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ABSTRACT 

 
EFFECTS OF A N2-FIXING BIOFERTILIZER ON THE RHIZOSPHERE MICROBIOME 

AND THE INFLUENCE OF BIOCHAR ON SOIL FERTILITY AND MICROBIAL 
COMMUNITIES. 

 
Sarbjeet Niraula, PhD 

The University of Texas - Arlington, 2021 
 

Supervising Professor: Woo-Suk Chang 
 

 The rhizosphere microbiota and endosymbionts are the major contributors to 

biogeochemical cycling and significantly impact the associated host plant. Their association with 

plant roots is inevitable for plant health and development. The application of bio-inoculants that 

promote plant growth and productivity is a promising alternative to chemical fertilizers in 

agricultural fields because of their nutrient solubilization activity, and are considered 

environmentally safe. However, their impact on the soil microbiome has been least studied. The 

use of bio-inoculants may have favorable or unfavorable impacts on the native microbial 

community in the rhizosphere. Therefore, we attempt to evaluate the effects of a novel drought-

tolerant bioinoculant treatment on the rhizosphere microbial community of the Soybean plant. In 

addition, constant development and refinement of bio-inoculant are also vital to sustained 

potential. Traditionally, most studies focused on identifying differentially expressed genes to 

identify molecular markers to develop a novel bioinoculant. However, underlying molecular 

mechanisms involve much more complex interactions among genes. We performed a network-

based analysis to identify modules and hub genes in Bradyrhizobium japonicum under desiccation 

stress. This study provides further understanding of gene responses to water stress, and helps us 

develop a novel molecular marker for bio-inoculant selection and development. Along with 
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developing an efficient bio-inoculant, the persistence of the inoculant in the soil under abiotic 

stressors is another primary concern. Recently, biochar has been proposed for various agronomic 

applications, including improved plant growth and soil fertility. We studied the effects of dairy 

effluent-saturated (SBC) and unsaturated wood-derived biochar (UBC) on Bermudagrass 

(Cynodon spp.) growth, soil fertility, and microbial communities in a greenhouse. Our research 

will provide a direction to increase the efficiency of bio-inoculant by biochar, thereby helping in 

sustainable agriculture. 
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Chapter 1  

Introduction 

 Microbial communities in soil play a significant role in maintaining the dynamics of 

biogeochemical cycles, and their association with plant roots is inevitable for plant health and 

development. More specifically, the rhizosphere microbiota and endosymbionts have direct 

impacts on the nutrition of the associated host plant. These interactions are more prominent in 

leguminous plants, such as soybeans, which have largely been studied as a model plant of high 

economic and nutritional value. To meet the growing demand for agricultural crops and decrease 

the use of synthetic fertilizers, development of biofertilizers has been gaining more attention in 

recent years. However, it is necessary to evaluate the impact of biofertilizers (e.g., bio-inoculants) 

in the soil microbiome, in addition to the plant growth and crop yield. Use of bio-inoculants in the 

rhizosphere may impose a positive or negative impact on the native microbial community in the 

rhizosphere. Most studies have made conclusions about the use of biofertilizers solely based on 

the observation of aboveground biomass. This may not truly reflect the complete picture of the 

effects of biofertilizers unless the overall impact on the soil microbiome is assessed. The 

aboveground qualities are mostly dependent upon the belowground biotic and abiotic properties. 

Therefore, in our study, we attempted to evaluate the effects of biofertilizer treatment on the 

belowground microbial community. Similarly, to develop such an inoculant we strove to decipher 

underlying molecular mechanisms in response to environmental stresses such as desiccation. We 

performed a network-based analysis to identify modules and hub genes in Bradyrhizobium 

japonicum under desiccation stress. This study provides us with a further understanding of gene 
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responses to the water stress and helps us develop a novel molecular marker for bio-inoculant 

selection and development. In addition to development of an efficient bio-inoculant, the 

persistence of the inoculant in the soil under abiotic stresses is another major concern. Biochar, a 

charcoal, has been acknowledged to alleviate the limitations of sustainable agriculture. We studied 

the effects of biochar amendment with dairy wastewater on plant growth, soil physicochemical 

properties, and microbial communities. This study will pave the way to increase the efficiency of 

biochar, thereby improving plant health and soil fertility. 

Soybean rhizosphere microbiomes: 

 Rhizosphere is a narrow zone immediately surrounding the root surface of the plant. Plant 

species play a major role in shaping the structure of microbial communities in the rhizosphere. 

Soybean is one of the most valuable crops all over the world, accounting for 68% of legume crop 

production and 77% of the nitrogen fixed by them globally (Herridge et al., 2008). Its growth, 

vigor, and yield are greatly influenced by symbiotic association with the endosymbiont B. 

japonicum.  Through the symbiotic relationship, the endosymbiont fix atmospheric nitrogen to 

ammonia and act as a personalized source of nitrogen to the host. Therefore, soybean requires 

minimum or no nitrogen fertilizers to be added in the soil as compared to 34 to 120 kgha-1 required 

for corn cultivation (Jankowski et al., 2018). In general, focusing on improvement of efficiency of 

symbiotic nitrogen fixation would cause estimated annual benefit of about $1.07 billion in the U.S. 

alone (Tauer, 1989). Soybean is widely cultivated in many states of the U.S. for food, biodiesel, 

and oil, which accounts for 90% of the oil seed production (Herridge et al., 2008). In 2017, crop 

value production of soybean was estimated to be $41 billion, second largest figure after corn in 

the U.S. (USDA, 2009).  
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 Rhizosphere is a very complex and important microenvironment. The interactions of plants 

and microorganisms within the rhizosphere greatly affect the biogeochemical cycling of carbon, 

nitrogen, and phosphorus in the ecosystem (Xu et al., 2008). Exudates from plant roots, including 

carbohydrates, amino acids, organic acids, and flavonoids, are the major driving forces in the 

regulation of microbial diversity and activity in the rhizosphere (Philippot et al., 2013). The 

composition of rhizosphere microbial communities represents a subset of the populations present 

in bulk soil. Selection based on plant exudates causes differences in relative abundance of various 

microbial populations ranging from positively to negatively affecting plant growth. Key microbial 

communities exerting beneficial effects on plants include plant growth-promoting rhizobacteria 

(PGPR), symbiotic nitrogen-fixing bacteria, and arbuscular mycorrhizal (AM) fungi. PGPR can 

affect beneficial plant root-microbe interactions by modulating the availability of nutrients, 

inhibiting phytopathogens, and/or producing and releasing secondary metabolites. The most 

commonly found bacterial phyla in the soybean rhizosphere are Proteobacteria, Actinobacteria, 

Bacteroidetes, Nitrospirae, Frimicutes, Verrucomicrobia and Acidobacteria (Xu et al., 2008). 

Among them, proteobacteria are the most abundant, especially alpha-proteobacteria, which include 

rhizobia. Rhizobia belong to family Rhizobiaceae including several genera such as Rhizobium, 

Azorhizobium, Allorhizobium, Sinorhizobium, Mesorhizobium, and Bradyrhizobium (Castro-

Sowinski et al., 2007). These bacteria establish a symbiotic association with their specific 

leguminous host plant, where Bradyrhizobium is the endosymbiont of soybean.  

 Over the past few decades, the advancement in next generation sequencing (NGS) 

technologies along with the ever-optimizing computational analysis tools has greatly enhanced the 

ability to articulate an enormous amount of microbial diversity as well as their functional potential. 

This has enabled us to study the vast majority of unculturable microbes in the environment. Several 
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molecular markers (J. Liang et al., 2014) including 16S rRNA genes have been used to study the 

phylogeny and diversity of microbial community from the environment which provides a low-cost 

alternative to the whole metagenome sequencing. The 16S rRNA gene contains highly conserved 

regions alternating with the hypervariable regions that have more than 1,000 times substitution 

rates than the former to identify heterogeneity (Peer et al., 1996). These conserved regions 

facilitate efficient priming sites for primer design, whereas hypervariable regions act as a 

molecular clock (Woese, 1987a). Additionally, conserved regions separate bacteria into different 

clades, while hypervariable regions provide a trustworthy estimation of evolutionary relationships 

and taxonomic information. These properties allow us to consider the 16S rRNA gene as an ideal 

molecular marker to study bacterial communities from different environments, including soil 

(Philippot et al., 2013), water, air, human gut, volcanic vents, deep ocean, and glaciers. 

 Although a few studies attempted to use full length of 16S rRNA gene sequences (Rosselli 

et al., 2016), it is still not widespread in use. Due to limitations in sequencing read length, partial 

sequences of rRNA genes have been largely used to decipher bacterial community up to the 

taxonomic depth of the species level. Nine hypervariable regions, independently or in combination, 

show their own strength and weaknesses. Some hypervariable regions (e.g., V2 and V8) possess 

low phylogenetic resolution at the phylum level in comparison to others (Yang et al., 2016). 

Therefore, the selection of partial sequence is contingent upon the community environment, host 

type, and research questions. In this study, we used the V3-V4 region, which allows for 

amplification of a broad spectrum of bacterial taxa with sufficient variability (García-López et al., 

2020) along with reduced amplification of specific mitochondrial and chloroplast genes from host 

plants.  
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Biological nitrogen fixation: 

 Biological nitrogen fixation (BNF) contributes around half of annual nitrogen inputs into 

the biosphere. It is an important source of nitrogen in agriculture as well as natural ecosystems. 

BNF is carried out by a specialized group of prokaryotes, either in a free-living state or as an 

endosymbiont. Particularly, the latter case is called symbiotic nitrogen fixation (SNF). 

 SNF is a mutualistic relationship in which plants provide a niche and carbon source to 

bacteria in exchange for fixed atmospheric nitrogen such as ammonia. It involves a series of host-

microbe interactions triggered by complex chemical compounds and structural modification. Root 

exudates such as flavonoids and iso-flavonoids from legume plants are recognized by a host 

specific endosymbiont, initiating the secretion of lipochitooligosaccharide known as nodulation 

(Nod) factors (Long, 1996). Nod factors induce the tight curling of root hairs, and thereby the 

colonized bacterial cells are entrapped within the curl (Fisher & Long, 1992). These bacteria 

invade the root hairs and migrate through an infection thread, a cellulosic tube formed by the 

extension of cellulosic plant cell wall, towards the root cortex. These cortical cells proliferate to 

form a swollen structure on roots, called a root nodule. Within the nodule, rhizobia divide rapidly 

and differentiate into swollen, misshapen, and branched cells, called bacteroids, which convert 

atmospheric di-nitrogen into ammonia. Bacteroids get surrounded by portion of the plant cell 

membrane, forming a sac-like structure known as symbiosomes (Fischer, 1994). 

 After formation of bacteroids, nitrogen fixation is triggered by nif and fix genes inside the 

oxygen depleted environment. These organisms reduce atmospheric nitrogen into ammonia with 

the help of nitrogenase, a complex enzyme that has two components, a heterotetrameric core (Mo-

Fe protein) encoded by nifD and nifK, and a dinitrogenase reductase subunit (Fe protein) encoded 
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by nifH (Fischer, 1994; Rong Li et al., 2020). Regulation of nifHDK genes is governed by the 

transcriptional activator NifA (Fischer, 1994), which in turn controlled by the RegS/RegR two-

component system and NifA self (H. Li et al., 2010). In addition to the nitrogenase complex, fix 

genes are also required for microaerobic respiration and heme biosynthesis within the nodule 

(Mesa et al., 2008). Finally, large proportion of fixed ammonia is absorbed in the plant cytosol and 

assimilated via glutamine synthetase/glutamate synthase to glutamic acids and other nitrogenous 

compounds, while small portion is assimilated by bacteroids via glutamate dehydrogenase 

(Ohyama & Kumazawa, 1980). 

Biofertilizers in the agricultural fields: 

 Nitrogen, phosphorus, and potassium are the three main fertilizers used in agriculture and 

their demand in the world is constantly increasing over the past decades (FAO, 2019). Excess use 

of these chemical fertilizers can pollute air, ground water, and surface water by volatilization, 

leaching, and runoff, respectively. Growing public health issues involved in environmental hazards 

due to the increasing use and production of synthetic chemical fertilizers (USEPA, 1999; Von 

Blottnitz et al., 2006) necessitates the implementation of alternative fertilization in agriculture. 

Biofertilizers are a promising low-cost, environmentally friendly alternative to chemical fertilizers. 

These can benefit plant growth and crop yield via nitrogen fixation, phosphorus and potassium 

solubilization, inhibition of plant pathogens, and abiotic stress tolerance.  

 Specifically, in leguminous crops N-fixing biofertilizers have shown a great potential to 

lessen the increasing demand of chemical nitrogen fertilizers, thereby making nitrogen available 

to plants naturally. In 2015, nitrogen alone accounted for about 59% to the total fertilizer use in 

the U.S. (https://www.epa.gov/report-environment). B. japonicum is a known endosymbiont of 
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soybean plant that provides personalized source of nitrogen. Similarly, there are many other 

endosymbionts that fix atmospheric nitrogen for their specific host plants such as Rhizobium, 

Sinorhizobium, Mesorhizobium, and Azorhizobium (Bhattacharyya & Jha, 2012). Apart from 

these, diazotrophic bacteria such as Azospirillum, Burkholderia, Clostridium, and Azotobacter fix 

atmospheric nitrogen in the free-living state (Dal Cortivo et al., 2020; Trabelsi & Mhamdi, 2013). 

Azospirillum has been most successfully used in many parts of the world for several years now 

(Okon & Labandera-Gonzalez, 1994). 

 Several PGPRs are known to perform phosphate and potassium solubilization. Bacterial 

genera, such as Achromobacter, Aerobacter, Agrobacterium, Bacillus, Burkholderia, Erwinia, 

Flavobacterium, Micrococcus, Pseudomonas and Rhizobium, are capable of solubilizing insoluble 

inorganic phosphate compounds (Rodríguez & Fraga, 1999).  

 Transgenic plants have been developed to withstand abiotic and biotic stresses. However, 

development cost and regulations on genetically modified organism (GMO) make it an expensive 

choice in comparison to the bio-inoculant treatment. Rhizobial inoculants have been successfully 

used to increase the soybean yield in many parts of the world (Halwani et al., 2021) and protect 

plants form environmental stresses (Table 1-1).  In a study of Egamberdieva and colleagues, B. 

japonicum as an inoculant has shown a synergistic effect with Stenotrophomonas rhizophila in 

nodulation and growth of soybean under salt stress (Egamberdieva, Jabborova, et al., 2016). In 

addition to legume plants, Achromobacter piechaudii ARV8 has been found to induce transient 

water stress tolerance in both tomato and pepper plants (Mayak et al., 2004). Rhizobacteria have 

also been found to alleviate plant drought stress. For example, Paenibacillus polymyxa B2 induced 

drought tolerance of Arabidopsis thaliana (Timmusk & Wagner, 1999). Similarly, maize plants 
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under drought stress performed well after inoculation with Pseudomonas spp. (Sandhya et al., 

2010). Review of Trabelsi and Mhamdi has also summarized the impact of inoculants on soil 

microbial community, providing an overview of the importance and complexity of the interaction 

(Trabelsi and Mhamdi, 2013). 

Table 1-1 Lists of commonly used biofertilizers in agricultural fields 

Biofertilizer  Application 

method 

Attributes References 

Achromobacter piechaudii 

ARV8 

Seedling treated with 

bacterial suspension 

Reduced transient water stress in 

tomato & pepper 

(Mayak et al., 2004) 

Bacillus megaterium Seed inoculation Increased yield in Wheat (Dal Cortivo et al., 2020) 

Bradyrhizobium japonicum 

BDYD1 + Stenotrophomonas 

rhizophila ep-17 

Seedling inoculation in 

mixture 

Increased Soybean growth & 

nutrient uptake under salt stress 

(Egamberdieva, Jabborova, 

et al., 2016) 

Paenibacillus polymyxa B2 Soil inoculation Enhanced drought tolerance of 

Arabidopsis thaliana 

(Timmusk & Wagner, 1999) 

Bradyrhizobium japonicum 

532 C, USDA 30, USDA 31 

Seed inoculation Cold tolerant inoculant used in 

soybean field 

(H. Zhang et al., 2003) 

Azospirillum brasilensie 

Azospirillum lipoferum 

Field inoculation Enhance overall plant growth, 

yield. 

(Okon & Labandera-

Gonzalez, 1994) 

Pseudomonas spp. Seed Inoculation Enhance tomato growth & yield 

Increased growth, osmoregulation 

and antioxidant status of maize 

under drought 

(Hernández-Montiel et al., 

2017) 

(Sandhya et al., 2010) 
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Apart from nutrient enrichment activities, biofertilizers selectively enhance population of other 

PGPR and reduce the proportions of plant pathogens (Bhattacharyya & Jha, 2012). In fact, the 

initial composition of soil microbiomes (especially the presence of pathogen-suppressing 

Pseudomonas and Bacillus) could determine the fate of plant pathogenic disease (Wei et al., 2019).  

Some studies report shifts in overall microbial population, whereas in most of the studies bio-

inoculant did not show differences in rhizosphere microbiomes (Dal Cortivo et al., 2020; Lottmann 

et al., 2000). In a study of Schwieger and Tebbe, inoculation of alfalfa plants with Sinorhizobium 

meliloti L33 strain selectively decreased the abundance of g-proteobacteria and increased the 

abundance of a-proteobacteria in the rhizosphere soil (Schwieger & Tebbe, 2000). Similarly, 

actinomycetes strains such as Streptomyces spp., Micromonospora spp., Thermobifida spp. are 

known to confer protection against root pathogenic fungi (Bhattacharyya & Jha, 2012). 

