growth attributes 

The importance of carrier materials (Pinewood BC and Oak BC) formulation with 

CB1809 was tested to note their role on various plant growth attributes (shoot/root dry 

weight, plant height, root length, number of leaves, and the number of root nodules) under 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/isotope-ratios
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/mass-spectrometer
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/mass-spectrometer
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three different watering regimes (normal watering, mild drought, and severe drought) 

with two soil conditions (soil and soil + sand). The results are compared to the control 

(without carrier material) and peat and are depicted in Table 4.3. An obvious decrease in 

plant growth was observed with increased drought stress with each treatment (control, 

peat, pine wood BC and oak BC) and soil type (soil and soil + sand). The results revealed 

that there was a significant difference (three-way ANOVA, p < 0.05) in growth attributes 

(shoot/root dry biomass, plant height, root length, number of leaves, and root nodules) of 

soybean plants grown with different treatments in different soils under different watering 

regimes (D0, D1 and D2). Plants showed better growth with pinewood BC inoculants 

followed by Oak BC as compared to peat and control. For example, soybean plants 

inoculated with pinewood BC grown under severe drought stress (D2) in soil treatments 

showed a 244% increase in shoot dry weight and a 425% increase in root dry weight 

respectively as compared to control. A notable increase in shoot dry weight (71%) and 

root dry weight (174%) was observed as compared to peat in plants inoculated with 

pinewood BC under severe drought stress using soil treatments (Table 4.3). On the other 

hand, plants inoculated with Oak BC showed a 202% and 283% increase in shoot dry 

weight and root dry weight, respectively, as compared to control under the same 

experimental conditions explained above (Table 4.3). A 50% increase in shoot dry weight 

and a 100% increase in root dry weight were recorded in soybean plants inoculated with 

Oak BC as compared to peat under D2. These results indicated that pinewood BC was the 

better choice over Oak BC and peat. However, under soil + sand treatments, relatively 

more growth in plants was observed in all pots as compared to pots filled with only sand 

under normal watering (D0), mild drought stress (D1) and severe drought stress (D2), 

respectively. The growth trend was Pinewood BC > Oak BC > Peat > control (Table 4.3). 

Similarly, significant effect in shoot length, root length, number of leaves and root 

nodules was determined, and the trend was pinewood BC (soil + sand) > pinewood BC 



81 
 

(pure garden soil) > oak BC (soil + sand) > oak BC (pure garden soil) > peat (soil + sand) 

> peat (pure garden soil) > control (soil + sand) > control (pure garden soil) under normal 

D0, D1 and D2. The observation of greater growth in soil + sand pots suggests that the 

sandy texture is beneficial for soybean growth. 

4.3.2 Acetylene reduction assay (ARA) 

 Nitrogenase activity was estimated in terms of acetylene reduction assay (ARA) in 

soybean plants. It was observed that the ARA value differed significantly (p < 0.05) in all 

carrier inoculants as compared to control. The highest value was observed in plants 

inoculated with pinewood BC carrier material followed by Oak BC and peat at all 

watering regimes (D0, D1 and D2) and soil types (Table 4.4). However, in pine wood 

inoculated plants, the ARA value (0.933 µm C2H4 h-1 plant-1) was the highest at D0 when 

plants were grown in soil + sand as compared to the ARA value (0.905 µm C2H4 h-1 plant-

1) of plants grown in soil treatments at the same watering regime. 

�������������/13�&�����D�Q�G���/15N signatures 

 The pine wood BC inoculant showed dominancy over other inoculants (peat and oak BC) 

�D�Q�G���F�R�Q�W�U�R�O�����Z�L�W�K�R�X�W���L�Q�R�F�X�O�D�Q�W�����U�H�J�D�U�G�L�Q�J���V�R�\�E�H�D�Q���O�H�D�I���/13�&���D�Q�G���/15N signatures, which 

had an interestingly lower �E�X�O�N���O�H�D�I���/13C value of -30.46 �Å����D0), -30.36 �Å����D1), and -

30.09 �Å����D2) using soil + sand. These values were significant (p < 0.05) to those values 

obtained under soil treatments (Table 4.5). A similar trend was observed in oak BC 

inoculants, peat, and control treatments. Consequently, significantly lower (p < �������������/15N 

values -6.03 �Å����-�����������Å�����D�Q�G��-�����������Å���Z�H�U�H���U�H�F�R�U�G�H�G���I�U�R�P���S�O�D�Q�W���O�H�D�Y�H�V���L�Q���S�R�W�V���F�D�U�U�\�L�Q�J��

pine wood BC inoculants with soil + sand treatments under D0, D1, and D2, respectively. 

The trend of other inoculants was oak BC < peat among different soil types and watering 

�U�H�J�L�P�H�V�����K�R�Z�H�Y�H�U�����W�K�H�L�U���/15N values were significantly (p < 0.05, Table 4.5) lower than 

the control (without inoculant).  
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Table 4. 3 Effect of biochar-based inoculants on growth parameters of soybean plant under different soil conditions and drought 
stress. 

For each parameter, the values (mean ± SD, n = 4) do not share a same letter are significantly different (LSD test, p < 0.05). BC: biochar; 
D0: 55%WHC (water holding capacity); D1: 30%WHC; D2:15%WHC. 

Growth 
parameters Treatments 

Garden soil 100% + sand 0% Garden soil 50% + sand 50% 
Watering regimes  Watering regimes 

D0 D1 D2 D0 D1 D2 

Shoot dry 
weight  
(g plant-1) 

Control 0.33 ± 0.02 ij  0.21 ± 0.01 m 0.13 ± 0.02 n 0.35 ± 0.01 hij  0.28 ± 0.02 k 0.19 ± 0.01 m 
Peat 0.34 ± 0.03 gh 0.33 ± 0.01 j 0.25 ± 0.02 l 0.46 ± 0.04 ef 0.36 ± 0.00 ghi 0.28 ± 0.27 kl 
Oak BC  0.52 ± 0.03 d 0.45 ± 0.02 ef 0.38 ± 0.04 gh 0.58 ± 0.02 c 0.48 ± 0.03 e 0.39 ± 0.41 g 
Pinewood BC  0.65 ± 0.63 b 0.57 ± 0.58 c 0.43 ± 0.41 f 0.69 ± 0.02 a 0.63 ± 0.64 b 0.48 ± 0.47 e 

Root dry 
weight  
(g plant-1) 

Control 0.09 ± 0.01 ij  0.06 ± 0.07 kl 0.03 ± 0.00 m 0.10 ± 0.01 hi 0.07± 0.01 jk 0.04 ± 0.00 lm 
Peat 0.12 ± 0.02 gh 0.10 ± 0.11 hi 0.06 ± 0.00 kl 0.14 ± 0.00 ef 0.10 ± 0.11 hi 0.07 ± 0.03 jk 
Oak BC  0.18± 0.01 d 0.14 ± 0.01 ef 0.12 ± 0.01 gh 0.21 ± 0.02 c 0.16 ± 0.18 d 0.13 ± 0.03 fg 
Pinewood BC  0.26 ± 0.02 b 0.21 ± 0.01 c 0.16 ± 0.17 de 0.30 ± 0.00 a 0.24 ± 0.27 b 0.22 ± 0.23 c 

Plant height 
(cm) 

Control 30.00 ± 3.37 lm 24.79 ± 0.94 n 18.75 ± 0.96 o 34.46 ± 0.39 k 28.00 ± 0.82 m 22.44 ± 0.52 n 
Peat 41.48 ± 1.70 i 31.50 ± 1.29 l 27.75 ± 2.22 m 44.38 ± 0.75 h 38.50 ± 1.29 j 28.52 ± 1.73 m 
Oak BC  58.18 ± 5.90 f 48.96 ± 1.29 g 38.71 ± 1.25 j 60.83 ± 0.90 e 57.18 ± 2.08 f 41.81 ± 0.94 i 
Pinewood BC  71.23 ± 0.54 b 65.75 ± 0.98 d 44.88± 0.85 h 78.53 ± 0.55 a 68.56 ± 0.97 c 48.06 ± 1.36 g 

Root length 
(cm) 

Control 7.66 ± 0.62 j 6.29 ± 0.60 k 4.63 ± 0.48 l 10.41 ± 0.21 hi 7.84 ± 0.17 j 6.68 ± 0.25 jk 
Peat 10.37 ± 0.45 hi 7.23 ± 0.21 jk 7.38 ± 1.11 jk 11.75 ± 0.54 g 9.51 ± 0.43 i 7.66 ± 0.27 j 
Oak BC  21.00 ± 2.16 d 14.04 ± 1.38 f 11.13 ± 0.63 gh 22.38 ± 1.30c 21.48 ± 0.48 cd 7.71 ± 0.38 ghi 
Pinewood BC  21.08 ± 0.72 d 20.56 ± 1.98 d 15.38 ± 0.48 e 28.48 ± 0.34 a 24.65 ± 0.45 b 15.56 ± 1.00 e 

NO. of leaves 
(plant-1) 

Control 9.25 ± 0.50 h 8.00 ± 0.82 ijk  7.00 ± 0.82 k 10.50 ± 0.58 g 8.50 ± 0.58 hij 7.50 ± 0.58 jk 
Peat 10.50 ± 0.58 g 8.75 ± 0.50 hi 7.75 ± 0.50 ijk 11.25 0.96 fg 9.25 ± 0.50 h 8.00 ± 0.82 ijk 
Oak BC  12.00 ± 0.82 def 11.25 ± 0.50 fg 8.50 ± 0.58 hij 12.75 ± 1.26 de 11.75 ± 0.50 ef 8.75 ± 0.50 hi 
Pinewood BC  15.50 ± 1.29 b 13.00 ± 0.82 cd 10.50 ± 0.58 g 18.00 ± 1.41 a 14.00 ± 0.82 c 11.25 ± 0.96 fg 

NO. of root 
nodules 
(plant-1) 

Control 0.00 ± 0.00 j 0.00 ± 0.00 j 0.00 ± 0.00 j 0.00 ± 0.00 j 0.00 ± 0.00 j 0.00 ± 0.00 j 
Peat 5.50 ± 0.58 e 3.50 ± 0.58 gh 2.25 ± 0.96 i 6.75 ± 0.96 d 4.75 ± 0.50 ef 2.50 ± 0.58 hi 
Oak BC  8.00 ± 0.82 c 4.50 ± 1.29 efg 3.50 ± 0.58 gh 10.75 ± 1.26 b 5.75 ± 0.58 e 3.75 ± 0.50 fg 
Pinewood BC  9.75 ± 0.96 b 5.25 ± 0.96 e 3.75 ± 0.50 fg 14.25 ± 1.71 a 7.25 0.96 cd 4.50 ± 0.58 efg 
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Table 4. 4 Effect of biochar-based inoculants on ARA (µm C2H4 h-1 plant-1) of soybean plants under different soil conditions and 
drought stress. 

For this parameter, the values (mean ± SD, n = 4) do not share a same letter are significantly different (LSD test, p < 0.05). BC: biochar; D0: 
55%WHC (water holding capacity); D1: 30%WHC; D2:15%WHC. 
 
 
Table 4. 5 Effect of biochar-�E�D�V�H�G���L�Q�R�F�X�O�D�Q�W�V���R�Q���O�H�D�I���/13C�����D�Q�G���/15N of soybean plant under different soil conditions and drought 
stress. 

For this parameter, the values (mean ± SD, n = 4) do not share a same letter are significantly different (LSD test, p < 0.05). BC: biochar; D0: 
55%WHC (water holding capacity); D1: 30%WHC; D2:15%WHC. 

 
Treatments 

Garden soil 100% + sand 0% Garden soil 50% + sand 50% 

Watering regimes  Watering regimes  
D0 D1 D2 D0 D1 D2 

Control 0.00 ± 0.00 i 0.00 ± 0.00 i 0.00 ± 0.00 i 0.00 ± 0.00 i 0.00 ± 0.00 i 0.00 ± 0.00 i 
Peat 0.854 ± 0.01 ef 0.843 ± 0.02 g 0.829 ± 0.01 h 0.880 ± 0.04 c 0.856 ± 0.05 e 0.831 ± 0.01 h 
Oak BC  0.867 ± 0.07 d 0.850 ± 0.02 f 0.841 ± 0.01 g 0.906 ± 0.01 b 0.882 ± 0.00 c 0.841 ± 0.00 g 
Pinewood BC  0.905 ± 0.07 b 0.879 ± 0.05 c 0.853 ± 0.01 ef 0.933 ± 0.07 a 0.903 ± 0.06 b 0.850 ± 0.01 f 

  Garden soil 100% + sand 0% Garden soil 50% + sand 50% 
  Watering regimes Watering regimes  
 Treatments D0 D1 D2 D0 D1 D2 
�/13�&�����Å��        
 Control -25.50 ± 0.51 c -25.10 ± 0.52 b  -23.20 ± 0.50 a -26.57 ± 0.49 g -26.23 ± 0.49 f  -25.90 ± 0.49 d 
 Peat -27.67 ± 0.46 i -27.23 ± 0.47 h  -26.21 ± 0.48 e  -28.72 ± 0.47 n -28.29 ± 0.48 l  -28.09 ± 0.49 k 
 Oak BC  -28.52 ± 0.45 m  -28.10 ± 0.46 k -27.74 ± 0.47 j -29.54 ± 0.49 r  -29.21± 0.48 q -28.89 ± 0.49 o 
 Pinewood BC  -30.40 ± 0.49 u  -30.10 ± 0.51 s -29.10 ± 0.50 p  -30.46 ± 0.47 v  -30.36 ± 0.45 t -30.09 ± 0.44 s  
�/15�1�����Å��        
 Control -3.40 ± 0.03 d -3.12 ± 0.06 c -1.92 ± 0.07 a -3.54 ± 0.07 e -3.13 ± 0.05 c -2.32 ± 0.07 b 
 Peat -5.06 ± 0.08 k -4.71 ± 0.09 i -4.13 ± 0.05 g -5.11 ± 0.08 l -4.73 ± 0.05 i -4.10 ± 0.07 f 
 Oak BC  -5.89 ± 0.06 n -5.03 ± 0.05 j -4.62 ± 0.04 h -6.10 ± 0.01 p -5.51 ± 0.02 m -5.11 ± 0.05 l 
 Pinewood BC  -6.93 ± 0.04 t -6.51 ± 0.05 r -6.03 ± 0.03 o -7.03 ± 0.08 u -6.74± 0.06 s -6.17 ± 0.09 q 
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4.3.4 Leaf MSI (%) and RWC (%)  

In terms of MSI, the combined effect of formulations (control, peat, oak BC, and pine 

wood BC), watering regimes, and soil types were non-significant (p > 0.05), as shown in 

Figure 4.1a, b. However, a significant (p < 0.001) decrease in MSI was observed by the 

implementation of drought. Meanwhile, among all carrier inoculants, pine wood BC 

inoculant significantly increased the MSI of soybean plants as compared to peat and oak 

BC over control under all watering regimes and soil types (Figure 4.1a, b). For instance, 

the MSI increase in plants due to the pine wood BC over control was 26.27 % (D2 under 

soil treatments), 26.79% (D1 under soil treatments), and 33.74 % (D0 under soil 

treatments).  

The RWC is one of the measures used to determine how plants respond to environmental 

stress. RWC elevated in the inoculated soybean plants under normal watering (D0) and 

drought conditions (D1 and D2) compared to control, as elucidated in Figure 4.1c, d. In 

soybean plants inoculated with pinewood BC, the rise in RWC was particularly 

noticeable. The pine wood BC significantly (p < 0.05) increased RWC in plants by 

32.05% (D0), 22.90 % (D1) and 25.59% (D2) as compared to control in soil + sand 

treatments (Figure 4.1d). A non-significant (p > 0.05) increase in RWC in pine wood BC-

treated soybean plants was observed as compared to control under soil treatments using 

different watering regimes (D0, D1 and D2) (Figure 4.1c). Moreover, a significant 

difference (P < 0.05) in RWC was observed between pinewood BC as compared to oak 

BC and peat at all watering regimes and soil types (Figure 4.1c, d).  
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Figure 4. 1 Effect of peat and biochar-based inoculants on (a) MSI in garden soil 100% 
+ sand 0%, (b) MSI in plants grown in garden soil 50% + sand 50%, (c) RWC in garden 
soil 100% + sand 0%, and (d) RWC in garden soil 50% + sand 50%. BC: biochar; D0: 
55%WHC (water holding capacity); D1: 30%WHC; D2:15%WHC. For this parameter, 
the values (mean ± SD, n = 4) do not share a same letter are significantly different (LSD 
test, p < 0.05). 

 

4.3.5 Leaf pigmentation (Chl. a, chl. b and total chl.) 

A significant difference was observed regarding the chlorophyll contents (chl. a, chl. b 

and total chl.) of soybean plants between control and inoculants at every watering regime 

and soil type (Figure 4.2). Among all carrier inoculants pine wood BC inoculant showed 

a significant increase in chl. a, chl. b, and total chl. content as compared to control at each 

watering regime and soil type. However, pinewood BC inoculant impacted more on the 

increase of chl. b rather than chl. a, and total chl. For instance, chl. b content increase of 

38.19% at D0, 32.80% at D1, and 27.42% at D2 was recorded in pinewood BC inoculant 

as compared to peat in soybean plants grown on soil + sand treatments (Figure 4.2c, d). 
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The results were slightly better (non-significant) than the soybean plants grown under soil 

treatments.   

 

Figure 4. 2 Effect of peat and biochar-based inoculants on (a) chlorophyll a in soybean 
plants grown in garden soil 100% + sand 0%, (b) chlorophyll a in soybean plants grown 
in garden soil 50% +  sand 50%, (c) chlorophyll b in soybean plants grown in garden soil 
100% + sand 0%, (d) chlorophyll b in soybean plants grown in garden soil 50% + sand 
50%, (e) total chlorophyll in soybean plants grown in garden soil 100% +  sand 0%, and 
(f) total chlorophyll in soybean plants grown in garden soil 50% + sand 50%. BC: biochar; 
D0: 55%WHC (water holding capacity); D1: 30%WHC; D2:15%WHC.  For this 
parameter, the values (mean ± SD, n = 4) do not share a same letter are significantly 
different (LSD test, p < 0.05).  

 

4.4 Discussion 

4.4.1 Inoculants' effects on biometric growth attributes 

Inoculant use in agriculture especially for the crop yield of legumes has gained much 

attention in recent years. Inoculants can provide help in N fixation thus limiting the use 

of N fertilizers (chemical fertilizers). In this study, we used biochar-based inoculants and 

test their efficacy on soybean plants under drought stress (D1 and D2). In our findings, 

different plant growth attributes such as shoot/root dry weight, shoot/root length, number 
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of leaves, and number of nodules showed a significant increase with biochar-based 

inoculants as compared to peat and control. Interestingly, soybean plants inoculated with 

pine wood BC showed better growth as compared to other treatments (control, peat, and 

oak BC) at each watering regime and soil type. This could be due to an increase in soil 

porosity, WHC (moisture retention), nutrient mobilization, and surface area by the 

addition of biochar-based inoculants around the rhizosphere (Ajeng et al., 2020; Lehmann 

& Joseph, 2015). Rhizobia play a significant role to support and promote plant growth 

and yield by increasing nitrogen availability through BNF. Rhizobia also helps plants to 

uptake different nutrients (N, P, Zn, and Fe) (Sun et al., 2016). Moreover, biochar could 

also help to optimize the soil pH. Ideally, a pH of around 5.5-7 is suitable for soybean 

growth and rhizobial survival within the soil (Gurmu, 2007; Igiehon et al., 2021). 

Furthermore, changes in soil physicochemical attributes result in an enrichment of 

indigenous soil bacteria (not discussed in this study) that promote plant development 

indirectly (Ajeng et al., 2020). Our results strongly agreed with studies published by 

Egamberdieva et al. (2017) and Nadeem et al. (2017), who studied that biochar-based 

inoculants significantly increased the growth parameters of lupin and cucumber, 

respectively, under drought stress. In a further study, it was observed that pine wood BC-

based inoculants showed prominent growth of cucumber and corn crops, respectively 

(�*�á�R�G�R�Z�V�N�D���H�W���D�O��������������; Hale et al., 2014). However, the combination of pine wood BC 

with Enterobacter cloacae (UW5) was not ideal but combining BC with other PGPR 

strains may provide more direct plant growth benefits (Hale et al., 2014). 

4.4.2 Effects on N-Fixation 

The nitrogen fixation process is carried out (catalysed) by an enzyme commonly known 

as nitrogenase complex enzyme (Choudhary & Varma, 2017; Lobo, Tomás, et al., 2019). 

The dinitrogenase reductase enzyme generates electrons with strong reducing power, 

which are then used by dinitrogenase to convert N2 to NH3. The N-fixing mechanism 
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differs structurally among different bacterial taxa. The action of molybdenum nitrogenase 

catalyses the majority of BNF (Mus et al., 2018). In our results, we estimated the role of 

nitrogenase in N fixation by ARA. The increased ARA values in pine wood BC inoculated 

plants correspond to the increased values of the number of nodules. The result of this 

study elaborated that inoculation of potential rhizobia enhance N fixation when pine wood 

BC biochar was used as an inoculant carrier. For instance, pine wood BC inoculants 

showed a 111% increase in the number of root nodules as compared to peat at normal 

watering (D0) under soil + sand treatments. Consequently, an 80 % increase in the number 

of nodules was observed at severe drought stress (D2) under the above-mentioned 

condition. N-fixing bacteria (Rhizobia and plant growth-promoting bacteria) promote 

plant growth by positively altering nitrogen fixation pathways, secreting plant growth 

hormones, and boosting plant nutrient and water uptake (Azeem et al., 2021). Moreover, 

biochar can promote nodule formation by increasing chemical signalling between the host 

and symbiotic organisms by simultaneously trapping nodule factors and flavonoids (Mia 

et al., 2018; Sashidhar et al., 2020). Our results are in affirmation with Xiu et al. (2021), 

who determined the role of corn straw BC using different concentrations of BC and found 

that medium concentration (30 g kg-1) of BC was appropriate for a large number of N 

fixation through ARA in soybean plants. Moreover, another study revealed that a 54% 

increase in BNF was also observed in mung bean plants inoculated by tea leaves BC 

(Azeem et al., 2021). Rhizobia can bring in large amounts of micronutrients (K, P, Mo, 

and Fe) that can penetrate soils, promote root tuber growth, and increase the 

bioavailability of phosphorus and pH (Ajeng et al., 2020; Gul et al., 2015).  

4.���������,�Q�I�O�X�H�Q�F�H���R�Q���S�K�\�V�L�R�O�R�J�L�F�D�O���S�D�U�D�P�H�W�H�U�V�����/ 15�1���D�Q�G���/ 13C isotopes 

A significant increase in the chlorophyll content (a, b, and total chl.), RWC and MSI in 

soybean plants under a water deficit environment was observed in all inoculant treatments 

as compared to control. However, prominent chlorophyll values were observed in pine 
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wood BC inoculated plants. It was documented that a higher concentration of leaf 

physicochemical attributes indicates the sensitivity of stress tolerance in plants (Abideen 

et al., 2020). Kammann et al. (2011) also discovered increased chlorophyll content in 

Chenopodium quinoa cultivated in soils treated by biochar-based inoculants. Similarly, it 

was reported that pine wood BC applications with PGPR with or without compost 

increased chlorophyll content in cucumber leaves under drought stress (Nadeem et al., 

2017). The enhanced leaf chlorophyll content could boost photosynthetic capability and 

increase plant tolerance and growth against drought stress. This is also evidenced by the 

increased RWC and MSI values, which revealed that pine wood BC inoculated plants, 

showed better RWC and MSI values as compared to those un-inoculated (control) and 

plants inoculated with peat and oak BC respectively. Biochar along with rhizobia can 

improve the mesoporous structure of the soil, hence improving the water retention 

(holding) capacity of the soil (Kim et al., 2021) which could increase the RWC and MSI 

of plants under drought stress. Similarly, Nadeem et al. (2017) explained similar findings 

where a significant increase in RWC and MSI was documented in cucumber leaves with 

the applications of biochar-based inoculants under drought stress.  

