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ABSTRACT

The symbiotic relationship formed between soybean legumes and root-nodulating

Bradyrhizobium spp. provides a sustainable and affordable source of nitrogen (N) to

soybean plants via biological nitrogen fixation (BNF). During this process, Bradyrhi-

zobium spp. form and perform nitrogen fixation inside root nodules with the help of

nodulation (nod) and nitrogen fixation (nif and fix) genes located together in sym-

biosis islands in the bacterial genome. Commonly reported soybean root-nodulating

Bradyrhizobium spp. in the US include B. diazoefficiens, B. elkanii, and B. japonicum,

which are also used as commercial inoculants due to observed increases in soybean yield

which varies based on phenotypic traits such as symbiotic effectiveness (nodulation and

nitrogen fixation abilities) and competitiveness with indigenous Bradyrhizobium spp.

Genomic analyses, including gene and symbiosis island composition, potentially provide

a readily available and cost efficient approach to the prediction of phenotypic traits.

However, only 21 complete genomes for these three species are available in NCBI Gen-

Bank and RefSeq, and no comprehensive resource is available to gather data about

Bradyrhizobium, a genus critical to sustainable soybean production that will facilitate

food security for a global population expected to reach 9.9 billion by 2050. Brady-

base, an organism-specific database for soybean root-nodulating Bradyrhizobium spp.,

was developed as a publicly available web resource for bradyrhizobia researchers and

stakeholders. Bradybase integrates genomes and phenomic data from NCBI RefSeq

and the University of Delaware Bradyrhizobium Culture Collection (UDBCC), which

consists of 352 Bradyrhizobium accessions (340 field isolates and 12 USDA reference

strains) established to genotypically and phenotypically characterize the indigenous

soybean root-nodulating Bradyrhizobium spp. in the state of Delaware. In this study,

x



21 UDBCC accessions were selected based on phenotypic diversity and assembled to

complete or near complete genomes using long reads generated from Pacific Biosciences

(PacBio) RSII Single Molecule Real Time (SMRT) technology. A novel pipeline cor-

rected frameshifted genes, often a result of the high PacBio RSII error rate (13-15%),

using reference RefSeq genes. Genome assembly and annotation highlighted the im-

portance of the often overlooked manual assessment and correction of completely as-

sembled microbial genomes, particularly those assembled from PacBio subreads alone,

before depositing the genomes into large scale databases like NCBI. Bradybase presents

a platform for the integration of tools, analyses, data, and collaboration forums spe-

cific to soybean-bradyrhizobia symbiosis research studies benefitting the research and

agricultural communities.
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Chapter 1

INTRODUCTION

1.1 Soybean

Soybean (Glycine max L.) is a leguminous species. It is one of the most im-

portant oil and protein sources in the world containing highest protein content among

legumes (Liu, 1997). The average nutritional composition for moisture-free seeds is

approximately 40% protein, 20% oil, 35% carbohydrate, and 5% ash including min-

erals, vitamins, and other components (Montgomery, 2003). It has been widely used

for human consumption as well as biodiesel, cosmetic products, and feed for livestock,

poultry, and fish. Soybean products are used to provide protein diet to humans often

replacing animal protein sources. It plays a crucial role in maintaining food and nutri-

tional security. The world population is expected to reach 9.9 billion by 2050 (United

Nations, 2019), and a growth in soybean yield and production can help meet the food

consumption demand.

1.2 Biological nitrogen-fixation in soybean

The high protein content of soybean demands large amounts of nitrogen (N)

for growth and yield (80 kg N per Mg grain produced, (Salvagiotti et al., 2008)). N

is required to synthesize enzymes, proteins, and chlorophyll molecules among others.

Soybean can meet its N requirements through N fertilizers, indigenous soil resources, or

biological nitrogen fixation (BNF) (Salvagiotti et al., 2008). Use of N fertilizers causes

water, soil, and air pollution. It is linked to an increased nitrate concentration in

drinking and surface waters, deterioration of soil health and structure, negative effects
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on soil organisms, emission of gaseous N oxides contributing to global warming, and

many other environmental issues (Savci, 2012). Also, application of N fertilizers for

soybean production is expensive, requiring 10 billion USD annually (Rodrguez-Navarro

et al., 2011). Soil N resources by themselves are available at low concentrations and

unable to meet the soybean N demand for good yields.