Streptomyces spp. showed antagonism against Pectobacterium carotovorum that causes a soft rot 

disease in tomato (Dias et al., 2017). Some of the mechanisms by which PGPR fight 

phytopathogens include production of iron-chelating siderophores, antibiotics, and hydrogen 

cyanides (Bhattacharyya & Jha, 2012). Despite the beneficial potential of biofertilizers, their 

efficiency and persistence in the field is challenging due to differences in regional agricultural 

practices and environmental stress. Thus, an alternative strategy for sustainability could be the use 

of biochar as soil amendment in agricultural fields.  

Biochar as a soil conditioner: 

 Biochar, also known as black carbon, is a charcoal used for soil conditioning. It is an 

organic material produced by the pyrolysis of biomass under limited oxygen concentrations or in 

the absence of oxygen (Lehmann, 2007). During the pyrolysis, biochar sequesters atmospheric 
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CO2 into aromatic organic carbon that remains stable for prolonged time (Glaser, 2007). Although 

biochar basically contains crystalline sheet of graphene and amorphous aromatic compounds, its 

structural and functional properties vary largely due to feedstock materials used, and pyrolysis 

temperature and duration (Buss et al., 2018; Lehmann, 2007; Semida et al., 2019). Pyrolysis 

temperature generally ranges from 200-800ºC. Feedstock materials include plant soft tissues (e.g., 

straw, leaves), wood, and organic wastes (e.g., sludge or manure). 

 The use of biochar to increase soil fertility in agriculture is dated back to 2,000 years ago 

from terra preta soil in the Amazon basin a.k.a. ‘Amazonian dark earth’ (N. J. H. Smith, 1980). 

Terra preta soil is extremely rich in soil organic matter and the nutrient properties have been 

preserved for centuries, thereby adding value to its agricultural use (Glaser, 2007). Currently, 

biochar is gaining enormous attention as a means for enhancing soil fertility, aiding sustainable 

agricultural production, alleviating adverse abiotic stresses, and improving soil biotic components. 

Positive impacts on plant productivity and nutrient cycling in multiple ecosystems (Biederman & 

Stanley Harpole, 2013) show its potential to keep the balance between food demand with 

increasing global population and sufficient food supply with enhancing crop yield. In addition to 

its synergistic effect with other agricultural practices, biochar gives added benefits by modifying 

bulk density in barren sandy soil (Głąb et al., 2016). Based on a number of studies, biochar has 

shown a great potential to be an environmentally friendly organic substitute in the field for long 

term benefit of agricultural productivity (Ding et al., 2017; A. Zhang et al., 2012). Adsorption of 

nutrient and minerals and relatively slower surface oxidation of biochar particles (B. Liang et al., 

2006) ensure long term availability of nutrients and labile carbon to the plants (Hagemann et al., 

2017). Biochar application could serve as an effective alternative to increase soybean yield by 

alleviating drought and salinity stresses (Y. Zhang et al., 2020).  
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Effects of biochar on soil physicochemical properties: 

 Changes in soil physicochemical properties due to a soil amendment with biochar have 

been widely studied. Biochar application has shown to increase porosity (Batista et al., 2018), bulk 

density (Głąb et al., 2016), pH (Buss et al., 2018), electrical conductivity (EC), cation exchange 

capacity (CEC) (B. Liang et al., 2006), and other micro/macro nutrients (Lehmann et al., 2003). 

Carbon and nitrogen can be accumulated by CO2 sequestration or photosynthesis and BNF, 

respectively (Glaser, 2007). Niraula and colleagues found an increase in the ratio of nitrogen and 

phosphorus in the wood biochar amended soil in comparison to the control soil in a greenhouse 

experiment (Niraula et al., 2021). Retained nutrients in biochar have shown slow leaching rates in 

the Ferralsol, an upland soil  of the Amazon basin (Lehmann et al., 2003). Such changes in soil 

properties have been largely found to enhance soil fertility and increase crop productivity. In 

addition, biochar sequesters nutrients, and thereby decreases their leaching rate.  Biochar also 

increases aeration and soil water holding capacity due to high total porosity. It could retain more 

water in small pores to make it available for plants and microorganisms. Biochar has shown to 

increase bioavailable water capacity by more than 22% (Głąb et al., 2016; Peake et al., 2014).  

Effects of biochar on microbial community: 

 In addition to the soil physicochemical properties, biochar influences soil biological 

properties to a greater extent. However, the effect of biochar on microbial community has received 

less attention. Several studies suggest that biochar application changes microbial abundance and 

alters the microbial composition (Jenkins et al., 2017; Palansooriya et al., 2019). Effects associated 

with changes in physical properties are less prominent than those triggered by chemical changes. 
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There are several mechanisms by which biochar can affect the microbial population. Included are 

porous structure and high surface area that provides a better habitat for the microbiota (Batista et 

al., 2018), a wide range of niches, increased pH, enhanced nutrient availability (Liao et al., 2019), 

increased water retention rate, adsorption of harmful chemicals, and surface areas for biofilm 

formation (Hill et al., 2019). Kim et al. observed a 25% increase in bacterial species richness in 

terra preta Anthrosols compared to pristine forest soil (Kim et al., 2007). An increase in abundance 

of N-fixing bacteria was observed in wood biochar amended bulk soil (Niraula et al., 2021). 

Biochar amendment also increased the abundance of N-fixing bacteria in the rhizosphere soil as 

well as abundance of other bacteria (e.g., Firmicutes and Bacteroidetes) that assimilate plant-

derived carbon (Liao et al., 2019). In addition, there was a change in the rhizosphere bacterial 

community and diversity in response to biochar treatment. Similarly, biofilm formation by 

Escherichia coli on biochar surface and higher final cell densities suggest that biochar can 

potentially enhance the metabolic potential of microbes and protect them from stressful 

environmental conditions (Hill et al., 2019). Although biochar has significant impacts on microbial 

communities, the spatial and temporal variations because of natural phenomena remain prominent 

(Jenkins et al., 2017). 

Network analysis in microbial diversity and gene expression: 

 Network analysis has been used in many fields including social sciences, psychology, 

microbial ecology (De Menezes et al., 2015), and gene interactions (Hu et al., 2018). Here, I have 

used the network-based analysis to explore the link between taxon in the soybean rhizosphere and 

the gene transcripts of its endosymbiont. The network properties are highly reproducible in various 

fields and can be used to extract subject-related information. Topological features of many 
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networks can be used to describe and compare a network to answer ecological questions that can 

merely be possible by general alpha and beta diversity analyses. Complex networks can be divided 

or clustered into densely connected sub-networks, called modules, which have strong connections 

among the nodes. Several topological measures can be used to describe the role of network 

members and their interactions such as degree, network betweenness, betweenness centrality, and 

clustering coefficient. Likewise, density, modularity, and global clustering coefficient are other 

parameters to define the whole network. These network topologies have been summarized in Table 

1-2. 

Table 1-2 Summary of network topological units.  

Network Topology Descriptions 

Degree Number of connections (edges) of a node (vertex) 

Modularity Measure of separability of densely connected sub networks. 

Density Complexity of a network 

Clustering coefficient Clustering coefficient of a node is a ratio of observed number of links 

between node’s neighbors to number of all possible links between 

node’s neighbors. 

Betweenness 

centrality 

The number of times a node (i.e., an item in the network) acts as a 

connector along the shortest path between two other nodes 

Average path length Average of the shortest paths between each pair of vertices. 

Hub nodes Nodes with large number of connections within a network or a module 
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Microbial co-occurrence network: 

Alpha/beta diversity estimation and taxonomic abundances is a great way to access the response 

of microbial communities to the environmental factors. These methods, however, may not provide 

the information about their direct interaction and their role in ecological processes. Microbial co-

occurrence network can lead us one step further to deciphering their interactions in intricate details. 

In addition, the next generation sequencing technology helps to directly identify microbial species 

in a greater detail. Thus, obtained presence-absence or abundance data can be used to construct 

networks to predict ecological relationships between microorganisms, change in their interaction 

pattern in response to environmental perturbation and their contributions in ecosystem processes. 

There are several dedicated tools to perform microbial co-occurrence network analysis such as 

MINAP, igraph, SparCC, CoNet, and SPIEC-EASI (Röttjers & Faust, 2018). The most used 

similarity-based network inference method uses correlation-based measures where the positive 

correlation indicates co-presence and negative correlation indicates mutual exclusion pattern of 

two species. In the network, a vertex represents an ASV/OTU/taxa, and the edge represents the 

strength of connection between two vertices. Although empirically the association is 

straightforward, the interpretation can be challenging since a single association may represent 

multiple ecological relationships. For example, co-presence can represent niche overlap, cross-

feeding, co-aggregation in biofilms or co-colonization, whereas negative association can be due to 

amensalism, prey-predator relationship or competition (Faust & Raes, 2012). 

 Network topological features can be used to make meaningful biological interpretation of 

microbial interaction. For example, module clusters within a network may represent groups of 
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microbial species sharing same ecological niches (De Menezes et al., 2015). A node with high 

degree within a module represents an intramodular hub species that plays a central role in 

ecological functioning (Mendes et al., 2014). 

Gene co-expression network: 

 

Figure 1-1 An example of a gene co-expression network. 

 Like the microbial co-occurrence network, gene co-expression network is constructed 

using the expression value of individual genes obtained from microarray or RNA-seq experiments 

(Figure 1-1). Here, I refer to nodes as genes or transcripts and connections between them as their 

expression pattern under certain condition. Based on the type of connection, these networks can 

be broadly classified as weighted and un-weighted network. In a weighted network, a connection 

represents the strength of correlation or adjacency, whereas in an un-weighted network 

connections solely represent presence or absence of co-expression at a given correlation threshold. 

Gene co-expression networks have been used in disease prediction (van Dam et al., 2018), 

functional gene annotation, pathway identification, marker gene identification (Hu et al., 2018), 

and functional association of modules with disease (Bakhtiarizadeh et al., 2018). Highly co-
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Bradyrhizobium japonicum, a N2-fixing endosymbiont of soybeans, has a positive
impact on sustainable agriculture by reducing the use of chemical nitrogen
fertilizers. In order to establish a symbiotic association with soybeans, it has to
sustain environmental stresses and retain its functional traits such as nodulation and
biological nitrogen fixation. Desiccation is one of the most prevalent limiting
abiotic factors that affect these traits. Therefore, identifying key genes and relevant
mechanisms involved in desiccation stress responses is important to develop a better
N2-fixing bioinoculant. Traditionally, most studies have focused on the
identification of differentially expressed genes; however, underlying molecular
mechanisms involve much more complex interactions among genes. Here, we
performed a weighted gene co-expression network analysis (WGCNA) to identify
the modular structure of genes in response to desiccation stress. A strong correlation
was shown in modules with desiccation duration, fatty acid biosynthesis,
chaperones, structural molecule activity, and cytoplasm. In addition, identified
modules were largely preserved in a network of combined microarray data from
various experiments. This network analysis provides an evidence of gene modules
whose co-expression changes as a function of time under desiccation stress.
Furthermore, hub genes within each module will serve as potential candidate genes
for experimental verification.

• Validation of hub gene expression using qRT-PCR.
• Construction of mutants to identify the function of genes under desiccation.

• We identified co-expressed genes of B. japonicum that respond to desiccation 
stress as highly connected modules.

• Identified modular genes share a common biological functions and their 
connectivity pattern is mostly preserved irrespective of experimental condition .

• Several hub genes such as blr0574, bll4207 & blr6648 were identified to play a 
key role in desiccation stress as a function of time.

Cytryn EJ, Sangurdekar DP, Streeter JG, Frank WL, Chang WS, Stacey G,
Emerich DW, Joshi T, Xu D, Sadowsky MJ. 2007. Transcriptional and
physiological responses of Bradyrhizobium japonicum to desiccation-induced
stress. J. Bacteriol. 189(19):6751-6762

Weighted Gene Co-Expression Network Analysis (WGCNA) of N-fixing Bradyrhizobium
japonicum under Desiccation Stress

Sarbjeet Niraula1*, Yoo Kyung Lee2, and Woo-Suk Chang1
Department of Biology, The University of Texas at Arlington, TX1 ; Korea Polar Research Institute, Incheon, Republic of Korea2

Gene co-expression network analysis has been used to associate genes of unknown
function with biological processes. Here, we performed WGCNA analysis of B.
japonicum using publicly available Microarray dataset under desiccation stress
(Cytryn et al. 2007) and compared with 137 random Microarrays.

Materials and Methods

Results

Figure 7. Highly connected genes in darkred modules: Bigger size of the node and gene id
represents high module membership & gene significance respectively. Thickness of the node
border represents intramodular connectivity and thickness of the edge represents more
topological overlap between genes connected by the edge. Purple colored nodes are hub genes.

Figure 4. Module vs Desiccation duration correlation (left) and Functional enrichment of
positively correlated modules: Modules eigengenes were Spearman correlated with Desiccation
time. Functional enrichment was done using DAVID and all enrichment terms have p-value <0.05.
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Figure 5. Relationship between module membership and gene significance of genes within
most significant modules: MM and GS are highly positively correlated indicating characteristic of
typical biological network module.
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Module preservation analysis:

Weighted Gene Co-Expression Network Analysis (WGCNA) of N-fixing 
Bradyrhizobium japonicum under Desiccation Stress
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Figure 2. Sample preprocessing, soft threshold selection and scale free topology check: 
Microarray data was analyzed using ‘limma’ package and network was constructed using 
‘WGCNA’ package in R.

Figure 6. Comparison of module connectivity pattern of desiccation network modules in
random B. japonicum network: Median rank represents relative preservation among
modules and Zsummary represents empirical values for moderate (2<Zsummary<10) to highly
preserved (Zsummary>10) modules.
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Network construction and identification of modules:

Figure 3. Gene co-expression module identification in B. japonicum: Modules were identified
based on topological overlap between genes. Highly correlated (R2>0.75) modules were merged
followed by k-means clustering resulting into 16 modules.

Figure 1. Example of a co-expression network analysis: Highly co-expressed genes, identified 
by correlations/topological overlap, are clustered into modules that may represent certain 
biological function or regulatory pathway.
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expressed genes, identified by correlations/topological overlap, are clustered into modules that 

may represent certain biological functions or regulatory pathways (van Dam et al., 2018).  
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Chapter 2  

Dairy Effluent-Saturated Biochar Alters Microbial Communities 
and Enhances Bermudagrass Growth and Soil Fertility 

Sarbjeet Niraula 1, Yong-Keun Choi 2, Kristen Payne 3, James P. Muir 4,5, Eunsung Kan 4,5,* and Woo-Suk 

Chang 1 

 Recently, biochar has been proposed for various agronomic applications including 

improved plant growth and soil fertility. In this study, the effects of dairy effluent-saturated (SBC) 

and unsaturated wood-derived biochar (UBC) on Bermudagrass (Cynodon spp.) growth, soil 

fertility and microbial communities were investigated in a greenhouse pot study. SBC and UBC 

were mixed with sandy loam soil at various loading rates (0, 1, 2, 4, and 8%) to grow Bermudagrass 

for 10 weeks. Soil physicochemical properties and plant growth measurements were taken, 

followed by 16S rRNA (V3-V4) amplicon sequencing of soil bacterial communities. Amendment 

of SBC to soil altered the soil physicochemical properties and increased the concentrations of N 

and P in the soil at 2 to 8% loading rates compared to UBC treated soil. The addition of SBC to 

soil also increased the overall plant biomass compared to UBC with more effects on aboveground 

biomass. Differential abundance analysis of taxa showed enrichment of Proteobacteria in UBC-

amended soil, whereas Firmicutes and Nitrospirae were abundant in SBC-amended soil. 

Interestingly, enrichment of photosynthetic and N-fixing bacteria was observed in both SBC and 

UBC-amended soils after 10 weeks of treatments. However, oxidative phosphorylation and biotin 

metabolisms were found to be more abundant in SBC-amended soil compared to UBC-amended 

soil. Overall, our study suggested that amendment of SBC to soil resulted in enhanced soil 
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nutrients, microbial capacity and Bermudagrass growth than that of UBC. Therefore, application 

of SBC to soil in field trials would be merited to identify sustainable and effective practices for 

enhancing plant growth, soil fertility and soil bacterial community. 

Introduction: 

Biochar (BC) is a porous carbon material produced by thermal conversion (i.e., pyrolysis) of 

organic matter under limited oxygen concentration (Lehmann, 2007). It exhibits a wide range of 

physicochemical properties based on feedstock (Batista et al., 2018), pyrolysis conditions 

(Steinbeiss et al., 2009), and nutrient saturation onto BC (Kizito et al., 2019). It also shows high 

potential in sustainable agriculture for mitigating greenhouse gas (GHG) emission (Lehmann, 

2007; A. Zhang et al., 2012). However, outcomes of BC application in agricultural fields are 

greatly influenced by soil types, BC-soil mixture ratios, and climatic conditions (Jeffery et al., 

2011; Kizito et al., 2019). Thus, a substantial knowledge gap exists for optimizing the use of BC 

in agriculture.  

Use of charred biomass in agriculture dates back several thousand years as evidenced by the studies 

of “Terra Preta” soil in the Amazon basin (Glaser, 2007). Observation of the fertile nature of such 

soil vis-à-vis surrounding soils led to production and use of biochar in modern agriculture. BC, as 

a soil amendment, increases fertility of soil (Ding et al., 2016) thereby enhancing crop yield and 

plant biomass (Jeffery et al., 2011). It increases cation exchange capacity (CEC) (B. Liang et al., 

2006) and availability of organic carbon, and microbial activity (Domene et al., 2014) while 

providing buffering capacity to maintain appropriate pH (Buss et al., 2018; Pandit et al., 2018). As 

much as a 10-fold increase in crop productivity has been observed in biochar-amended fields 

(Jeffery et al., 2011). Sequestered C in BC remains in the soil for prolonged periods, acting as a C 
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sink (Glaser, 2007). BC produced by slow pyrolysis under medium temperature (300 to 600 °C) 

sequesters more C than that under relative higher temperature (600 to 900 °C) (Ding et al., 2017). 