�/13�&�� �D�Q�G�� �/15N isotopes can reveal information on the metabolic and physicochemical 

processes that occur during C and N transformations (Gouveia et al., 2019). The use of 

these isot�R�S�H�V�� ���/13�&�� �D�Q�G�� �/15N) as indicators of various environmental stresses such as 

drought has been widely reported to find the drought stress tolerance of plants in soil-

plant systems (Gouveia et al., 2019; Lauteri et al., 1993; Robinson et al., 2000).  In our 

�V�W�X�G�\�����V�L�J�Q�L�I�L�F�D�Q�W���U�H�W�H�Q�W�L�R�Q���R�I���/13C was observed at severe drought stress (D2) in almost 

all inoculated treatments as compared to mild drought stress (D1), and normal watering 

(D0), respectively. However, considerably lower �/13C was observed in soybean plants 

inoculated by pinewood BC as compared to control and peat respectively at severe 

drought stress (D2) under soil + sand treatments. Previous work revealed a �K�L�J�K�H�U���/13C 
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concentration in Medicago truncatula inoculated with Sinorhizobium medicae exposed to 

drought stress as compared to normal watering (Staudinger et al., 2016). Reports 

�V�X�J�J�H�V�W�H�G�� �W�K�D�W�� �K�L�J�K�H�U�� �Y�D�O�X�H�V�� �R�I�� �/13C in drought stress could be due to environmental 

variables, variation in carbon dioxide (CO2) fluxes, and temperature fluctuations 

(O'Leary, 1993; Saugier et al., 2012). It was observed that to cope with drought stress, 

plants adapted to close their stomata to reduce the loss of water, hence decreased 

photosynthesis due to less intake of CO2 caused more richness of �/13C value in plant 

shoots and leaves (Salehi-Lisar & Bakhshayeshan-Agdam, 2016). Robinson et al. (2000) 

and Gouveia et al. (2019) �U�H�Y�H�D�O�H�G���H�Q�U�L�F�K�P�H�Q�W���R�I���/13C in the wild barley and taro plants 

respectively, under drought conditions and consider it a better response to environmental 

stress (drought).  

�7�K�H���G�L�I�I�H�U�H�Q�F�H���L�Q���/15N values in soybean leaves under different treatments revealed how 

carrier inoculants affected plants' N contents under water scarcity (drought) conditions. 

�/15N is a potential benchmark to determine plant growth and N metabolism (Serret et al., 

2018)���� �0�R�U�H�R�Y�H�U���� �/15N is negatively correlated to BNF (Bazzer et al., 2020) and it is 

obvious in our results which plant inoculated with pinewood BC showed less amount of 

�/15N (-�����������Å�����D�V���F�R�P�S�D�U�H�G���W�R��the control (-�����������Å�����D�W���Q�R�U�P�D�O���Z�D�W�H�U�L�Q�J��(D0) using soil 

+ sand treatments and more BNF was observed in these plants as evident by ARA (Table 

4.4). In comparison to plants that rely on mineral N as a source of N, BNF dilutes the 

�/15N in plants actively fixing N. Because a low �/15N value indicates more dilution of �/15N 

by biological N fixation (Bazzer et al., 2020; Doughton et al., 1995). However, in contrast 

to the �/13C valu�H�����Z�H���R�E�V�H�U�Y�H�G���D���G�H�F�U�H�D�V�H���L�Q���/15N in soybean plant leaves under drought 

stress (D1 and D2)�����5�H�G�X�F�W�L�R�Q���L�Q���/15N in plants due to drought stress has been reported 

before (Araus et al., 2013; Bort et al., 2014; Gouveia et al., 2019; Serret et al., 2018). The 

�G�H�F�U�H�D�V�H�G���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I���/15N in soybean plant leaves could be due to increased demand 
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for N concentration or changes in N metabolism referred to as a reduction in 

photorespiration (Tcherkez, 2011). 

4.5 Conclusion 

In conclusion, pinewood BC inoculant effectively promoted soybean plant growth and 

nodulation, increased plant physiological (chlorophyll contents, RWC and MSI) 

attributes, and improved �/13C signatures under all watering regimes and soil types. 

Therefore, the prepared BC inoculants exhibited great potential to monumentally improve 

the production of soybean and can facilitate as a tenable alternative for peat inoculants. 

Pinewood BC along with oak BC signified some fruitful results which can be explored 

for future research as a viable carrier material. Their potential role will be further explored 

at various pyrolysis temperatures to identify the more suitable pyrolysis temperature for 

rhizobial growth. Even though the current research was conducted in a greenhouse, a field 

investigation is required to verify the efficiency of the created novel inoculants under 

various agroecological conditions. 
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Chapter 5: Pyrolysis temperature affects biochar suitability as an 

alternative rhizobial carrier  

Abstract 

Biochars produced from different feedstocks and at different pyrolysis temperatures may 

have various chemical and physical properties, affecting their potential use as alternative 

microbial carrier materials. In this study, biochars were produced from pine wood and 

oak feedstocks at various temperatures (400°C, 500°C, 600°C, 700°C and 800°C), 

characterized, and assessed for their potential as carriers for Bradyrhziobium japonicum 

(CB1809) strain. The biochars were then stored at two different storage temperatures 

(28°C and 38°C) for up to 90 days. Furthermore, the study also explored the role of 

potentially ideal carriers as inoculants in the growth of Glycine max L. (soybean) under 

different watering regimes i.e., 55% water holding capacity (WHC) (D0), 30% WHC 

(D1) and, 15% WHC (D2) using a mixture of 50% garden soil and 50% sand. The results 

were compared to a control group (without inoculants) and a peat inoculant. Among all 

the �P�D�W�H�U�L�D�O�V���G�H�U�L�Y�H�G���I�U�R�P���S�L�Q�H���Z�R�R�G���D�Q�G���R�D�N�����S�L�Q�H���Z�R�R�G���E�L�R�F�K�D�U���S�\�U�R�O�\�]�H�G���D�W���������•�����3-

BC400) exhibited the highest CFU count, with values of 10.34 and 9.74 Log 10 CFU g-1 

�D�I�W�H�U���������G�D�\�V���R�I���V�W�R�U�D�J�H���D�W�������•���D�Q�G�������•�����U�H�V�S�H�F�W�L�Y�H�O�\�����7�K�L�V���Z�D�V���Q�R�W�D�E�O�\���K�L�J�K�H�U���F�R�P�S�D�U�H�G��

to other biochars and peat carriers. Significant increases in plant growth parameters 

(shoot/root dry biomass, shoot/root length, number of leaves, number of nodules), and 

physiological attributes (nitrogenase activity, chlorophyll pigments, relative water 

content, and membrane stability index) were observed in plants treated with P-BC400 

compared to the control and peat groups regardless of the watering regime. However,  

�L�V�R�W�R�S�L�F���V�L�J�Q�D�W�X�U�H�V�����/13�&���D�Q�G���/15N) showed lower enrichment in P-BC400 treated plants. 

Overall, this experiment concluded that biochar pyrolyzed at lower temperatures, 

especially P-BC400, was the most suitable candidate for rhizobial inoculum and 

promoted soybean growth.  
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5.1 Introduction 

The most common carrier for rhizobia inoculum is peat (Atieno et al., 2018). However, 

peat is a non-renewable resource whose supply has been diminishing in recent years 

(Hardy & Knight, 2020). It also has a high cost of extraction (mining), processing, and 

sterilising, as well as being unreachable on a large scale (Beck, 1991; Bilney, 1997; 

�%�X�Q�W�L�ü���H�W���D�O��, 2019). It is critical to develop new rhizobial carriers as a substitute for peat 

to keep the inoculant industry and agricultural production afloat (Araujo et al., 2020; Hale 

et al., 2015; Kumar et al., 2017). Considerable efforts were being made to explore 

alternative rhizobial carrier materials in the recent past (Albareda et al., 2008; Araujo et 

al., 2020). A good carrier should have some novel properties, such as practicable 

architectures (e.g., porous structures, channel, or layer structures), abundant nutrients 

(e.g., C, N, O, P, K, Ca), appropriate pH (near neutral), high water holding capacity 

(WHC), and cost-effectiveness (Pacheco-Aguirre et al., 2017; Sohaib et al., 2020). 

Despite significant efforts to exploit novel carrier materials for high-quality bioinoculant 

production, many potential carrier materials have only been published in scientific 

journals and rarely developed for commercial use  (Allaga et al., 2020; Arora et al., 2008; 

Siyuan Tao, 2018), 107 CFU g-1 is considered as recommended viable cell count for each 

carrier material (Sohaib et al., 2020).  

Biochar is a material typically produced through cheap and locally available waste 

resources such as agricultural, dairy (animal) and municipal wastes, which is considered 

a sustainable and effective waste management approach, especially in developing 

countries. Biochar can be made from a variety of feedstocks; the physical and chemical 

properties of the material will be different depending on the feedstock type and the 

pyrolysis process. Pyrolysis temperatures play a vital part in determining the properties 

and function of biochar materials. Usually, the pyrolysis temperature is ranged between 

�������•���W�R�����������•��(Sohi et al., 2010) to produce sterilized biochar products. Zhang et al. 
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(2017) reported that an �L�Q�F�U�H�D�V�H���L�Q���S�\�U�R�O�\�V�L�V���W�H�P�S�H�U�D�W�X�U�H�����������•���W�R���������•�����F�D�Q���L�Q�F�U�H�D�V�H��

the pH of biochar. Similarly, Hale et al. (2015) noted that different types of biochars 

�S�\�U�R�O�\�]�H�G�� �D�W�� �������•�� �V�K�R�Z�H�G�� �K�L�J�K�H�U�� �S�+�� ���U�H�O�D�W�L�Y�H�O�\�� �D�O�N�D�O�L�Q�H���� �D�V�� �F�R�P�S�D�U�H�G�� �W�R�� �E�L�R�F�K�D�U��

pyrolyzed at �������•�� which showed lower pH (relatively acidic) value. Additionally, high 

surface area and environmental stability were observed in biochar pyrolyzed at higher 

temperatures (Ahmad et al., 2012; �0�D�ã�H�N���H�W���D�O��������������), but less nitrogen (N) content was 

recorded with elevated pyrolysis temperature, hence lower N availability to plant uptake 

(Uchimiya & Hiradate, 2014). However, a significant amount of nutrients (Mn, K, Fe, N, 

P Ca, Na and Mg) was observed among various feedstocks (pinewood, sugarcane, peanut 

shell, and oak) that were pyrolyzed at lower temperatures (Zhang et al., 2017).  

Additionally, biochar has vast applications in agricultural soil due to its exceptional 

physicochemical properties. Its role as the nutrient (C, P) sequestrating agent, mining soil 

rehabilitating modifier, rhizosphere soil protector, and soil conditioner have been 

thoroughly studied and well documented (Alipour et al., 2021; Amini et al., 2016; M 

Rezaei Rashti et al., 2019; Mehran Rezaei Rashti et al., 2019; Reverchon et al., 2014; 

Reverchon et al., 2015; Zhang et al., 2017). However, solo application of biochar in soil 

does not make it a comprehensive fertiliser capable of supplying a significant amount of 

vital nutrients for plant growth. Instead, combining beneficial microbes (rhizobia and/or 

plant growth promoting rhizobacteria) with biochar will increase its effectiveness as a 

soil amendment, making it a more valuable and promising tool for sustainable agriculture, 

especially in legume sector (Ajeng et al., 2020; Hariz et al., 2015). In recent reports, the 

role of biochar as a microbial carrier has emerged to be explored and published 

(�*�á�R�G�R�Z�V�N�D���H�W���D�O������ ��������; �*�á�R�G�R�Z�V�N�D���H�W���D�O������ ��������; Hale et al., 2015; Igalavithana et al., 

2017; Tittabutr et al., 2007). However, less attention has been paid to testing the 

suitability of pyrolysis temperature of biochar as an alternative microbial carrier and 

seldom reported. 
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Herein, the current study focused on the use of advanced analytical approaches to evaluate 

the physicochemical characteristics of low-cost biochar pyrolyzed at various 

temperatures and suitability as an alternative rhizobial carrier was documented. The 

rhizobial survival rate and shelf life were monitored and results were compared with peat 

(control). Rhizobial efficacy on soybean growth, physiology and isotopic signatures was 

studied at the end of the plant growth experiment. 

5.2 Methodology 

5.2.1 Feedstocks and slow pyrolysis operation for biochar manufacturing 

Australian peat was purchased from Green Microbes Aust Pty Ltd. Oak (Allocasuarina 

torulosa) and pinewood (Pinus radiata) feedstocks were selected from Narrongin region, 

Western Australia (32.936°S 117.178°E). The feedstocks were air-dried and converted 

into small pieces (3-4 cm) before being �R�Y�H�Q���G�U�L�H�G���D�W�������•���I�R�U����-4 days. A slow pyrolysis 

method was used to produce biochar at a laboratory scale. Biochar preparation was carried 

out using a horizontal furnace (HTF 80/12e3/1, Laboratory Equip. Pty. Ltd., Australia) 

with a 300 mm long tube under anoxic conditions, maintaining temperature uniformity 

�Z�L�W�K�L�Q�����•�����12 gas was used as inlet gas with a flow rate of 0.5 LPM. The continuance 

time of biochar �P�D�Q�X�I�D�F�W�X�U�L�Q�J�� �Z�D�V�� ���� �K�R�X�U�� �D�W�� ������ �•�� �P�L�Q-1 heating rate with a gradual 

�L�Q�F�U�H�D�V�H���R�I�������•���W�R���W�D�U�J�H�W���W�K�H���S�H�D�N���W�H�P�S�H�U�D�W�X�U�H�V���������•�����������•�����������•�����������•���D�Q�G���������•��

respectively.  The prepared biochar materials were placed in an open space at room 

temperature, after cooling stored in plastic bags and given the names P-BC400, P-BC500, 

P-BC600 P-BC700, P-BC800, and O-BC400, O-BC500, O-BC600 O-BC700, O-BC800 

where the prefix letters P and O stand for pinewood, and oak, and the suffix numbers 

stand for pyrolysis temperatures.  Biochar materials were finely ground to powder form 

and sieved (250 µm).  
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5.2.2 Physicochemical analysis of biochar 

Biochar carbon (TC) and nitrogen (TN) analysis was carried out on LECO (CNS-2000, 

LECO Corporation, MI, USA) analyzer and C:N ratios were calculated, principal was 

based on the combustion of dry samples (Zhang et al., 2017). Hot water extractable 

organic carbon (HWEOC) in biochar samples was measured following the method 

recommended by F. Chen et al. (2000). Precisely, 1.5 g of biochar samples (oven dried) 

were mixed with 30 mL distilled water in capped Falcon tubes and incubated for 18 h at 

70°C. later, Falcon tubes were placed in an end-over-end shaker for five minutes to attain 

mixture uniformity, the mixtures were filtered using a Whatman 42 filter paper (Whatman 

Ltd., Maidstone, UK). The filtrate was used to determine HWEOC value using a TOCN 

(SHIMADZU TOC-VCPH, Kyoto, Japan) analyser (Liu et al., 2021; Yao et al., 2021). 

To test other major and trace elements, wet digestion of biochar samples was performed 

according to the methods explained by AOAC, 1990 using HNO3 and HCLO4 in a 4:1 

ratio. An inductively coupled plasma optical emission spectroscopy (ICP-OES, Perlin 

Elemer, USA) approach was used to measure the concentrations (Bahadori et al., 2019). 

On an oven-dry basis, the results were achieved. pH and electrical conductivity (EC) were 

determined using a 1:20 volumetric ratio of biochar samples to distilled water. The 

mixtures were placed in end to end shaker at 70 rpm for one h for uniform shaking and 

Accumet® basic AB15 pH/cond. meter was used to measure values (Rajkovich et al., 

2012). The biochar water holding capacity (WHC) was determined. Biochar materials 

were saturated in water for 24 hours, then allowed to drain in the air for 1-3 hours 

(properly covered to reduce aerial loss). The mass of water retained in the material per 

gram of dry material was used to compute the percent WHC values (Hale et al., 2014). 

The functional groups of biochars were determined using FTIR (PerkinElmer Spectrum 

Two IR spectrometer, PerkinElmer, USA). FTIR was recorded using the Spotlight 400 

series in the spectrum range of 650-4000 cm-1. Using a scanning electron microscope 
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(SEM) (JSM-7001F) and a Brunauer-Emmett-Teller (BET) analyser, physical properties 

such as porous and layered structures, pore size, and specific surface area (SSA) were 

characterised.  

5.2.3 Strain culture condition, materials sterilization, and inoculation 

Newedge microbial inoculant suppliers, North Albury, New South Wales (NSW), 

Australia, provided the Bradyrhizobium japonicum (CB 1809) strain. CB 1809 was 

cultured in YMB (yeast mannitol broth), produced in a 250 mL Erlenmeyer flask, and 

shaken for five days at 28°C at 150-180 rev min-1 on a gyratory shaker (Vincent, 1970). 

For sterilization, all sieved biochar and peat materials were placed in autoclave bags. Each 

autoclave bag had 10 g of each material. All the bags were sterilized in an autoclave for 

20 minutes at 121°C. A sufficient volume of five-day-old, incubated CB 1809 strains 

(4.51 ×1010 ml-1) were injected aseptically into the autoclave bags to make the inoculant, 

with the biochar and peat materials maintaining a moisture content (MC) of 40%. The 

biochar materials inside the bags were properly mixed with hands, and 30% space was 

left in the bags to allow for appropriate aeration. Bags were kept for up to 90 days at 28°C 

and 38°C. 

5.2.4 Determination of shelf life 

The population density of strain CB 1809 in each inoculant was examined by Colony-

forming unit (CFU) value at 20 days, 40 days, 60 days, and 90 days to determine the shelf 

life of prepared inoculants. To calculate the CFU value, 1 g of inoculant was suspended 

in 9 mL of YMB broth. To achieve complete release of rhizobial strains from carriers, the 

dilutions were shaken for 30 minutes at 150 rpm on a gyratory shaker. Formulations were 

serially diluted up to 10-6 - 10-7, with 100 µl spread of the final dilution onto nutrient agar 

petri plates. Each dilution was repeated 3 times. All plates were incubated at 28 ± 2°C for 

2-3 days. The number of microbial colonies that appeared in each plate was counted and 

the inoculum log CFU g-1 of the carrier material was calculated. 
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5.2.5 Greenhouse pot trial 

5.2.5.1 Experimental setup 

The suitability of pyrolysis temperature of the biochar as the inoculants of CB1809 for 

soybean (Glycine max L.) growth and nodulation against the carrier control (without any 

carrier and/or with peat) was determined through a pot trial that was performed in the 

greenhouse (�G�D�\���Q�L�J�K�W���W�H�P�S�H�U�D�W�X�U�H�������•�� humidity 50-60%, day length 16 h) at Griffith 

University (Nathan campus, Australia). P-BC400 which showed the highest shelf life 

(10.34 Log 10 CFU g-1) and O-BC400 which possessed the second highest (9.76 Log 10 

CFU g-1) shelf life after 90 days of storage were selected for the pot trial. Furthermore, 

the inoculants (P-BC800 and O-BC 800) that showed the worst Log 10 CFU g-1 (Figure 

5.3) were also used for the comparison. Before the pot trial, the seeds were dipped into 

ethanol (95% C2 H6 O) for 5 min for surface sterilization and were rinsed thoroughly for 

few times with sterile double distilled water (Kumar et al., 2017), and air dried for 30 

minutes. Seeds were gently mixed with 4-5 days old inoculants. To coat the seeds, 4g of 

each inoculant and a 10% sucrose solution (as a sticking agent) were utilised, and coated 

seeds were then placed in the shade for dry aeration. Plastic pots (14 cm × 11.5 cm) were 

filled with 1000 g of garden soil 50% + sand 50%, properties are given in Table 4.2 

(chapter 4).  

5.2.5.2 Moisture treatments  

Depending on the WHC of the soil (65.65 %), three different moisture levels (55 % WHC, 

30% WHC, and 15% WHC) were utilised to achieve water (drought) stress at varying 

rates. Normal irrigation, mild drought, and severe drought were represented by 55% 

WHC (D0), 30 % WHC (D1), and 15% WHC (D2), respectively. Eighteen treatments 

(Table 5.1) with four replicates, meaning 72 treatment units (pots) were used in this study. 

Before sowing, oven-dried soil in each pot (72) was watered to normal watering (D0) of 

soil, with 361 ml of water. Five inoculated seeds were sown in each pot, and thinning was 
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done with three seedlings in each pot about 10-15 days following emergence. Water 

(drought) stress was applied to soybean seedlings after thinning in both mild (D1) and 

severe drought (D2) treatments. 196.9 ml and 98.4 ml of water were used to water mild 

drought and severe drought treatments respectively. Pots were weighed each day and 

watered to keep them at the proper moisture level. Each pot was given a further six weeks 

to establish healthy seedlings. 

Table 5. 1 Treatment plan and each treatment was replicated four times. 

O-BC and P-BC represents oak biochar and pine wood biochar respectively. D0: 
55%WHC (water holding capacity); D1: 30%WHC; D2:15%WHC. 
 
 

5.2.6 Harvesting and plant biometric attributes 

On May 10, 2020, soybean seeds were planted, and on July 20, 2020, they were harvested. 

After harvest, the length of the shoots and roots, the number of leaves, and the number of 

root nodules were all measured and recorded. The roots were separated from the shoots 

and rinsed well to remove any debris before being dried on paper towels. The root and 

shoot samples were oven dried for two days at 70 °C to calculate the dry weight. 

Following the assessment of nitrogenase activity, root dry weights were calculated. 

5.2.7 Acetylene reduction assay 

The acetylene reduction assay (ARA) was used to evaluate the activity of nitrogenase 

enzymes in the root system of plants (Hardy et al., 1973). Briefly, each treatment's entire 

 Moisture levels 

 D0 D1 D2 

Inoculant 

applications in  

garden soil 50% + 

sand 50% 

Control Control Control 

Peat Peat Peat 

O-BC400 O-BC400 O-BC400 

O-BC800 O-BC800 O-BC800 

 P-BC400 P-BC400 P-BC400 

 P-BC800 P-BC800 P-BC800 
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root system (washed and air-dried) was placed in 250 ml incubation bottles and carefully 

sealed with a sealed cap. To keep the roots from drying out during the assay, damp paper 

towels were placed in each bottle before they were placed. 10% of the air was replaced 

with acetylene gas, and the system was left in the dark at room temperature for 24 hours 

(Bahulikar et al., 2021). To measure ethylene production, a 500 µl sample was obtained 

from each incubation bottle and fed into a gas chromatograph (GC-2010, Shimadzu Plus). 

The GC was set up with a 30 M gas pro column, a 50°C oven, and 50°C and 270°C front 

inlet and FID detector temperatures, respectively. As a make-up gas, N2 gas was 

employed at a constant flow rate of 10 ml min-1. Standard curves of GC peak area were 

established using repeated dilutions of a known quantity (standards) of ethylene to record 

the concentration of ethylene produced in ARA. The amount of ethylene collected per 

unit fresh weight of roots per hour was used to calculate the nitrogenase activity. 