BNF carried out by symbiotic soybean rhizobia, mainly Bradyrhizobium spp.,

is the most sustainable and cheapest source of N for soybeans (Rodrguez-Navarro

et al., 2011). Bradyrhizobium-soybean symbiosis is an example of legume-rhizobial

symbiosis. Its specificity is controlled by plant secreted flavonoids, nod factor receptors

produced by the host plant, rhizobial exopolysaccharides, and host interactions with

the bacteria (Wang et al., 2018). Under N-limiting conditions, legume roots secrete

flavonoid compounds into the rhizosphere. It activates NodD proteins secreted by the

bacteria. NodD proteins activate the expression of nod genes in the bacteria resulting

in the release of nod factors. Nod factors bind to host nod factor receptors which

result in the formation of infection thread which is converted to N fixing bacteroids in

nodules.

Higher BNF is correlated to higher soybean productivity and seed yield (Ciampitti

& Salvagiotti, 2018). On average, 50-60% of soybean N demand is met by BNF. Identi-

fication and utilization of high nitrogen fixing bradyrhizobial strains can increase BNF

potential. Indigenous Bradyrhizobium strains are often reported to be either relatively

ineffective or not present in sufficient numbers to meet soybean N demand (Chibeba

et al., 2017). Host specificity expressed by soybean can also limit the development

of soybean-bradyrhizobia symbiosis (Thuita et al., 2012). Commercial inoculants con-

sisting of Bradyrhizobium spp. with higher symbiotic efficacy are therefore often used

as inoculants in an effort to increase soybean productivity. Soybean response to these

inoculants depend on indigenous rhizobial population as well as other soil physico-

chemical properties such as temperature, salinity, pH, and N availability. Competition

between existing and introduced strains of bradyrhizobia can lower the effectiveness of
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these inoculants in increasing soybean productivity (McDermott & Graham, 1990).

1.3 Soybean Bradyrhizobium

Bradyrhizobium spp. are slow-growing (doubling time >8 h) Gram-negative

Alphaproteobacteria (Jordan, 1982). They are aerobic and non-spore-forming. These

short rod-shaped (0.5 to 0.9 µm by 1.2 to 3.0 µm) bacteria are motile by one polar

or subpolar flagellum. They possess genomes with high GC content (62-66%) and

larger sizes (7-10 Mbp) compared to other members of Nitrobacteraceae family which

could be related to their lifestyle and metabolic diversity (Ormeo-Orrillo & Martnez-

Romero, 2019). Each strain has 5.2% to 17.8% of the chromosome allocated as the

genomic islands (GI) mobilome including symbiosis island. Symbiosis islands contain

genes that carry out nodulation and nitrogen fixation in soybean or other host plants.

Independent studies have identified eight different species of Bradyrhizobium ca-

pable of nodulating soybean: Bradyrhizobium daqingense, B. diazoefficiens, B. elkanii,

B. huanghuaihaiense, B. liaoningense, B. ottawaense, B. yuanmingense, and B. diazo-

efficiens (Tian et al., 2012). B. japonicum, B. elkanii, and B. diazoefficiens are mostly

used to formulate commercial inoculants around the world and also the commonly re-

ported soybean root-nodulating bradyrhizobia species in North America (Padukkage

et al., 2021) (Joglekar et al., 2020). The symbiotic activity of bradyrhizobia depends

on the symbiosis island present in its chromosome. The symbiosis island carries nod,

nif, fix and Type-III secretion system (T3SS) genes which are responsible for nodu-

lation and N fixation and that secrete effector proteins which can regulate symbiotic

compatibility with soybean plants respectively (Keyser et al., 1992) (Arashida et al.,

2021).

Effective symbiotic N fixation by bradyrhizobia in soybean depends on symbiosis

island genes as well as host-strain compatibility, competitive ability of the strains for

nodule occupancy, and tolerance to abiotic stresses (Keyser et al., 1992). In a study

by Appunu et al. (2008), the symbiotic effectiveness of each of five B. japonicum

3



strains inoculants were found to vary among six soybean cultivars. Nodulation, plant

growth, and seed yield were significantly (P <0.05) affected by the host cultivar and

inoculation treatments used. Abiotic stresses like salinity, pH, temperature, and nitrate

concentration are also important factors contributing to symbiotic effectiveness (Keyser

et al., 1992). Soybean plants were found to show deformation of root hairs when the

concentration of NaCl in soil increased from 1% to 1.5%, with nodulation eliminated

at 1.2% NaCl. Growth and multiplication of a B. japonicum strain declined rapidly as

NaCl concentration increased from 0.2 to 0.8% (Tu, 1981). Similarly, decreasing pH