In addition to CO2, it also reduces emission of other harmful GHG including CH4, and N2O as 

opposed to traditional manure application (A. Zhang et al., 2012). The environmentally friendly 

nature of BC gives added benefits to its widespread use in agriculture.  

With increased porosity and water retention capacity, BC exhibit heterogenous ionic properties 

that determine its ability to retain nutrients from soil, added manure or fertilizer by adsorption 

(Mukherjee et al., 2011). Organic coating on the manure-amended biochar or soil aged biochar 

provides labile nutrients rather than biochar surface oxidation (Hagemann et al., 2017). Therefore, 

amendment of biochar with nutrient compounds before application in the field could achieve 

optimum short-term benefits from low application rates. Most studies suggest that biochar 

application rates of more than 10 Mg ha-1 enhance crop yields under field condition (Kizito et al., 

2019; Pandit et al., 2018), which might not be economically feasible from a farm perspective. 

Biochar increases crop yield performance only in the second and third year after application, 

suggesting soil delayed acclimatization under field conditions (Pandit et al., 2018; A. Zhang et al., 

2012). 

BC can adsorb N, P, K, and organic matter from anaerobic digestates, livestock wastewater and 

landfill leachates (Hale et al., 2013; Kizito et al., 2019; Y. Yao et al., 2012) and prevents leaching 

of nutrients through soil profiles (Y. Yao et al., 2012). Yao and co-workers (Y. Yao et al., 2012) 

observed that peanut hull BC pyrolyzed at 600 °C reduced the total amount of NO3−, NH4+, and 

PO43− in leachates by 34, 34.7, and 20.6%, respectively, from sandy soil. BC is more stable than 

most soil organic matter, therefore, nutrients from dairy effluents become available to plants over 



 31 

longer periods. Meta-analysis shows greater crop yield potential of BC, especially in low nutrient, 

acidic soils in high-rainfall tropical regions (Jeffery et al., 2017). Dairies in Texas are mostly 

concentrated in regions with sandy loam soil, low in organic matter and prone to drought. Several 

BC types, including those derived from hardwood, increase water holding capacity of sandy loam 

soil with low organic matter (Basso et al., 2013; Batista et al., 2018). Therefore, in our study, we 

saturated BC with dairy effluents that could be a promising alternative to improving sandy soil 

nutrient and water holding efficiency in terms of application rate, availability of nutrients, and 

waste management. 

Soil microbiomes play a crucial role in agricultural fields by regulating dynamics of 

biogeochemical cycle. The complexity of microbial communities in soil is largely governed by 

soil physicochemical properties. pH fluctuations (Domene et al., 2014), water retention capacity 

(Batista et al., 2018), C-N ratio, and surface area for biological activities are key factors governing 

changes in the biological properties of the soil (Lehmann et al., 2011). Labile organic carbon and 

other nutrients leaching from BC serve as substrates for soil organic matter degradation to support 

microbial growth for an extended period (J. L. Smith et al., 2010). Therefore, BC has been used as 

a soil conditioner in soil with low organic matter and nutrients (Kizito et al., 2019). However, the 

availability of those substrates is dependent upon BC mineralization degree and rate by abiotic and 

biotic means (Lehmann et al., 2011). On the other hand, BC-mediated changes in soil microbiota 

can also be dependent upon the amount of BC applied. Yao and co-workers (Q. Yao et al., 2017) 

observed a change in the type of microbes in soil in response to the BC-soil mixture ratio. 

Therefore, further study of biotic factors is imperative to better understand the mode of action by 

which BC improves overall soil health. 
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BC-induced changes in soil biological properties can be assessed by evaluating soil microbial 

community structure and their functional potentials. Increased soil fertility following BC 

application is attributed to an increase in microbial biomass and diversity in addition to the 

availability of nutrients (Domene et al., 2014; Sun et al., 2013). BC amendment has a synergistic 

effect in the rhizosphere by enhancing colonization of rhizobia that assimilate plant-derived carbon 

(Liao et al., 2019). Variations in the type of microorganisms being colonized are greatly influenced 

by the BC property associated with the type of organic matter being pyrolyzed (Steinbeiss et al., 

2009). Such properties leave the mechanisms by which BC affects microbiome composition and 

abundance relatively underexplored.  

Although studies have determined effects of BC on plant growth, soil fertility, and microbial 

communities, few examined the effects of dairy effluent nutrient-saturated BC on plant growth, 

soil fertility, and microbial communities compared with pristine BC (without any nutrient loading). 

In our study, our objective was to compare the effect of unsaturated (raw) wood-derived BC (UBC) 

and dairy effluent nutrient-saturated wood-derived BC (SBC) on the growth of Bermudagrass 

(Cynodon spp.), soil fertility, and microbial communities in the rhizosphere and bulk soil. We used 

Bermudagrass (Cynodon spp.) to evaluate the effects of BC on plant growth because it is a widely 

cultivated pantropical grass used around dairies in north Texas as a forage. The 16S rRNA 

amplicon sequencing was performed to assess the taxonomy, alpha-beta diversity and functional 

potential of soil bacterial community. The statistical correlations among plant growth, soil fertility 

and microbial community for the application of BC on Bermudagrass were investigated. 
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Materials and Methods: 

Soil and BC Preparation: 

Sandy loam soil collected from the top 20 cm of Windthorst fine sandy loams, (fine, mixed, 

thermic, Udic Paleustaf) was used in our pot experiment (Muir et al., 2017; United States 

Department of Agriculture Soil Conservation Service, 1973). Sandy loam soils are prevalent in 

North Texas where dairy concentrated animal feeding operations exist; however, it possesses low 

nutrients, and low water holding capacity vis-à-vis what forage crops grown for those dairies 

require. We used BC (produced from pine chip) purchased from Confluence Energy (Kremmling, 

CO, USA). This was ground and sieved (< 100 µm) for greater effective soil properties. We 

saturated BC with the nutrients in dairy effluent taken from the 2nd lagoon of Southwest Regional 

Dairy Center at Tarleton State University (Stephenville, TX, USA). To saturate the nutrients 

(mostly N and P) onto BC, 1 L of the dairy effluent was stirred at 150 rpm with 100 g of BC for 3 

days. The dairy effluent nutrient-saturated BC (SBC) was centrifuged at 3500 rpm for 10 min and 

dried at 60oC for 12 h prior to incorporating into pot soil. The pristine BC (UBC), without any 

nutrient loading from dairy effluent, was incorporated directly after sieving. 

Greenhouse procedures: 

In a greenhouse located at Texas A&M AgriLife Research Center, Texas A&M University 

(Stephenville, TX, USA), SBC or UBC was added to sandy loam soil at 0, 1, 2, 4, and 8% of soil 

on a dry weight basis and mixed in 1.2-L pots by hand. A total of 1193 g of soil mixture in each 

pot contained 11.93, 23.86, 47.72, and 95.44 g of BC to make 1, 2, 4, and 8% BC, respectively 
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(Figure S 2-1). Soil in pots with SBC and UBC at 2% and 4% BC rates were compared to no-plant 

samples and measurements were taken at initial and final time points. 

Because Bermudagrass propagates vegetatively, it was pre-cultured before the experiment, 

and a 15 cm sprig was transplanted into each pot. Pots were watered using 100 mL of reverse 

osmosis water every 3 days. The pot experiment was conducted in the greenhouse for 70 days with 

controlled temperature (28 °C) and relative humidity (<40% RH). All treatment combinations were 

applied in triplicate pots constituting three blocks which consisted of tables within the greenhouse. 

Bermudagrass growth measurement: 

The number of leaves per plant was recorded at 1-week intervals during the pot experiments 

(70 days to observe the effects of BC on the plant growth). Plant growth was measured in the 

afternoon (1600 to 1800 h).  

Soil and Bermudagrass analyses: 

On Days 0 and 70, the soil in each pot was sampled for element composition analyses. The 

elemental composition of the soils with various ratios of BC addition (0–8%) was determined by 

an inductively coupled plasma emission spectroscopy (Spectro Radial Modula ICP, Spectro 

analytical Instruments). On Day 70, Bermudagrass was cut at the base and separated from washed 

roots. After harvesting the plants, stems and roots were dried at 55 °C in a forced-air oven until 

weight loss ceased, weighed, and then ground through a 1-mm screen using a shear mill. Carbon 

and N contents (percentage and yield on a dry matter basis) in stem and root were determined by 

combustion using an Elementar vario Macro C and N analyzer (Elementar Americas, Inc., Mt. 

Laurel, NJ, USA). 
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Microbial community analysis in bulk and rhizosphere soil: 

Library preparation and sequencing: 

Rhizosphere soils were collected from each pot and genomic DNA was extracted in triplets 

using DNeasy PowerSoil Kit, Qiagen, Hilden, Germany as recommended by the manufacturer. 

16SrRNA V3-V4 hypervariable region was PCR amplified using Illumina adaptor ligated 

universal primers 341F (5′-tcgtcggcagcgtcagatgtgtataagagacagCCTACGGGNGGCWGCAG-3′) 

and 806R (5′-gtctcgtgggctcggagatgtgtataagagacagGGACTACNVGGGTWTCTAAT-3′) from 

each triplet. The thermocycler condition was maintained at 94 °C for 3 min, followed by 25 cycles 

of 94 °C for 30 sec, 55 °C for 30 sec, 72 °C for 30 sec and a final extension of 72 °C for 3 min. 

PCR products were gel extracted visually in 1% agarose gel and purified by using QIAquick Gel 

Extraction Kit, Qiagen, Hilden, Germany. Purified PCR products in triplets were mixed in equal 

concentration for each sample and sent to Genomics and Bioinformatics Service, College Station, 

TX, USA, for further library preparation and sequencing in Illumina MiSeq V3 sequencer to 

produce 300 bp paired end reads. The raw sequencing data were deposited in the NCBI Sequence 

Read Archive (SRA) database with the BioProject accession ID PRJNA758431 (SRR15671103-

SRR15671121). 

Bioinformatics for read processing: 

Sequences were analyzed using QIIME 2-2019.7 (Bolyen et al., 2018). Briefly, demultiplexed 

paired end sequences were denoised, dereplicated, and chimera filtered using DADA2 (Callahan 

et al., 2016) plugin with the following input parameters; —p-trim-left-f 17, —p-trunc-len-f 280, 

—p-trim-left-r 20, —p-trunc-len-r 200. Thus, produced amplicon sequence variants (ASVs), 

considered as 100% Operational taxonomic units (OTUs), were clustered to 97% OTUs (named 
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as OTUs from here onwards) by using open reference-based clustering algorithm in vsearch plugin 

against trained GreenGenes 13_8 database. To train the database, V3-V4 region of reference reads 

were extracted using our primer set followed by assigning taxonomy using naïve-bayes classifier 

in feature-classifier plugin. Singleton ASVs were filtered out prior to clustering to reduce possible 

sequencing artifacts. Clustered OTUs were further aligned using mafft (Katoh et al., 2002) (via 

q2-alignment) to construct a phylogenetic tree with fasttree2 (Price et al., 2010) (via q2-

phylogeny). Taxonomies were assigned from trained GreenGenes 13_8 97% OTUs (Mcdonald et 

al., 2012) using naïve Bayes classifier in q2-feature-classify plugin (Bokulich et al., 2018). 

Predicted functional profiling of microbial communities:  

Functional potential of microbial communities was evaluated using phylogenetic investigation 

of Communities by Reconstruction of Unobserved States (PICRUSt) version 2.2.0_b (Douglas et 

al., 2019) and Functional Annotation of Prokaryotic Taxa (FAPROTAX) version 1.2.1 (Louca et 

al., 2016). PICRUSt2 (Douglas et al., 2019) is the updated most recent version of the most widely 

used previous version PICRUSt (Langille et al., 2013). OTUs were placed into reference tree of 

20000 full 16S sequences from prokaryotic genomes from IMG database using ‘place_seqs.py,’ 

which gives tree in Newick format by using GAPPA (Czech & Stamatakis, 2019) after utilizing 

HMMER (http://hmmer.org/) to place OTUs in the reference tree, followed by rearrangement of 

OTUs to their best position by EPA-NG (Barbera et al., 2019). Hidden-state prediction of genomic 

content of sequences is done by ‘hsp.py’, that wraps castor R package (Louca & Doebeli, 2018) to 

normalize OTUs by 16S copy number and multiply by their functional predictions to produce a 

predicted metagenome. Prediction was done with default nearest sequenced taxon index (NSTI) 

cutoff value 2. Low NSTI value indicates closer placement of OTU from nearest sequenced 
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neighbors, giving more accurate prediction (Langille et al., 2013). Finally, KEGG pathway 

abundances were inferred using ‘pathway_pipeline.py’ that performs structural pathway mapping 

using MinPath (Ye & Doak, 2009). 

Additionally, we performed functional annotation using FAPROTAX version 1.2.1, which is 

the most updated version. The database contains 90 functional groups with 8236 members, which 

was curated from experimental literatures (Louca et al., 2016). 

Statistical analysis: 

All results were present as average values. Spearman correlation, discriminant analysis (DA), 

and principal component analysis (PCA) were performed to evaluate the relationships between the 

physicochemical properties of soil and BC mixtures (i.e., pH, growth, conductivity, element 

compositions) and the loaded ratios of SBC and UBC using Minitab 16 Statistical Software 

(Minitab Inc., State College, PA, USA) and XLSTAT software (Addinsoft, New York, NY, USA). 

Statistical significance was set as p ≤ 0.05, 0.01, and 0.001. 

Permutational multivariate analysis of variance (PERMANOVA) test was performed to 

identify differences in beta diversities among SBC and UBC, as well as between initial and final 

sampling times. Linear discriminant analysis effect size (LEfSe) (Segata et al., 2012) was 

performed to identify differentially abundant features at taxonomic as well as function levels 

between two different treatment groups using Galaxy Version 1.0 at 

http://huttenhower.sph.harvard.edu/galaxy/. LEfSe performs Kruskal–Wallis sum-rank test 

between classes (groups) to identify differential abundance followed by additional pairwise 

Wilcoxon rank-sum test to check consistency of differences among subclasses. Finally, effect size 
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of each differentially abundant features were estimated using linear discriminant analysis (LDA) 

(Segata et al., 2012). 

Results: 

Soil physicochemical properties: 

Discriminant analysis (DA) of physicochemical properties of soil treated with SBC and UBC 

showed distinct clusters suggesting differences in soil chemical properties after 10 weeks in 

response to SBC (Figure 2-1 A).  

 

Figure 2-1 Physicochemical properties of wood biochar (BC) treated soil. Discriminant analysis (DA) among soil treated with 

SBC and UBC (A). Principal component analysis (PCA) of soil properties, plant growth parameters and the loading rates of 

saturated BC (SBC) in soil (B) and unsaturated biochar (UBC) in soil (C). 
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Table 2-1 shows the physicochemical properties of the soil (sandy loam soil) and UBC used 

for this study. Overall, the soil possessed low element contents except for Fe and high levels of 

electrical conductivity (EC) and low water holding capacity (Table 2-1). In contrast, N, P, Ca, and 

Mg contents and water holding capacity (56.60 mL water/100 g dry soil) in the BC pots were much 

higher than those in the sandy loam soil (Table 2-1). In addition, the saturation of BC with the 

dairy effluent increased as follows: 0.19 mg/g of N, 0.09 mg/g of P, and 3.12 mg/g of COD which 

were adsorbed onto the surface of SBC. 

Table 2-1 Characteristics of soil and wood-derived biochar. 

Parameters Soil Wood Biochar 

pH 6.06 8.80 

Electrical conductivity (mmhos/cm) 131.90 0.11 

Water holding capacity  

(mL water/100 g dry material) 
26.90 56.60 

N (mg/g) 0.55 4.06 

P (mg/g) 0.09 0.20 

K (mg/g) 1.20 1.34 

Ca (mg/g) 0.98 4.62 

Mg (mg/g)  0.59 1.12 

Na (mg/g) 0.13 0.44 

Fe (mg/g) 7.74 0.66 

Zn (mg/g) 0.02 0.06 

Cu (mg/g) 0.01 0.11 

Mn (mg/g) 0.11 0.43 

S (mg/g) 0.07 0.08 

B (mg/g)  0.00 0.01 

Organic carbon (%) 0.30 0.64 
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Principal component analysis of SBC- and UBC-treated soil showed that all physicochemical 

properties were positively correlated with the high BC rates and variation observed among SBC 

loading rates were less prominent than those observed in UBC (Table 2-1 B,C). We measured the 

N and P concentration at 10 weeks in each pot receiving BC. The percent increase in N and P 

concentrations at 2, 4 and 8% BC rates compared to the control pots were relatively higher in SBC 

than UBC (Figure 2-2). 

 

Figure 2-2 Percent increase in the N and P concertation in 10-week samples in comparison to the control. 

Nitrogen concentration increased from 0 to 73.83% in SBC and 9.59 to 55.95% in UBC 

relative to the control soils. Similarly, P concentration increased from 14.55 to 74.56% in SBC and 

23.7 to 38.82% in UBC. Spearman correlation of BC ratio with soil physicochemical variable 

showed positive correlation of N with BC ratio in both SBC and UBC treated soil whereas P was 

only positively correlated in SBC treated soil (Figure 2-3). 
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Figure 2-3 Spearman correlation of soil physicochemical variables and plant growth parameters among soil samples treated with 

saturated and unsaturated biochar (p-value < 0.05 *, p-value < 0.01 **, p-value < 0.001 ***). 