5.2.8 Leaf pigmentation, membrane stability index (MSI) and relative water content 

(RWC) analysis 

The leaf pigments chlorophyll (chl.) a, b, and total chl. were determined using the 

Lichtenthaler (1987) method. To summarise, 1.0 g of fresh leaf samples were taken and 

promptly dipped in liquid nitrogen to stop metabolic activity in the leaf tissue. Following 

that, 80 per cent acetone was mixed with the leaf tissues and pulverised until homogeneity 

was reached. For 10 minutes, the homogenised mixture was centrifuged at a speed of 

3000×g. The recovered supernatant was employed in a UV�±spectrophotometer (UV1800, 

Shimadzu, China) to measure absorbance at 663.2 and 646.8 nm wavelengths. The 

contents of the chl. were determined using Lichtenthaler (1987) formulae. The results 

were measured in µg g-1 of fresh leaf weight. Chl. a = 12.25* Abs 663.2�±2.798* Abs 

646.8, Chl. b = 21.5* Abs 646.8�±5.1* Abs 663.2, Total chl. = 7.15* Abs 663.2 + 18.71* 

Abs 646.8. 
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Leaf Membrane stability index (MSI) was calculated. For this purpose, 0.5 g fresh leaves 

were dipped in 10 ml of aliquot water and samples were divided into two groups. The 

electrical conductivity (EC1) of the first group was calculated after heating the samples 

for a half-hour in the oven at 40°C, while the electrical conductivity (EC2) of the second 

group was measured after a half-hour heating in the oven at 100°C. The given equation 

was used to calculate MSI. 
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l
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Youngest fresh apical leaves were used to determine the relative water content (RWC) of 

soybean leaves following methods explained by Sairam et al. (2002).  

5.2.9 Determination of stable C (�/13C) and N (�/15N) isotopes 

Fresh apical soybean leaves were obtained and air-dried before being oven dried at 70°C 

for 48 hours to determine �/13C and �/15N. The dried leaf samples were ground into powder, 

and 4-5 mg of each sample was pelletized into tin capsules. Isotope-ratio mass 

spectrometer (Sercon Hydra 20�±22 Europa EA-GSL) was used to analyse the pelletized 

materials for �/13C and �/15N. The following equation is used to explain ratios for stable C 

�D�Q�G���1���L�V�R�W�R�S�H�V���L�Q���/�����V�W�D�Q�G�D�U�G���G�H�O�W�D�����D�Q�G���Å�����Q�R�W�D�W�L�R�Q���S�H�U���P�L�O�������\��� ���>���5��sample / R standard) 1] 

× 1000, where Y is either �/13C or �/15N and R is the heavier to lighter isotope ratio of the 

sample and standard, which is 13C/12C or 15N/14N, respectively. The measurements were 

accurate to within 0.05 for �/13C and 0.1 for �/15N. As a standard value for C and N, Pee 

Dee Belemnite (PDB) limestone and ambient N were used (Bahadori et al., 2019; Garzon-

Garcia et al., 2017). 

5.2.10 Statistical analysis 

Rhizobial counts (Log 10 CFU g-1) in carriers were estimated after logarithmic 

transformation. The average difference in shelf life and survival rate of carriers was tested 

�X�V�L�Q�J���)�L�V�K�H�U�¶�V���W�H�V�W���Z�K�H�Q���$�1�2�9�$���Z�D�V���V�L�J�Q�L�I�L�F�D�Q�W���D�W��p < 0.05. For the plant analysis, the 
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data were analysed by two-way analysis of variance (ANOVA) with watering regimes 

and inoculant treatments as factors. The data of interaction was estimated and presented 

between soil watering regimes and treatments. Mean values were compared by the least 

significant difference (LSD) test at a 5% (P < 0.05) probability level (Steel, 1997). 

Minitab 18 software was used to carry out an analysis. Mini tab 18 software was used to 

�F�D�U�U�\���R�X�W���$�1�2�9�$���D�Q�G���3�&�$�����6�3�6�6���������Z�D�V���X�V�H�G���I�R�U���3�H�D�U�V�R�Q�V�¶�V���F�R�U�U�H�O�D�W�L�R�Q���D�Q�D�O�\�V�L�V�� 

5.3 Results 

5.3.1 Characteristics of carrier materials 

Biochars made from pine wood (P-BC400, P-BC500, P-BC600 P-BC700, and P-BC800), 

and oak (O-BC400, O-BC500, O-BC600 O-BC700, and O-BC800) feedstocks were 

tested in different physicochemical variables, showed a significant variability presented 

in Table 5.2. The TC% of both biochar fractions (pine wood and oak) increased with the 

increase in pyrolysis temperature, however, TN% and HWEOC% showed an inverse 

relationship to TC% as it decreased in both feedstock fractions with an increase in 

pyrolysis temperature. pH values were close to neutral at lower pyrolysis temperature 

���������•�����L�Q���D�O�O���S�L�Q�H���Z�R�R�G���D�Q�G���R�D�N-derived biochars, for instance, P-BC400 and O-BC400 

expressed 7.22 and 7.34 pH values respectively. Similarly, for the biochars pyrolyzed at 

lower temperatures EC, BET surface area, and pore size were lower than others (biochars 

pyrolyzed with increased temperature), and gradual increases were noticed with increased 

pyrolysis temperature. Pine wood-derived biochars did not show a significant difference 

in WHC and the values ranged between 102.4% to 106.8 % respectively, however, a 

relatively wide range of WHC (39.7 % �± 101 %) was observed in oak-derived biochars.  

In element analysis, all the derived biochars showed abundant elements (e.g., K, P, S, Ca, 

Mg, Al), particularly among all elements the highest value of Ca was observed that is the 

important nutrient for strain survival and growth. The concentration of toxic metals (e.g., 
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Ni, Cd, Pb, Hg, As) in all biochars were below the detection limit, illustrating their little 

toxicity to rhizobia and the environment.  

The morphologies of all prepared biochars were characterized by SEM shown in Figure 

5.1. The surfaces of all biochars were coarse with some channels and pores on them, noted 

by white and yellow circles respectively (Figure 5.1).
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Table 5. 2 Physico-chemical properties and elemental concentration of Pinewood and Oak derived biochars as a carrier material  

(Mean ± SD; n=4). 
 

Properties 
P-BC 
400 

P-BC 
500 

P-BC 
600 

P-BC 
700 

P-BC 
800 

 O-BC 
400 

O-BC 
500 

O-BC 
600 

O-BC 
700 

O-BC 
800 

Physico-chemical characteristics 
TC (%) 74.4 81.1 81.2 81.2 80.1  72.7 80.5 79.6 78.3 82.4 
TN (%) 0.43 0.44 0.38 0.31 0.29  0.39 0.46 0.36 0.37 0.34 
C: N (%) 173 184 214 262 276  186 175 221 211.6 242.4 
HWEOC (%) 2.0 1.03 0.94 0.81 1.50  1.72 1.14 1.13 0.93 0.89 
pH  
(1:20; w/v) 

7.22 7.43 
 

7.90 
 

7.84 
 

8.11 
 

 7.34 7.92 8.73 8.55 
 

8.79 
 

EC (µS) 63 76 94 109 109  81 102 158 174 169 
WHC (%) 102.4 104.3 106.6 104.5 106.8  39.7 101.1 100.0 78.8 49.8 
SSA (m2 g-1) 14.30 25.48 142.6 67.43 54.43  11.48 28.37 138.4 54.42 52.17 
Pore size (µm) 3.62 4.52 6.38 6.87 6.24  3.24 5.32 6.02 6.49 6.04 
Elemental concentration (g kg-1) 
K 2.42 2.66 3.33 3.64 2.82  2.93 3.57 3.51 3.68 3.96 
P 0.55 0.61 0.75 0.83 0.63  1.46 1.57 1.57 1.74 1.88 
Ca 5.99 6.98 8.23 8.58 6.43  3.62 9.83 9.28 9.93 9.06 
S 0.29 0.26 0.30 0.31 0.27  0.42 0.36 0.39 0.40 0.39 
Mg 1.23 1.37 1.63 1.83 1.42  1.19 1.58 1.54 1.74 1.62 
Al  0.88 0.77 0.97 0.97 0.75  0.04 0.10 0.10 0.36 0.07 
Na 0.35 0.39 0.48 0.49 0.38  1.30 1.59 1.54 1.60 1.68 
Zn 0.28 0.09 0.11 0.05 0.02  0.06 0.04 0.16 0.04 0.02 
Fe 0.20 0.16 0.21 0.21 0.15  0.02 0.04 0.04 0.29 0.04 
Mn 0.35 0.44 0.51 0.53 0.45  0.23 0.30 0.30 0.35 0.32 
Ni, Cd, As, Hg, 
Pb 

<dl <dl <dl <dl <dl  <dl <dl <dl <dl <dl 

<dl: below detection limit 
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Abundant functional groups and characteristic bands in prepared biochars identified by 

FTIR spectra were presented in Figure 5.2. For all two feedstock types, the FTIR spectra 

inside the biochar thermosequences showed no significant difference in C structures. 

More so than their type of feedstock, pyrolysis temperature affected the C structure of 

biochars (Figure. 2a, b). This could be due to dehydration and decarboxylation during 

�S�\�U�R�O�\�V�L�V�����D���U�L�V�H���L�Q���S�\�U�R�O�\�V�L�V���W�H�P�S�H�U�D�W�X�U�H���I�U�R�P���������•���W�R���������•���U�H�V�X�O�W�H�G���L�Q���D���G�Hcrease in 

OH and C=O stretching vibrations (3617-3671 cm-1 and 1693 cm-1, respectively). 

�/�L�N�H�Z�L�V�H���� �Z�L�W�K�L�Q�� �W�K�L�V�� �W�H�P�S�H�U�D�W�X�U�H�� �U�D�Q�J�H�� ���������•�� �W�R�� �������•������ �D�O�L�S�K�D�W�L�F�� �&�+2 and CH3 

stretching, and deformation vibrations (2916-2985 cm-1 and 1388-1431 cm-1, 

respectively) reduced as pyrolysis temperature was raised. Strong aromatic C=C 

stretching vibrations (1584-1594 cm-1���� �Z�H�U�H���Q�R�W�H�G���L�Q���W�K�H���E�L�R�F�K�D�U�V���S�U�R�G�X�F�H�G���D�W���������� �•����

and it remained �L�Q���D�O�O���E�L�R�F�K�D�U�V���X�Q�W�L�O���W�K�H���W�H�P�S�H�U�D�W�X�U�H���V�X�U�S�D�V�V�H�G���������•���W�K�D�W���W�K�L�V���Y�L�E�U�D�W�L�R�Q��

ceased to exist. Moreover, C-O stretching vibrations (1062-1195 cm-1) were observed in 

all biochars, however, these C-O stretching vibrations were more abundant in oak-derived 

biochars as compared to pine wood-derived biochars where these peaks were only 

�R�E�V�H�U�Y�H�G�� �D�W�� �O�R�Z�H�U�� �W�H�P�S�H�U�D�W�X�U�H�V�� ���������•��- �������•������ �� �$�G�G�L�W�L�R�Q�D�O�� �&-O stretching vibration 

(e.g., acetyl esters) and OH plane deformation appeared at 1246 cm-1 in oak wood-derived 

biochars. CO32- ion deformation vibration (872-885 cm-1) appeared in all biochars 

irrespective of feedstock type and pyrolysis temperature.  
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Figure 5. 1 Representative SEM images of P-BC400 (a), O-BC400 (b), P-BC500 (c), O-
BC500 (d), P-BC600 (e), O-BC600 (f), P-BC700 (g), O-BC700 (h), P-BC800 (i), and O-
BC800 (j). White arrows and yellow circles represent the channel structure and pores, 
respectively. 
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Figure 5. 2 (a) FTIR spectra of P-BC400, P-BC500, P-BC600, P-BC700, and P-BC800. 
(b)  O-BC400, O-BC500, O-BC600, O-BC700, O-BC800. 

 

5.3.2 Rhizobial shelf life and survival rate 

As shown in Figure 5.3, among the evaluated pine wood and oak-derived biochar carriers, 

P-BC400 exhibited the foremost results on the shelf life and survival rate of rhizobia. 

�8�Q�G�H�U�������•�� ���)�L�J�X�U�H��5.3a, b), the survival rate of strains in all biochar (pine wood and 

oak) derived products ranged between 79% and 95% at the end of the storage period (90 

days). Among pine wood-derived biochars the biochar pyrolyzed at a lower temperature 

(P-BC400) showed the highest shelf life (10.34 log10 CFU g-1 value) (Figure 5.3a) with 

the corresponding survival rate of 95 % (Figure 5.4a). The lowest shelf life (8.53 log10 

CFU g-1) and survival rate (78%) were observed in O-BC800. �$�W�������•�����G�L�I�I�H�U�H�Q�W���O�H�Y�H�O�V���R�I��

colony count reduction happened in all tested carrier materials, but the survival rate of 

strains still maintained above 72%, particularly the highest value of survival rate was 

recorded in P-BC400 (90%) than those of peat (86%) and other biochar carriers. From 0-

�������G�D�\�V�����X�Q�G�H�U���E�R�W�K���V�W�R�U�D�J�H���W�H�P�S�H�U�D�W�X�U�H�V���������•���D�Q�G�������•�����D���U�D�S�L�G���G�H�F�U�H�D�V�H���L�Q���V�K�H�O�I���O�L�I�H��

and survival rate was observed in biochars that were pyrolyzed at relatively high 

temperatures (O-BC800> O-BC700> O-BC600) (Figure 5.3, 5.4). However, a gradual 

decrease was observed from 20-90 days among all carriers and viable cell count (survival 
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�U�D�W�H�����K�D�V���Q�R�W���G�H�W�H�U�L�R�U�D�W�H�G���V�L�J�Q�L�I�L�F�D�Q�W�O�\���D�Q�G���P�D�L�Q�W�D�L�Q�H�G�������������X�Q�G�H�U�������•�����D�Q�G�������������X�Q�G�H�U��

�����•�� .  

 

Figure 5. 3 Log 10 CFU g-1 value of peat and pine wood-�E�D�V�H�G���L�Q�R�F�X�O�D�Q�W�V���X�Q�G�H�U�������•�����D����
and peat and oak-�E�D�V�H�G���L�Q�R�F�X�O�D�Q�W�V���X�Q�G�H�U�������•�� ���E������ �� �/�R�J�������� �&�)�8���J-1 value of peat and 
pine wood-�E�D�V�H�G���L�Q�R�F�X�O�D�Q�W�V���X�Q�G�H�U�������•�����F�����D�Q�G���S�H�D�W���D�Q�G���R�D�N-�E�D�V�H�G���L�Q�R�F�X�O�D�Q�W�V���X�Q�G�H�U�������•��
(d). Storage time was 0-90 days. Mean ± SD. N.S: non-significant (p > 0.05) 
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Figure 5. 4 Survival rate of peat and pine wood-�E�D�V�H�G���L�Q�R�F�X�O�D�Q�W�V���X�Q�G�H�U�������•�����D�����D�Q�G���S�H�D�W��
and oak-�E�D�V�H�G���L�Q�R�F�X�O�D�Q�W�V���X�Q�G�H�U�������•�����E���� The survival rate of peat and pine wood-based 
�L�Q�R�F�X�O�D�Q�W�V���X�Q�G�H�U�������•�����F�����D�Q�G���S�H�D�W���D�Q�G���R�D�N-�E�D�V�H�G���L�Q�R�F�X�O�D�Q�W�V���X�Q�G�H�U�������•�����G�������6�W�R�U�D�J�H���W�L�P�H��
was 0-90 days. Mean ± SD. 

 

5.3.3 Plant growth attributes 

The results (Table 5.3) revealed that there was a significant difference (p < 0.05) in growth 

attributes (shoot/root dry biomass, plant height, root length, number of leaves, and root 

nodules) of soybean plants grown with different treatments (control, peat, P-BC400, P-

BC800, O-BC400, O-BC800) under different watering regimes (D0, D1 and D2). An 

obvious decrease in plant growth was observed with increased drought stress in each 

treatment. However, inoculant applications significantly reduced the negative impact of 

stress. 

Plants showed better growth with P-BC400 inoculants followed by O-BC400 as 

compared to peat and control. For example, P-BC400 treated plants grown under severe 

drought stress (D2) showed a 174% increase in shoot dry weight and a 469% increase in 

root dry weight respectively as compared to control. The notable increase in shoot length 

(86%) and root length (85%) was observed in plants inoculated with P-BC400 under 
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severe drought stress (Table 5.3) as compared to plants treated with peat inoculant. On 

the other hand, at D2, plants inoculated with O-BC400 showed 115% and 200% increases 

in shoot dry weight and root dry weight, respectively, as compared to the control (Table 

5.3). 58% increase in shoot dry weight and 64% increase in root dry weight were recorded 

in soybean plants inoculated with O-BC400 as compared to peat. Moreover, P-BC400 

and O-BC400 caused a significantly increased number of leaves and root nodules. A 

maximum number of leaves and root nodules were observed in P-BC400 (15% and 135%) 

followed by O-BC400 (15% and 85%) at D2, as compared to the peat. Consequently, 

relatively similar trends were observed under mild stress (D1) and normal irrigated (D0) 

plants using the same treatments. However, maximum plant growth was recorded under 

normal irrigation. 
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Table 5. 3 Effect of carrier materials on growth parameters of soybean plant under 
different watering regimes. 

For each parameter, the values do not share a same letter are significantly different (LSD 
test, p < 0.05). O-BC400 and O-�%�&���������U�H�S�U�H�V�H�Q�W�V���R�D�N���E�L�R�F�K�D�U���S�\�U�R�O�\�]�H�G���D�W���������•���D�Q�G��
�������•���U�H�V�S�H�F�W�L�Y�H�O�\����P-BC400 and P-BC800 represents pine wood biochar pyrolyzed at 
�������•�� �D�Q�G�� �������•�� �U�H�V�S�H�F�W�L�Y�H�O�\���� �E�L�R�F�K�D�U����D0: 55%WHC (water holding capacity); D1: 
30%WHC; D2:15%WHC. 

Plant growth 
parameters 

 Watering regimes 

Treatments D0 D1 D2 
 
 

Shoot dry 
weight 

(g plant-1) 

Control 0.37 ± 0.02 hi 0.31 ± 0.02 j 0.19 ± 0.02 l 
Peat 0.44 ± 0.02 f 0.34 ± 0.02 ij 0.26 ± 0.02 k 
O-BC400 0.69 ± 0.02 c 0.52 ± 0.05 e 0.41 ± 0.02 fg 
O-BC800 0.51 ± 0.02 e 0.44 ± 0.02 f 0.34 ± 0.02 i 
P-BC 400 0.95 ± 0.03 a 0.72 ± 0.02 b 0.52 ± 0.03 e 
P-BC 800 0.61 ± 0.02 d 0.51 ± 0.03 e 0.39 ± 0.02 gh 

 
 
Root dry weight 

(g plant-1) 

Control 0.07 ± 0.00 j 0.05 ± 0.01 k 0.03 ± 0.00 l 
Peat 0.12 ± 0.01 fg 0.08 ± 0.00 ij 0.06 ± 0.01 k 
O-BC400 0.15 ± 0.00 d 0.11 ± 0.00 g 0.09 ± 0.00 hi 
O-BC800 0.13 ± 0.00 ef 0.09 ± 0.00 hi 0.07 ± 0.00 j 
P-BC 400 0.26 ± 0.01 a 0.21 ± 0.00 b 0.17 ± 0.02 c 
P-BC 800 0.16 ± 0.00 cd 0.014 ± 0.01 e 0.09 ± 0.00 h 

 
 

Shoot length 
(cm) 

Control 43.97 ± 1.94 jk 31.13 ± 1.56 m 25.73 ± 1.50 n 
Peat 61.88 ± 1.50 fg 51.57 ± 1.79 kl 28.86 ± 1.83 m 
O-BC400 71.37 ± 1.61 c 67.99 ± 2.56 d 48.50 ± 2.08 i 
O-BC800 62.38 ± 2.02 efg 59.95 ± 1.18 g 40.12 ± 1.71 l 
P-BC 400 84.68 ± 2.25 a 75.38 ± 2.35 b 53.77 ± 2.17 h 
P-BC 800 64.60 ± 1.58 e 63.26 ± 2.43 ef 49.95 ± 0.99 ij 

 
 

Root length 
(cm) 

Control 11.90 ± 0.96 ij 8.25 ± 0.51 k 6.21 ± 0.43 l 
Peat 14.60 ± 0.76 gh 10.61 ± 0.91 j 8.59 ± 0.76 k 
O-BC400 20.72 ± 1.71 bc 16.70 ± 1.90 ef 13.85 ± 1.03 h 
O-BC800 16.99 ± 0.82 ef 13.94 ± 1.48 h 11.39 ± 0.92 ij 
P-BC 400 29.63 ± 0.78 a 21.00 ± 1.58 b 15.89 ± 0.68 fg 
P-BC 800 19.30 ± 1.41 cd 17.85 ± 1.00 de 12.19 ± 0.69 i 

 
 

NO. of leaves 
(plant-1) 

Control 10.50 ± 0.58 efg 8.75 ± 0.96 hi 7.25 ± 0.96 j 
Peat 11.50 ± 0.58 de 11.00 ± 1.41 def 10.00 ± 0.82 fg 
O-BC400 13.25 ± 0.50 b 13.25 ± 0.96 b 11.50 ± 1.29 de 
O-BC800 11.75 ± 0.50 d 11.50 ± 0.58 de 8.25 ± 0.95 ij 
P-BC 400 15.75 ± 0.96 a 15.00 ± 0.82 a 11.50 ± 0.58 de 
P-BC 800 13 ± 0.82 bc 12.00 ± 0.82 cd 9.50 ± 0.58 gh 

 
 
NO. of nodules 

(plant-1) 

Control 0.00 ± 0.00 k 0.00 ± 0.00 k 0.00 ± 0.00 k 
Peat 8.50 ± 0.58 cdef 7.50 ± 1.29 fgh 3.50 ± 1.29 j 
O-BC400 11.50 ± 0.58 b 9.75 ± 1.71 c 6.50 ± 1.29 h 
O-BC800 9.50 ± 0.58 cd 8.00 ± 0.82 efg 5.00 ± 0.82 i 
P-BC 400 16.00 ± 0.82 a 12.00 ± 1.63 b 8.25 ± 1.26 def 
P-BC 800 12.50 ± 0.58 b 9.25 ± 0.96 cde 6.75 ± 0.96 gh 
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5.3.4 Nitrogenase activity 

Nitrogenase activity differs significantly (p < 0.05) in all biochar-based carrier inoculants 

as compared to peat and control (Table 5.4). Significantly (p < 0.05) greater value was 

observed in plants inoculated with P-BC400 followed by O-BC400 at all watering 

regimes (D0, D1 and D2). For instance, the nitrogen activity in P-BC400 treated plants 

increased by 15.8% at (D0), 9.6% at (D1) and 4.4% at (D2) as compared to peat treated 

plants (significant at p < 0.05). The nitrogen activity in O-BC400 and O-BC800 treated 

plants showed a significant difference (p < 0.05) to each other at D0 and D1 but the values 

did not pose a significant (p > 0.05) difference at D2, however, the nitrogen activity was 

significantly (p < 0.05) higher to peat treated plants at each watering regime. Similarly, a 

significant (p < 0.05) difference in nitrogen activity was also observed among P-BC400 

and P-BC800 treated plants at each watering regime.  

 

Table 5. 4 Effect of carrier materials on nitrogenase activity (µm C2H4 h-1 plant-1) of 
soybean plant under different watering regimes. 