(4.6 to 4.2) was found to decrease cell growth among five different B. japonicum and

B. diazoefficiens strains. Tolerance to acidity varied among the strains. More tolerant

strains were found to be better N fixers during symbiosis with soybeans (Taylor et al.,

1990). High temperature too was shown to have a depressive effect in nodulation with

some strains failing to nodulate soybean at temperatures >42C (Favre & Eaglesham,

1986). Excess N which can result especially due to high N fertilizer application to

soil can also negatively affect BNF. The negative effect was found to occur due to

reduced nodule formation, nitrogenase activity, and leghemoglobin concentrations in

the presence of high nitrate concentrations (Du et al., 2020). Recent experiments

have shown different rhizobia strains to possess genotypes for high/low temperature

tolerance, drought-stress tolerance, and nitrate tolerance which could be interesting

properties to screen for in bradyrhizobia (Ormeo-Orrillo & Martnez-Romero, 2019)

(Rong Li et al., 2020).

Other than symbiotic activities, Bradyrhizobium species are also studied for

denitrification activities to reduce N2O emissions from soybean fields which are regu-

lated by nap, nir, nor and nos gene clusters (Sameshima-Saito et al., 2006). Hydrogen

(H2) uptake (Hup) activity by these species can increase the efficiency of symbiotic N2

fixation and soybean yield due to high energy output from hydrogen oxidation. Differ-

ent strains have been studied for the hydrogen uptake phenotypes (Hup+ , Hup-, and

Hup host-regulated) which are controlled by hup gene clusters (van Berkum, 1990).
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Some strains of B.elkanii produce a phytotoxin called rhizobitoxine (RT), an enol-

ether amino acid (2-amino-4-(2-amino-3-hydropoxy)-trans-but-3-enoic acid). Though

it is shown to increase nodulation in some legumes due to its ability to inhibit ethylene

biosynthesis, it can cause foliar chlorosis in susceptible soybean cultivars. It is linked

to reduced chlorophyll concentrations, shoot and nodule dry weight, leaf protein, and

total nitrogen fixation in soybean plants (Robinson et al., 2020).

1.3.1 Genomic knowledge in Soybean Bradyrhizobium

Having an extensive genomic resource for soybean Bradyrhizobium spp. can

accelerate in-depth research and analyses on these species. Whole genomes have been

used to generate more resolved phylogeny using Average Nucleotide Identity (ANI)

and Average Amino Acid Identity (AAI) analyses across shared genomic regions and

protein sequences compared to 16S rRNA gene phylogeny alone (Avontuur et al., 2019).

Studies are carried out to identify and analyze functionally important gene clusters

including those required for nodulation, nitrogen fixation, photosynthesis, hydrogen

uptake, and rhizobitoxine production. These studies provide not only insights on their

lifestyles (free-living, photosynthetic, and symbiotic) but also generate hypotheses on

evolution of these genes which can occur via vertical inheritance, gene duplication

and reduction, or horizontal gene transfer. Similarly, comparative genomics studies

among the soybean Bradyrhizobium spp. are gaining momentum to further investigate

their adaptations to specific environmental conditions, competitiveness with indigenous

strains, and nodulation and nitrogen fixation activities. For this purpose, complete

genomes are essential as a genome sequence with hundreds of contigs can result in

gene fragmentations on the contig boundaries making the genes unidentifiable in the

sequence. In addition, complete genomes are necessary to explore chromosomal synteny

and structural variants (Siqueira et al., 2014).

The commonly reported species of bradyrhizobia that nodulate different vari-

eties of soybean in the United States are B. japonicum, B. diazoefficiens, and B. elkanii

5



(Joglekar et al., 2020). Despite the economic and environmental importance of these

species, the available genomic knowledge about them is low. As of July 31st 2021,

genomes from only 90 different accessions of B. japonicum, B. diazoefficiens, and B.

elkanii are assembled and deposited in the Genbank. Most of the assemblies however

are at a contig or scaffold level with only 21 accessions reported with complete genomes.

Only two of the completely assembled accessions have plasmids.

1.4 Overview of genome sequencing technologies

Genome sequencing technologies have been rapidly evolving with numerous plat-

forms now available that can produce reads of various size distributions (∼150 bp to

∼10 kbp) and accuracies (98.5-99.999%). These can be utilized for sequencing whole

genomes of Bradyrhizobium spp. Single platform or a combination of sequencing tech-

nologies can be chosen based on desired accuracy for assembled genomes, genome

lengths and complexities, and available budget for genome sequencing. Following sec-

tions provide an overview of available technologies and their applications.