Effects on plant biomass: 

Soil amendments with SBC and UBC led to overall increase in the growth of the Bermuda 

grass (Figure S 2-2). The addition of SBC to soil at 1 to 4% resulted in enhanced stem dry weight 

(Figure 2-4 A): SBC at 1% (p < 0.01), 2% (p < 0.05) and 4% (p < 0.01). Compared with the SBC-

amended soil, the plant in the UBC-amended soil had lower stem dry weight. On the other hand, 

the root dry weight in the SBC and UBC-amended soil increased along with the loading rates 

(Figure 2-4 B). However, only the BC loading rate of 2% (p < 0.05) had clear differences in root 

dry weight from those in the SBC and UBC-amended soil. Overall plant biomass (stem and 

herbage dry weight combined) increased (p < 0.05) in SBC-treated soil compared to UBC-treated 

soil at all BC rates (Figure 2-4 C). However, comparison of plant biomass between BC rates 

showed greater biomass only at 8% rates in UBC, whereas both 4 and 8% showed increases in pots 

receiving SBC (Figure S 2-3 C). On the other hand, adding 8% BC increased (p < 0.05) number 

of leaves (Figure S 2-3 D; Figure 2-4 D). No differences were observed in number of leaves among 

SBC-treated soil at all BC rates (p > 0.05). Therefore, the application of SBC at 1 to 8% to soil 

enhanced plant growth, while only application of UBC at 8% led to a clear positive effect on the 
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plant growth. These results implied that the loading rates of UBC and SBC also influenced the 

growth of Bermudagrass during the pot experiment. 

 

Figure 2-4 Comparison of stem dry weight (A), root dray weight (B), total plant biomass (C), and the number of leaves (D). Total 

plant biomass is the combination of stem and root dry weight. Two sample t-test was performed among each group compared (p-

value < 0.05*, p-value < 0.01**). 
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We rarefied OTUs at the depth of 74,000 reads/sample for alpha and beta-diversity analysis, which 

was nearly enough to cover most of the bacterial community in our samples as shown in the 

rarefaction curve approaching asymptote in (Figure S 2-4). 

There were 12 phyla with more than 1% cumulative relative abundance shared among all 

samples. Proteobacteria was the most abundant phylum in all samples except for initial and 0% 

UBC, followed by Acidobacteria, Actinobacteria, Chloroflexi and Bacteroidetes (Figure 2-5 A). 

However, in initial soil, Firmicutes, Actinobacteria, Chloroflexi and Proteobacteria were the most 

abundant phyla in the given orders. LEfSe analysis showed 15 differentially abundant features 

(LDA > 2) between SBC and UBC in plant samples. Alpha-proteobacteria (LDA = 3.3, p = 0.02) 

were more abundant in UBC, whereas Nitrospirae (LDA = 2.48, p = 0.02) and Firmicutes (LDA 

= 2.98, p = 0.02) were more abundant in soil receiving SBC (Figure S 2-5). Similarly, after 10 

weeks, no-plant soils with BC, showed an increased abundance of many photosynthetic genera 

such as Rhodopila, Rhodobacter, Oscillatoria, Planktothrix, Pseudanabaena, Nodosilinea, 

Phormidium, and N-fixing genera such as Mesorhizobium, Devosia genera were abundant in BC 

amended soil (Figure S 2-6). 

 

Figure 2-5 Microbial community composition. Relative abundance of major taxa at phylum level (A). Principal coordinate 

analysis of the microbial community at OTU level (B). (Abbreviations: NP; No plant, I; Initial, F; Final). 
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We compared the beta diversity of the overall samples based on Bray–Curtis and Jaccard 

distance matrices to determine how communities varied based on abundance and presence-

absence. We performed a PERMANOVA test to compare the differences in beta-diversity among 

groups. Most differences were observed in the type of OTU present based on rhizosphere and non-

rhizosphere soil (p = 0.001) (Figure 2-5 B). Furthermore, BC ratio caused a quantitative variation 

(p < 0.05) in the community composition (Figure 2-5 B).  

We predicted functional potential of microbial communities using PICRUst2 and 

FAPROTAX. OTUs with NSTI > 2 were not included for PICRUSt2 prediction, which increases 

the accuracy of predicted function (Langille et al., 2013). After 10 weeks, KEGG pathway showed 

increases in photosynthesis and related functions in soil amended with BC (Figure S 2-7 B). The 

result is further confirmed by abundance of FAPROTAX-predicted phototrophy and 

photoautotrophy in the final sample (Figure S 2-7 A). Similarly, oxidative phosphorylation and 

biotin metabolism were greater in SBC than UBC-treat soils (Figure 2-6 A). FAPROTAX 

identified more abundant nitrification and aerobic nitrite oxidation in soils receiving SBC (Figure 

2-6 B). 

 

Figure 2-6 Differential abundance of predicted functions between SBC and UBC treated soil. LEFSe analysis of PICRUSt2 (A) 

and FAPROTAX (B) predicted functions in SBC and UBC treated soil among no-plant samples and plant samples, respectively. 

(A) (B)
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Discussion: 

Alteration of soil chemical properties in response to biochar saturation: 

Saturating UBC with dairy effluent resulted in distinct soil chemical properties compared to 

soil receiving UBC, as observed by discriminant analysis. These mainly correlated with higher 

biochar rates within each condition. However, SBC resulted in very similar nutrient content at all 

loading rates in contrast to the UBC (Figure 2-1 B,C). In general, BC treatment increases total soil 

N content in the soil (Biederman & Stanley Harpole, 2013). Biochar can absorb N and P on its 

surface, both nutrients abundant in dairy wastewater (Demirel et al., 2005), thereby making it 

available for a long period of time (Hagemann et al., 2017). Biochar mainly contains Ca-bound P 

(Xu et al., 2014), which is also suggested by the high amount of Ca in the wood biochar in Table 

2-1. This effect can be seen in our experiment where the percent increase in N and P concentration 

are relatively higher in SBC- than UBC-treated soil (Figure 2-2). Both UBC and SBC increased 

the concentration of N and P in the soils. In addition, these macronutrients along with B, Ca, Cu, 

Mn, and P2O5 increased with greater BC rates (Figure 2-3). UBC and SBC treated soil increased 

the pH of soil while decreasing the EC in soil mainly due to high pH and low EC of BCs as found 

in Table 2-1. This suggests that the greater BC rates in soil favor increases in soil chemical 

reactivity thereby absorbing more nutrients from the dairy effluent. However, accurate economic 

assessment for agronomic applications of SBC and UBC will be made after large scale use on 

farms. Nonetheless, since SBC contained greater concentration of nutrients than UBC, possible 

price of SBC would be higher than that of UBC (USD 300–600/ton of biochar, average price of 

USD 400/ton of biochar). 
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Enhanced plant growth due to biochar saturation: 

Amendment of soil with SBC led to the overall increase in Bermudagrass growth. Our study 

corroborates other studies that observed increased plant growth and productivity (Pandit et al., 

2018; Yue et al., 2017). The effect was seen more on the aboveground shoot compared to 

belowground root development, a favorable trait for forage grass. Some studies have observed 

increased productivity only a few years after BC application (Pandit et al., 2018), which is partly 

due to slow breakdown of the nutrients from raw biochar and acclimatization time (J. L. Smith et 

al., 2010). In our study, we observed a pronounced immediate effect of BC saturation on plant 

growth within 10 weeks of growth. This emphasizes the significance of BC saturation prior to its 

application in the agricultural field. Additionally, pronounced effects at as low as 1% SBC rate 

suggests the efficacy of low BC application rates on farmland as a commercial biological 

alternative. 

Plant biomass, including number of leaves, was consistently lower in pots receiving 1 and 2% 

UBC than that of control (Figure S 2-3 C,D). Biochar application has not always shown increases 

in plant growth parameters as exemplified by Yue et al. (Yue et al., 2017). In contrast, all our 

saturated W-BC rates consistently showed an increase in aboveground plant biomass compared to 

control pots, with greatest increase at 4% (Figure S 2-3 A). An increase in biomass with UBC 

treated soil was only observed in pots receiving 8%, suggesting greater short-term efficacy of BC 

only after saturation with dairy effluent. Dairy effluents contain more nutrients in their bioavailable 

form facilitating assimilation of nutrient compounds by plants (Demirel et al., 2005). As seen in 

Figure 2-3, we observed a positive correlation of plant biomass with N and BC ratio associated 

with SBC-treated soil, suggesting efficient utilization of N by the plant in addition to increased N 
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content in soil. This may be attributed to the active nitrification of ammonium to nitrates in 

bioavailable form as indicated by differentially abundant phylum Nitrospira in SBC-treated soil 

(Daims et al., 2015) (Figure S 2-5). Our results suggest greater N-cycling following saturation 

rather than greater N accumulation in soil. In contrast, soil P did not correlate with plant biomass 

in pots receiving SBC although there is a positive correlation with BC rates (Figure 2-3). This 

could indicate slower P release in SBC-treated soil due to increased Ca-bound P in dairy effluent 

and increased pH associated with soil nitrate, which is found to inhibit P uptake by the plant (Xu 

et al., 2014). 

SBC and UBC mediated changes in microbial community and their functional 

potential: 

We observed differences in microbial community abundance mainly between plant and no-

plant samples as well as presence-absence of OTUs. These suggest that BC favors the stratification 

of specific bacterial community, especially plant growth-promoting bacteria, selectively favored 

by plant root exudates which provide substrate and/or surface area to increase their abundance. 

Other studies have found that BC not only provides soil labile-C for degradation (J. L. Smith et 

al., 2010) but also alters the growth of rhizosphere bacterial community that assimilate plant root 

exudates (Liao et al., 2019). We observed an increased abundance of N-fixing bacteria in the 

control soil after 10 weeks (Figure S 2-6) in response to overall BC treatment, which indicates 

enhanced biological N-fixation. Additionally, increased abundance of genera such as Devosia, 

which is well known to perform bioremediation (Talwar et al., 2020), further emphasizes the 

significance of BC in remediating toxic chemical fertilizers in agricultural fields. This is an added 

benefit to the sequestration of greenhouse gases.  
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Few studies have evaluated the metabolic potential of microorganisms in BC-amended soil 

(Sun et al., 2016). Increases in oxidative phosphorylation in SBC compared to UBC-treated soil 

indicate better aeration in the former thereby providing energy efficient conditions for microbes 

(Figure 2-6A). In photoelectron spectroscopy, co-composted BC increases O/C ratio on the surface 

(Hagemann et al., 2017). In addition, biotin metabolism is abundant in SBC, an essential cofactor 

for enzymes involved in key metabolic pathways such as fatty acid metabolism, amino acid 

metabolism and Krebs cycle. Notably, biotin is stable at higher temperature and pH (Streit & 

Entcheva, 2003), thereby making it a key candidate for metabolic homeostasis in heat stress 

conditions. On the other hand, increased Nitrospira in soil containing SBC (Figure S 2-5) suggests 

active anaerobic ammonia oxidation that plays an important role in N-cycling. Saturation of 

biochar with dairy effluent showed potential to increase soil nutrient content, thereby stabilizing 

excess nitrogenous compounds that might otherwise leach out to contaminate the environment. 

Conclusions: 

This study investigated the effects of dairy effluent-nutrient loading and application rates on 

the growth of Bermudagrass, soil properties and microbial communities. SBC, produced from 

saturation of UBC with dairy effluent, possessed increased nutrients in soil, particularly N and P, 

resulting in enhanced plant growth and promoting bacteria in the soil. Thus, the application of SBC 

for enhanced soil fertility and plant growth could be more effective and economical route than 

UBC (pristine BC) for enhancing agricultural productivity and dairy waste management, thereby 

mitigating eutrophication and environmental pollution. The BC-mediated changes of soil 

microbiome showed that photosynthetic and N-fixing genera were predominant after 10 weeks. 

Similarly, the increased abundance of Nitrospira in SBC-treated soil indicates efficient utilization 
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of ammonia which is available in higher concentration in dairy effluent. The PCA analysis also 

suggested that SBC could result in uniformity in soil physicochemical properties among different 

BC loading rates. In our study, both SBC and UBC showed more impact on aboveground biomass 

than the root biomass of Bermudagrass. Overall, both UBC and SBC at various loading rates 

should positively influence herbage production in a field setting. Further work will include 

largescale field studies to validate the outcomes from our greenhouse study so that farmers can 

apply SBC in crop fields to improve agricultural practices by integrating environmental health and 

economic profitability. For more economical applications, increased efficacy of SBC at lower rates 

might be a key to minimize the need of large-scale use of BCs in agricultural fields. 
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Supplements: 

 

Figure S 2-1 Mixture of soil and various ratios of wood-biochar. 

 

 

Figure S 2-2 Plants growth with the different loading ratios of the nutrients saturated biochar. 
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Figure S 2-3 Comparison of stem dry weight (A), root dry weight (B), total plant biomass (C), and the number of leaves (D) 
among biochar ratios within each biochar saturation condition. Total plant biomass is the combination of stem and root dry 
weight. Two sample t-test was performed among each group compared (p-value < 0.05*, p-value < 0.01**, p-value < 0.001***). 
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Figure S 2-4 Alpha rarefaction curve showing observed OTUs at sampling depth of 74000 reads. [Abbreviations: SBC; Saturated 
Biochar, USB; Unsaturated Biochar, NP; No plant, I; Initial, F; Final] 

 

Figure S 2-5 Differentially abundant taxa at class level between SBC and UBC treated soil among plant samples determined by 

LEFSe analysis. 
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Figure S 2-6 Differentially abundant features after 10 weeks period among no-plant samples determined by LEfSe analysis. 
Comparison was made among no-plant samples with time as class and saturation status subclass. 

(A)         (B) 

 

Figure S 2-7 LEfSe analysis of (A) FAPROTAX and (B) PICRUSt2 predicted functions showing temporal variation in functional 
potential of microbial communities in biochar amended soil. Comparison was made among no-plant samples with time as class 
and saturation status as subclass.
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Chapter 3  

Effects of a Drought-Tolerant Bioinoculant on the Microbial 
Community in the Soybean Rhizosphere 

 

Abstract: 

Application of bioinoculants that promote plant growth and productivity is a promising alternative 

to the use of chemical fertilizers in agricultural fields. Their use is rapidly increasing because of 

the nutrient solubilization activity and environment-friendly nature. However, their impact on 

native soil microbiomes have been least studied. In this research, we evaluated the effects of a 

seed-inoculated novel drought-tolerant bioinoculant on the microbial community of bulk soil, 

rhizospheres, and root nodules of the soybean plant in the field. The field experiment was 

performed at a drought-prone site in Yoakum, TX. Soil samples were collected at 7 weeks after 

planting as well as at harvest for evaluation of soil physicochemical properties and the microbiome 

analysis based on 16S rRNA (V3-V4 regions) sequences. We observed reduced evenness and the 

transient shift (only at 7 weeks) in the rhizosphere bacterial community because of the inoculant 

treatment. The bio-inoculant increased the proportions of nitrogen fixing and phosphate 

solubilizing plant growth promoting rhizobacteria (PGPR) in the rhizosphere, including the 

soybean endosymbiont Bradyrhizobium japonicum. Similarly, it showed beneficial effects on the 

co-occurrence pattern of the bacterial community where the proportion of mutually exclusive 

interactions and clustering coefficient was decreased. However, the modularity and density of the 

network were increased. Since there was no difference in the soil physicochemical properties, such 

as pH, nitrogen, phosphorus, potassium, and organic matter between the control and bioinoculant 
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treated samples, we considered that effects of the confounding environmental variables on the 

outcome were minimal. Our results suggest that the novel drought-tolerant bio-inoculant not only 

improves the crop yield, but also enhances the quality of bacterial communities in the rhizosphere. 

This study also provides evidence of the mechanism by which the bio-inoculant interacts with the 

local bacterial community to enhance plant growth. 

Introduction: 

 Biofertilizers are a group of bacterial or fungal strains that are used in agricultural fields to 

enhance plant growth and crop production. Application of biofertilizers is gaining more attention 

in recent years as a potential alternative to the chemical fertilizers and pesticides in the agricultural 

system, as they are environmentally friendly, low cost, and easy to use. There are several well-

known bacterial genera that have been used as a biofertilizer, such as Pseudomonas, 

Bradyrhizobium, Bacillus, Rhizobium, Azotobacter, Burkholderia, Achromobacter, 

Agrobacterium, Aereobacter, Micrococcus, Flavobacterium, and Erwinia (Hernández-Montiel et 

al., 2017; Okon & Labandera-Gonzalez, 1994; Rodríguez & Fraga, 1999). Bio-inoculants have 

been found to enhance plant growth by fixing atmospheric nitrogen, solubilizing insoluble 

phosphorus (P), protecting plants against pathogens, altering nutrient composition, and increasing 

the abundance of plant growth promoting rhizobacteria (PGPR) (Dias et al., 2017; Rodríguez & 

Fraga, 1999; Trabelsi & Mhamdi, 2013). 