For each parameter, the values do not share a same letter are significantly different (LSD 
test, p < 0.05). For the abbreviations see Table 5.3. 
 

5.3.5 �/13�&�����D�Q�G���/15N signatures 

The P-BC400-based inoculant showed relatively lower �/13�&�� �D�Q�G�� �/15N enrichment than 

other inoculants (peat and P-BC800, O-BC400 and O-BC800) and control (without 

inoculant). It had an interestingly lower leaf �/13C value of -30.0 �Å����D0), -29.0 �Å����D1), 

Treatments 
Watering regimes 

D0 D1 D2 
Control 0.00 ± 0.00 j 0.00 ± 0.00 j 0.00 ± 0.00 j 
Peat 0.866 ± 0.04 f 0.864 ± 0.01 fg 0.832 ± 0.00 i 
O-BC400 0.942 ± 0.01 b 0.899 ± 0.06 d 0.849 ± 0.03 h 
O-BC800 0.892 ± 0.04 d 0.876 ± 0.06 e 0.843 ± 0.03 h 
P-BC 400 1.002 ± 0.08 a 0.947 ± 0.03 b 0.869 ± 0.04 ef 
P-BC 800 0.924 ± 0.02 c 0.892 ± 0.01 d 0.858 ± 0.08 g 
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and -28.8 �Å����D2), significant (p < 0.05) to peat and control (Table 5.5). While, for the 

�/13C signature, there was no significant (p > 0.05) differences among different biochar-

based treatments (P-BC400, P-BC800, O-BC400 and O-BC800) at D0 and D1, but P-

BC400 at D2 showed a significant (p < 0.05) difference compared to other biochar-based 

carriers. 

�)�R�U���/15N signature, significantly lower (p < 0.05) values of -5.91 �Å���D�Q�G��-�����������Å���Z�H�U�H��

recorded in P-BC400 treated plants as compared to peat and control at D0 and D2 

respectively, and apart from O-BC800 insignificant (p > 0.05) values were observed 

among all biochar-based inoculants at the same watering regimes (D0 and D2) (Table 

5.5). At D1 only P-BC400 showed a significantly lower �/15N value (-���������� �Å���� �D�V��

compared to the control.  

 

Table 5. 5 Effect of carrier materials on �/13�&�����Å���� �D�Q�G���/15�1�� ���Å���� �R�I���V�R�\�E�H�D�Q�� �S�O�D�Q�W��

under different watering regimes. 

  
Treatments 

Watering regimes 
D0 D1 D2 

�/13�&�����Å��     
 Control -24.5 ± 0.47 cde -23.0 ± 0.47 bc  -21.0 ± 0.47 a 
 Peat -25.7 ± 0.47 def  -24.4 ± 0.47 cde  -22.7 ± 0.47 ab  
 O-BC400 -27 ± 0.47 f -25.2 ± 0.47 de -24.9 ± 0.47 de  
 O-BC800 -26 ± 0.47 ef -24.9 ± 0.47 de  -23.1 ± 0.47 bc  
 P-BC 400 -30.0 ± 0.47 g  -29.0 ± 0.47 g -28.8 ± 0.47 g 
 P-BC 800 -26.5 ± 0.47 ef -25.3 ± 0.47 de  -24.2 ± 0.47 bcd  
�/15�1�����Å��     
 Control -4.13 ± 0.08 c-g -3.25 ± 0.08 a-d -2.11 ± 0.08 a 
 Peat -4.40 ± 0.08 d-g -3.61 ± 0.08 b-e -2.89 ± 0.08 ab 
 O-BC400 -5.13 ± 0.08 gh -3.76 ± 0.08 b-f -3.34 ± 0.08 b-e 
 O-BC800 -4.86 ± 0.08 fgh -3.67 ± 0.08 b-f -3.15 ± 0.08 abc 
 P-BC400 -5.91 ± 0.08 h -4.53 ± 0.08 efg -4.39 ± 0.08 d-g 
 P-BC800 -5.19 ± 0.08 gh -4.41 ± 0.08 d-g -3.29 ± 0.08 a-d 

For each parameter, the values do not share a same letter are significantly different (LSD 
test, p < 0.05). For the abbreviations see Table 5.3. 
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5.3.6 Leaf MSI (%) and RWC (%)  

In terms of MSI, the combined effect of inoculants and watering regimes was significant 

(p < 0.05) as shown in Figure 5.5a. Among all carrier inoculants, P-BC400 inoculant 

significantly increased the MSI of soybean plants as compared to other inoculants and 

control under all watering regimes (Figure 5.5a). For instance, the MSI value increase of 

P-BC400 inoculant over control was 51.30% at (D2), 33.59% at (D1), and 26.85 % at 

(D0), respectively. However, 13.10%, 13.28% and 18.23%, increase was observed as 

compared to peat at D0, D1 and D2, respectively, significant at p < 0.05. O-BC400 

inoculant also showed significantly (p < 0.05) higher MSI values as compared to peat and 

control at each watering regime, however, posed an insignificant (p > 0.05) effect on peat 

at D1. The MSI values of other biochar-based inoculants e.g., O-BC800, P-BC800 

showed not significantly different (p > 0.05) to peat but were observed significantly (p < 

0.05) different to control.  

RWC elevated in the inoculated soybean plants under each watering regime compared to 

the control, as elucidated in Figure 5.5b. In soybean plants inoculated with P-BC400, the 

rise in RWC was particularly noticeable at each watering regime. For instance, compared 

to control and peat (Figure 5.5b), the RWC of P-BC400 inoculant significantly (p < 0.05) 

increased by 31.6% and 17.8%, respectively, at D0, followed by 26.3% and 15.6% 

increase (significant at p < 0.05), respectively at D2. Moreover, the O-BC400 inoculant 

also showed significantly (p < 0.05) higher RWC as compared to peat and control at three 

watering regimes, but all the values were less than those of the P-BC400 inoculant.  
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Figure 5. 5 Effect of peat and biochar-based inoculants on MSI (a) and RWC (b) For the 
parameters, the values (mean ± SD, n = 4) do not share a same letter are significantly 
different (LSD test, p < 0.05). O-BC400 and O-BC800 represents oak biochar pyrolyzed 
�D�W���������•���D�Q�G���������•���U�H�V�S�H�F�W�L�Y�H�O�\����P-BC400 and P-BC800 represents pine wood biochar 
�S�\�U�R�O�\�]�H�G�� �D�W�� �������•�� �D�Q�G�� �������•�� �U�H�V�S�H�F�W�L�Y�H�O�\���� �E�L�R�F�K�D�U����D0: 55%WHC (water holding 
capacity); D1: 30%WHC; D2:15%WHC. 
 

 

5.3.7 Leaf pigmentation (Chl. a, chl. b and total chl.) 

A significant difference was observed regarding the chlorophyll contents (chl. a, chl. b 

and total chl.) among different carrier inoculants and control at every watering regime 

(Figure 5.6). Among all carrier inoculants, P-BC400 inoculant showed a significant 

increase in chl. a, chl. b, and total chl. content as compared to control at each watering 

regime. Especially, the P-BC400 inoculant impacted more on the increase of chl. b rather 

than chl. a, and total chl. For instance, at 83.92% at (D0), 56.04% at (D1), and 31.46% at 

(D2) increase in chl. b content was recorded in P-BC400 inoculant as compared to the 

control (Figure 5.6b).   
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Figure 5. 6 Effect of peat and biochar-based inoculants on chlorophyll a (a) chlorophyll 
b (b) and total chlorophyll (c) in soybean plants. For the parameters, the values (mean ± 
SD, n = 4) do not share a same letter are significantly different (LSD test, p < 0.05). For 
the abbreviations see Figure 5.5. 
 

5.3.8 Multivariate analysis   

The coalition between various treatments and response variables was determined using 

principal component analysis (PCA) (Figure 5.7a, b). Twelve factors (F1 to F12) were 

found to be the sources of the data's overall variability, but just three components were 

the main contributors and shared 80.1%, 13.7%, and 2.6% of the variability. Different 

treatments with different watering regimes were clustered into different axis according to 

their contribution (Figure 5.7a). The control treatment with D0, D1 and D2 was scattered 

away from the other peat and biochar-based treatments and placed along the y-axis. This 

treatment in the case of each watering regime had lower growth, physiological attributes, 

and isotopic signatures. The P-BC400 treatment with D0 was placed extremely right side 

along the x-axis and had higher growth and physiological attributes and lower �/15N 
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(corresponds to higher modulation). The other treatments (O-BC400, O-BC800, peat, and 

P-BC800) with D0 were clustered near the centre of the x-axis. P-BC400 with D2 and D1 

was placed at the top right side of the y-axis and was characterized by better plant growth, 

chlorophyll, and �/13C as compared to other treatments scattered on the left side along the 

y-axis at the same watering regimes (D2 and D1). All the variables except �/13C content 

have negative correlations with �/15N contents; therefore, they were clustered closer to 

each other (Figure 5.7b). For factor F1, shoot dry weight, root dry weight, number of 

nodules, MSI, RWC, total chlorophyll, shoot length, root length and number of leaves 

were the major contributors. Therefore, these variables were grouped closer to each other 

near the x-axis (Figure 5.7b). The main contributors of F2 include �/ 13C and �/ 15N, and 

they were scattered away from the x-axis. ARA content showed the major contribution 

for F3 (Table 5.6).  

 

Figure 5. 7 Comparison of different response variables of soybean grown under different 
watering regimes with different treatments using principal component analysis. ARA: 
acetylene reduction assay value; NN: number of nodules; SDW: shoot dry weight; RDW: 
root dry weight; NL: number of leaves; SL: shoot length; RL: root length; Tot. chl: total 
chlorophyll; MSI: Membrane stability index; RWC: relative water content. D0: 
55%WHC (water holding capacity); D1: 30%WHC; D2:15%WHC. 
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Table 5. 6 Contributions of all plant growth, physiological and isotopic properties to 
PC 1, 2 and 3 and 4 based on correlations from PCA. Values in parenthesis in the 
columns of Factor 1, 2, and 3 (PC 1, 2, and 3) indicate the percentage of total 
variations each factor accounts for. 

 
Variables 

PC 1 
(80.1%) 

PC 2 
(13.7%) 

PC 3 
(2.6%) 

SDW 0.311 -0.027 -0.399 
RDW 0.306 0.051 -0.380 
NN 0.305 0.195 0.159 
MSI 0.313 -0.110 0.190 
RWC 0.306 -0.228 0.138 
Tot. chl 0.293 -0.289 0.298 
13C 0.113 0.715 -0.164 
15N -0.300 0.230 -0.220 
ARA 0.221 0.497 0.570 
SL 0.311 0.001 -0.070 
RL 0.314 -0.009 -0.296 
NL 0.304 0.009 -0.184 

For the abbreviations, see Figure 5.7 caption. Bold font indicates the variable contribution 
> or = 20%. 
 

 

5.4 Discussion 

5.4.1 Biochars characterization and shelf life  

Different carrier materials that offer protected habitats and protection from predators have 

been widely exploited to extend the shelf life and survival rate of rhizobia. Many 

researchers claimed that biochar is a viable carrier for the creation of formulations, both 

by itself and when combined with other materials (Ajeng et al., 2020; Kumar et al., 2017; 

Sun et al., 2016). All  the tested biochar materials (P-BC400-PBC800 and O-BC400-OB-

800) in the current study showed significant physical (WHC), chemical (pH, plant-

available nutrients), and structural (SSA, pore size, and functional groups) characteristics, 

demonstrating their suitability for use in the creation of bioformulation/biofertilizer.  

In our research, we anticipated that the pyrolysis temperature could not only affect the 

suitability of biochar as a microbial carrier but also influence plant development. The 

findings of this study, which supported our hypothesis, showed that biochar produced at 
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lower temperatures �L���H������ �������•�� ���H�V�S�H�F�L�D�O�O�\�� �3-BC400) was the appropriate carrier. For 

example, after 90 days of storage, the strain population in the P-BC400 carrier was still 

as high as 10.34 Log10 CFU g-1 �D�W�������•���D�Q�G������������Log 10 CFU g-1 �D�W�������•�����U�H�V�S�H�F�W�L�Y�H�O�\����

higher than inoculant industrial standards in Australia i.e.,109 rhizobia g-1 carrier (Balume 

et al., 2015). �&�D�U�U�L�H�U�¶�V���S�+���K�D�G���D���J�U�H�D�W���H�I�I�H�F�W���R�Q���W�K�H���V�K�H�O�I���O�L�I�H���R�I���U�K�L�]�R�E�L�D��(Hale et al., 2015). 

Depending on the feedstock, pyrolysis temperature, and degree of oxidation, the pH of 

biochar can range from below 4 to above 12 (Lehmann, 2007b) and increases with the 

increase of pyrolysis temperature (Zhang et al., 2017). The growth of microorganisms is 

regarded to be best at a pH of 7.0�±7.5. (Thomas et al., 1994). In our study maximum CFU 

value was observed in biochars (pyrolyzed at lower temperature: P-BC400, O-BC400) 

that showed a pH value close to 7 and the lowest CFU values were observed in biochars 

pyrolyzed at higher temperature (P-BC800 and O-BC800) that could be due to highly 

alkaline pH value (Table 5.2). Similarly, Glodowska et al. (2016) showed that 

Pseudomonas libanensis population was more abundant and viable in biochars 

(dynamotive, pyrovac, and basque) with pH values close to neutral than in biochars with 

higher pH. SSA and pore size were other important variables that are related to the 

increased rhizobial shelf life of inoculants (�*�á�R�G�R�Z�V�N�D���H�W���D�O��������������). In the current study 

it was noted that SSA and pore size was increased with increase of pyrolysis temperature 

���X�S���W�R���������•�����D�Q�G���P�D�[�L�P�X�P���6�6�$���Z�Ds observed in P-BC600 (142.6 m-2 g-1) and O-BC600 

(138.4 m-2 g-1) (Table 5.2) but showed less shelf life as compared to P-BC400 and O-

BC400. Hale et al. (2015) also affirmed that Pit600 and Shell600 biochars had the largest 

SSA, however, they did not affect the inoculum survival rates. These materials may 

include a wealth of nano-/micropores, but since bacteria cannot reach them, they do not 

accurately reflect the material�¶�V ability to serve as an inoculum carrier. In actuality, the 

amount of macro porosity on biochar surfaces occupies a small portion (Hardie et al., 

2014). Numerous functional groups such as C-C/C-H, C-OH, C=O, and O-C=O were 
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observed in all types of biochars (Figure 5.2) through FTIR analysis and these functional 

groups have a positive impact on the shelf life of rhizobia. The surface chemistry of 

biochars is very diverse and contains organic C aromatic structures (C-C/C-H) possessing 

heteroatoms that can create microenvironments within biochars with coexisting acidic 

and basic moieties. Because of this feature, biochar can be used as a carrier material for 

a variety of inoculum ingredients with varying pH needs (Sashidhar et al., 2020). 

Furthermore, the existence of these natural surface functional groups makes biochars 

significant among other carrier materials (peat, clay minerals, and polymers) as they help 

to attract surrounding nutrients useful for the bacterial growth (Sashidhar et al., 2020). 

5.4.2 inoculants' effects on plant growth attributes and nitrogen fixation 

In our findings, different plant growth attributes such as shoot/root dry weight, shoot/root 

length, number of leaves, and number of nodules showed a significant increase with 

biochar-based inoculants as compared to peat and control. Interestingly, soybean plants 

inoculated with P-BC400 showed better growth as compared to other treatments at each 

watering regime. This could be due to an increase in soil porosity, WHC (moisture 

retention), nutrients mobilization, and surface area by the addition of biochar-based 

inoculants around the rhizosphere (Ajeng et al., 2020; Lehmann & Joseph, 2015; 

Lehmann et al., 2011). Our results agree strongly with studies published by Egamberdieva 

et al. (2017) and Nadeem et al. (2017). They proved that biochar-based inoculants 

significantly increased the growth parameters of lupin and cucumber respectively under 

drought stress. Furthermore, in other studies, it has been observed that pine wood is an 

excellent carrier material for the growth of cucumber and corn crops (�*�á�R�G�R�Z�V�N�D���H�W���D�O������

2016; Hale et al., 2014).  

In our results, we estimated the role of nitrogenase in nitrogen fixation by ARA. We found 

that nitrogenase activity in soybean plants inoculated by P-BC400 showed a maximum 

increase (15.75%) to peat inoculant at normal watering. The increased ARA values in P-
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BC400 inoculated plants correspond to the increased values of the number of nodules. 

For instance, P-BC400 showed an 88.23% increase in the number of root nodules as 

compared to peat at normal watering. Biochar can promote nodule formation by 

increasing chemical signalling between the host and symbiotic organisms by 

simultaneously trapping nod factors and flavonoids (Mia et al., 2018; Sashidhar et al., 

2020). Our results are in affirmation with Xiu et al. (2021), who determined the role of 

corn straw biochar using different concentrations of biochar and found that medium 

concentration (30 g kg-1) of biochar was appropriate for nitrogen fixation through ARA 

in soybean plants.  

5.���������,�Q�I�O�X�H�Q�F�H���R�Q���S�K�\�V�L�R�O�R�J�L�F�D�O���S�D�U�D�P�H�W�H�U�V���D�Q�G���L�V�R�W�R�S�H�V�����/15�1���D�Q�G���/13C) 

A significant increase in the chlorophyll contents (a, b, and total chl.), RWC, MSI, of 

soybean plants under a water deficit environment was observed in all inoculant treatments 

as compared to control. However, prominent chlorophyll values were observed in P-

BC400 inoculated plants. It was documented that a higher concentration of leaf 

physicochemical attributes indicates the sensitivity of stress tolerance in plants (Abideen 

et al., 2020). Kammann et al. (2011) also observed the increased chlorophyll content in 

Chenopodium quinoa cultivated in biochar-treated soil. The enhanced leaf chlorophyll 

content could boost photosynthetic capability and ameliorate plant tolerance and growth 

against drought stress. This is also evidenced by the increased RWC and MSI values, 

which revealed that P-BC400 inoculated plants, showed better RWC and MSI values as 

compared to those un-inoculated (control) and plants inoculated with other carriers. 

Biochar can improve the mesoporous structure of the soil, hence improving the water 

retention (holding) capacity of the soil (Kim et al., 2021) which could increase the RWC 

and MSI of plants under drought stress. Similarly, Nadeem et al. (2017) indicated similar 

findings where a significant increase in RWC and MSI was documented in cucumber 

leaves with biochar applications under drought stress.  
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�/13�&�� �D�Q�G�� �/15N isotopes can reveal information on the metabolic and physicochemical 

processes during carbon and nitrogen transformations (Gouveia et al., 2019). The use of 

these is�R�W�R�S�H�V�� ���/13�&�� �D�Q�G�� �/15N) as indicators of various environmental stresses such as 

drought has been widely reported to find the drought stress tolerance of plants in soil-

plant systems (Gouveia et al., 2019; Lauteri et al., 1993; Robinson et al., 2000). In our 

study, significantly higher enrichment �R�I���/13C enrichment was observed at D0 in almost 

all treatments as compared to D0, and D1 watering regimes. However, lower enrichment 

was shown by P-BC400 as compared to control and peat, respectively, at D2. In the plants 

inoculated under normal watering (D0) and mild drought (D1) the higher stomatal 

aperture (Gouveia et al., 2019) lead to a decrease of leaf �/13C into a more negative �/13C 

values. The plants treated under severe drought (D2) had less open stomata, leading to a 

bigger negativity �G�H�F�U�H�D�V�H���R�I���/13C (i.e. more positive and heavier) (Robinson et al., 2000). 

Previous work revealed a �K�L�J�K�H�U���/13C concentration in Medicago truncatula inoculated 

with Sinorhizobium medicae exposed to drought stress as compared to normal watering 

(Staudinger et al., 2016). Robinson et al. (2000) and Gouveia et al. (2019) revealed 

�H�Q�U�L�F�K�P�H�Q�W�� �R�I�� �/13C in the wild barley and taro plants respectively, under drought 

conditions and consider it a better response to environmental stress (drought).  

�7�K�H���G�L�I�I�H�U�H�Q�F�H���R�I���/15N values in soybean leaves under different treatments revealed how 

carrier inoculants affect plant N contents under water scarcity (drought) conditions. It 

���/15N) is a potential benchmark to determine plant growth and N metabolism (Serret et 

al., 2018)�����0�R�U�H�R�Y�H�U�����/15N is negatively correlated to BNF (Bazzer et al., 2020) and it is 

obvious in our results which plant inoculated with P-�%�&���������V�K�R�Z�H�G���O�H�V�V���D�P�R�X�Q�W���R�I���/15N 

(-�����������Å�����D�V���F�R�P�S�D�U�H�G���W�R��the control (-�����������Å�����D�W��D0 as evident by ARA (Table 5.4). In 

comparison to plants that rely on mineral N as a source of N, BNF dilutes the 15N in plants 

actively fixing N. Because a low �/15N value indicates more dilution of �/15N by biological 

N fixation (Bazzer et al., 2020; Doughton et al., 1995). N fractionation, which results 
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from plant absorption, assimilation, allocation, and loss of N, is typically linked to the 

�S�O�D�Q�W�
�V���/15N content.  The cytoplasmic enzyme nitrate reductase converts nitrate (NO3-) 

to nitrite (NO2-), which is subsequently transformed to ammonium (NH4+) by nitrite 

reductase. This process allows plants to synthesise organic N compounds (Evans, 2001). 

�5�H�G�X�F�W�L�R�Q���L�Q���/15N in plants due to drought stress has been reported before (Araus et al., 

2013; Bort et al., 2014; Gouveia et al., 2019; Serret et al., 2018). 

5.5 Conclusion 

In conclusion, P-BC400 has significantly (p < 0.05) improved the shelf life of CB1809 as 

compared to other biochars and peat. P-BC400 inoculant has effectively promoted 

soybean plant growth and nodulation, increased plant physiological (chlorophyll 

contents, RWC and MSI) attributes, and reduced isotopic (�/13C and �/15N ) enrichment 

under drought stress. Therefore, the prepared inoculant has great potential to significantly 

improve the production of soybean and facilitate as a tenable alternative for peat 

inoculants. Even though the current research was conducted in a greenhouse and showed 

the exciting results of biochar-based inoculants with lower pyrolysis temperatures, a field 

investigation is required to verify the efficiency of the created novel inoculants under 

various agroecological conditions. Furthermore, to assist agronomic progress, more 

research is needed on the preparation of inoculants with different waste materials that 

could be used as commercial products. 
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Chapter 6: Biopolymer as an additive for effective biochar-based 

rhizobial inoculant 

Abstract 

Biochar is an efficient and inexpensive inoculum carrier for bacteria that stimulate plant 

development. Herein, we tested the Bradyrhizobium japonicum CB1809 (CB1809) shelf 

life and inoculum potential as well as the possibility of further optimisation by 

incorporating different biopolymer supplements into a pinewood biochar (BC-pine wood) 

that was utilised as base inoculum carrier. BC-pine wood was pyrolyzed at 400 °C and 

then mixed with different biopolymers using different ratios (1:0.1, 1:0.5 and 1:1). Peat 

served as a standard reference material against which all treatments were compared. 