1.4.1 Genome sequencing approaches

Rapid development in sequencing technology has brought down the costs of

DNA sequencing with multiple sequencing platforms available today. Genomes have

been sequenced using first-generation sequencing, second/next-generation sequencing

(NGS), and third generation sequencing (TGS) technologies. First-generation sequenc-

ing includes Maxam-Gilbert and Sanger sequencing among which Sanger sequencing is

most widely adopted. Sanger sequencing involves chain-termination PCR of template

DNA with fluorescently labelled dideoxyribonucleotides (ddNTPs) followed by size sep-

aration using gel electrophoresis and fluorometric detection of terminating ddNTPs to

construe the read sequence. It provides high accuracy of raw reads (up to 99.999%) but

is low-throughput, costly, and produces read lengths of only up to ∼1000bp (Shendure

& Ji, 2008). NGS technologies brought revolution in the field of genomics by providing
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high-throughput DNA sequencing via massive parallelization. It includes 454, sequenc-

ing by oligonucleotide ligation and detection (SOLiD) system, IonTorrent and Illumina

sequencing technologies among which Illumina is most sought-after. Illumina can pro-

duce raw reads with high accuracy of 98.5-99% which can be increased to >99.9%

using base call metrics but produces short read lengths of only 150-300 bp (Slatko et

al., 2018). The drawbacks of these short-read lengths include difficulty in resolving

structural variants, repetitive elements, and homologous elements which often result in

incomplete assemblies with numerous contigs. Also, GC-bias (low coverage of reads in

the GC-poor or GC-rich regions) results in fragmented assemblies. TGS technologies

including Pacific Biosciences Single Molecule Real Time (PacBio SMRT) and Oxford

Nanopore Technologies (ONT) are now routinely used to provide more complete assem-

blies. PacBio SMRT uses zero-mode waveguide (ZMW) chambers where a template

DNA (SMRTbell template) and a DNA polymerase are immobilized at the bottom

of a well called zero-mode waveguide (ZMW) in a SMRT flow cell. Fluorescently la-

belled deoxynucleoside triphosphates (dNTPs) are incorporated during each synthesis

reaction. Nucleotide incorporated in the growing chain is identified by sending a light

pulse from the bottom of the well which excites the fluorophore of the dNTP during

incorporation. PacBio provides two models RSII, and Sequel. Sequel systems provide

higher throughput and less cost per base compared to RS II by providing up to 8 mil-

lion ZMWs compared to 150,000 ZMWs in RS II (Slatko et al., 2018) (Logsdon et al.,

2020). ONT reads the disruption in current characteristic to each nucleotide as a DNA

strand enters and translocates through a nanopore. Processive enzymes bound to the

long dsDNA molecules enable continuous passage through the pore. Due to longer read

lengths, they can resolve repeats, and detect structural variants. They are also used for

epigenetics and transcriptome sequencing. However, these platforms provide high raw

reads error rates (13-15% in PacBio and 15% in ONT) (Tvedte et al., 2020). Recent

improvements to PacBio reads include high-fidelity (HiFi) reads which are >99.9%

accurate long reads. These are generated using circular consensus sequencing (CCS)

mode in PacBio Sequel systems which involves multiple passes around circular template
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sequence compared to single pass for commonly used continuous long reads (CLR).

The most successful sequencing platforms in recent years have been Illumina

and long read sequencing technologies including SMRT from PacBio and GridION and

MinION from ONT (Heather & Chain, 2016). ONT nanopore sequencers have been

shown to produce raw data with higher error rate, especially at single nucleotide level,

than their PacBio counterparts (Laver et al., 2015) (Weirather et al., 2017) (Lang et

al., 2020) producing consensus sequences with lower accuracy than PacBio sequencing.

Also, ONT has a more systematic error-profile compared to PacBio reads in which

the errors are randomly distributed, which might not be overcome by increasing the

coverage alone (Mantere et al., 2019). PacBio sequencing has therefore been used

extensively to produce highly contiguous de novo assemblies and detect structural and

epigenetic variation among others (Ardui et al., 2018).