 Especially for leguminous plants such as soybean, the availability of an efficient and 

compatible endosymbiont in soil is very important as it provides a personalized source of nitrogen 

(N) supplying about 50 - 60% of the N requirement of the host (Salvagiotti et al., 2008). These 

values could even reach up to 70 - 85% of the N requirement in well-managed fields (Alves et al., 
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2003). Soybean accounts for 68% of legume crop production and 77% of the N fixed by legume 

crops globally (Herridge et al., 2008). It is widely cultivated in the U.S. for food, biodiesel, and oil 

that made an estimated $46 billion value production in 2020 (USDA, 2021). In the past, 

Bradyrhizobium strains were introduced to agricultural fields from different parts of the world to 

increase soybean yield (Alves et al., 2003; Halwani et al., 2021). Also, Halwani and colleagues 

suggest that the symbiotic performance of the soybean nodulating bacteria remaining in the soil 

may not be sufficient (Halwani et al., 2021). Availability of these strains can give large economic 

and ecological benefits as they help to reduce the use of synthetic N fertilizers. It has long been 

estimated that focusing on improvement of the efficiency of symbiotic nitrogen fixation (SNF) 

alone would cause estimated annual benefit of $1.067 billion in the U.S. alone (Tauer, 1989). 

Therefore, continuous efforts should be made for the selection and development of 

Bradyrhizobium strains to achieve sustainable yield and improved economy (Alves et al., 2003). 

For example, soybean plants inoculated with cold tolerant Bradyrhizobium japonicum strains 

USDA 30 and 31, where were isolated from North America, resulted in increased nodule numbers, 

nodule weight, shoot N content, and N-fixation compared to the widely used inoculant in Canadian 

fields (H. Zhang et al., 2003).  

 Host-symbiont interactions in soybean plants are greatly affected by abiotic stresses. 

Drought is a major abiotic factor that causes adverse effects on the symbiotic relationship (Kunert 

et al., 2016), rhizosphere microbiomes (Naylor & Coleman-Derr, 2018), and ultimately 

agricultural productivity. Owing to global climate changes, Naumann and colleagues estimated 

that the magnitude and frequency of drought is likely to be doubled in 30% of the global landmass 

under stringent mitigation policies including central America and parts of Southern America 

(Naumann et al., 2018). It also has a direct impact on soil microbial communities responsible for 
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the biogeochemical cycle. Drought causes a decrease largely in Gram-negative phyla 

Proteobacteria, Verrucomicrobia, and Bacteroidetes (Acosta-Martínez et al., 2014). Proteobacteria 

have been linked to play a key role in the N cycle including B. japonicum responsible for N fixation 

in soybean root nodules. Although drought-tolerant soybean varieties have been introduced, their 

growth, vigor, and yield are greatly influenced by the symbiotic association with their 

endosymbiont B. japonicum as well as its survivability under drought.  

 High-throughput sequencing technologies have facilitated rapid and efficient microbial 

community analysis by direct sequencing of 16S ribosomal RNA (rRNA) genes, a small subunit 

of rRNA gene in prokaryotes. Properties of 16S rRNA genes in prokaryotes such as ubiquity, 

functional constancy, larger size with many domains, and different mutation rates, make them the 

ultimate molecular chronometer (Mizrahi-Man et al., 2013; Woese, 1987b). Most of the previous 

studies have been performed in controlled environments with low depth reads (Rascovan et al., 

2016), quantitative PCR (qPCR), or denaturing gradient gel electrophoresis (DGGE) (JIN et al., 

2009). In this study, we have used 16S rRNA V3-V4 sequences to study microbial diversity and 

co-occurrence networks. Microbial network analyses have been increasingly used to investigate 

microbial community structures in a broad range of habitats including ocean, soil, and human. 

Several studies have shown that soil microbial communities are modular with non-random co-

occurrence patterns in nature (Barberán et al., 2012). These modules are densely inter-connected 

nodes that can be interpreted as groups of taxa with overlapping niches (Faust & Raes, 2012; 

Newman & Girvan, 2004). Although interpretations of these networks are not straightforward, the 

microbial network analysis allows us to predict hub species as well as their interactions. It also 

helps us identify alternative community states and niches. 
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 In this study, we evaluated the effects of a novel drought-tolerant Bradyrhizobium 

inoculant on the soybean rhizosphere microbiome in the field. The bio-inoculant was previously 

isolated from a drought prone region in South Texas. 

Materials and Methods: 

Seed inoculation and planting: 

A drought prone region at Yoakum, TX (29°16'N 97°07'W) was selected for performing the field 

experiment. The TXVA strain was grown in Arabinose-gluconate (AG) media (Sadowsky et al., 

1987) at 30°C incubator with vigorous shaking at 200rpm until the O.D.600nm reached 

approximately 1.5. Dyna Grow S52RS86 (maturity group 5E) soybean cultivar (Reiter et al., 2018) 

was selected for the experiment. Plantation was done using a 2-row vacuum planter (Monosem 

ATI, Inc., Lenoxa, KS, USA) set at a seeding rate of 33 seed m-1, corresponding to 55,847 seeds 

ha-1. For seed inoculation, 1 lb of soybean seeds were mixed with 10ml of TXVA culture before 

sowing. The application rate was determined by ensuring complete coverage with inoculum, such 

that every seed was glistening but allowed absorption into the seedcoat within 5 minutes. All other 

agricultural practices were followed as normal.  

To avoid cross-contamination, control seeds or no treatment (NT) seeds were planted first followed 

by inoculant treated seeds. Five plots for each control and inoculant treatment were assigned as 

random plot design. Each plot had five 20’ long rows and 5’ space between two plots. For the 

irrigation treatment, the same random plot design was replicated on the other side of the field with 

a 50’ spacer between them. The drought condition was maintained in one side of the field with no 

irrigation after 7-weeks post planting. Planting was done on April 2, 2019. 
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Plant and soil collection and physicochemical property evaluation: 

Plant samples and soil samples were collected from the field at 7-weeks (R1 stage) post planting 

(May 22, 2019) and harvest time on Sep 6, 2019. For soil collection, 3 different samples from 

different locations were combined to make one sample. Plant height was measured in the field 

from crown region to the top flowering node. Plants were cut from the crown region for weight 

and yield measurements. Roots were dug up with the shovel and placed in Ziplock bags along with 

bulk soil. Soil and root samples were transported to lab within 12 h and kept in -80°C until 

processed. Plants were dried at room temperature for several days for plant dry weight 

measurement. Loosely attached soil to the root surface were removed by gentle shaking and 

remaining attached rhizosphere soils were collected using a sterile brush. In addition, nodules were 

removed from the root and stored in 30% glycerol at -80°C until processed. Soil samples were sent 

to Soil, Water and Forage Testing Laboratory at Texas A&M for physicochemical property 

evaluation. We also measured the field capacity (FC) of the soil collected from the field. Briefly, 

we collected soil in 3x3 gal pots and saturated with water. Water was left for percolation for 2-3 

days by covering the mouth of the pot until no further runoff observed. Volumetric water content 

(VWC) was measured using VWC meter (ML3 ThetaProbe, Delta-T Devices Ltd, Cambridge, 

UK) and FC was measured by oven drying (115°C) 100 g of soil taken from 10-15 cm deep from 

the top. 

Library preparation and 16S rRNA gene sequencing: 

DNA was isolated from each triplicate by using PowerSoil DNA isolation kit (Qiagen, Germany), 

following manufacturer’s instruction. Nodules were surface-sterilized and crushed aseptically 
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prior to DNA extraction. Surface sterilization was done by washing 3 times with 0.9% NaCl, 

followed by washing twice with 3% sodium hypochlorite and finally washing 3 times with sterile 

water. Surface sterility was ensured by rolling the surface sterilized nodules on YEM agar and 

incubating at 30°C for 48 h. After DNA extraction, the concentration and purity of DNA was 

accessed using nanodrop spectrophotometer. Amplification and sequencing of 16S rRNA process 

was followed as previously described in Niraula et al., 2021. PCR amplification of 16S rRNA v3-

v4 hypervariable region was carried out in triplets of 25µl reaction volume containing; KAPA HiFi 

master mix and Illumina adaptor ligated universal primers 341F (5’-

tcgtcggcagcgtcagatgtgtataagagacagCCTACGGGNGGCWGCAG-3’) and 806R (5’-

gtctcgtgggctcggagatgtgtataagagacagGGACTACNVGGGTWTCTAAT-3’). The thermocycler condition 

was maintained as follows: i) initial denaturation at 94°C for 3 min, followed by ii) 25 cycles of 

94°C for 30 sec, 55°C for 30 sec, and 72°C for 30 sec, and iii) a final extension of 72°C for 3 min. 

PCR products were confirmed visually on 1% agarose gel and purified by using QIAquick PCR 

purification Kit (Qiagen, Germany). Purified PCR products were sent to Genome Sequencing and 

Analysis Facility (GSAF), Austin, Texas for barcoding and sequencing in Illumina MiSeq 

sequencer to produce 300 bp paired end reads. 

Sequence preprocessing and taxonomic assignments: 

Primer sequences were trimmed from raw sequences using cutadapt 2.4. QIIME2-2019.7 (Bolyen 

et al., 2018). Sequences were further denoised, dereplicated, and chimera filtered (consensus 

based) using DADA2 (Callahan et al., 2016) plugin with the following input parameters; --p-trunc-

len-f 280, --p-trunc-len-r 200, --p-trim-left-f 17, --p-trim-left-r 21. Representative sequences were 

then aligned using mafft (Katoh et al., 2002) (via q2-alignment) to construct a phylogenetic tree 
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with fasttree2 (Price et al., 2010) (via q2-phylogeny). To assign the taxonomy, SILVA-139-99 

reference reads were first extracted using 341F/806R primers with minimum read length 100 bp 

followed by taxonomic assignments using classify-consensus-vsearch plugin with default setting. 

Sequences classified as mitochondria and chloroplast were removed from further analysis. Thus, 

obtained amplicon sequence variants (ASVs) with frequency 1 were filtered out to minimize 

possible sequencing artifacts. 

Functional prediction: 

The functional potential of the microbial community was determined by using the Phylogenetic 

Investigation of Communities by Reconstruction of Unobserved States (PICRUSt2) version 2.4.1 

(Langille et al., 2013) and Functional Annotation of Prokaryotic Taxa (FAPROTAX) version 1.2.4 

(Louca et al., 2016). PICRUSt was used to predict the functional potential of the community based 

on marker genes. Before function prediction, we ensured the nearest-sequenced taxon index 

(NSTI) value for each of our ASVs to be less than 2 using hsp.py function in PICRUST2. 

Network construction: 

Two co-occurrence networks were constructed for TXVA and NT rhizosphere samples 

separately using Fastspar SparCC correlation (Friedman & Alm, 2012), which has shown 

robustness for handling compositional data (Berry & Widder, 2014; Friedman & Alm, 2012). For 

each network construction, we combined all TXVA rhizosphere and NT rhizosphere samples, 

respectively. To reduce the possible bias caused by different sampling space and time, ASVs 

present in at least 3 samples were considered for each inoculant treatment (TXVA=1186 ASVs 

and NT=1404 ASVs). Additionally, we compared the specialist ASVs from different sample 
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groups to ensure that the number of those specialist ASVs do not exceed the maximum threshold 

(30% habitat specialist) as recommended by Berry and Widder (2014). Network specificity was 

found to decline sharply above that threshold. In our case, those were in the range of 9.95-24.44% 

for TXVA samples and 11.08-23.79% for NT samples. P-values were determined by performing 

Fastspar correlations on 1000 times permuted of the ASV table using parallel threads. Highly 

correlated OTUs (£-0.8 or ³0.8) with P-value £ 0.01 were only retained. In the constructed 

networks, the nodes and edges represent ASVs and significant pairwise association between nodes, 

respectively. 

 Networks were analyzed using igraph 1.2.4 package in R. Correlation networks were 

clustered into modules using Girvan Newman algorithm (Newman & Girvan, 2004) 

(cluster_edge_betweenness), in which communities were clustered into modules based on the edge 

betweenness of each edge in the network. Topological properties of the network such as 

modularity, clustering coefficient, edge density, diameter, average path length, betweenness 

centrality, and hub scores were calculated. Furthermore, A scale-free network topology was 

ensured using fit.power.law () function in igraph. Alongside, 1000 Erdös-Réyni random networks 

(Erdös & Rényi, 2011) of equal size (same number of nodes and edges as that of TXVA and NT 

each) were generated followed by calculation of modularity, global clustering coefficient, network 

diameter, and average path length. Finally, network visualization and graphic modifications were 

performed using Cytoscape 3.7.1 (Shannon et al., 2003) and Gephi 0.9.2 (Bastian et al., 2009). 

Statistical analysis: 

QIIME2, R, and STAMP were used for all statistical analysis. PERMANOVA was performed to 

identify differences in bacterial communities. Wilcoxon test was performed to compare alpha 
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diversities. Welch t-test and ANOVA analyses were done in R. Likewise, LEFSe was carried out 

to determine differentially abundant taxa using Galaxy version 1.0.0 at 

https://huttenhower.sph.harvard.edu/galaxy/. 

Results: 

Physical and chemical properties of soil: 

Soil in Yoakum, Texas is a sandy loam soil. The field capacity was calculated as 20.4 ± 0.87 %. 

Soil pH is the most important abiotic factor in determining soil health. The soil pH ranged from 

5.7 to 6.7 and from 5.9 to 6.3 in the TXVA and NT-treated soil, respectively. Nitrogen (NO3N), P, 

and potassium (K) were in the range of 5-13 ppm, 16-28 ppm and 73-145 ppm, respectively, in the 

TXVA-treated bulk soil. For the NT-treated soil, NPK were in the range of 4-12 ppm, 14-28 ppm, 

and 71-162 ppm, respectively. We did not observe any significant differences among TXVA and 

NT treatments. Summary of the soil chemical properties is shown in Table 3-1. 

Table 3-1 Soil chemical properties from 7-week samples. 

Sample TXVA NT 

pH 6.28 ± 0.14 6.18 ± 0.10 

EC (umhos/cm) 61 ± 8.46 88.33 ± 6.96 

NO3N (ppm) 6.83 ± 1.28 8.83 ± 1.12 

P (ppm) 23.17 ± 2.02 19.83 ± 1.92 

K (ppm) 108.17 ± 11.23 105.5 ± 12.99 

Ca (ppm) 811.67 ± 62.93 744 ± 88.25 

Mg (ppm) 185.67 ± 6.26 176.17 ± 12.14 

S (ppm) 2.83 ± 0.17 2.67 ± 0.21 
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Na (ppm) 40 ± 5.21 27.83 ± 6.87 

Fe (ppm) 12.35 ± 1.32 11.78 ± 1.12 

Zn (ppm) 0.47 ± 0.05 0.53 ± 0.06 

Mn (ppm) 17.01 ± 0.99 15.71 ± 0.95 

Cu (ppm) 0.47 ± 0.03 0.41 ± 0.02 

OC (%) 0.47 ± 0.02 0.49 ± 0.04 

OM (%) 0.82 ± 0.03 0.85 ± 0.08 

Plant growth measurements: 

 

Figure 3-1 Soybean yield, nodule number and plant dry weight between TXVA and NT treatments. Welch t-test was performed 

to compare between irrigated and non-irrigated samples. P-value; <0.05 (*), <0.01(**). 

We observed a statistically significant yield increase of the TXVA-inoculated soybean in the non-

irrigated plot (Figure 3-1 A) .However, we did not observe differences in soybean yields between 

the TXVA and NT-inoculated soybean in the irrigated plot (Figure 3-1 A). Additionally, TXVA 

inoculated samples produced the higher number of nodules on the tap root as well as on the total 

root system (Figure 3-1 B). These nodule samples were collected during 7 weeks of growth, which 
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is considered the active nodulation phase. The plant height and dry weight of the soybean plant 

were similar between TXVA and NT-inoculated samples for both irrigated and non-irrigated 

conditions (Figure 3-1 C/D). 

Sequence preprocessing and quality control: 

After quality filtering, denoising, chimera filtration, and removing host-associated rRNA, a total 

of 1,369,993 high quality reads were obtained with an average of 37,154 reads per sample 

(maximum=68,914 and minimum=5,394). A total of 15,719 ASVs were retained in 63 samples. 

Most of the bacterial diversity and the number of ASVs present in the samples were captured by 

the sequenced read depth for respective samples as observed by the alpha rarefaction curves 

(Figure 3-2 A/B). 

 

Figure 3-2 Alpha rarefaction based on Shannon diversity index and the number of observed amplicon sequence variants (ASVs). 

 

 

(A) (B)
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Taxonomic summary of bulk soil, rhizosphere soil and nodules: 

  

Figure 3-3 Relative abundances of phyla at initial, 7-week and harvest periods. Each stacked bar plot represents the average of 3 

biological replicates. 

All bulk and rhizosphere-associated sequences were classified into 39 phyla. Among them, top 20 

phyla are shown in Figure 3-3. In the initial samples, the most abundant phyla included 

Proteobacteria (21.83%), Acidobacteria (19.8%), Actinobacteria (12.79%) and Chloroflexi 

(12.32%). We observed similar changes in the proportions of phyla in bulk and rhizosphere soils 

during the two growth stages. The relative abundances of Proteobacteria were increased at 7 

weeks and slightly reduced during the harvest time, while the proportions of Actinobacteria was 

increased at harvest (Figure 3-3). Proportions of Actinobacteria surpassed during harvest in all 

conditions. 

Similarly, we compared the effects of irrigation on the relative proportions of phyla during the 

harvest period (Figure 3-3). Although, overall proportions of Actinobacteria (28.18 - 37.64%) 

were higher during harvest, their abundance increased under the drought condition (i.e., non-

irrigated condition). 
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Figure 3-4 Proportions of the genus Bradyrhizobium in the rhizosphere soil between NT and TXVA treatments at 3 time points 

including initial, 7 weeks, and harvest (A) and during harvest (B). ANOVA was done for each group followed by tukey’s hsd to 

quantify differences in proportions at 3 time points. Welch’s t-test was done to compare means of proportions in sub figure B. 