Subsequent experiments evaluated the ability of CB1809 for soybean plant growth and 

nodulation under drought stress. Results revealed that both supplemented (with 

biopolymers) and un-supplemented biochar was equally effective at establishing a high 

population density and survival rate of CB1809. Pot experiment results revealed that 

plants biopolymers supplementation showed significant increases in plant growth 

parameters (shoot/root dry biomass, shoot/root length, number of leaves, number of 

nodules) and physiological characteristics (nitrogenase activity, chlorophyll pigments, 

RWC, and MSI). A reduced amount of �/15N demonstrated an inverse link to nodulation 

and nitrogenase activity. A lower �/13C enrichment was also observed in plants treated 

with biopolymer supplementation. The results suggest that supplementation of the BC-

pinewood with biopolymers does not significantly promote increased shelf life or survival 

rate, and therefore the addition of some organic amendment could increase shelf life and 

survival rate. 

6.1 Introduction  

Rhizobial inoculants have been used globally. Over the years, to find an appropriate 

carrier with the required qualities, different materials have been tested and treated as 
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microbial carriers. Among various materials, peat is the most commonly used carrier for 

rhizobial inoculants to increase the number and persistence of rhizobia. However, peat is 

a non-renewable resource, and its supply is becoming scarcer in recent years. In Australia, 

around 26,200 tonnes of peat are used each year, while 70% is imported (Bilney, 1997). 

Likewise, it has high extraction (mining), processing, and sterilization costs (�%�X�Q�W�L�ü�� �H�W��

al., 2019). As such, the development of new rhizobial carrier materials alternatives to peat 

is urgently required to sustain relevant inoculant industry and agricultural production. 

Several alternative materials, including plant by-products, bagasse, manure, cork 

compost, attapulgite, sepiolite, amorphous silica, lignite, and rock phosphate, have been 

examined for some rhizobial strains (Albareda et al., 2008; E. M. Ferreira & I. e. Castro, 

2005). While the results varied among alternative materials, some were superior to peat 

as rhizobial carriers [e.g., cork compost and perlite (Albareda et al., 2008)]. None of these 

materials showed potential to be used as commercial products. Consequently, there is an 

urgent need to find other affordable and readily available materials, which provide a better 

matrix for more prolonged survival, persistence, and release of rhizobia. The carrier 

materials should have some specific characteristics for being used as a soil amendment. 

These characteristics include renewability, cheap source, local availability, nontoxicity, 

environmentally friendly, high aeration, and water holding capacity. Moreover, carriers 

should have a long shelf life. In particular, one of a material's key characteristics is its 

ability to sustain strain growth over time. Additionally, carriers should be synthesizable, 

sterilized easily, and be kept manageable in the field (Khavazi et al., 2007). It is also 

crucial that the material be ground and converted to powder form, easily mixable, 

manageable, and can transfer/release bacteria available for N fixation (Smith, 1992).  

Among various types of materials, biochar and biopolymers have received particular 

attention due to their excellent effect on agriculture. Biochar has vast applications in 

agricultural soil. For instance, it is used as an amendment to improve soil health. It could 
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enhance soil's physical, chemical, and biological properties, limiting the emission of 

greenhouse gases and sequestering carbon content (Abujabhah et al., 2016). Recently, it 

has been demonstrated that biochar materials made from woody feedstocks through low-

oxygen pyrolysis are useful inoculum carriers and offer several benefits over 

conventional carriers (Ajeng et al., 2020). Some biochars retain both organic and 

inorganic nutrients from the feedstock while also providing an interior structure with 

pores of a certain size that can protect the inoculum from predators and provide a 

protected environment for it. 

Additionally, after being added to the soil, biochar may absorb nutrients from root 

exudates to aid in the growth of the inoculum. However, physicochemical 

characterisation (e.g., pH, water holding capacity, specific surface area, pore size, as well 

as the nutrients availability) of biochar may change based on the pyrolysis temperature, 

the feedstock material, and the manufacturing process (Zhang et al. 2017). Therefore, 

specific biochar feedstocks and pyrolysis processes for the creation of inoculum carriers 

must be empirically evaluated. Further research is required to determine whether 

preloading the biochar with biopolymers improves the nutritional status and physiological 

state of the cells. Applications of biopolymers have been recorded in agriculture and are 

applied to crops as plant activators, soil modifiers, fungicides, and elicitors (Ren et al., 

2011). Consequently, in agricultural sciences, biopolymers are considered emerging 

microbial carriers (Igalavithana et al., 2017; Tittabutr et al., 2007). Natural biopolymers 

are generally non-toxic and accessible. They have an organic nature, limiting heat transfer 

with high water activity, and protecting rhizobia cells from desiccation. Polymer-

entrapped rhizobia formulations with good survival of rhizobia at high temperatures 

�������Û�&�����P�D�\���S�U�R�Y�L�G�H���D�Q���D�O�W�H�U�Q�D�W�L�Y�H���W�R���S�R�Z�G�H�U�H�G���R�U�J�D�Q�L�F-based inoculants (Tittabutr et al., 

2007).  
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In earlier research (not yet published), pinewood biochar (BC-pinewood) pyrolyzed at 

400 °C, was demonstrated to be an effective carrier for a high abundance of the rhizobial 

�V�W�U�D�L�Q�����&�%�������������X�Q�G�H�U���W�Z�R���W�H�P�S�H�U�D�W�X�U�H���V�W�R�U�D�J�H���F�R�Q�G�L�W�L�R�Q�V���������•���D�Q�G�������•�������+�H�U�H�L�Q�����Z�H��

investigated if the inoculum carrier system could gain additional advantages from pre-

treating BC-pine wood with organic nutrients (biopolymers).  

The combined applications of biochar and biopolymers using different ratios have never 

been reported before. The current study was designed to determine the role of different 

biochar-biopolymer combinations on rhizobial shelf life and their effect on soybean 

growth under drought stress. 

6.2 Methodology 

6.2.1 Carrier materials and inoculant formulation  

Australian peat was purchased from Green Microbes Aust Pty Ltd. Pinewood biochar 

(BC-�S�L�Q�H���Z�R�R�G�����S�\�U�R�O�\�]�H�G���D�W���������•���Z�D�V���X�V�H�G���D�V���E�D�V�L�F���F�D�U�U�L�H�U���P�D�W�H�U�L�D�O�����I�R�U���S�U�H�S�D�U�D�W�L�R�Q��

slow pyrolysis method was used and the process was carried out using a horizontal 

furnace (HTF 80/12e3/1, Laboratory Equip. Pty. Ltd., Australia) with 300 mm long tube 

�X�Q�G�H�U�� �D�Q�R�[�L�F�� �F�R�Q�G�L�W�L�R�Q�V���� �P�D�L�Q�W�D�L�Q�L�Q�J�� �W�H�P�S�H�U�D�W�X�U�H�� �X�Q�L�I�R�U�P�L�W�\�� �Z�L�W�K�L�Q�� ���•���� �������� �/�3�0�� �R�I��

nitrogen gas (N2) was employed as the inlet gas. The production of biochar was continued 

�I�R�U�� ���� �K�R�X�U�� �D�W�� �D�� �K�H�D�W�L�Q�J�� �U�D�W�H�� �R�I�� �����•�� �P�L�Q-1���� �J�U�D�G�X�D�O�O�\�� �L�Q�F�U�H�D�V�L�Q�J�� �E�\�� �����•�� �W�R�� �U�H�D�F�K�� �W�K�H��

�G�H�V�L�U�H�G���S�H�D�N���W�H�P�S�H�U�D�W�X�U�H�V���R�I���������•��(Shabir et al., 2023; Zhang et al., 2017). The prepared 

biochar was left at room temperature to cool before being packed in plastic bags, finely 

ground to powder form, and sieved (250 µm). The resulting BC-pine wood was 

characterized for physicochemical analysis (Table 6.1) using methods described 

previously (Shabir et al., 2023). Four commercial biopolymer materials (1) cellulose 

(plant origin polysaccharide, nontoxic, high carbon content), (2) xanthan gum 

(polysaccharide, derived from bacteria, heat absorbent, heat transferring ability, and high 

viscosity), (3) chitin (amino-polysaccharide derived from chitin, synthetic polymer, high 
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N content and nontoxic), and (4) tryptone (produced from enzymatic digestion of casein) 

were used as additives with three different ratios to biochar (Table 6.2).  

 

Table 6. 1 Physico-chemical properties and elemental concentration of biochar and 
soil. 

 

 

 

 

 

 

 

 

 

 

 

 

<dl: below detection limit 

 

Bradyrhizobium japonicum (CB 1809) was used as inoculum and the culture was 

�S�U�H�S�D�U�H�G���L�Q���<�0�%���E�U�R�W�K�����0�D�W�H�U�L�D�O�V���Z�H�U�H���V�W�H�U�L�O�L�]�H�G���D�W���������•���D�Q�G���L�Q�R�F�X�O�D�Q�W���S�U�H�S�D�U�D�W�L�R�Q���Z�D�V��

done using the previously described method by Shabir et al. (2023). 60% moisture was 

maintained inside the inoculants.  

 

 

 

 

Properties Biochar  Soil 
Physico-chemical characteristics  
pH (1:20; w/v) 7.22 5.30 
EC (µS cm-1) 63 69 
WHC (%) 350.4 28.63 
BET surface area (m2 g-1) 14.30 -  
Pore size (µm) 3.62 - 
TC (%) 74.43 0.90 
TN (%) 0.43 0.06 
HWEOC (gkg-1) 2.0 0.35 
HWEON (gkg-1) 0.04 0.07 
Elemental concentration (gkg-1)  
K 2.42 0.22 
P 0.55 0.26 
Ca 5.99 0.35 
S 0.29 0.03 
Mg 1.23 0.43 
Al  0.88 0.15 
Na 0.35 0.35 
Zn 0.28 0.09 
Fe 0.20 0.02 
Mn 0.35 0.06 
Ni, Cd, As, Hg, Pb <dl <dl 
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Table 6. 2 Formulations of biochar and different biopolymers at different ratios. 

 

6.2.2 Survival Rate and Shelf-life Assessment  

To assess the survival rate and shelf l ife of prepared formulations, the population density 

of strain CB 1809 in each carrier was checked by CFU value count at 30 days, 60 days, 

90 days, and 120 days. A suspension of 1 g of the inoculant in 9 mL of YMB broth was 

used to determine the CFU value. The dilutions were shaken on a gyratory shaker for 30 

minutes at 150 rpm to completely liberate the rhizobial strains from the carriers. 

Following a series of dilutions up to 10-6�±10-7, 100 µl of the final dilution was dispersed 

over nutrient agar petri plates and replicated three times. All plates were incubated for 1-

2 days at 28 °C. The number of microbial colonies that appeared on each plate was 

counted, and the carrier material's inoculum log CFU g-1 was computed. 

6.2.3 Greenhouse pot trial 

In a greenhouse (�G�D�\���Q�L�J�K�W���W�H�P�S�H�U�D�W�X�U�H�������•�� humidity 50-60%, day length 16 h) pot trial 

at Griffith University (Nathan campus, Australia), the role of an appropriate carrier 

formulation BC-xanthan gum1:0.5 that showed the highest shelf life (10.13 Log 10 CFU g-

1) was used for soybean (Glycine max L.) growth and nodulation in comparison to the 

control (without any carrier), peat and BC-pine wood. Sandy loam soil (sand 54.5%, silt 

40.7%, and clay 4.8%) was used in this experiment, soil basic characteristics are listed in 

Table 1. Soybean seeds were dipped in ethanol for surface sterilization, properly cleaned 

 
NO. 

 
Formulation 

                                                                                                

 
Ratio 

 
Ratio 

 
Ratio 

1 Peat 1 1 1 

2 Biochar 1 1 1 

3 Biochar + cellulose 1:0.1 1:0.5 1:1 

4 Biochar + xanthan gum 1:0.1 1:0.5 1:1 

5 Biochar + chitin 1:0.1 1:0.5 1:1 

6 Biochar + tryptone 1:0.1 1:0.5 1:1 

Biochar refers to BC-pine wood, which was used as a primary carrier. 
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and rinsed several times with sterile double-distilled water prior to the pot trial. The seeds 

were then allowed to air dry for 30 minutes (Kumar et al., 2017). Seeds were gently coated 

with 4�±5 days old inoculants using 10% sucrose solution as a sticking agent, 

approximately, 4g of each inoculant was used to cover the seeds. The coated seeds were 

then placed in the shade for dry aeration. 1 kg of soil was placed in 14 cm by 11.5 cm 

plastic pots. Three different moisture levels [(55% WHC, 30% WHC, and 15% WHC] 

were used based on the WHC of the soil (28.4%) to produce water (drought) stress at 

variable rates. Normal watering (55% WHC), mild drought (30% WHC) and severe 

drought (15% WHC) were represented as D0, D1 and D2 respectively. In the current 

study, 48 treatment units (pots) were employed among 12 treatments (Table 6.3) with 

four replicates. Each pot (48) carrying oven-dried soil was watered to a normal watering 

level (55% WHC) prior to sowing. Each pot received five inoculated seeds, which were 

then thinned until there were three seedlings in each pot 10-15 days after emergence.  

 

Table 6. 3 Treatment plan and each treatment was replicated four times. 

Watering regimes  
D0 D1 D2 

Control Control Control 
Peat Peat Peat 

BC-pine wood BC-pine wood BC-pine wood 
BC-xanthan gum (1:0.5) BC-xanthan gum (1:0.5) BC-xanthan gum (1:0.5) 

BC: biochar; D0: 55%WHC (water holding capacity); D1: 30%WHC; D2:15%WHC. 
 

 

6.2.4 Harvesting and plant biometric attributes 

On May 10, 2021, soybean seeds were planted, and on July 20, 2021, they were harvested. 

After harvest, the length of the shoots and roots, the number of leaves, and the number of 

root nodules were all measured and recorded. The roots were separated from the shoots 

and rinsed well to remove any debris before being dried on paper towels. The root and 
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shoot samples were oven dried for two days at 70°C to calculate the dry weight. Following 

the assessment of nitrogenase activity, root dry weights were calculated. 

6.2.5 Determination of nitrogenase activity 

Nitrogenase enzyme activity in the root system of plants was determined by acetylene 

reduction assay (ARA) (Hardy et al., 1973). Briefly, fresh roots (washed and air dried) 

from the plants of each treatment were placed in 250 ml incubation bottles, aided with 

moist paper towels to minimize the chances of root dryness. Acetylene gas was used to 

replace 10% of the air, and the system was left at room temperature for 24 hours in the 

dark (Bahulikar et al., 2021). A sample of 500 µl was taken from each incubation bottle 

and placed into a gas chromatograph (GC-2010, Shimadzu Plus) to measure the amount 

of ethylene produced. The GC was set up with a 50°C oven, a 30 M gas pro column, and 

front inlet and FID detector temperatures of 50°C and 270°C, respectively. N2 gas was 

used as a make-up gas at a constant flow rate of 10 ml min-1. To record the amount of 

ethylene generated in ARA, standard curves of GC peak area were created using serial 

dilutions of a given quantity (standards). The nitrogenase activity was calculated based 

on the amount of ethylene collected per unit of fresh weight of roots per hour (Bahulikar 

et al., 2021). 

6.2.6 Analysis of Leaf chlorophyll content, membrane stability index (MSI) and 

relative water content (RWC)  

Leaf pigments such as Chl-a, Chl-b, and total chlorophyll (Chl a+ b) were measured using 

the method developed by Lichtenthaler (1987). For this, 0.5 g of each leaf sample was 

ground in 80% (v/v) hydro-acetone after being frozen in liquid nitrogen. The resulting 

mixture was centrifuged at 3000 × g for 10 min. The supernatant was collected after 

centrifugation, and its absorbance at 663.2, 646.8 and 470 nm was determined using a 

UV- spectrophotometer (UV1800, Shimadzu, China). Using Lichtenthaler (1987) 
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proposed extinction coefficients and equation, pigment contents were calculated from 

absorption readings.  

The leaf membrane stability index (MSI) was calculated according to the method 

described by Sairam et al. (2002). For this purpose, two different samples of 0.5 g fresh 

leaves were taken and dipped in 10 ml of aliquot water. The electrical conductivity of the 

�V�D�P�S�O�H�V���Z�D�V���U�H�F�R�U�G�H�G���L�Q�G�H�S�H�Q�G�H�Q�W�O�\���I�R�U���V�D�P�S�O�H�V���N�H�S�W���D�W�������•���I�R�U���������P�L�Q�����(�&�������D�Q�G���I�R�U��

�V�D�P�S�O�H�V���N�H�S�W���D�W���������•���I�R�U���������P�L�Q�����(�&����. The given equation was used to calculate MSI. 
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Youngest fresh apical leaves were used to determine the relative water content (RWC) of 

soybean leaves following methods explained by Sairam et al. (2002).  

6.2.7 Analysis �R�I���/13�&���D�Q�G���/15N isotopes  

�7�R���G�H�W�H�U�P�L�Q�H���/ 13�&���D�Q�G���/ 15N, fresh apical soybean leaves were taken, air-dried, and then 

oven dried at 70 °C for 48 hours. The powdered dried leaf samples were then pelletized 

into tin capsules with 4-5 mg of each sample. An isotope-ratio mass spectrometer (Sercon 

Hydra 20-22 Europa EA-GSL) �Z�D�V���X�V�H�G���W�R���D�Q�D�O�\�V�H���W�K�H���S�H�O�O�H�W�L�]�H�G���V�D�P�S�O�H�V���I�R�U���/ 13�&���D�Q�G���/ 

15N. �7�K�H���U�D�W�L�R�V���I�R�U���V�W�D�E�O�H���&���D�Q�G���1���L�V�R�W�R�S�H�V���L�Q���V�W�D�Q�G�D�U�G���G�H�O�W�D�����/�����D�Q�G���Q�R�W�D�W�L�R�Q���S�H�U���P�L�O�����Å����

are explained by the following equation: y = [(R sample / R standard) 1] 1000. Where Y 

is either 13C or 15N and R is the heavier to lighter isotope ratio of the sample and standard, 

which is 13C/12C or 15N/14�1���� �U�H�V�S�H�F�W�L�Y�H�O�\���� �)�R�U�� �/13�&�� �D�Q�G�� �/15N, the measurements were 

accurate to 0.05 and 0.1, respectively. Pee Dee Belemnite (PDB) limestone and ambient 

N were utilised as reference values for C and N (Bahadori et al., 2019; Garzon-Garcia et 

al., 2017). 

6.2.8 Statistical analysis 

After logarithmic adjustment, rhizobial counts (Log 10 CFU g-1) in carriers were 

estimated. The Fisher's test was used to determine the average difference between the 
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�F�D�U�U�L�H�U�¶�V���V�K�H�O�I���O�L�I�H���D�Q�G���V�X�U�Y�L�Y�D�O���U�D�W�H���Z�K�H�Q���W�K�H���$�1�2�9�$���Z�D�V���V�L�J�Qificant at p < 0.05. For 

pot experimentation the data was analysed by two- ANOVA with watering regimes and 

inoculant treatments as two factors. The data of interaction was estimated and presented 

between soil watering regimes and treatments. Mean values were compared by the least 

significant difference (LSD) test at a 5% (p < 0.05) probability level (Steel, 1997). 

Minitab 18 software was used to carry out an analysis.  

6.3 Results 

6.3.1 Rhizobial shelf life and survival rate 

Different ratios of biopolymers to biochar showed different impacts on rhizobial shelf life 

(Figure 6.1). A non-significant (p > 0.05) increase in CFU value was observed at a 1:0.1 

ratio (Figure 6.1a) in all biopolymer-biochar carriers as compared to peat and BC-pine 

wood, and BC-xanthan gum (1:0.1) proved to be a better carrier with relatively higher CFU 

value (10.13 log10 CFU g-1) and survival rate (93%) (Figure 6.1d) at the end of storage 

time of 120 days. Moreover, As shown in Figure 6.1b, among the all evaluated carrier 

materials BC-xanthan gum (1:0.5) showed the best results on the shelf life of rhizobia 

corresponding CFU value of 10.69 log10 CFU g-1 and 97% survival rate (Figure 6.1e). 

However, the CFU value was not statistically significant (p > 0.05) for peat (9.84 log10 

CFU g-1) and BC-pine wood (9.85 log10 CFU g-1). A significantly (p < 0.05) lower CFU 

value and survival rate was observed in BC-tryptone (1:0.5) corresponding CFU value of 8 

log10 CFU g-1 value and only 74% survival rate. Surprisingly, at the highest ratios (1:1) 

significantly (p < 0.05) lower CFU value and survival rate was observed in all 

biopolymer-biochar combinations as compared to peat and BC-pine wood (Figure 6.1c).  

Apart from BC-xanthan gum (1:1) (6.5 log10 CFU g-1) and BC-cellulose (1:1) (6.5 log10 

CFU g-1), the strain population (shelf life) of all carrier products tested were above the 

standard shelf life (107) at the end of the storage period of 120 days (Figure 6.1c). 
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Figure 6. 1 Log 10 CFU g-1 value of rhizobia within carrier material peat, BC-pine wood, 
and combination of BC-pine wood with biopolymers at ratio 1: 0.1 (a), at ratio 1:0.5 (b) 
and ratio 1:1 (c). The survival rate of rhizobia at a ratio 1: 0.1 (d), at a ratio 1:0.5 (e) and 
ratio 1:1 (f). Storage time was 0-120 days. Mean ± SD. The values (mean ± SD, n = 3) do 
not share the same letter are significantly different (LSD test, p < 0.05). 

 

6.3.2 Plant growth attributes 

With each treatment (control, peat, BC-pine wood, and BC-xanthan gum (1:0.5)), a clear 

decline in plant growth was seen along with an increase in drought stress. According to 

the findings (Table 6.4), there is a significant difference between the growth 

characteristics of soybean plants grown with various treatments under various watering 

regimes (D0, D1 and D2) including shoot/root dry biomass, plant height, and root nodules 

(two-way ANOVA, p < 0.05). When compared to peat and the control, plants that 

received BC-xanthan gum (1:0.5) inoculants followed by BC-pine wood showed obvious 

growth. For instance, plants cultivated under severe drought stress (D2) treated with BC-

xanthan gum (1:0.5) showed an increase in shoot dry weight and root dry weight of 95% 

and 119%, respectively, in comparison to control. 71% increase in shoot dry weight and 

88 % increase in root dry weight were recorded in soybean plants inoculated with BC-

pine wood as compared to control. Additionally, under extreme drought stress (D2), 
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plants treated with BC-xanthan gum (1:0.5) showed a substantial (p < 0.05) increase in shoot 

length (131%) and root length (202%) compared to control (Table 6.4). Moreover, BC-

xanthan gum (1:0.5) and BC-pine wood caused a significant increase in the number of root 

nodules. The maximum number of root nodules was observed in BC-xanthan gum (1:0.5) 

(204%) followed by P-BC400 (72%) at D2, as compared to the peat. Consequently, under 

mild stress (D1) and normal irrigated (D0) plants utilising the same treatments, a 

substantially comparable trend was seen. However, normal irrigation (D0) was found to 

promote more plant growth.
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         Table 6. 4 Effect of carrier materials on growth parameters of soybean plant under different watering regimes. 

         For each parameter, the values (mean + SD, n = 4) do not share a same letter are significantly different (LSD test, p < 0.05). BC: 
biochar; D0: 55%WHC (water holding capacity); D1: 30%WHC; D2:15%WHC. 
 