We compared the proportions of the genus Bradyrhizobium in TXVA and NT-treated rhizosphere 

soils to identify the effect of developmental stages and irrigation. In the NT samples, there was 

high variability in the Bradyrhizobium proportion at 7 weeks and no significant increase was 

observed at any time point. In contrast to the NT treatment, there was a significant increase of the 

Bradyrhizobium proportion in the TXVA-treated samples from initial to harvest samples (Figure 

3-4 A). This indicates controlled abundance and persistence of Bradyrhizobium in the TXVA 

treated rhizosphere. Also, the proportion of Bradyrhizobium is significantly decreased in the NT 

rhizosphere in response to drought (Figure 3-4 B). There was no significant change in the 

proportion of Bradyrhizobium in the TXVA treated rhizosphere. This suggests increased drought 

tolerance of Bradyrhizobium in the rhizosphere soil.  
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Alpha and beta diversity analysis: 

  

Figure 3-5 Differences in alpha diversity between bulk and rhizosphere soil among NT and TXVA samples. P-value was 

calculated by Wilcox's test. 

We used four beta diversity metrices on the rarefied ASV table to investigate the differences in 

community structure. We observed a significant difference in the microbiome at three time points 

based on Bray-Curtis (PERMANOVA, p = 0.0009, R2 = 0.171), Jaccard (PERMANOVA, p = 

0.0009, R2 = 0.106), Unweighted UniFrac (PERMANOVA, p = 0.0009, R2 = 0.147), and Weighted 

UniFrac (PERMANOVA, p = 0.0009, R2 = 0.403) distance matrices. Largest variation was 

observed among samples from different time points (PERMANOVA; 16.184, p-val=0.001). The 

difference in beta diversity was more significant between bulk and rhizosphere soil in 7-week 

samples (R2 = 0.33, p-val=0.0009) than harvest samples (R2 = 0.22, p-val=0.0009). Proteobacteria 

and the Bacteroidota are the most dominant phyla in the 7-weeks rhizosphere soil, whereas the 

bulk soil was dominated by Acidobacteriota (Figure 3-6). Similarly, the harvest soil was dominated 

by Actinobacteriota (Figure 3-6). 
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Figure 3-6 Principal coordinate analysis based on Weighted UniFrac distance. 

 

Figure 3-7 Principal coordinate analysis based on Weighted UniFrac distance among NT and TXVA samples in 7-weeks 

rhizosphere. 

Adonis PERMANOVA test showed 15% (R2 = 0.157822, p = 0.038) variation explained by NT 

and TXVA rhizosphere microbiomes based on Weighted UniFrac distance (Figure 3-7). However, 

the community difference was not observed using Bray-Curtis (PERMANOVA, p = 0.171, R2 = 
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0.104), Jaccard (PERMANOVA, p = 0.425, R2 = 0.092), and Unweighted UniFrac 

(PERMANOVA, p = 0.448, R2 = 0.09) distance matrices. This suggests that the difference was 

due to the abundance of phylogenetically distantly related ASVs. The observed difference in beta 

diversity in response to inoculant treatments was not observed during harvest (PERMANOVA, R2 

= 0.12, p = 0.232), indicating a short-term effect of the inoculant application. 
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Differential abundance of taxa: 

 

Figure 3-8 Differentially abundant taxa between NT and TXVA treated rhizosphere soil in 7-weeks samples. 
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Bacillus megaterium (LDA = 4.08, p-val = 0.0163), Bacillus subtilis (LDA = 3.09, p-val = 0.041), 

Streptomyces spp. (LDA = 3.45, p-val = 0.00388), Mycobacterium spp. (LDA = 3.22, p-val = 

0.028), Actinospica (LDA = 3.225, p-val = 0.04) and Methylibium (LDA = 2.92, p-val = 0.041) 

are differentially abundant in the TXVA-treated rhizosphere soil (Figure 3-8). On the other hand, 

bacterial genera, such as Stenotrophomonas maltophilia (LDA = 4.12, p-val = 0.037), 

Flavobacterium (LDA = 3.71, p-val = 0.0039), Pseudoxantomonas (LDA = 3.14, p-val = 0.037), 

Verrucomicrobium (LDA = 3.07, p-val = 0.004), Chitinophaga (LDA = 3.33, p-val = 0.0039), 

Brevundimonas (LDA = 3.5, p-val = 0.042), Lechevalieria (LDA = 3.27, 0.01), Chryseobacterium 

(LDA = 3.27, p-val = 0.024), Tsukamurella (LDA = 2.88, p-val = 0.022), Taibaiella (LDA = 3.14, 

p-val = 0.0091), Achromobacter (LDA = 3.13, p-val = 0.037), Caulobacter (LDA = 3.12, p-val = 

0.037), Rhodococcus erythropolis (LDA = 3.07, p-val = 0.046), Vermiphilaceae (LDA = 2.97, p-

val = 0.036) and Lysobacter capsica (LDA = 2.91, p-val =0.022), remained enriched in NT 

rhizosphere samples. At the phylum level, Firmicutes (LDA = 4.63, p-val = 0.037) were enriched 

in the TXVA-treated rhizosphere soil, whereas Bacteroidota (LDA = 4.93, p-val = 0.01), 

Cyanobacteria (LDA = 3.49, p-val = 0.04) and Dependentiae (LDA = 2.98, p-val = 0.06) were 

enriched in the NT rhizosphere soil (Figure 3-8). 
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Diversity in the root nodules: 

 

Figure 3-9 Relative abundances of the most abundant endosymbiont inside the root nodules (A) and the differential abundance of 

taxa in nodules between NT and TXVA treated samples (B). Relative abundance in NT and TXVA samples represents the 

average of 6 replicates. 

We observed large diversity in the nodule samples; however, the proportion of unassigned taxa 

and those related to Bradyrhizobium are higher (Figure 3-9 A). The proportion of Bradyrhizobium 

japonicum is higher in TXVA nodules (86.24 ± 0.12) than NT nodules (77.51 ± 0.24). However, 

the proportion of unassigned species of Bradyrhizobium was higher in NT nodules (12.96 ± 0.26) 

than TXVA nodules (0.91 ± 0.02). LEFSe analysis showed the differential abundance of phylum 

Bacteroidota in TXVA nodules (Figure 3-9 B). 
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Comparison of network properties of rhizosphere microbiomes between NT and 

TXVA treatments: 

 
Figure 3-10 Scale-free topology of the NT (A) and TXVA (B) rhizosphere networks. 

 

Figure 3-11 Cooccurrence network of NT and TXVA treated rhizosphere soils. 
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We compared the rhizosphere networks between NT and TXVA treatments. Rhizosphere networks 

constituted 342 nodes for NT and 266 for TXVA connected with 919 and 585 edges, respectively 

(Figure 3-11). Both networks followed scale-free topology (Figure 3-10) as indicated by the power-

law distributions (Kolmogorov-Smirnov test, p-val > 0.05) of node degrees, suggesting non-

random co-occurrence patterns of the network. Similarly, modularity, clustering coefficient, 

network diameter, and average path length were larger than the corresponding random networks, 

suggesting that the networks are non-random real-world networks. Comparatively, the TXVA 

network had higher modularity, network density, network diameter, and average path length than 

the NT network (Table 3-2). On the other hand, the clustering coefficient was smaller in the TXVA 

than NT network. A higher proportion of positive edges (85.47%) in the TXVA network was 

observed compared to that in the NT network (68.88%). 

Table 3-2 Network topological properties of NT and TXVA network. 

Network Nodes Edges +ve 

edges 

-ve 

edges 

Modularity Density Clustering 

coefficient 

Network 

diameter 

Average 

path length 

NT 342 919 68.88% 31.12% 0.65 0.01576 0.624834 7.395 3.3779 

TXVA 266 585 85.47% 14.53% 0.71 0.0166 0.562364 9.945 4.187 

Random 

NT 

342 919 NA NA 0.395±0.000

372 

NA 0.0156±0.0000

94 

7.211±0.0

15 

3.645±0.000

48 

Random 

TXVA 

266 585 NA NA 0.46±0.0003

68 

NA 0.0165±0.0001

4 

8.069±0.0

19 

3.899±0.001 
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Figure 3-12 Relative abundances of genus in NT and TXVA rhizosphere network. 

We compared the relative proportions of PGPR in the rhizosphere network. In the TXVA 

rhizosphere network, proportions of Bacillus, Mycobacterium, Streptomyces, Nitrospira, 

Microlunatus, Mesorhizobium, Bradyrhizobium and Agromyces are higher than those in the NT 

rhizosphere network. On the other hand, proportions of Sphingomonas, Allorhizobium, 

Novosphingobium, Pseudoarthrobacter and Pseudomonas are higher in the NT network compared 

to the TXVA network. 

Predicted functions: 

We used PICRUSt2 and FAPROTAX to compare the predicted functional potential of microbial 

communities. In the drought condition during harvest, we observed higher metabolic potentials for 

lipopolysaccharide biosynthesis (p <0.05) and fatty acid biosynthesis (P < 0.05) in the TXVA 
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treated rhizosphere soil (Figure 3-13). Similarly, there was a significant reduction (P < 0.05) in N-

fixation by the NT-associated rhizobacterial community in the drought condition than the irrigated 

control (Figure 3-14). However, the difference was not statistically significant in the TXVA 

samples. Also, the overall N-fixation was slightly higher in the TXVA samples under the drought 

condition, although the difference was not significant. 

 

Figure 3-13 Differences in PICRUSt2 predicted functions between NT and TXVA during harvest in non-irrigated condition. 

 

Figure 3-14 Differences in abundance of Overall Nitrogen fixation in rhizosphere soil between irrigated and non-irrigated 

conditions during harvest. 
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Discussion: 

Inoculation increased nodulation and soybean yield: 

Endosymbionts and the rhizosphere microbiota play a significant role on the overall growth and 

the productivity of leguminous crops such as soybeans. However, these endosymbionts including 

free living PGPR suffer from environmental stresses, thereby limiting the sustainability in the 

agricultural field. In this study, we investigated the effects of drought-tolerant B. japonicum strain 

(i.e., the TXVA strain) on the soybean growth and the rhizosphere/nodule microbial community. 

We used 16S rRNA gene-based analysis of the microbial community. Inoculation of the TXVA 

strain showed a significant increase in soybean yield under the non-irrigated condition compared 

to the irrigated control (Figure 3-1). Our result is in concurrence with several past studies where 

inoculation of Bradyrhizobium strains increased soybean yield and performance (Egamberdieva, 

Jabborova, et al., 2016; Głodowska et al., 2017; H. Zhang et al., 2003). The increased yield in the 

drought condition may be attributed to the N-fixing and nutrient-solubilizing abilities of the 

applied inoculant. As observed from predicted functions, TXVA treated rhizosphere samples did 

not show significant decrease in N-fixation under drought condition, which may have contributed 

to higher yield (Figure 3-14). Additionally, we observed a significant increase in the number of 

total root nodules as well as the nodules associated with the tap root (Figure 3-1) in TXVA-

inoculated plants. Differentially abundant Bacillus subtilis (Figure 3-8, Figure 3-12) in TXVA 

samples may have contributed to higher nodule numbers. B. subtilis was found to work in 

synergism with B. japonicum to increase nodule count and N-fixation in soybean plants (Tsigie et 

al., 2011). It has been observed that more nodule numbers in the bio-inoculant treated samples 

correspond with higher N-fixation rates in the soybean plant (H. Zhang et al., 2003) because of  
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the increased overall leghemoglobin content in soybean nodules after the treatment (Halwani et 

al., 2021). In addition, nodules act as a shelter to many endosymbionts during environmental 

stresses. Although there were high nodule numbers in TXVA-inoculated soybeans under the 

irrigated condition, no yield difference was observed in the irrigated condition. This could possibly 

indicate that plants fulfill the remaining nutrient requirement from the environment as the available 

water facilitates absorption of nutrients under the irrigated condition. Increased nodule counts 

under the normal condition (Figure 3-1) and sustained N-fixation under drought condition 

indicates higher nodulation efficiency and functional constancy of drought-tolerant inoculant 

under the drought stress.  Also, the persistence of the TXVA inoculant in the rhizosphere soil is 

higher during harvest under both irrigated and non-irrigated conditions (Figure 3-4). 

Changed alpha and beta diversity: 

We analyzed the alpha and beta diversity of the microbiome of the bulk soil, rhizosphere soil, and 

the nodules. An overall positive impact on the microbial community was observed. The bacterial 

community significantly changed across the growth stages, suggesting a preserved natural 

phenomena in the soil. The 7-week rhizosphere microbial community was mostly dominated by 

Proteobacteria and Bacteroidetes, whereas those at harvest were dominated by Actinobacteria 

(Figure 3-3,Figure 3-6). Multiple studies have confirmed the alteration in the microbial community 

in response to growth phases (JIN et al., 2009; Sugiyama et al., 2014). Similarly, spatial variability 

among bulk and rhizosphere microbiome was also observed at both 7-weeks and harvest. However, 

the difference was more prominent at 7-weeks, where evenness was significantly reduced in 

rhizosphere soil in both NT and TXVA samples (Figure 3-5), suggesting the strong influence of 

plant root exudates. Such colonization is a favorable trait for plant growth. Although the difference 
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was not statistically significant, the evenness appeared to be reduced by TXVA inoculation. Under 

the influence of plant root exudates, we observed a significant change in rhizosphere bacterial 

community structure in response to inoculum treatment at 7-weeks samples using the Weighted 

UniFrac distance matrix. However, the effect was transient because it was not observed during 

harvest. Weighted UniFrac considers the abundance (giving more weight to the abundant species) 

and the phylogenetic relatedness among (Lozupone et al., 2007). This observation suggests that 

the TXVA strain increased the abundance of the phylogenetically related bacterial population in 

the rhizosphere. 

Inoculation increased PGPR abundance: 

Increased abundance of Firmicutes and Bacillus in TXVA inoculated samples showed favorable 

conditions for plant growth, as both have N-fixing and phosphate solubilizing abilities. In addition, 

Firmicutes have been shown to increase the utilization of plant-derived carbon under soil 

amendments by biochar (Liao et al., 2019). Enrichment of B. subtilis in TXVA treated rhizosphere, 

and the higher abundance of Bacillus in TXVA suggests mutually beneficial relationships, 

potentially increasing soybean growth and yield. It has been established that B. subtilis works 

synergistically with B. japonicum to give maximum soybean yield (Atieno et al., 2012; Tsigie et 

al., 2011). In addition, B. subtilis strain 101 is known to work as a pest control agent (MPCA) 

(Felici et al., 2008). One of the mechanisms by which B. subtilis confer drought tolerance in plants 

is the production of 1-Aminocyclopropane-1-carboxylate (ACC) deaminase (H.G. et al., 2020). 

ACC deaminase reduces the level of ethylene, a plant hormone that retards normal root growth 

and triggers senescence under drought (Naylor & Coleman-Derr, 2018).  
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Inoculation altered co-occurrence patterns and network topology: 

“Co-occurrence networks are robust to small differences in sample sites or near-steady-state 

community conditions, and that while some sensitivity is lost, the specificity of the resulting 

networks remains reliable” (Berry & Widder, 2014). Scale-free topology and random null model 

network comparison ensured that both NT and TXVA rhizosphere networks are real-world 

microbial co-occurrence networks. As indicated by the network topologies such as modularity, 

density, and diameter (Table 3-2), microbial communities in TXVA samples have a more complex 

network than NT samples, although the number of ASVs is less in TXVA. The complexity of the 

network in TXVA possibly suggests more information sharing and resource distribution in the 

rhizosphere, thereby favoring the soybean yield. Our result agrees with the finding of Tao and co-

authors, where the network complexity was highly correlated with the maize phenotype (Tao et 

al., 2018). In addition, a smaller average path length in the NT network indicates a small-world 

network favoring quick response to perturbations and information/resource sharing (Faust & Raes, 

2012). Similarly, the NT network has higher transitivity (Table 3-2) or average clustering 

coefficient, which has been interpreted as the presence of degradation pathways or niche filtering 

(Röttjers & Faust, 2018). On the other side, TXVA provides more shared niches.  The proportion 

of negative edges in the NT network is higher. 

Enhanced predicted functional potential: 

Comparison of predicted functions of the microbiome during harvest showed increased 

lipopolysaccharide (LPS), and fatty acid biosynthesis processes in TXVA inoculated rhizosphere 

under drought conditions (Figure 3-13) LPS is an integral part of the outer membrane of gram-

negative bacteria that is essential for survival and protection against environmental stress. The 
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absence of a thick peptidoglycan layer and the inability to form endospore make gram-negatives 

more prone to damage caused by abiotic stresses. It is essential for B. japonicum infection to 

soybean plants (Stacey et al., 1991). Similarly, some fatty acids such as homoserine lactone is 

associated with quorum sensing in B. japonicum (Lindemann et al., 2011). 
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Chapter 4  

Construction and Analysis of Weighted Gene Co-expression 
Network of Bradyrhizobium japonicum Under Desiccation 

Stress 
 

Abstract: 

Bradyrhizobium japonicum, a nitrogen-fixing endosymbiont of soybeans, has a positive impact on 

sustainable agriculture by reducing the use of chemical nitrogen fertilizers. To establish a 

symbiotic association with soybeans, it has to sustain environmental stresses and retain its 

functional traits such as nodulation and biological nitrogen fixation. Desiccation is one of the most 

prevalent limiting abiotic factors that affect these traits. Therefore, identifying key genes and 

relevant mechanisms involved in desiccation stress responses is important to develop a better 

nitrogen-fixing bioinoculant. Traditionally, most studies have focused on the identification of 

differentially expressed genes; however, underlying molecular mechanisms involve much more 

complex interactions among genes. Here, we performed a weighted gene co-expression network 

analysis (WGCNA) to identify the modular structure of genes in response to desiccation stress. 

Modules showing a strong positive correlation with desiccation duration were enriched with fatty 

acid biosynthesis, chaperones, structural molecule activity, and cytoplasmic function. In addition, 

identified modules were largely preserved in a network of combined microarray data generated 

from various experiments. This network analysis provides an evidence of gene modules whose co-

expression changes as a function of time under desiccation stress. Furthermore, hub genes within 

each module will serve as potential candidates for experimental verification. 
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Introduction: 

 Bradyrhizobium japonicum, a nitrogen-fixing endosymbiont of soybean, is of agricultural 

significance because it provides usable nitrogen compounds (e.g., ammonia) to the host plant. To 

establish a successful symbiotic association with soybeans, B. japonicum has to sustain 

environmental stresses for prolonged time and maintain its physiological traits such as nodulation 

and nitrogen-fixing capability in soils as well as in plants. Since they are soil dwelling bacteria, 

their persistence is greatly affected by environmental fluctuations in their habitat soil (Streeter, 

2007). In addition, survival of B. japonicum as a bio-inoculant in the field is a major concern that 

can affect the nodulation efficiency and crop yield. The growing threat of abiotic stresses 

associated with climate changes and global warming necessitates the development of a bio-

inoculant that can survive for longer duration with maintenance of their symbiotic characteristics. 

Therefore, it is important to identify the mechanism that is related with the stress tolerance. The 

most significant environmental stress that affects the growth and survival of B. japonicum in the 

agricultural field is drought. 

 Desiccation stress (e.g., drought) is one of the most prevalent limiting factors in B. 

japonicum growth and overall nitrogen fixing ability by other plant growth promoting rhizobium 

(PGPR) strains in the agricultural soil  (Potts, 1994). Most of the Rhizobium strains, including B. 

japonicum, are sensitive to desiccation stress (Boumahdi et al., 1999) in soil or on seeds during 

seed inoculum treatment (Streeter, 2007). Genes involved in the trehalose biosynthesis have 

largely been studied as key players to enhance desiccation tolerance in bacteria (Cytryn et al., 

2007; Streeter, 2003), which ultimately enhances drought tolerance in associated plants (Vílchez 

et al., 2016). However, how these genes are interacting with other related physiological traits such 
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as desiccation-involved stress tolerance remains elusive. Therefore, identifying key genes and 

underlying mechanisms in response to desiccation stress is important to develop a novel bio-

inoculant. Although greater efficiency has been achieved for the storage of bioinoculants (Streeter, 

2007), their survival rate on seed surface or in the soil remains a major challenge. Desiccation-

tolerant microorganisms have also shown to enhance plant drought tolerance (Vílchez et al., 2016) 

and plant growth (Molina-Romero et al., 2017). Studies on the identification of key molecular 

markers were largely based on the differential gene expression analysis (Cytryn et al., 2007). 

However, a molecular mechanism by which rhizobia deals with the desiccation stress could 

involve much more complex interactions among an entire set of genes. Despite extensive studies 

on desiccation stress, the actual cause of desiccation-induced cells death is still unknown. Gene 

co-expression network analysis could allow us to decipher how gene are connected in response to 

desiccation stress and which genes are responsible for coping with the increase of the stress in a 

steady manner. 

 Gene co-expression network analysis allows us to systematically extract new information 

by capturing relationships among transcripts from differential gene expression data. Weighted 

gene co-expression network analysis (WGCNA) is the most widely used method for construction 

and analysis of gene co-expression networks (Bakhtiarizadeh et al., 2018; Hu et al., 2018; W. Li 

et al., 2020; Liu et al., 2018). It utilizes adjacency matrix (𝑎!" = 𝑆!"
#), defined by the co-expression 

similarity (𝑆!" =	 %𝑐𝑜𝑟)𝑥! , 𝑥",%)	of genes i and j raised to a soft power (𝛽). It further transforms 

adjacency matrix to topological overlap matrix (TOM), which is highly robust towards noise in 

the dataset, and separates functionally correlated genes into modules (Langfelder & Horvath, 

2007). Although, there are several studies on B. japonicum in relation to drought and desiccation 

stresses (Cytryn et al., 2007; Sugawara et al., 2010) no report has been made for deciphering gene 
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co-expression network of this model organism. Therefore, to fulfil this knowledge gap, we 

performed WGCNA (Langfelder & Horvath, 2008) of B. japonicum USDA110 grown under 

desiccation stress and correlated functional modules to different desiccation periods. We 

discovered functionally related gene clusters whose expression changes with the progression of 

desiccation stress. In addition, we compared the network under desiccation stress with a network 

of combined gene expression data of B. japonicum from various experimental conditions, which 

is considered as the global network. 

Materials & Methods: 

Microarray data retrieval and preprocessing: 

Table 4-1 GenePix Microarray datasets downloaded from NCBI GEO database. 

S.N. Accession no. Arrays 

1 GSE8036 4 

3 GSE9125 18 

4 GSE10295 6 

5 GSE10296 4 

6 GSE10298 6 

7 GSE19039 12 

8 GSE23296 16 

9 GSE23870 6 

10 GSE26380 6 
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11 GSE26531 12 

12 GSE26960 6 

13 GSE26961 6 

14 GSE36913 6 

15 GSE66091 24 

16 GSE69999 6 

 
Total 138 

Raw GenePix files of GSE9125 (Cytryn et al., 2007) and other B. japonicum USDA110 microarray 

data from 17 different experiments (Table 4-1) were obtained from the Gene Expression Omnibus 

(GEO) database at the National Center for Biotechnology Information (NCBI) 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GPL5341). The experimental condition for 

the microarray data is as follow: i) Cells were harvested in a 0.4µm (47mm diameter) membrane 

filter, ii) cells were transferred to desiccators with hydrated (100% RH) and desiccated (27% RH) 

condition for 4, 24 and 72 hours, iii) cells were resuspended in ice-cold BMM for RNA extraction 

(Cytryn et al., 2007). All raw data were reanalyzed using ‘limma’ package in R. Background 

correction was done using ‘mle’ in ‘normexp’ method with offset value 50. Within-array, 

normalization was performed using ‘printtiploess’ followed by ‘Aquantile’. For simplicity and 

reproducibility of the data analysis, only GenePix Array data were included, and microarray 

datasets were preprocessed individually with same parameters.  



 107 

Signed weighted gene co-expression network construction: 

The WGCNA R software (R4.0.2) package was used to construct a signed co-expression network. 

The signed network takes into consideration of the sign of measured correlation coefficients 

between genes. Such networks can facilitate identification of modules with more significantly 

enriched functional groups (Horvath, 2011). At first, gene adjacency matrix was formulated by 

raising biweight midcorrelation (Bicor) coefficients to the soft-power 19. Bicor was used unless 

otherwise specified, because of its robustness to outliers (Langfelder & Horvath, 2008). The soft-

power was selected based on the value at which the network approximately followed the scale-

free topology with fitting index (R2) ³ 0.9 (Figure 4-1). Subsequently, the weighted adjacency 

matrix was transformed into TOM and the corresponding dissimilarity matrix was calculated to 

minimize effects of noise and spurious associations. TOM was then used to cluster highly co-

expressed genes by hierarchical clustering, followed by identification of modules using dynamic 

tree cut algorithm. Highly correlated modules were merged at 0.25 height of the dendrogram. 

Merged modules were further refined by rearranging genes among modules using additional k-

means clustering step (1000 permutation), where eigengenes of each merged module are 

considered as the centroids (Botía et al., 2017). 

 

Figure 4-1: Selection of soft thresholding power to obtain scale independence and mean connectivity pattern (A) and connectivity 

pattern and scale free topology at selected soft threshold R-square value of 0.9 (B). 
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To study the relationship among modules, module eigengenes of modules were correlated 

(Spearman) with each other along with desiccation time as an additional branch. Highly correlated 

modules form meta-modules. Also, we calculated the number of genes that share significantly 

positive module memberships (P < 0.05) in modules. 

Functional enrichment analysis of network modules: 

Functional enrichment analysis was performed using DAVID (Database for Annotation, 

Visualization, and Integrated Discovery) (Dennis et al., 2003). Entrange gene IDs of probes 

corresponding to each module were uploaded in the DAVID database and the B. japonicum 

USDA110 whole genome was selected as background. Annotation was performed with default 

settings. All P-values > 0.01 were considered as significantly enriched gene ontology (GO) terms. 

Module preservation analysis: 

To further validate the preservation of identified modules, we performed the module preservation 

analysis (Langfelder et al., 2011) with the test network from combined microarrays (120 arrays) 

generated from different experiments of B. japonicum (Table 4-1). To avoid possible bias, we did 

not include expression values from the desiccation network in the test network in addition to the 

outlier array, resulting in a total of 119 arrays. First, we compared the ranked connectivity to check 

if the datasets were comparable (Figure 4-2). After ensuring comparability, we applied 

modulePreservation function in the WGCNA package with the desiccation network as a reference 

and others as a test network, where we specified bicor and 1000 permutations to identify Zsummary 

preservation and medianRank preservation, respectively. 
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Figure 4-2: Correlation of connectivity pattern between probes under Desiccation stress (A) and random experimental condition 

(B). 

Module trait relationships and detection of hub genes: 

Module eigengenes (MEs) were Spearman-correlated with the time of desiccation. Positively 

correlated modules were selected for the visualization in Cytoscapes. Hub gene were selected 

based on high intramodular connectivity and high module membership values. 

Results: 

Network construction and identification of modules: 

Similar to other biological networks, our network satisfies the scale free topology at soft 

thresholding power (b) of 19 as indicated by the straight line (Figure 4-1). This indicates that our 

network follows power law, which suggests that fewer nodes in the network have large numbers 

of connectivity (B. Zhang & Horvath, 2005). Initially, 38 modules were identified by WGCNA 
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hierarchical clustering, but they were merged into 16 modules based on high correlation (>0.75) 

among module eigengenes (Figure 4-3). After merging with k-means clustering, different color 

codes were used for 16 modules as follows: Black, Lightgreen, Darkolivegreen, Green, Brown, 

Grey60, Orange, Royalblue, Blue, Darkmagenta, Darkturquoise, Cyan, Yellowgreen, Pink, 

Darkgreen, and Darkred modules contain 324, 519, 418, 587, 853, 585, 560, 600, 985, 576, 388, 

663, 430, 369, 286 and 337 genes, respectively (Figure 4-5). 

 

Figure 4-3 : Gene co-expression network construction and module detection in B. japonicum USDA110 under desiccation stress. 

(A) Gene cluster dendrogram. Three colored horizontal bars represent modules obtained by hierarchical clustering, merging and 

k-means clustering, respectively, from top to bottom. (B) TOM plot of the network. Yellow region along the diagonal represents 

modules. 
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Relationship among modules:

 

 

Figure 4-4 A relationship among modules. (A) Circos plot showing shared module membership among modules. (B) Cluster 

dendrogram of module eigengenes along with the desiccation branch node (top panel) and adjacency heatmap (bottom panel). 

Module membership (MM) of genes is largely shared among modules, suggesting that modules 

are inter-connected. Specifically, a large proportion of genes in the Darkred module share MM 

with Darkgreen, Pink and Green modules (Figure 4-4A). On the other hand, the network modules 

are grouped into 3 meta-modules as indicated by the correlation of module eigengenes. We 

incorporated desiccation time periods of 24, 48, and 72 h as an additional node in the dendrogram, 

which is associated with darkred, darkgreen, and pink meta-modules. Modules within each meta-

module have high adjacency (Figure 4-4B). 

Module and desiccation stress relationship: 

Module eigengene of each module was Spearman rank correlated with desiccation time. Among 

16 modules, 5 modules (Darkgreen, Darkred, Pink, Green, and Yellowgreen) were positively 
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correlated, whereas 3 modules (Orange, Darkmagenta, and Darkolivegreen) were negatively 

correlated with the desiccation time (Figure 4-5 A). Thus, high expression values of the genes 

within those positively correlated modules indicates strong connections among each other. In 

comparison of module significance (MS) across all modules, higher significance was observed in 

Darkgreen and Darkred modules (Figure 4-5 B). This indicates that these gene clusters are strongly 

associated with the desiccation stress response. MS quantifies the average gene significance (GS) 

measure for all genes in each module (Langfelder & Horvath, 2008). Furthermore, GS and 

intramodular connectivity (kME) of all genes within the 5 modules, which had positive correlation 

with desiccation time, showed strong positive correlation with their MM to the respective module 

(Figure 4-6). This suggests that genes with high MM tend to have high GS towards the desiccation 

stress. It also indicates the robustness of the identified modules and their property.

 

 

Figure 4-5 : A relationship between module eigengenes and desiccation time. (A) Correlation shows Spearman correlation and 

values in parentheses shows the number of genes in the respective modules. (B) Gene significance of identified modules. 
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Figure 4-6 Scatterplot of (A) Module membership vs Gene significance for desiccation time in the five significant and (B) 

Scatterplot of module membership vs intramodular connectivity in the five significant modules in desiccation stress response. 

Functional enrichment analysis: 

A co-expression module may represent a noise due to lack of optimal parameters for clustering 

genes. Therefore, we performed functional enrichment analysis of modules that are positively 

correlated with the desiccation time. All 5 modules were significantly enriched with genes in 

different GO terms and KEGG pathways (Table 4-2). This provides evidence of the biological 

meaningfulness and functional roles of the network modules. Two modules (Darkgreen and 

Darkred) which are highly correlated with desiccation time were enriched with cytoplasm, fatty 

acid biosynthesis, and chaperon binding proteins. Similarly, the Pink module is enriched with 

functions associated with cell motility and extracellular regions, while the Yellowgreen module is 

associated with ribosomes. 
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Table 4-2 Functional enrichment analysis of modules that are positively correlated with the time of desiccation. The enrichment 

analysis was performed using a DAVID functional enrichment tool. 

 

Modules Category Term % pValue BH 

Darkgreen 
GOTERM_CC_DIRECT GO:0005737~cytoplasm 10.53 3.39E-04 0.00745401 

GOTERM_BP_DIRECT GO:0006633~fatty acid biosynthetic process 2.10 8.82E-04 0.09698671 

darkred 

GOTERM_CC_DIRECT GO:1990220~GroEL-GroES complex 1.19 2.16E-04 0.00560767 

GOTERM_MF_DIRECT GO:0051087~chaperone binding 1.19 2.39E-04 0.03320928 

GOTERM_BP_DIRECT GO:0006986~response to unfolded protein 1.19 2.57E-04 0.01489122 

GOTERM_BP_DIRECT 

GO:0051085~chaperone mediated protein folding requiring 

cofactor 1.19 2.57E-04 0.01489122 

GOTERM_MF_DIRECT GO:0051082~unfolded protein binding 1.19 5.80E-04 0.04029768 

pink 

GOTERM_CC_DIRECT GO:0005576~extracellular region 2.45 8.36E-05 0.00238288 

GOTERM_BP_DIRECT GO:0071973~bacterial-type flagellum-dependent cell motility 2.45 1.52E-04 0.01661433 

GOTERM_CC_DIRECT GO:0009288~bacterial-type flagellum 1.63 1.59E-04 0.00238288 

GOTERM_MF_DIRECT GO:0005198~structural molecule activity 1.90 1.60E-04 0.02550509 

KEGG_PATHWAY bja02020:Two-component system 4.89 1.38E-03 0.10199092 

GOTERM_MF_DIRECT GO:0003735~structural constituent of ribosome 2.45 2.91E-03 0.23136308 

KEGG_PATHWAY bja03010:Ribosome 2.45 5.46E-03 0.20186178 

GOTERM_BP_DIRECT GO:0006412~translation 2.45 7.68E-03 0.41875697 

yellowgreen 

GOTERM_MF_DIRECT GO:0003735~structural constituent of ribosome 3.76 1.61E-08 2.95E-06 

UP_KEYWORDS Ribosomal protein 3.76 6.02E-08 4.47E-06 

KEGG_PATHWAY bja03010:Ribosome 3.76 6.03E-08 3.98E-06 

UP_KEYWORDS Ribonucleoprotein 3.76 7.84E-08 4.47E-06 

GOTERM_BP_DIRECT GO:0006412~translation 3.76 1.94E-07 2.67E-05 

UP_KEYWORDS RNA-binding 3.52 2.05E-06 7.79E-05 

UP_KEYWORDS rRNA-binding 2.58 1.43E-05 4.06E-04 

GOTERM_MF_DIRECT GO:0019843~rRNA binding 2.11 1.13E-04 0.01031713 

GOTERM_CC_DIRECT GO:0022625~cytosolic large ribosomal subunit 1.88 2.62E-04 0.00734261 

GOTERM_CC_DIRECT GO:0022627~cytosolic small ribosomal subunit 1.17 2.98E-03 0.04172204 

green 

UP_KEYWORDS Signal 13.40 2.80E-05 0.00392217 

UP_KEYWORDS Cytoplasm 7.04 9.90E-05 0.00692823 

GOTERM_CC_DIRECT GO:0005737~cytoplasm 8.76 1.83E-03 0.07137151 
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Module preservation: 

We performed module preservation analysis to evaluate the preservation of connectivity patterns 

of modules observed in the desiccation network (reference network) as well as in the random 

network (test network). We hypothesized that the network properties should not vary largely in 

terms of connectivity because genes related to a particular pathway tend to have a similar 

connectivity pattern, irrespective of the environmental perturbation (Langfelder et al., 2011). Most 

of the modules were weakly to moderately preserved (2<Zsummary>10) and 4 modules were highly 

preserved (Zsummary>10) as observed by the Zsummary statistics (Figure 4-7). On the other hand, 

medianRank summarizes the observed preservation statistics to compare relative preservation 

among multiple modules, irrespective of the module size. Lower median rank shows stronger 

preservation than a module with a higher median rank (Langfelder et al., 2011). After further 

exploration, we observed that density-based preservation was stronger than connectivity-based 

preservation in Pink, Green, Yellowgreen, and Darkgreen nodules in descending order. In contrast, 

the Darkred module showed higher preservation in the connectivity pattern than the density. All 

these modules showed preservation in both density and connectivity, except for the Yellowgreeen 

module. 