 

 

 

Watering 
regimes  

Treatments Shoot dry weight 
(g plant-1) 

Root dry weight 
(g plant-1) 

Plant height 
(cm) 

Root length 
(cm) 

NO. of nodules 
(plant-1) 

D0       
 Control 0.68 ± 0.07 e 0.61 ± 0.07 f 39.50 ± 2.32 e 22.25 ± 2.16 d 0.00 ± 0.00 f 
 Peat 0.94 ± 0.09 c 0.85 ± 0.09 c 46.25 ± 3.53 cd 31.00 ± 3.19 c 17.75 ± 2.19 c 
 BC-pine wood   1.43 ± 0.07 b 0.91 ± 0.10 b 52.50 ± 4.05 ab 39.50 ± 3.05 b 23.75 ± 3.25 b 
 BC-xanthan gum (1:0.5)  1.85 ± 0.10 a 1.38 ± 0.11 a 56.33 ± 4.05 a 46.50 ± 4.05 a 28.75 ± 2.45 a 
D1       
 Control 0.49 ± 0.06 f 0.46 ± 0.06 g 29.63 ± 3.52 f 19.25 ± 3.26 d 0.00 ± 0.06 f 
 Peat 0.67 ± 0.09 e 0.61 ± 0.09 f 39.32 ± 4.56 e 28.75 ± 3.29 c 12.75 ± 3.19 d 
 BC-pine wood   0.83 ± 0.07 d 0.78 ± 0.07 d 49.74 ± 5.50 bc 36.50 ± 3.15 b 17.50 ± 3.05 c 
 BC-xanthan gum (1:0.5)  0.99 ± 0.09 c 0.86 ± 0.09 bc 55.50 ± 6.05 a 45.00 ± 4.25 a 24.00 ± 3.35 b 
D2       
 Control 0.38 ± 0.06 g 0.32 ± 0.06 h 23.68 ± 3.06 g 14.47 ± 2.66 e 0.00 ± 0.06 f 
 Peat 0.56 ± 0.09 f 0.48 ± 0.09 g 33.61 ± 3.09 f 27.10 ± 3.29 c 6.25 ± 1.09 e 
 BC-pine wood   0.65 ± 0.06 e 0.60 ± 0.05 f 44.25 ± 4.05 d 36.35 ± 4.55 b 10.76 ± 1.15 d 
 BC-xanthan gum (1:0.5)  0.74 ± 0.07 de 0.70 ± 0.09 e 54.72 ± 5.05 a 43.64 ± 5.05 a 19.00 ± 2.05 c 
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6.3.3 Acetylene reduction assay (ARA) 

In soybean plants, nitrogenase activity was calculated using the acetylene reduction assay 

(ARA). All carrier inoculants were found to have substantially different ARA values (p 

< 0.05) from the control at each watering regime. At all watering regimes, plants 

inoculated with BC-xanthan gum (1:0.5) carrier material had the highest value, followed by 

BC-pine wood and peat (Table 5). The ARA value (1.30 m C2H4 h-1 plant-1) of plants 

inoculated with BC-xanthan gum (1:0.5) was, however, higher under regular watering (D0) 

than plants inoculated with peat (1.14 m C2H4 d-1 plant-1). Significantly (p < 0.05) higher 

value was observed in plants inoculated with BC-xanthan gum (1:0.5) followed by BC-pine 

wood at all watering regimes (D0, D1 and D2) For instance, the ARA value in BC-

xanthan gum (1:0.5) treated plants increased by 26% at (D0) 26.59% at (D1) and 22% (D2) 

as compared to peat treated plants (significant at p < 0.05). Similarly, 7%, 15% and 8% 

increase in ARA value were observed in BC-pine wood-treated plants as compared to 

peat at D0, D1 and D2 respectively.  

6.3.4 L �H�D�I���/13�&�����D�Q�G���/15N signatures 

For the soybean leaf �/13C and �/15N signatures, the BC-xanthan gum (1:0.5) inoculant 

demonstrated dominancy over other carriers (peat and BC-pine wood) and control 

(without inoculant), and it had an intriguingly lower leaf �/13C value of -30.48 (D0), -

30.15 (D1), and -26.85 (D2) (Table 6.5), however, the values were insignificant (p > 0.05) 

to other treatments (control, peat and BC-pine wood) at each wearing regime.  

Similarly, for �/15N signature BC-xanthan gum (1:0.5) showed a significantly (p < 0.05) 

lower value as compared to control that was -5.92 (D0), -4.92 (D1), and -3.68 (D2). (Table 

6.5). Additionally, the values were insignificant to other inoculant (peat, BC-pine wood) 

treated plants at D0, D1, and D2. 
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Table 6. 5 �(�I�I�H�F�W���R�I���F�D�U�U�L�H�U���P�D�W�H�U�L�D�O�V���R�Q���D�F�H�W�\�O�H�Q�H���U�H�G�X�F�W�L�R�Q���D�V�V�D�\�����$�5�$�������O�H�D�I���/13C, 
�D�Q�G���/15N of soybean plant under different watering regimes. 

For each parameter, the values (mean + SD, n = 4) do not share a same letter are 
significantly different (LSD test, p < 0.05). For the abbreviations see Table 6.4. 
 

6.3.5 Leaf MSI (%) and RWC (%)  

Figure 6.2a illustrates the combined effect of inoculants and watering regimes on MSI, 

which was insignificant (p > 0.05). However, a significant (p < 0.05) difference was 

observed among treatments at each watering regime. When compared to other carriers 

and the control under all watering regimes, BC-xanthan gum (1:0.5) inoculant considerably 

increased the MSI of soybean plants (Figure 6.2a). For instance, the BC-xanthan gum(1:0.5) 

increased the MSI of plants by 33% under severe drought (D2), 27% under mild drought 

(D1), and 29% under normal watering (D0) as compared to control. Similarly, a 13% 

(D0), 13% (D1) and 16% (D2) increase in MSI was observed in BC-xanthan gum (1:0.5) 

treated plants as compared to peat inoculant treated plants. 

As shown in Figure 6.2b, a significant (p < 0.05) difference was observed between 

watering regimes and treatments. RWC was higher in the soybean plants treated with 

inoculants as compared to control at each watering regime. The increase in RWC was 

Watering 
regimes Treatments ARA  

(µm C2H4 h-1 plant-1) 
�/13�&�����Å�� �/15�1�����Å�� 

D0     
 Control 0.00 ± 0.00 f -24.27 ± 1.84 bc -3.83 ± 0.20 bcd 
 Peat 1.03 ± 0.09 c -25.50 ± 1.45 bc  -4.29 ± 0.32 cd 
 BC-pine wood   1.14 ± 0.17 b -27.30 ± 1.47 bc -4.69 ± 0.38 de 

 
BC-xanthan 
gum (1:0.5)  

1.30 ± 0.10 a -30.48 ± 0.57 c  -5.92 ± 0.48 e 

D1     
 Control 0.00 ± 0.00 f -22.5 ± 0.47 abc -3.00 ± 0.36 b 
 Peat 0.94 ± 0.19 d -23.0 ± 1.49 bc -3.38 ± 0.53 bc 
 BC-pine wood   1.08 ± 0.07 c -23.5 ± 2.40 bc -3.69 ± 0.51 bc 

 
BC-xanthan 
gum (1:0.5)  

1.19 ± 0.09 b -30.15 ± 1.67 c  -4.92 ± 0.59 de 

D2     
 Control 0.00 ± 0.00 f -19.35 ± 1.34 ab -1.14 ± 0.10 a 
 Peat 0.86 ± 0.07 e -21.20 ± 1.45 abc -2.90 ± 0.12 b 
 BC-pine wood   0.93 ± 0.10 d -22.61 ± 1.54 abc  -3.66 ± 0.14 bc 

 
BC-xanthan 
gum (1:0.5)  

1.05 ± 0.07 c -26.85 ± 1.77 bc  -3.68 ± 0.15 bc 
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notably evident in soybean plants treated with BC-xanthan gum (1:0.5). When compared to 

the control, the BC-xanthan gum (1:0.5) inoculant significantly (p < 0.05) boosted RWC to 

31%, 23%, and 41% under D0, D1 and D2 respectively (Figure 6.2b). Additionally, for 

all watering regimes, a significant difference (p < 0.05) in RWC was found between BC-

xanthan gum (1:0.5) inoculants to BC-pine wood and peat inoculants. 

 

Figure 6. 2 Effect of inoculants made of peat, BC-pine wood, and combinations of BC-
pinewood with biopolymer on MSI (a) and RWC (b) For the parameters, the values (mean 
± SD, n = 4) do not share a same letter are significantly different (LSD test, p < 0.05). 
BC: biochar; D0: 55%WHC (water holding capacity); D1: 30%WHC; D2:15%WHC. 
 

 

6.3.6 Leaf pigmentation (Chl. a, chl. b and total chl.) 

Overall, a significant difference (p < 0.05) was observed for chl. b and tot. chl. between 

treatments and watering regimes but an insignificant (p < 0.05) difference was noted for 

chl. a. (Figure 6.3). The BC-xanthan gum (1:0.5) inoculant among all carrier inoculants 

showed a substantial increase in chlorophyll a, chlorophyll b, and total chlorophyll 

content when compared to control at each watering regime. The BC-xanthan gum (1:0.5) 

inoculant, however, had a greater impact on the rise of chl. b than chl. a, and total chl. For 

instance, an increase in chl. b content was seen in BC-xanthan gum (1:0.5) treated plants 

that were 36% (D0), 56.04% (D1), and 33% (D2) as compared to control (Figure 6.3b). 
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Figure 6. 3 Effect of inoculants made of peat, BC-pine wood, and combinations of BC-
pinewood with biopolymer on chlorophyll a (a) chlorophyll b (b) and total chlorophyll 
(c) in soybean plants. For the parameters, the values (mean ± SD, n = 4) do not share a 
same letter are significantly different (LSD test, p < 0.05). For the abbreviations see 
Figure 6.2. 

 

6.4 Discussion 

BC-pine wood was mixed with four different biopolymers (cellulose, chitin, xanthan gum 

and tryptone) using different ratios (w/w) such as 1:0.1, 1:0.5 and 1:1. Almost all the 

carrier formulations tested were good and none showed a negative impact on CB1809 

population. However, among all tested formulations addition of xanthan gum with 1:0.5 

was found to be the ideal supplement to increase the rhizobial shelf life and survival 

within the biochar hence, BC-xanthan gum (1:0.5) was identified as an optimum carrier and 

demonstrated to have the highest rhizobial shelf life for each interval for up to 120 days 

of storage. However, the value was insignificant (p > 0.05) to peat. The strain population 

in BC-xanthan gum (1:0.5) carrier was still 10.70 log10 CFU g-1 greater than industry 
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requirements, or 107 g-1, after 120 days of storage (Balume et al., 2015). This was 

attributed to the biopolymers' inclusion, which increased the nutrients and gave the 

rhizobia some distinct physicochemical features. Biopolymers could assist to increase the 

rhizobial shelf. It has been noted that biopolymers have been used for rhizobial 

encapsulation and provide a) large surface area b) high nutrients availability c) smaller 

particle size to improve mobility and d) ecofriendly (Sasson et al., 2007; Vejan et al., 

2019) and the ribulose monophosphate pathway allows bacteria to assimilate carbon 

(Kalyuzhnaya et al., 2015). Another important feature for the rhizobia's ability to survive 

is the optimum pH and the addition of biopolymers to biochar help to maintain the biochar 

pH near to neutral value. The growth of microorganisms is regarded to be best at a pH of 

7.0�±7.5. (Thomas et al., 1994). It was noted that the ratio of biopolymers to biochar is 

very important for rhizobial survival and 1:0.5 was found to be ideal for some 

biopolymers, especially xanthan gum. For instance, biochar mixed with xanthan gum with 

1: 0.5 showed excellent rhizobial shelf life (Figure 6.1a). However, for the same 

combination at a ratio of 1:1 less shelf life was observed within the same carrier (Figure 

6.11c). The addition of biopolymers may increase different C and N-based functional 

groups such as C-C/C-H, C-OH, C=O, and O-C=O and these functional groups have a 

positive impact on the shelf life of rhizobia (Sashidhar et al., 2020; Verheijen et al., 2010). 

The existence of these surface functional groups makes the carrier significant among 

other carrier materials (peat, clay minerals, and polymers) as they help to attract 

surrounding nutrients useful for bacterial growth (Sashidhar et al., 2020).  

According to our research, BC-xanthan gum (1:0.5) inoculants significantly increased many 

plant growth parameters such as shoot/root dry weight, shoot/root length, number of 

leaves, and number of nodules when compared to peat and control. It's interesting to note 

that soybean plants inoculated with BC-xanthan gum (1:0.5) grew more robustly than other 

treatments at each watering regime. This could be as a result of the addition of 
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biopolymers to biochar-based inoculants that surrounds the rhizosphere increasing soil 

porosity, WHC (moisture retention), nutrients mobilisation, and surface area (Deaker et 

al., 2004). Moreover, biopolymers have excellent water-holding capacity, non-toxicity 

and slow release of rhizobia could help to increase root nodulation (Vejan et al., 2019). 

Previously, many researchers focused on the use of biopolymers as additives (adhesives) 

to increase rhizobia efficacy by seed coating (Deaker et al., 2004). For instance, gum 

arabic, methylcellulose (MC) and polyvinylpyrrolidone (PVP) were used as adhesives for 

seed coating and showed excellent results for root colonization (Scott, 1989). Our 

findings are in line with research by Egamberdieva et al. (2018) and Nadeem et al. (2017). 

They discovered that under drought stress, biochar-based inoculants greatly improved the 

growth characteristics of cucumber and lupin, respectively. Additionally, a separate study 

found that pine wood is a superior transporter for the development of maize and cucumber 

crops, respectively (�*�á�R�G�R�Z�V�N�D�� �H�W�� �D�O������ ��������; Hale et al., 2014). Moreover, Elegba and 

Rennie (1984) reported that the use of arabic gum and MC increased soybean growth 

nodulation and nitrogenase activity. However, both of these biopolymers did not show 

significant differences in soybean attributes.  

In our findings, we assessed nitrogenase's contribution to ARA's nitrogen fixation. In 

soybean plants inoculated with BC-xanthan gum (1:0.5), we discovered that nitrogenase 

activity increased most (26%) to peat inoculant under normal watering (D0). The higher 

values of the number of nodules in plants that have been inoculated with BC-xanthan gum 

(1:0.5) correspond to the higher ARA values. For instance, under normal watering (D0) BC-

xanthan gum (1:0.5) treated plants exhibited a 62% increase in the number of root nodules 

as compared to peat-treated plants. By simultaneously trapping nod factors and 

flavonoids, BC-xanthan gum(1:0.5) can increase chemical signalling between the host and 

symbiotic organisms, which can enhance nodule formation (Mia et al., 2018; Sashidhar 

et al., 2020). Our findings support those of Xiu et al. (2021), who investigated the function 
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of corn straw biochar using various biochar concentrations and discovered that a medium 

concentration (30 g kg-1) of biochar is suitable for a significant amount of nitrogen 

fixation through ARA in soybean plants.  

When compared to the control, all inoculant treatments significantly increased the 

chlorophyll contents (chl. a, chl. b, and total chl.), RWC, and MSI of soybean plants 

growing in a water-scarce environment. However, plants injected with BC-xanthan gum 

(1:0.5) showed notable chlorophyll values. Higher concentrations of the physicochemical 

characteristics of leaves have been shown to signal a plant's sensitivity to stress (Abideen 

et al., 2020). Kammann et al. (2011) also reported that Chenopodium quinoa grown in 

soil treated with charcoal had an enhanced chlorophyll content. Increased leaf chlorophyll 

concentration may improve plant development and tolerance to drought stress as well as 

photosynthetic capacity. This is further supported by the elevated RWC and MSI values, 

which showed that plants inoculated with BC-xanthan gum (1:0.5) had better RWC and MSI 

values than uninoculated (control) and plants inoculated with other carriers.  

According to Kim et al. (2021), biochar can enhance the mesoporous structure of the soil, 

which increases the soil's ability to retain water. This could boost the RWC and MSI of 

plants under drought stress. When significant increases in RWC and MSI were observed 

in cucumber leaves with biochar treatments under drought stress, Nadeem et al. (2017) 

�H�[�S�O�D�L�Q�H�G���F�R�P�S�D�U�D�E�O�H���I�L�Q�G�L�Q�J�V���L�Q���D���V�L�P�L�O�D�U���P�D�Q�Q�H�U���/ 13�&���D�Q�G���/ 15N isotopes can reveal 

information on the metabolic and physicochemical processes that occur during carbon 

and nitrogen transformations (Gouveia et al., 2019)�����7�K�H���X�V�H���R�I���W�K�H�V�H���L�V�R�W�R�S�H�V�����/ 13C and 

�/ 15N) as indicators of various environmental stresses such as drought has been widely 

reported to find the drought stress tolerance of plants in soil-plant systems (Gouveia et 

al., 2019; Lauteri et al., 1993; Robinson et al., 2000). In our investigation, severe drought 

stress resulted in considerable 13C retention in almost all treatments as compared to mild 

drought stress and regular watering, respectively. However, under extreme drought stress, 
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soybean plants inoculated with BC-xanthan gum (1:0.5) showed relatively lower �/13C 

enrichment as compared to control and peat (Table 6.5). Previous research showed that 

when exposed to drought stress, Medicago truncatula inoculated with Sinorhizobium 

medicae had a greater �/13C concentration than plants that received regular irrigation 

(Staudinger et al., 2016). In wild barley and taro plants, respectively, enrichment of �/13C 

was seen under drought conditions, Robinson et al. (2000) and Gouveia et al. (2019) 

consider this to be a better response to environmental stress (drought). The difference in 

�/15N values in soybean leaves under different treatments revealed how carrier inoculants 

affect plants' N contents under water scarcity (drought) conditions. A potential benchmark 

for measuring plant growth and N metabolism is �/15N (Serret et al., 2018). Furthermore, 

�/15N is inversely correlated to BNF (Bazzer et al., 2020), which is clear from our data, 

which showed that plants inoculated with BC-xanthan gum(1:0.5) showed less �/15N (-5.92 

�Å���� �W�K�D�Q�� �F�R�Q�W�U�R�O�V�� ��-���������Å���� �D�W�� �U�H�J�X�O�D�U�� �Z�D�W�H�U�L�Q�J�� �Z�D�V�� �R�E�V�H�U�Y�H�G�� �L�Q�� �W�K�H�V�H�� �S�O�D�Q�W�V�� �D�V��

demonstrated by ARA (Table 6.5). BNF dilutes the �/15N in plants that are actively fixing 

N as opposed to plants that rely on mineral N as a source of N. Because a low �/15N value 

indicates more biological N fixation that dilutes �/15N (Bazzer et al., 2020; Doughton et 

al., 1995). There have been reports of reductions in �/15N in plants under drought stress in 

the past (Araus et al., 2013; Bort et al., 2014; Serret et al., 2018)  

6.5 Conclusion 

In conclusion, BC-xanthan gum (1:0.5) has significantly (p < 0.05) improved the shelf life 

of CB1809 as compared to other carriers. BC-xanthan gum (1:0.5) inoculant has effectively 

promoted soybean plant growth and nodulation, increased plant physiological 

(chlorophyll contents, RWC and MSI) attributes, and reduced �/13C and �/ 15N enrichment. 

under all watering regimes. Therefore, the prepared inoculant has great potential to 

monumentally improve the production of soybean and can facilitate as a tenable 

alternative for peat inoculants. The addition of some biopolymers increased biochar 
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efficiency. Furthermore, an increase in other nutrients (organic/inorganic) could improve 

biochar efficiency. Even though the current research was conducted in a greenhouse, a 

field investigation is required to verify the efficiency of the created novel inoculants under 

various agroecological conditions. To assist agronomic progress, more research is needed 

into the preparation of inoculants using different waste materials that could be used as 

commercial products. 
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Chapter 7: Developing the novel formulation by biochar-nutrients-

biopolymers and superabsorbent polymer for effective rhizobial 

inoculum 

Abstract 

The application of biochar as a rhizobial carrier and for plant growth is of great 

importance. A combination of biochar + biopolymers + superabsorbent polymers + 

organic nutrients may contribute heavily to rhizobial shelf life and crop production. The 

present study revealed the role of biochar-based formulation on the shelf life and survival 

rate of Bradyrhizobium japonicum (CB1809) for up to 120 days. Peat was used as a 

standard carrier. Moreover, inoculant effects on soybean plant growth were also 

documented using pot trials under different watering regimes. Pinewood biochar (PW-

�%�&�����Z�D�V���S�U�R�G�X�F�H�G���D�W���������•�� �D�Q�G���P�L�[�H�G���Z�L�W�K���G�L�I�I�H�U�H�Q�W���D�G�G�L�W�L�Y�H�V���Z�L�W�K���G�L�I�I�H�U�H�Q�W���U�D�W�L�R�V���W�R��

enhance its rhizobial carrier potential. Results illustrated that among different 

combinations of biochar + xanthan gum + polyacrylamide + eggshells + mulch hay (BC-

XPEM) showed the highest shelf life (11.06 log 10 CFU g-1) and survival rate (95%) (p 

< 0.05). Moreover, bacterial inoculation of CB1809 with BC-XPEM improved soybean 

growth i.e., shoot dry weight (90%), root dry weight (115%), shoot length (133%), root 

length (189%) and number of nodules (163%) over control (uninoculated treatment) 

under severe drought stress (D2). Additionally, BC-XPEM inoculated with CB1809 

enhanced membrane stability index (33%), relative water content (35%), chlorophyll a 

(12%), chlorophyll b (31%), and total chlorophyll (17%) than control under D2.  

Similarly, under severe drought stress highest values of nitrogenase activity (1.10 µm 

C2H4 h-1 plant-1) were also observed in BC-XPEM-treated plants as compared to control. 

�/15N has an inverse relationship to the nitrogenase activity and is proved by our study that 

BC-XPEM treated plants that showed the highest nitrogenase activity had the �O�R�Z�H�V�W���/15N 

(-2.47 �Å���� �Y�D�O�X�H�� �X�Q�G�H�U�� �V�H�Y�H�U�H�� �G�U�R�X�J�K�W�� �V�W�U�H�V�V�� �D�V�� �F�R�P�S�D�U�H�G�� �W�R�� �F�R�Q�W�U�R�O����Moreover, lower 
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�/13C enrichment was also found in BC-XPEM-treated plants. It is concluded that BC-

XPEM inoculant may enhance soybean growth, nitrogenase activity, physiological 

attributes, and isotopic signatures. 

7.1 Introduction  

Nitrogen (N), as an essential constituent of plants, is a significant part of amino acids for 

constructing protein, DNA and RNA necessary for the growth of plants. The N deficiency 

leads to stunted growth, chlorosis, ionic imbalance, and enzyme dysfunction, and shows 

adverse effects on crop yield (Franche et al., 2009). Dinitrogen gas (N2) makes up 78% 

of the atmosphere, but this form of N (N2) could not be used directly by plants (Johnson, 

1992). However, the symbiosis of rhizobia and the roots of legume plants can fix N from 

the atmosphere, providing N sources for plant growth. Rhizobia fix about 110 kg N/ha/yr. 

through symbiotic associations with pasture and pulse legumes in Australia, bringing 

about a national benefit of $4 billion annually (Drew et al., 2012). Rhizobia are introduced 

to the soil through an inoculant, which usually consists of a carrier (inorganic, organic, 

and salt) material and rhizobia. Popularly, inoculant is manufactured by mixing effective 

rhizobia with powder or granular carrier materials that play a vital role to provide a 

protective habitat for the �V�W�U�D�L�Q�¶�V�� �O�R�Q�J-term survival and living and improving its 

functioning on crop growth. A good carrier should have some typical characteristics 

including feasible structures (e.g., porous structures, layer structures), abundant nutrients 

(e.g., C, N, O, P, K, Ca), neutral pH, high water holding capacity (WHC), cost-effective 

and environment friendly. Although great efforts have been made to exploit novel carrier 

materials for high-quality inoculant production, many potential carrier materials only 

appeared in scientific literature and were seldomly developed for commercial applications 

(Allaga et al., 2020; Arora et al., 2008; Siyuan Tao, 2018). Currently, the commercial 

carrier materials in inoculants were mainly peat or lignite-based materials which have 

been used for a century and suffered from many limitations hindering further 



148 
 

improvement of product quality (Crawford & Berryhill, 1983; Singh et al., 1999; Tran, 

2015). Therefore, the choice of appropriate carrier materials, particularly for 

commercialization, is critical and still faces great challenges for successful inoculant 

implementation. 

Among various types of materials, biochar and biopolymers have received particular 

attention due to their excellent effect on agriculture. Biochar has vast applications in 

agricultural soil. For instance, it is used as an amendment to improve soil health by 

enhancing soil's physical, chemical, and biological properties, limiting the emission of 

greenhouse gases and sequestering carbon content (Abujabhah et al., 2016). Applications 

of biopolymers have also been recorded in agriculture. Polymers are applied to crops as 

plant activators, soil modifiers, fungicides, and elicitors (Ren et al., 2011). Consequently, 

in agricultural sciences, both (biochar and biopolymers) are considered emerging 

microbial carriers (Igalavithana et al., 2017; Shabir et al., 2023; Tittabutr et al., 2007). 

For example, Shabir et al. (2023) investigated the effectiveness of pinewood biochar 

(600°C) as a viable carrier for Bradyrhizobium japonicum CB1809 (rhizobia) in boosting 

�P�L�F�U�R�E�L�D�O���D�E�X�Q�G�D�Q�F�H�V���D�Q�G���V�X�U�Y�L�Y�D�O���U�D�W�H���D�W���W�Z�R���G�L�I�I�H�U�H�Q�W���V�W�R�U�D�J�H���W�H�P�S�H�U�D�W�X�U�H�V���������•���D�Q�G��

�����•������ �0�R�U�H�R�Y�H�U�����W�K�H���V�X�U�Y�L�Y�D�E�L�O�Lty of the inoculum (Pseudomonas putida UW4) in the 

biochar carrier material was documented by Sun et al. (2015) and also observed a 

favourable correlation with various dominating taxa (Arthrobacter, Sphingomonas, 

Rubellimicrobium, and Gematimonas) when incorporated into the soil, as seen by their 

abundances. The biopolymers reported as microbial carriers can be classified from their 

sources including bacterial (cellulose, xanthan gum, gellant gum, glycan, dextran), fungal 

(pullulan, elsinan, yeast glucan), plant/algal (alginate, cellulose, starch, agar, carrageenan, 

gum) and animal (chitin/chitosan, hyaluronic acid, glycosaminoglycans, glycogen) 

(Lobo, Juárez Tomás, et al., 2019; Vassilev et al., 2020).  
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Superabsorbent biopolymers (hydrogels) have also been known to immobilize and protect 

rhizobia and other nitrogen-fixing microbes (Bashan, 1986). Cell immobilisation, as used 

in this context, is the act of physically containing living microbial cells within a defined 

region of carrier material in order to restrict their ability to move freely while preserving 

their capacity for catalysis and repeated use (�)�X�U���H�W���D�O��������������). Hydrogels are polymeric 

materials containing hydrophilic functional groups and have high water-absorbing and 

swelling properties (Lapponi et al., 2022). Several other organic-based alternative 

materials, including plant by-products, bagasse, and manure, have been examined for 

some rhizobial strains (Albareda et al., 2008; E. M. Ferreira & I. e. Castro, 2005).  

In the previous study by Shabir et al. (not yet published) we pre-treated biochar with 

different biopolymers using different ratios to compare the shelf life and survival rate 

against peat. However, we found that the addition of biopolymers could be useful for the 

rhizobial shelf life and survival rate but did not show a significant increase in shelf life 

and survival rate as compared to peat. Therefore, in the current study, we further enriched 

biochar by adding superabsorbent biopolymer (polyacrylamide: excellent water holding 

capacity) and organic waste materials (eggshells and mulch hay: that have excellent 

nutrients availability) in different ratios to enhance the rhizobial growth and survival in 

biochar. The combined application of biochar, biopolymers, superabsorbent biopolymers, 

and organic materials has never been examined or reported before. In the present study, 

the effect of pre-treatment of the inoculum with rich biopolymers, superabsorbent 

biopolymer and organic waste materials on the growth, survival, and efficacy of BC-PW 

was evaluated and compared to the performance of peat, which served as a control. The 

carriers were further evaluated concerning the establishment of soybean root nodulation, 

plant growth, and �S�K�\�V�L�R�O�R�J�L�F�D�O���D�Q�G���L�V�R�W�R�S�L�F�����/13�&�����/15N) attributes. 
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7.2 Methodology 

7.2.1 Biochar preparation, modification, and inoculant formulation 

As the basic carrier material, pinewood biochar (BC-PW) was pyrolyzed at 400°C using 

a slow pyrolysis method. The procedure was carried out in an anoxic environment 

utilising a horizontal furnace (HTF 80/12e3/1, Laboratory Equip. Pty. Ltd., Australia) 

with a 300 mm long tube. Nitrogen gas (N2) at 0.5 LPM was used as the intake gas. A 

heating rate of 10°C min-1 was used to produce biochar for one hour and the temperature 

was gradually increased by 50°C to attain the desired peak temperatures of 400°C (Shabir 

et al., 2023; Zhang et al., 2017). After being thoroughly processed, the biochar was 

allowed to cool at ambient temperature before being packaged in plastic bags, ground into 

a fine powder, and sieved (250 µm). The resulting BC-PW was characterized for 

physicochemical analysis using methods described previously by Shabir et al. (2023). 

The physicochemical properties are mentioned in Table 7.1. Additional materials, for 

instance, xanthan gum and polyacrylamide were purchased from Sigma-Aldrich Pty Ltd. 

and MIBA Rescaype AB Pty Ltd. Respectively. Home-used eggshells and mulch hay 

(obtained from Rockey Point Sugar Mills, Australia) were air dried for 24 hours before 

�R�Y�H�Q���G�U�L�H�G���D�W�������•���I�R�U���W�Z�R���G�D�\�V�����J�U�R�X�Q�G���W�R���S�R�Z�G�H�U���I�R�U�P���D�Q�G���V�L�H�Y�H�G�������������—�P�������$�O�O���W�K�H�V�H��

materials were mixed using different ratios to make formulation. Mixing ratios and 

formulation abbreviations are mentioned in Table 7.2. Peat was purchased from Green 

Microbes Aust Pty Ltd and used as control. 

Bradyrhizobium japonicum (CB 1809) was used as inoculum and the culture was 

�S�U�H�S�D�U�H�G���L�Q���<�0�%���E�U�R�W�K�����0�D�W�H�U�L�D�O�V���Z�H�U�H���V�W�H�U�L�O�L�]�H�G���D�W���������•���D�Q�G���L�Q�R�F�X�O�D�Q�W���S�U�H�S�D�U�D�W�L�R�Q���Z�D�V��

done using the previously described method (Shabir et al., 2023). 60% moisture was 

maintained inside the inoculants.  
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 Table 7. 1 Physico-chemical properties and elemental concentration of biochar and 
soil. 

 

 

 

 

 

 

 

 

 

 

 

 

<dl: below detection limit 

 

Table 7. 2 Formulations of biochar with different carriers at different ratios .  

NO. Formulations Ratio Abbreviations 
1 Control (Peat Australia) 1  
2 Biochar 1 BC-PW 
3 Biochar+ xanthan gum  1:0.2 BC-X 
4 Biochar+ xanthan gum + 

polyacrylamide  
1:0.2:0.1 BC-XP 

6 Biochar+ xanthan gum + 
polyacrylamide + eggshells 

1:0.2:0.1:0.15 BC-XPE 

7 Biochar+ xanthan gum + 
polyacrylamide + eggshells + mulch 
hay 

1:0.2:0.1:0.15:0.3 BC-XPEM 

 

 

Properties Biochar  Soil 
Physico-chemical characteristics  
pH (1:20; w/v) 7.22 5.30 
EC (µS cm-1) 63 69 
WHC (%) 350.4 28.63 
BET surface area (m2 g-1) 14.30 -  
Pore size (µm) 3.62 - 
TC (%) 74.43 0.90 
TN (%) 0.43 0.06 
HWEOC (gkg-1) 2.0 0.35 
HWEON (gkg-1) 0.04 0.07 
Elemental concentration (gkg-1)  
K 2.42 0.22 
P 0.55 0.26 
Ca 5.99 0.35 
S 0.29 0.03 
Mg 1.23 0.43 
Al  0.88 0.15 
Na 0.35 0.35 
Zn 0.28 0.09 
Fe 0.20 0.02 
Mn 0.35 0.06 
Ni, Cd, As, Hg, Pb <dl <dl 



152 
 

7.2.2 Shelf-life assessment of inoculants 

The population density of strain CB 1809 in each carrier was determined by CFU value 

count at 30 days, 60 days, 90 days, and 120 days and the shelf life of rhizobia was 

evaluated. Briefly, to calculate the CFU value, 1 g of the inoculant was suspended in 9 

mL of YMB media. For 30 minutes at 150 rpm, the dilutions were agitated on a gyratory 

shaker to completely free the rhizobial strains from the carriers. 100 µl of the final dilution 

was spread over nutrient agar Petri plates and replicated three times after a series of 

dilutions up to 10-6-10-7. At 28 °C, all plates were incubated for one to two days. Each 

plate's microbial colonies were enumerated, and the carrier material's inoculum log CFU 

g-1 was calculated. 

7.2.3 Greenhouse pot trial 

In a greenhouse pot trial at Griffith University (Nathan campus, Australia) with day/night 

temperatures of 22°C, humidity levels of 50�±60%, and day lengths of 16 hours, the role 

of a suitable carrier formulation BC-XPEM with the highest shelf life (11. 06 Log 10 

CFU g-1) was evaluated for soybean (Glycine max L.) growth and nodulation in 

comparison to the control (without any carrier), peat, and BC-X. A sandy loam soil (sand 

54.5%, silt 40.7%, and clay 4.8%) was used in this experiment. The primary attributes of 

the soil are listed in Table 7.1. Soybean seeds were meticulously washed, dipped in 

ethanol to sterilize the surface, and repeatedly rinsed in sterile double-distilled water prior 

to the pot experiment. After that, the seeds were given 30 minutes to air dry (Kumar et 

al., 2017). A 10% sucrose solution was employed as a sticking agent and 4�±5 days old 

inoculants were gently coated onto the seeds, using about 4g of each inoculant. After that, 

the seeds were set in the shade to dry and aerate. In plastic pots (14 cm by 11.5 cm), 1000 

g of soil was added. Based on the soil's WHC (28.4%), three different moisture levels 

(55% WHC, 30% WHC, and 15% WHC) were employed to generate water stress 

(drought) at varying rates, normal watering (55% WHC), mild drought (30% WHC) and 
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severe drought (15% WHC) was represented by D0, D1 and D2 respectively. 48 treatment 

units (pots) were used in the study based on 12 treatments that were replicated four times 

(Table 7.3). Before seeding, each pot (48) containing oven-dried soil was watered to a 

normal watering level (D0). Five inoculated seeds were placed in each pot, and 10�±15 

days following emergence, they were thinned until each pot contained three seedlings. 

 

 Table 7. 3 Treatment plan and each treatment was replicated four times. 

 BC-X: BC-pine wood + xanthan gum; BC-XPEM: BC-pine wood + xanthan gum + 
polyacrylamide + eggshells + mulch hay. BC: biochar; D0: 55%WHC (water holding 
capacity); D1: 30%WHC; D2:15%WHC. 
 
 
7.2.4 Harvesting and plant growth attributes 

Soybean seeds were sown on December 11, 2021, and they were collected on February 

20, 2021. After harvest, the number of leaves, the size of the shoots and roots, and the 

quantity of root nodules were all measured and noted. After separating the roots from the 

shoots, they were thoroughly cleaned to get rid of any dirt, and then they were dried on 

paper towels. To determine the dry weight, the root and shoot samples were oven dried 

for two days at 70°C. Root dry weights were computed after nitrogenase activity was 

evaluated. 

7.2.5 Determination of nitrogenase activity  

The activity of nitrogenase enzymes in plant roots was assessed using an acetylene 

reduction assay (ARA) test (Hardy et al., 1973). Air-dried fresh roots from the plants of 

each treatment were placed in 250 ml incubation bottles after being washed. 10% of the 

 Watering Regime  

 D0 D1 D2 

 

Control Control Control 

Peat Peat Peat 

BC-X   BC-X   BC-X   

BC-XPEM  BC-XPEM  BC-XPEM  
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air was replaced with acetylene gas, and the system was left at room temperature and in 

the dark for 24 hours (Bahulikar et al., 2021). To determine how much ethylene was 

produced, a sample of 500 µl from each incubation bottle was obtained and put into a gas 

chromatograph (GC-2010, Shimadzu Plus). N2 gas was employed as a makeup gas, with 

a steady flow rate of 10 ml min-1. Standard curves of GC peak area were made using 

successive dilutions of a specific amount to record the amount of ethylene produced in 

ARA (standards). The nitrogenase activity was determined using the quantity of ethylene 

obtained per unit of fresh weight of roots per hour (Bahulikar et al., 2021). 

7.2.6 Physiological attributes 

Using the method proposed by Lichtenthaler (1987), leaf pigments including Chl-a, Chl-

b, and total chlorophyll (Chl a+b) were quantified. For this, 0.5 g of each leaf sample was 

frozen in liquid nitrogen and then ground in 80% (v/v) hydro-acetone. Centrifuging the 

resultant mixture at 3000 g for 10 min. After centrifugation, the supernatant was collected, 

and its absorbance at 663.2, 646.8 and 470 nm was assessed using a UV 

spectrophotometer (UV1800, Shimadzu, China). Pigment contents were determined from 

observations of absorption using the extinction coefficients and equation given by 

Lichtenthaler (1987).  

The method proposed by Sairam et al. (2002) was used to measure the Leaf Membrane 

Stability Index (MSI). Two separate samples of 0.5 g of fresh leaves were taken for this 

experiment and dipped in 10 ml of aliquot water. Samples were held at 40 °C for 30 min 

(EC1) and samples were stored at 100 °C for 10 min (EC2), each had their electrical 

conductivity recorded separately (EC2). The MSI was calculated using the provided 

equation.  

�/�5�+
L �s
F �F
���� �s
�'�%�t

�G
H�s�r�r 
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the relative water content (RWC) was determined using the youngest fresh apical leaves 

of soybean plants following the methods explained by Sairam et al. (2002).  

7.2.7 Isotopic signatures (�/13�&���D�Q�G���/15N) 

Fresh apical soybean leaves were removed, air-dried, and then oven-dried at 70 °C for 48 

�K�R�X�U�V���W�R���G�H�W�H�U�P�L�Q�H���/13�&���D�Q�G���/15N. The samples were ground to powder form and 4-5 mg 

of each sample was pelletized into tin capsules. A Sercon Hydra 20-22 Europa EA-GSL 

isotope-�U�D�W�L�R���P�D�V�V���V�S�H�F�W�U�R�P�H�W�H�U���Z�D�V���X�V�H�G���W�R���D�Q�D�O�\�V�H���W�K�H���S�H�O�O�H�W�L�]�H�G���V�D�P�S�O�H�V���I�R�U���/ 13C and 

�/15N. 

The following equation explains the ratios for stable C and N isotopes in standard delta 

���/�����D�Q�G���Q�R�W�D�W�L�R�Q���S�H�U���P�L�O�����Å�������<��� ���>���5���V�D�P�S�O�H�������5���V�W�D�Q�G�D�U�G�������@���������������:�K�H�U�H���<���L�V���H�L�W�K�H�U��

13C or 15N, and R is the ratio of the sample's and the standard's heavier to lighter isotopes, 

which are 13C/12C or 15N/14N, respectively. The readings were accurate to 0.05 and 0.1 

for 13C and 15N, respectively. As references for C and N, Pee Dee Belemnite (PDB) 

limestone and ambient N were used (Bahadori et al., 2019; Garzon-Garcia et al., 2017). 

7.2.8 Statistical analysis 

Watering schedules and inoculant treatments were factors in a two-way analysis of 

variance (ANOVA) used to analyse the data. Data on interactions between soil watering 

regimes and treatments were computed and presented. The least significant difference 

(LSD) test was used to compare mean values at the 5% (p < 0.05) confidence level (Steel, 

1997). Minitab 18 was utilised to conduct the analysis. 

7.3 Results 

7.3.1 Rhizobial shelf life and survival rate 

The CFU values varied among carrier materials and sampling dates during 120-day 

storage at 28�•�� (Figure 7.1a, b). Regarding the CFU value, a non-significant difference 

was observed among the carriers on days 30 and 60, although all the carrier materials 
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performed slightly better than peat (but p > 0.05) (Figure 7.1a). Among all carrier 

materials, BC-XPEM showed better shelf life (11.16 Log 10 CFU g-1) and survival rate 

(96.24%) at day 60. The CFU values for the BC-XPE and BC-XPEM treatments were 

significantly (p < 0.05) higher than peat at day 90 corresponding shelf-life values 10.72 

Log 10 CFU g-1 and 11.10 Log 10 CFU g-1 respectively. Moreover, at the end of day 120 

only BC-XPEM showed a significantly higher CFU value than peat with the highest 

survival rate (95.34%) Figure 7.1b.  

 

Figure 7. 1 Log 10 CFU g-1 a) and survival rate b) value of peat, BC-pine wood, and 
combination of BC-pine wood with other carrier materials. Storage time was 0-90 days. 
Mean ± SD. BC-PW: biochar pinewood; BC-X: biochar + xanthan gum; BC-XP: biochar 
+ xanthan gum + polyacrylamide; BC-XPE: biochar + xanthan gum + polyacrylamide + 
eggshells; and BC-XPEM: biochar + xanthan gum + polyacrylamide + eggshells + mulch 
hay. 

 

7.3.2 Plant growth attributes 

With each treatment (control, peat, BC-X, and BC-XPEM), a clear decline in plant growth 

was seen along with an increase in the drought stress as reflected by stunned growth, 

drying leaves, and less vigour. According to the findings (Table 7.4), Plants showed better 

growth with BC-XPEM inoculants followed by BC-X as compared to peat and control 

under each watering regime (D0, D1 and D2). For example, a 90% and 115% increase in 

shoot and root dry weight was observed in BC-XPEM-treated soybean plants as compared 

to control (p < 0.05) under severe drought Stress (D2) (Table 7.4). Similarly, BC-X 

treated plants showed a significant increase in shoot dry weight (65%) and root dry weight 
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(82%) as compared to control at D2. Moreover, a 133% increase in shoot length and an 

189% increase in root length was noted in BC-XPEM treated plants than control (p < 

0.05) under D2. BC-XPEM-treated plants also showed a significant (p < 0.05) increase 

in shoot length (65%) and root length (58%) as compared to peat-treated plants under D2. 

Significant (p < 0.05) increases in the number of nodules (163%) were also observed in 

BC-XPEM-treated plants as compared to peat under the same watering regime (D2). 

Furthermore, when the same treatments were applied to plants under mild stress (D1) and 

plants receiving normal irrigation (D0), a roughly comparable pattern was seen. Yet, 

normal irrigation was found to promote the greatest plant growth (Table 7.4). 

7.3.3 Acetylene reduction assay (ARA) 

In soybean plants, nitrogenase activity was calculated using the acetylene reduction assay 

(ARA). All carrier inoculants were found to have substantially different ARA values (p 

< 0.05) from the control. At all watering regimes, plants inoculated with BC-XPEM 

carrier material had the highest value, followed by BC-X and peat (Table 7.5). The ARA 

value (1.56 m C2H4 h-1 plant-1) of plants inoculated with BC-XPEM was, however, higher 

under D0 than it was for plants inoculated with peat (1.26 µm C2H4 d-1 plant-1). Moreover, 

under D1 and D2 BC-XPEM treated plants showed significantly (p < 0.05) higher ARA 

value than peat treated plants and control (Table 7.5). However, the ARA values 

decreased with increased drought stress.  

7.3.4 L�H�D�I���L�V�R�W�R�S�L�F���V�L�J�Q�D�W�X�U�H�V�����/13�&���D�Q�G���/15N) 

�)�R�U�� �W�K�H�� �/13C signature, significant (p < 0.05) differences among different treatments 

(control, peat BC-X and BC-XPEM) were observed at each watering regime (D0, D1 and 

D2) (Table 7.5). BC-XPEM inoculant showed significantly lower leaf �/ 13C value of -

30.7 �Å (D0), -30.1 �Å (D1), and -26.9 �Å (D2) (Table 7.5). 

For the �/15N signature, BC-XPEM showed significantly lower values than all other 

treatments under D0. For example, a -4.17 �Å value was observed in BC-XPEM treated 
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plants as compared to control (-1.46 �Å�������+�R�Z�H�Y�H�U�����X�Qder D1 and D2 a non-significant 

decrease in �/15N values were observed between BC-XPEM and BC-X (Table 7.5). 
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          Table 7. 4 Effect of carrier materials on growth parameters of soybean plant under different watering regimes. 

For each parameter, the values (mean + SD, n = 4) do not share a same letter are significantly different (LSD test, p < 0.05). BC-X: BC-pine 
wood + xanthan gum; BC-XPEMML: BC-pine wood + xanthan gum + polyacrylamide + eggshells + mulch hay; BC: biochar; D0: 55%WHC 
(water holding capacity); D1: 30%WHC; D2:15%WHC. 

Watering 
regimes  Treatments 

Shoot dry weight 
(g plant-1) 

Root dry weight 
(g plant-1) 

Shoot length 
(cm) 

Root length 
(cm) 

NO. of nodules 
(plant-1) 

D0       
 Control 0.71 ± 0.09 f 0.63 ± 0.04 f 40 ± 3.34 de 29.75 ± 2.38 de 0.00 ± 0.00 f 
 Peat 0.96 ± 0.10 cd 0.87 ± 0.10 c 47.25 ± 4.50 c 37.00 ± 3.22 cd 18.25 ± 2.53 c 
 BC-X   1.45 ± 0.11 b 0.98 ± 0.12 b 52.50 ± 4.75 ab 41.00 ± 4.23 bc 24.75 ± 2.55 b 
 BC-XPEM  1.86 ± 0.12 a 1.41 ± 0.13 a 57.75 ± 5.36 a 47.00 ± 4.26 ab 30.00 ± 3.64 a 
D1       
 Control 0.55 ± 0.09 g 0.48 ± 0.07 g 30.63 ± 3.66 f 22.75 ± 2.29 ef 0.00 ± 0.00 f 
 Peat 0.72 ± 0.07 f 0.64 ± 0.05 ef 40.06 ± 3.99 de 30.75 ± 3.41 de 14.00 ± 1.35 d 
 BC-X   0.86 ± 0.10 de 0.80 ± 0.10 cd 50.74 ± 4.30 bc 39.00 ± 4.37 c 18.50 ± 2.75 c 
 BC-XPEM  1.04 ± 0.07 c 0.87 ± 0.11 c 57.08 ± 5.95 a 49.00 ± 3.29 a 25.00 ± 3.40 b 
D2       
 Control 0.40 ± 0.05 h 0.34 ± 0.07 h 24.17 ± 2.07 g 15.46 ± 2.59 f 0.00 ± 0.00 f 
 Peat 0.58 ± 0.07 g 0.50 ± 0.06 g 34.10 ± 4.07 ef 28.34 ± 3.58 e 7.50 ± 1.22 e 
 BC-X   0.66 ± 0.08 fg 0.62 ± 0.08 f 45.75 ± 4.32 cd 38.35 ± 3.50 c 11.25 ± 1.35 d 

 BC-XPEM  0.76 ± 0.10 ef 0.73 ± 0.10 de 56.22 ± 4.08 ab 
44.64 ± 4.66 

abc 19.75 ± 2.35 c 
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Table 7. 5 �(�I�I�H�F�W���R�I���F�D�U�U�L�H�U���P�D�W�H�U�L�D�O�V���R�Q���D�F�H�W�\�O�H�Q�H���U�H�G�X�F�W�L�R�Q���D�V�V�D�\�����$�5�$�������O�H�D�I���/13C, 
�D�Q�G���/15N of soybean plant under different watering regimes. 