 

Figure 4-7 Module preservation analysis of Desiccation network modules. 
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Network visualization and gene selection: 

 Two most important modules, Darkred and Darkgreen, were plotted using Cytoscape. 

Highly connected genes were simplified by setting a TOM threshold for the ease of visualization. 

Several hub genes were identified based on the network topological properties. These genes are 

highlighted in purple colors as shown in Figure 4-8 and Figure 4-9. 

 

Figure 4-8 Network of strongly connected genes in the Darkred module. Connections correspond to the topological overlap greater 

than 0.165. Purple color represents intramodular hub genes. Size of the nodes corresponds to gene significance, boarder thickness 

corresponds to module membership and label size corresponds to intramodular connectivity. 

 

Figure 4-9 Network of strongly connected genes in the Darkgreen module. Connections corresponds to the topological overlap 

greater than 0.13. Purple color represents intramodular hub genes. Size of the nodes corresponds to gene significance; boarder 

thickness corresponds to module membership and label size corresponds to intramodular connectivity. 
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Discussion: 

 In the previous study, Cytryn and colleagues reported differentially expressed genes at 

different levels of desiccation stress and concluded that several other protective mechanisms are 

also required for its survival under the stress (Cytryn et al., 2007). Here, we employed a co-

expression network approach to identify functional groups and associated key genes that are 

responsible for the cell survival as a function of desiccation time. 

 Microarray technology mainly suffers from noises in the dataset (Hong et al., 2013), which 

can result in the lack of power to identify true biomarkers. As network analysis is based on the 

correlation measure, it is robust to handle noises in the dataset and identify a system-level 

relationship among genes that are even expressed in low abundance (van Dam et al., 2018). We 

created adjacency matrix using bicor measure, which is better than Spearman and Pearson 

correlation in handling outliers (Langfelder & Horvath, 2012; Song et al., 2012). Furthermore, 

TOM, implemented in WGCNA, not only minimizes the effects of noises and spurious 

associations in correlation matrix, but also leads to biologically meaningful results by considering 

the neighborhood similarity (Yip & Horvath, 2007). Bicor, in conjunction with TOM, often leads 

to refined module clustering in terms of functional enrichments (Song et al., 2012). In addition, 

log fold-change values represent true relative expressions of genes under desiccation stress at each 

time point, thereby minimizing the effects of variation caused by signal intensities among 

replicates (Hong et al., 2013). After careful consideration of noises and outliers, and after data 

transformation, the B. japonicum network constructed by the fold change values under desiccation 

stress followed scale free degree distribution (Figure 4-1). As opposed to random networks, scale 

free networks have fewer nodes (genes) with the large number of connections, considered as 
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network hubs, irrespective of the size of the network. This property is testified as a hallmark to 

define a true biological network (Albert, 2005). Scale free topology of our network further suggests 

that it is less affected by random node removal (Jeong et al., 2001), and hence unlikely to be 

affected by noises. 

 Biological genome or transcriptome networks can be complex and difficult to interpret. 

Module based network clustering helps us identify functional groups and associate these modules 

to physiological traits. Modules are densely connected groups of genes or transcripts that may 

perform similar functional roles and have relatively sparse intermodular connections (Albert, 

2005; van Dam et al., 2018). We identified that the network under desiccation stress is modular in 

structure. However, there is a high level of crosstalk across modules. In fact, the fraction of genes 

having confined MM is miniscule in comparison to those with shared MM (Figure 4-4.A). 

Similarly, the module eigengene (ME) clustering indicates that the whole network is divided into 

3 meta-modules, where desiccation stress is associated with the Darkred, Darkgreen, Pink, 

Yellowgreen, Cyan, and Darkturquoise modules (Figure 4-4.B). Furthermore, we identified 

modules associated with the desiccation stress.  Darkred, Darkgreen, Pink, Green and Yellowgreen 

modules have high average GS and are positively correlated with desiccation time (Figure 

4-5A/B). Significance of these 5 modules towards desiccation stress is further supported by ME 

clustering and their adjacency heatmap (Figure 4-4). Although the Green module is in a separate 

meta-module, it has high adjacency with desiccation as shown in Figure 4-4B. This could be due 

to the high number of genes in the module containing shared MM with other modules in the 

associated meta-module (Figure 4-4.A). Our result suggests that ME clustering is influenced by 

the shared MM. These modules are biologically meaningful and are associated with certain 

functional groups (Table 4-2).  
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 We performed a module preservation analysis to evaluate the robustness and 

reproducibility across independent datasets. Since modules may represent certain biological 

pathways (Langfelder & Horvath, 2008), preservation of connectivity of genes in these modules 

with respect to independent test networks provides strong evidence of pathway-related genes. We 

observed a weak to strong connection of genes as indicated by the moduleRank Preservation and 

Zsummary Preservation statistics (Figure 4-7A). Zsummary represents composite preservation 

statistic as a mean of Zdensity and Zconnectivity (Langfelder et al., 2011). Comparatively, module nodes 

remain densely connected in the test network; however, the connectivity pattern may change based 

on the physiological condition (Figure 4-7B). Pink (Zsummary=11.497) and Green (Zsummary=11.278) 

modules show strong evidence of preservation, followed by Yellowgreen (Zsummary=6.60), 

Darkgreen (Zsummary=5.88), and Darkred (Zsummary=4.49) modules (Figure 4-7). More specifically, 

the highest preservation of the Blue module (Zsuumary=26.122), that is enriched with integral 

components of cell membranes and nitrogen fixation, suggests that this cluster of genes tend to 

remain intact at all conditions. This also suggests that once the survival of bacteria is attained under 

stressful conditions, the inherent nitrogen-fixation ability is unlikely to be affected. The module 

preservation statistics further justifies the biological relevance of modules identified in the 

desiccation network and their reproducible transcriptome assembly, which is a common property 

of a given biological system (Oldham et al., 2008) . 

 WGCNA measures connectivity of a gene with all other genes within the entire network, 

known as intermodular connectivity or within a particular module, known as intra-modular 

connectivity (kME) (Horvath, 2011). Among these two measures, intra-modular connectivity has 

been found to be more reliable for the selection of hub genes that are biologically important. 

Networks are extremely sensitive to hub gene removal, leading to significant loss of topological 
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properties (Jeong et al., 2001). Gene with high kME tend to have high MM and act as module hubs 

(Figure 4-6B). On the other hand, we observed high correlations between MM and GS (Figure 

4-6A), suggesting that hub genes in desiccation related modules also tend to express more with the 

severity of desiccation. Our approach for hub gene selection has been previously supported and 

verified in similar studies (Hu et al., 2018; Jeong et al., 2001; W. Li et al., 2020).  

 Rhizobia mainly suffer damages of cytoplasmic membrane layer and furthers the leakage 

of intracellular materials under desiccation stress (Bushby & Marshall, 1977), particularly 

affecting the fatty acid composition of lipopolysaccharide layer (Boumahdi et al., 1999). 

Therefore, maintenance of cytoplasmic membrane integrity is of prime importance in desiccation 

resistance. In our analysis, we observed a positive correlation of Darkgreen (r=0.944, P-

val=3.93e-09) and Pink (r=0.59, P-val=0.009) modules associated with fatty acid biosynthesis and 

extracellular region proteins, respectively, with desiccation time (Figure 4-5.A). Similarly, the 

Darkred module is also highly correlated (r=0.866, P-val=3.49e-06) with desiccation time (Figure 

4-5A), which is enriched with chaperone proteins (Table 4-2). Molecular chaperones are a group 

of proteins that are involved in a wide array of stress responses. Particularly, included are heat 

shock proteins (hsp) and GroEL/ES-complex that protect proteins from degradation under 

environmental stresses (Fourie & Wilson, 2020). Enrichment of functions related to stress 

responses puts on the right direction towards the identification of individual stress response genes. 

In the Darkred module, a gene encoding LD transpeptidase (LDT) (blr5047) has been found as 

one of the key hub genes, which shows strong topological overlap with another hub gene encoding 

ABC transporter substrate binding protein (blr6648) (Figure 4-8). 
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 We identified several hypothetical proteins, such as bsr1472, bll2567, bll4620, and 

blr6167, as key hub genes in Darkred and Darkgeen modules (Figure 4-8;Figure 4-9). These 

proteins with unknown function could play an essential role in desiccation stress response and are 

candidate genes for further verification. Functional properties of about 30% of genes in B. 

japonicum USDA110 remain elusive (Kaneko et al., 2002), and a large proportion of those genes 

could be responsible for cell survival under desiccation stress. However, these unassigned genes 

could have important functions for survival and growth. For example, in Saccharomyces 

cerevisiae, one of the most widely studied fungi, 13% of genes of unassigned function were 

discovered to be essential for optimal growth in minimal medium (Guri et al., 2002). Taken 

together, our results suggest that B. japonicum responds to desiccation as a highly connected group 

or module of transcripts which share a common biological function. Therefore, the identified hub 

genes can be further validated using molecular and physiological approaches.  
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Chapter 5  

Conclusion 

 Increased anthropogenic activities and global warming at an alarming rate necessitate the 

adoption of alternative strategies in agriculture such as biofertilizer application, soil amendment 

with biochar, and development of transgenic crops. Our research addresses some of the key 

measures to mitigate abiotic stresses, increase crop productivity, and enhance overall soil fertility. 

In this research, there are three foci: i) the sensible use of the drought-tolerant biofertilizer, ii) 

finding a way to improve biofertilizers by identifying novel biomarkers, and iii) the concurrent use 

of mechanical measures that can improve its performance and add benefits to cope with 

environmental stresses. Although biofertilizers can compensate for the required nutrient input in 

place of chemical fertilizers, their use alone may not be sufficient to fulfill the growing food 

demand. This is due to the fact that their vitality and persistence may differ depending on different 

field conditions and locally adopted agricultural practices (Schmidt & Gaudin, 2018). Therefore, 

in addition to developing a novel bio-inoculant exploring a new way to increase the agronomic 

potential of biofertilizers and their impact on native microbial communities is an equally important 

aspect. 

 The novel drought-tolerant Bradyrhizobium sp. TXVA strain showed promising results 

under the rainfed condition by increasing soybean yield and root nodule numbers. In addition, it 

altered the bacterial community in the rhizosphere at 7 weeks and enriched the proportion of plant 

growth-promoting rhizobia (PGPR). A previous study suggests that a bio-inoculant induces 
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synergistic effects with native microbiota (Molina-Romero et al., 2017) on maize growth, which 

is further supported by our current study where the co-presence of other microbial species has 

increased by the inoculant treatment in comparison to the control (i.e., no treatment). Our research 

identified several possible mechanisms by which the TXVA strain enhances plant growth. The 

first potential mechanism would be increasing the persistence of the host endosymbiont under the 

drought condition. Secondly, it would increase the abundance of PGPR that show higher tolerance 

towards environmental stresses. Third, it would change the co-occurrence pattern of microbial 

communities in the rhizosphere where mutual exclusion is proportionately decreased. Increased 

abundance of Bacillus subtilis and Bacillus megaterium in the TXVA-treated rhizosphere soil 

suggests the possibility of combining the TXVA strain and Bacillus spp. to increase their 

synergetic performance. Other studies indicated that biofertilizers showed better performance 

when the inoculant Bradyrhizobium japonicum was used in combination with other bio-inoculants 

such as B. subtilis and Strenotrophomonas rhizophila (Atieno et al., 2012; Egamberdieva, Wirth, 

et al., 2016). 

 Additionally, a molecular approach to identify marker genes governing stress tolerance 

would provide an additional benefit to identification and development of a novel bio-inoculant.  

Weighted gene co-expression network analysis (WGCNA) of B. japonicum under desiccation 

stress allowed us to find a unique perspective to observe the interaction among genes under 

desiccation stress rather than only focusing on the differential gene expression. Hence, we were 

able to identify modules or clusters of strongly connected genes that function as a group in response 

to desiccation stress. The module-based analysis provides a direct advantage by minimizing the 

complexity of large genomic interactions and thus allows separation of functionally related genes 

(Langfelder & Horvath, 2007). The current study offers a first comprehensive evaluation of the 
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gene co-expression network in B. japonicum USDA110. We identified several modules in 

association with the severity of desiccation stress. Since desiccation is a severe form of drought, 

this research can also be directly related to drought stress tolerance. Evidence suggests that 

desiccation-tolerant microbes increase drought tolerance in plants (Vílchez et al., 2016). Therefore, 

this study could help to identify potential hub genes responsible for the persistence of the bio-

inoculant under drought and desiccation stress.  

 We examined the effects of dairy effluent saturated wood biochar on Bermudagrass 

growth, soil nutrient composition and microbial communities in a greenhouse study. Saturation 

with dairy effluents ameliorated the nutrient composition of pristine biochar and increased its 

efficiency. Due to its physicochemical properties such as nutrient sequestration, increased water 

holding capacity, and large surface area, biochar provides an excellent micro-habitat to native soil 

microbes (Lehmann et al., 2011) as well as bio-inoculants (Khan et al., 2021). Although this study 

has been performed on Bermudagrass (non-food crop species in the U.S.), the result suggests that 

biochar amendment with nutrients and biofertilizers could also be applied to major cash crops such 

as corn and soybeans. Several studies report beneficial impact of pristine biochar on the growth 

and productivity of these cash crops under field condition (Egamberdieva, Wirth, et al., 2016; Ma 

et al., 2019; Pandit et al., 2018). Additionally, enrichment of nitrogen-fixing rhizobia after the 

biochar treatment indicates that it could play a vital role in leguminous plants, because biological 

nitrogen fixation (BNF) is in high demand of the legume-rhizobium symbiosis. Biochar based B. 

japonicum strain 532C inoculant improved soybean growth and nodulation (Głodowska et al., 

2017). Similarly, co-amendment of biochar with nutrient and biofertilizer has shown to increase 

wheat growth and grain yield (Khan et al., 2021). 
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 In the future, this research will be extended by examining the effects of the drought-tolerant 

bio-inoculant across a sequence of growing seasons with crop rotation. Our research has been 

limited to one Soybean growing season, which may not reflect an actual impact on the rhizosphere 

microbiome in response to prolonged use of the bio-inoculant in the same field. Simultaneously, 

investigating the persistence of the biofertilizer in the same field for a longer duration could be 

another interesting avenue for research projects. In fact, there are only a handful of studies that 

focus on the dynamics of the microbial community at multiple growing seasons (Mendes et al., 

2014; Q. Yao et al., 2017). Although we measured the relative abundance of bacterial communities 

in the current study, we were not able to evaluate changes in the absolute abundance of the TXVA 

strain. The whole-genome sequencing of the TXVA strain is underway in the Chang lab, which 

could help us develop unique primer sets for a molecular marker to identify the TXVA strain from 

the bacterial population in soil. In addition to the development of the molecular marker, 

identification of genome variants among the TXVA strain and other known Bradyrhizobium spp. 

strains using a comparative genomics approach would be a great way to infer any evolutionary 

changes to adaptation. 

 We also plan to examine the effects of biochar on soybean growth and fertility under 

drought stress. Although several studies have reported the beneficial effects of biochar on soybean 

growth (Ma et al., 2019; Suppadit et al., 2012; Y. Zhang et al., 2020), we have not found any 

research to date on investigating the effects of biochar on the microbiome in the soybean 

rhizosphere under drought conditions. Biochar amendment to soil has been suggested  to increase 

microbial activities and protect them against environmental stresses (Palansooriya et al., 2019; Y. 

Zhang et al., 2020). Therefore, soil amended with the drought-tolerant strain-embedded biochar 

could be an excellent way to improve efficiency and persistence of the applied bio-inoculant under 
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severe environmental stresses. This could also be a cost-effective alternative to expensive chemical 

fertilizers and mitigate drought stress in arid regions of the world. 

 Furthermore, validation of the hub genes identified by network analysis is a great way to 

test the hypothesis and identify a novel molecular marker for desiccation stress tolerance. 

Quantification of expression levels of the hub genes under desiccation stress using qRT-PCR and 

construction of a series of knock-out mutants for specific hub genes can be done to validate the 

hypothesis that these hub genes are essential for survival under desiccation stress. For example, a 

B. japonicum USDA110 mutant (∆blr2567), was constructed by the site-directed mutagenesis; 

however, its validation is underway. Blr2567 is a hypothetical protein, which was identified as one 

of the intramodular hub genes in the module that showed strong positive correlation with the 

desiccation time. The network was constructed using microarray data, which may not present low 

level gene expression due to hybridization limitations on the microarray chip. It would be better if 

the network analysis were conducted with RNA-seq expression data, which could provide higher 

resolutions for low expressed genes. 

  Overall, our research provides scientific evidence and comprehensive evaluation of 

biofertilizer applications to attain sustainable agriculture. It further suggests possible measures to 

improve agronomic efficiency of biofertilizers in the field and synergistically improve crop yield, 

thereby minimizing the use of chemical fertilizers. This would also help to alleviate negative 

effects of other abiotic stresses due to global warming. 
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