For each parameter, the values (mean + SD, n = 4) do not share a same letter are 
significantly different (LSD test, p < 0.05). BC-X: BC-pine wood + xanthan gum; BC-
XPEMML: BC-pine wood + xanthan gum + polyacrylamide + eggshells + mulch hay. 
For other abbreviations see Table 7.4. 
 

7.3.5 Membrane stability index and Relative water content  

Different plant physiological attributes such as membrane stability index (MSI) and 

relative water content (RWC) were recorded. Figure 7.2a illustrates the combined effect 

of inoculants and watering regimes on MSI, which was significant (p < 0.05). When 

compared to other carriers and the control under all watering regimes, BC-XPEM 

inoculant considerably increased the MSI of soybean plants (Figure 7.2a). For instance, 

the BC-XPEM increased the MSI of plants by 27% under D0, 26% under D1, and 33% 

under D2 as compared to control.  

As shown in Figure 7.2b, RWC was higher in the inoculated soybean plants than in the 

control under conditions of normal watering (D0) and drought (D1 and D2) stress. The 

increase in RWC was notably evident in soybean plants that had received an inoculation 

with BC-XPEM. When compared to the control, the BC-XPEM inoculant significantly (p 

< 0.05) boosted RWC (Figure 7.2b). Additionally, for all watering regimes, a significant 

Watering 
regimes  Treatments ARA  

(µm C2H4 h-1 plant-1) 
�/13�&�����Å�� �/15�1�����Å�� 

D0     
 Control 0.00 ± 0.00 f -22.8 ± 2.54 b -1.46 ± 0.26 ab 
 Peat 1.26 ± 0.10 bcd -26.0 ± 1.36 d  -2.45 ± 0.42 cd 
 BC-X   1.42 ± 0.13 ab -28.1 ± 1.25 f -3.04 ± 0.35 d 
 BC-XPEM  1.56 ± 0.12 a -30.7 ± 1.09 g  -4.17 ± 0.34 e 
D1     
 Control 0.00 ± 0.00 g -22.7 ± 1.77 b -0.90 ± 0.66 a 
 Peat 1.11 ± 0.17 de -24.3 ± 1.20 c  -1. 94 ± 0.73 bc 
 BC-X   1.22 ± 0.12 cd -26.6± 1.74 de -2.32 ± 0.57 bcd 
 BC-XPEM  1.31 ± 0.09 bc -30.1 ± 2.62 g  -2.92 ± 0.54 d 
D2     
 Control 0.00 ± 0.00 g -17.75 ± 1.24 a  -0.63 ± 0.12 a 
 Peat 0.89 ± 0.11 f -22.0 ± 2.55 b  -1.49 ± 0.16 ab 
 BC-X   0.98 ± 0.09 ef -24.1 ± 2.53 c -1.91 ± 0.15 bc 
 BC-XPEM  1.10 ± 0.12 de -26.9 ± 1.57 ef -2.47 ± 0.13 cd 
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difference (p < 0.05) in RWC was found between BC-XPEM inoculants to BC-X and 

peat inoculants. 

 

Figure 7. 2 Effect of inoculants on MSI (a) and RWC (b) For the parameters, the values 
(mean ± SD, n = 4) do not share a same letter are significantly different (LSD test, p < 
0.05). BC: biochar; D0: 55%WHC (water holding capacity); D1: 30%WHC; 
D2:15%WHC. 
 

 

7.3.6 Leaf pigments 

Pigment contents including Chl-a, Chl-b and total-Chl decreased with the increase of 

drought stress (Figure 7.3a, b, c). However, results revealed that inoculant applications 

reduced the drought impact and increase soybean growth. For instance, under the highest 

level of drought (D2) 12%, 31% and 17% increase in Chl-a, Chl-b and total-Chl contents 

respectively, was observed in BC-XPEM treated plants as compared to control (Figure 

7.3a). For the mild drought level (D1) an increase in Chl-a, Chl-b and total-Chl contents 

was 10%, 28% and 16%, respectively in BC-XPEM treated plants as compared to control 

(Figure 7.3b). Similarly, under normal watering (D0) the BC-XPEM treated plants 

showed resulted in 13%, 32% and 19% increase in the contents of Chl-a, Chl-b and total-

Chl, respectively, as compared to the control (Figure 7.3c). 
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Figure 7. 3 Effect of inoculants on chlorophyll a (a) chlorophyll b (b) and total 
chlorophyll (c) in soybean plants. For the parameters, the values (mean ± SD, n = 4) do 
not share a same letter are significantly different (LSD test, p < 0.05). For the 
abbreviations see Figure 7.2. 

 

7.4 Discussion 

No carriers that were tested were ineffective in the CB1809 population. The optimum 

inoculum carrier material, BC-XPEM, was identified and demonstrated to have the 

highest rhizobial shelf life for each interval for up to 120 days of storage. This was 

attributed to the biopolymers and organic materials inclusion, which increased the 

nutrients and added distinct physicochemical features to biochar. The ribulose 

monophosphate pathway allows bacteria to assimilate carbon (Kalyuzhnaya et al., 2015). 

Rhizobia's ability to survive has a significant impact on the pH of biochar. However, the 

addition of biopolymers and organic materials to biochar help to maintain the biochar pH 

near to neutral value. The growth of microorganisms is regarded to be best at a pH of 7.0�±
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7.5 (Thomas et al., 1994). It was noted that the ratio of biopolymers and organic materials 

to biochar is very important for rhizobial survival. The addition of biopolymers and 

organic materials may increase WHC, and different C and N-based functional groups 

such as C-C/C-H, C-OH, C=O, O-C=O and these functional groups have a positive impact 

on the shelf life of rhizobia (Sashidhar et al., 2020; Verheijen et al., 2010).  

According to our research, BC-XPEM inoculants significantly increased many plant 

growth parameters such as shoot/root dry weight, shoot/root length, number of leaves, 

and number of nodules when compared to peat and control. It is interesting to note that 

soybean plants inoculated with BC-XPEM grew more robustly than other treatments at 

each watering schedule. This could be a result of the addition of biochar-based inoculants 

surrounding the rhizosphere increasing soil porosity, WHC (moisture retention), nutrients 

mobilisation, and surface area (Ajeng et al., 2020; Lehmann, 2007b; Lehmann & Joseph, 

2015). Our findings are in line with research by Egamberdieva et al. (2017) and Nadeem 

et al. (2017), who discovered that under drought stress, biochar-based inoculants greatly 

improved the growth characteristics of cucumber and lupin, respectively. Additionally, a 

different study found that pine wood is a superior carrier for the development of maize 

and cucumber crops, respectively (�*�á�R�G�R�Z�V�N�D���H�W���D�O��������������; Hale et al., 2014).  

In our findings, we assessed nitrogenase's contribution to ARA's nitrogen fixation. In 

soybean plants inoculated with BC-XPEM, we discovered that nitrogenase activity 

increased most (26 %) to peat inoculant during normal watering. Our findings support 

those of Xiu et al. (2021), who investigated the function of corn straw biochar using 

various biochar concentrations and discovered that a medium concentration (30 g kg-1) of 

biochar is suitable for a significant amount of nitrogen fixation through ARA in soybean 

plants.  

When compared to control, all inoculant treatments significantly increased the 

chlorophyll contents (a, b, and total chl.), RWC, and MSI of soybean plants growing in a 
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water-scarce environment. However, plants inoculated with BC-XPEM showed notable 

chlorophyll values. Higher concentrations of the physicochemical characteristics of 

leaves have been shown to signal a plant's sensitivity to stress (Abideen et al., 2020). 

Chenopodium quinoa grown in soil treated with charcoal had an enhanced chlorophyll 

content, according to Kammann et al. (2011). Increased leaf chlorophyll concentration 

may improve plant development and tolerance to drought stress as well as photosynthetic 

capacity. This is further supported by the elevated RWC and MSI values, which showed 

that plants inoculated with BC-XPEM had better RWC and MSI values than uninoculated 

(control) and plants inoculated with other carriers. According to Kim et al. (2021), biochar 

can enhance the mesoporous structure of the soil, which increases the soil's ability to 

retain water.  

The �X�V�H���R�I���L�V�R�W�R�S�H�V�����/13�&���D�Q�G���/15N) as indicators of various environmental stresses such 

as drought has been widely reported to find the drought stress tolerance of plants in soil-

plant systems (Gouveia et al., 2019; Lauteri et al., 1993; Robinson et al., 2000).  In our 

investigation, severe drought stress resulted in considerable �/13C enrichment in almost all 

treatments as compared to mild drought stress and regular watering, respectively. 

However, under extreme drought stress, soybean plants inoculated with BC-XPEM 

showed significantly lower �/13C enrichment (Table 7.5), as compared to control and peat. 

Previous research showed that when exposed to drought stress, Medicago truncatula 

infected with Sinorhizobium medicae �K�D�G�� �D�� �J�U�H�D�W�H�U���/13C concentration than plants that 

received regular irrigation (Staudinger et al., 2016).  

A potential benchmark for measuring plant growth and N metabolism is �/15N (Serret et 

al., 2018). Furthermore, �/15N is inversely correlated to BNF (Bazzer et al., 2020), which 

is clear from our data, which showed that plants inoculated with BC-XPEM showed less 

�/15N (-�����������Å�����W�K�D�Q���F�R�Q�W�U�R�O�V����-�����������Å�����D�W���U�H�J�X�O�D�U���Z�D�W�H�U�L�Q�J���Z�D�V���R�E�V�H�U�Y�H�G���L�Q���W�K�H�V�H���S�O�D�Q�W�V��

as demonstrated by ARA (Table 7.�������� �%�1�)�� �G�L�O�X�W�H�V�� �W�K�H�� �/ 15N in plants that are actively 
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fixing N as opposed to plants that rely on mineral N as a source of N. Because a low �/15N 

value indicates more biological N fixation that dilutes �/15N (Bazzer et al., 2020; Doughton 

et al., 1995).  

7.5 Conclusion 

In conclusion, compared to other carriers, BC-XPEM considerably (p < 0.05) increased 

the shelf life of CB1809. Under all watering regimes, the BC-XPEM inoculant 

successfully encouraged soybean plant growth and nodulation, boosted plant 

physiological characteristics (chlorophyll contents, RWC, and MSI), and reduced �/13C 

and �/15N signatures. As a result, the developed inoculant has the tremendous potential to 

significantly increase soybean yield and can serve as a workable substitute for peat 

inoculants. The effectiveness of biochar was boosted by the addition of various 

biopolymers and organic components. Even though the current study was carried out in a 

glasshouse, a field investigation is necessary to confirm the effectiveness of the new 

inoculants generated under varied agro-ecological settings. 
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Chapter 8: Summary, Conclusions and Future Recommendations 

8.1 Summary 

This PhD project employed a suite of advanced analytical approaches to evaluate the 

suitability of locally available, low-cost biochars produced from different feedstocks and 

pyrolysis conditions, and emerging biopolymers as alternative carriers for effectively 

delivering rhizobia, capturing, and retaining moisture to improve prolonged survival of 

rhizobial inoculants as well as their efficacy on soybean growth and nodulation under 

drought stress. Different locally available carrier materials (biochar) and commercial 

biopolymers were sourced. Biochar materials used were made from different waste 

materials such as plant waste (pine wood, oak, sugar cane and peanut shell) animal waste 

(cow manure) and tire chips waste. Pine wood and oak-derived biochars were further 

�S�\�U�R�O�\�]�H�G�� �D�W�� �Y�D�U�L�R�X�V�� �W�H�P�S�H�U�D�W�X�U�H�V�� ���������•���� �������•���� �������•���� �������•�� �D�Q�G �������•������ �)�R�X�U��

different biopolymers (xanthan gum, cellulose, chitin and tryptone) were used and mixed 

with different ratios to pine wood-�G�H�U�L�Y�H�G�� �E�L�R�F�K�D�U�� �S�\�U�R�O�\�]�H�G�� �D�W�� �������•���� �$�G�G�L�W�L�R�Q�D�O�O�\����

superabsorbent polymer (polyacrylamide) and organic wastes (mulch hay and eggshells) 

were also mixed with biochar along with biopolymers to enhance the biochar carrier 

potential. Biochar carrier materials (derived from different feedstocks and pyrolysis 

temperatures) were further selected for physicochemical characterization and shelf-life 

study of �U�K�L�]�R�E�L�D�� �X�Q�G�H�U�� �Y�D�U�L�R�X�V�� �V�W�R�U�D�J�H�� �W�H�P�S�H�U�D�W�X�U�H�V�� �������•�� �D�Q�G�� �����•������ �$�I�W�H�U�� �V�W�X�G�\�L�Q�J��

physicochemical characterization and shelf-life study only the best biochar-based carrier 

materials and combinations were used to test plant root nodulation.  

Various advanced techniques for example, scanning electron microscopy (SEM), FTIR 

spectroscopy, X-ray photoelectron spectroscopy (XPS) and BET nitrogen gas adsorption 

have been applied to analyze various properties of biochar carrier materials, including 

chemical composition (elemental analysis and functional groups) and properties (pH, 

EC), water retention capacity and BET surface area and surface structure. Alternative 
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carriers (and their combinations) with strong potentials were selected for further 

evaluation of compatibility with key representative rhizobia strains (CB1809), based on 

chemical properties (e.g., pH, organic C and nutrient contents, contaminants etc.), surface 

properties and water retention characteristics. These carrier materials were ground and 

sterilised using an autoclave for use in the experiments. The rhizobial strains (CB1809) 

associated with the key legume (soybean) were used for testing the survival rates of 

rhizobia in carriers under various moisture and temperature conditions. The N-fixing 

efficacy of inoculated seeds (rhizobial strain x alternative carrier combinations) was 

assessed in a greenhouse experiment. The biomass, nodulation, nitrogenase activity, 

�S�K�\�V�L�R�O�R�J�L�F�D�O���D�W�W�U�L�E�X�W�H�V�����D�Q�G���L�V�R�W�R�S�L�F���V�L�J�Q�D�W�X�U�H�V�����/13�&���D�Q�G���/15N) were assessed at harvest. 

The results regarding materials characterisation, shelf-life study and pot trials showed that 

most of the biochar materials and their combinations to biopolymers + addition of 

additives (superabsorbent polymers + organic nutrients) have the potential to be used as 

an alternative rhizobial carrier. For instance, among biochars derived from different 

feedstocks (pyrolyzed at the �V�D�P�H���W�H�P�S�H�U�D�W�X�U�H���L���H�������������•�����S�L�Q�H�Z�R�R�G���G�H�U�L�Y�H�G���E�L�R�F�K�D�U���D�Q�G��

oak-derived biochar showed ideal results regarding shelf life and different 

physicochemical characteristics such as major elements (TC, Ca and S), surface 

morphology (SSA, pore size and pore volume) and functional groups (C=O, O-C=O) 

found in these biochars were the key features for the highest shelf life and root nodulation. 

Howeve�U���� �S�L�Q�H�Z�R�R�G�� �E�L�R�F�K�D�U�� ���������•���� �V�K�R�Z�H�G�� �E�H�W�W�H�U�� �V�K�H�O�I-life results than oak-derived 

�E�L�R�F�K�D�U�� ���������•���� �D�V�� �L�W�� �V�K�R�Z�H�G�� �E�H�W�W�H�U�� �S�R�U�R�X�V�� �V�W�U�X�F�W�X�U�H���� �F�D�U�E�R�Q�� �F�R�Q�W�H�Q�W�� �D�Q�G�� �I�X�Q�F�W�L�R�Q�D�O��

groups. Similarly, among biochars (derived from pinewood and oak) pyrolyzed at 

different tempera�W�X�U�H�V�� ���������•-�������•���� �O�R�Z�H�U�� �W�H�P�S�H�U�D�W�X�U�H�� ���������•���� �E�D�V�H�G�� �E�L�R�F�K�D�U�V��

especially pinewood biochar outperformed the peat regarding rhizobial shelf life and 

soybean plant growth. From FTIR, it was evident that the organic components (e.g., 

COOH, C=O, -OH, -CH3) of biochar decreased to a different extent with the increased 
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pyrolysis temperature. Therefore, it is better to select the biochar made from low pyrolysis 

temperatures because more organic functional groups could benefit the strain's living and 

survival. It was concluded that mixing biochar to biopolymer with different ratios is more 

appropriate for the rhizobial survival rate. Especially mixing of xanthan gum to low 

�W�H�P�S�H�U�D�W�X�U�H���G�H�U�L�Y�H�G�����������•�����S�L�Q�H�Z�R�R�G���E�L�R�F�K�D�U���Z�L�W�K��a ratio of 1:0.5 showed an excellent 

shelf life and root nodulation as compared to peat. Polymer materials mainly have particle 

structure and contain good nutrient and functional groups (e.g., -COOH, -CH2, -OH, -

NH3) for rhizobial survival, which could be great carrier materials or additives in novel 

inoculants. 

In the end, we developed a final biochar-biopolymer-based formulation by adding more 

materials (polyacrylamide, mulch hay and eggshells) as an additive that showed 

exceptional rhizobial shelf life and completely outperformed the peat. The addition of 

superabsorbent polymer could increase the water-holding capacity of the formulation, 

while plant and animal-based organic materials could add more nutrients for better growth 

and survival of rhizobia within the carrier formulation. 

8.2 Conclusions 

The major conclusions from this study are as follows: 

1. All the tested biochars derived from various feedstocks but pyrolyzed at the same 

�W�H�P�S�H�U�D�W�X�U�H�� ���������•���� �D�V�� �D�O�W�H�U�Q�D�W�L�Y�H�� �P�D�W�H�U�L�D�O�V�� �V�K�R�Z�H�G�� �G�L�V�W�L�Q�F�W�� �V�X�U�I�D�F�H�� �V�W�U�X�F�W�X�U�H����

chemical composition, and physical properties. However, pinewood biochar 

showed the highest channel structure, porous structure, major elements (TC, Ca, 

and S) and functional groups (-OH, O-C=O, -COOH, -CH2-CH2-) that are 

beneficial for rhizobial attachment, water retention and survival of rhizobial 

bacteria. That could be the reason pine wood biochar showed better rhizobial 

growth as compared to other biochars and peat. Furthermore, pot trial results also 

illustrated that under all watering regimes and soil types, pinewood biochar 
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inoculant significantly enhanced soybean plant growth and nodulation, raised 

plant physiological (chlorophyll contents, RWC and MSI) characteristics, and 

reduced �w13C enrichment. As a result, the pine wood inoculants demonstrated the 

tremendous potential to significantly increase soybean yield and can help as a 

useful substitute for peat inoculants. 

2. Among pine wood and oak biochars that were pyrolyzed at different temperatures 

�S�L�Q�H�Z�R�R�G�� �E�L�R�F�K�D�U�� �S�\�U�R�O�\�]�H�G�� �D�W�� �������•��was the potentially best carrier material 

with the best survival rate and shell life at two storage temperature conditions 

�������•�� �D�Q�G�������•������P�L�Q�H�Z�R�R�G���E�L�R�F�K�D�U���S�\�U�R�O�\�]�H�G���D�W���������•��also had the best plant 

growth, nodulation, nitrogenase activity and plant tolerance to drought stress. The 

success of this formulation may be related to its optimum pH (nearly neutral) that 

is required for maximum rhizobial growth. Furthermore, biochars pyrolyzed at 

lower pyrolysis temperatures contain more functional groups that could be another 

reason to be used as a potential alternative carrier material. This work has fully 

disclosed the important factors of lower temperature-based carriers facilitating 

rhizobial attributes, soybean nodulation, and nitrogenase activity. 

3. Among biochar and biopolymer-based carrier formulations, the combination of 

biochar and xanthan gum at a ratio of 1:0.05 was identified as the optimum 

inoculum and demonstrated to have the highest rhizobial shelf life and survival 

rate, the best plant growth performance, nodulation and nitrogen fixation, and the 

boosted tolerance capability against environmental stress (drought). Therefore, 

the biochar-xanthan gum (1:0.05) inoculant formulation is considered a promising 

alternative carrier formulation, which may have a tremendous potential to 

significantly increase soybean yield and may serve as a workable substitute for 

peat inoculants.  



170 
 

4. This experiment studied the effectiveness of biochar-based carrier material with 

the addition of biopolymers, organic materials (mulch hay), and Ca-based material 

(e.g., eggshell) in different combinations. Results have shown that all carrier 

materials were effective for the CB1809 population. BC-XPEM (Biochar+ 

xanthan gum + polyacrylamide + eggshells + mulch hay) showed the highest 

rhizobial shelf life for each interval for up to 120 days of storage, compared with 

other inoculants and control. BC-XPEM inoculants significantly improved plant 

growth such as shoot/root dry weight, shoot/root length, number of leaves, number 

of nodules, nitrogen fixation and drought tolerance. Therefore, the optimum 

inoculum carrier material, BC-XPEM, was identified.  

8.3 Future Recommendations 

This PhD work has provided important information about the alternative rhizobial carriers 

and few of them specially biochar-based (Biochar + xanthan gum + polyacrylamide + 

eggshells + mulch hay) could have the potential to be produced and used commercially. 

This research work has also provided valuable insights into the key physicochemical 

properties and how they are related to feedstock type and pyrolysis temperature for 

biochar preparation and its use as rhizobial inoculant. Furthermore, the role of different 

biopolymers, superabsorbent polymers and organic additives was also explored while 

formulating rhizobial carriers. However, further studies are required to have a better 

understanding to find the rhizobial carrier binding mechanism to improve rhizobial carrier 

potential of the materials. There is a particular need for further investigation in the 

following areas: 

1. Further and broader testing and screening of locally available and affordable 

materials are needed for exploring the potential application and value of a large 

number of wasted materials for sustainable agricultural production. Based on the 

collection and characterisation of biochar and biopolymer materials in this study, 
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there are some materials (especially pine wood biochar pyrolyzed at lower 

�W�H�P�S�H�U�D�W�X�U�H�� �L���H������ �������•) which may have the potential to be used as carrier 

materials in farm settings without much modification to achieve the comparable 

effect as peat.  

2. Addition of biopolymers to biochar boosted rhizobial survival rate. However, only 

few biopolymers with few combinations to biochar were tested and some 

combinations even showed less shelf-life value as compared to peat. Therefore, 

more biopolymers with more and correct combinations to biochar could be 

explored for future research. Moreover, inoculant efficacy on soybean growth was 

only tested under greenhouse pot trial. Therefore, field experiments are needed 

for the development of commercial inoculants for practical applications. 

3. The biochar-based formulation, which combines pinewood biochar, biopolymers, 

organic materials, and Ca-based material (ca. eggshell) (i.e., BC-XPEM, Biochar 

+ xanthan gum + polyacrylamide + eggshells + mulch hay), had the highest 

rhizobial survival rate and shelf life and the best impact on plant growth, nitrogen 

fixation and drought tolerance. Therefore, there is a great opportunity to further 

confirm its effectiveness in a broader greenhouse and field evaluation under 

different climate condition and soil type for developing commercially viable and 

effective biochar-based carrier formulation.
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