1.4.2 Mitigating errors from PacBio sequencing

PacBio subreads contain a high error rate of 13-15% (Ardui et al., 2018). Inser-

tions and deletions (indels) are the predominant errors with more than 90% of them

occurring in homopolymer regions (Wenger et al., 2019). Though random distribution

of the errors allows one to obtain a highly accurate consensus sequence during genome

assembly, remaining indels can introduce frameshifts, result in shortened or extended

open reading frames (ORFs), and barriers in single nucleotide analyses including sin-

gle nucleotide variant (SNV) calling. Different strategies are employed to circumvent

the errors: I) self-correction of longer subreads with shorter subreads or overlap infor-

mation among them, II) correction of long reads with short highly accurate Illumina

reads, III) correction and combination of contigs generated by short reads using long

reads, and IV) hybrid assembly of genomes using short and long reads (Fu et al., 2019)

(Mahmoud et al., 2019). Error correction strategies involving correction of longer reads

by shorter overlapping reads are employed by hierarchical genome assembly pipeline

(HGAP) built by PacBio (Chin et al., 2013).
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1.5 Access to publicly available information about soybean bradyrhizobia

Soybean bradyrhizobia have been widely studied for their geographical distribu-

tion, host range, competitiveness, and symbiotic effectiveness. The quantity and avail-

ability of genotypic and phenotypic data for soybean bradyrhizobia is increasing. Large

scale biological databases like National Center for Biotechnology Integration (NCBI),

the European Molecular Biological Laboratory (EMBL), and the DNA Databank of

Japan (DDBJ) continue to make the data available to researchers but do not consist of

bioinformatic tools, analyses, data mining capabilities and other resources specific to

soybean bradyrhizobia, including symbiosis islands, N fixation capacities for different

Bradyrhizobium strains, and ITS gene phylogeny among others. A database dedicated

to soybean root-nodulating bradyrhizobia can serve as a community resource, provide

easier access and retrieval to available genotypic and phenotypic data, and encour-

age collaboration and networking among soybean bradyrhizobia researchers. Following

sections provide an overview of biological databases, organism-specific databases, and

available construction tools for organism-specific databases.

1.5.1 Biological databases

In response to the plethora of data generated by rapidly developing low-cost

DNA sequencing technologies, several online repositories of biological data are now

available to store and manage the staggering volume of data. Biological databases

play crucial role for biological data analyses and discoveries. They offer biological

data including genomic sequence data, gene transcriptome data, genetic variance data

and more for a broad range of organisms, along with web services and data analy-

sis tools. The modern leading source for public biological databases, software tools,

and research in computational biology, National Center for Biotechnology Information

(NCBI) was established in November 1988 with an aim to design, develop, implement,

and manage automated systems for the collection, storage, retrieval, analysis, and dis-

seminate human molecular biology, biochemistry and genetics. It stores molecular and
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genomic data for both human and non-human species. Data is organized over 40 differ-

ent integrated databases. GenBank and Reference Sequence (RefSeq) are two widely

used nucleic acid repositories. GenBank (http://www.ncbi.nlm.nih.gov) contains

all publicly available DNA and protein sequences and is managed by NCBI (Benson et

al., 2013) in collaboration with the European Molecular Biology Laboratory (EMBL),

and the DNA Data Bank of Japan (DDBJ). Reference Sequence (RefSeq), also man-

aged by NCBI, provides only non-redundant curated wild-type sequences derived from

GenBank (Pruitt et al., 2012).

1.5.2 Organism-specific databases

The amount of data in the large-scale databases like GenBank is very large

containing >1.8 billion sequences with >13 trillion bases as of August 2021 (Gen-

Bank and WGS Statistics, 2021) and it is expected to increase exponentially. The

sheer volume and complexity of data makes data search, retrieval, aggregation, and

visualization a convoluted process especially for an inexperienced user. It decreases

the utility of these databases as data cannot be effectively retrieved and analyzed by

the researchers. Also, these databases often lack background information on available

data (e.g. experimental protocols, and environmental conditions), and specific data

analyses and tools for the community. Online community databases are therefore con-

structed to serve a specific group of researchers working on one or more species. They

host genotypic (genomes, annotations, transcriptome), metabolic (metabolic pathways,

regulatory networks), and phenotypic (morphology, breeding data) data, along with

analyses, tools, and outreach specific to one or a group of related species to serve the

community of researchers (Spoor et al., 2019). One of the first community databases,

FlyBase (http://flybase.org/) housing genomic and genetic data for Drosophila

melanogaster, was developed in 1992 by the FlyBase Project (FlyBase Consortium,

1998). Now there are numerous organism-specific databases including the Saccha-

romyces Genome Database (SGD) for the model species Saccharomyces cerevisiae
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(Cherry et al., 1998), Genome Database for Rosaceae (GDR) for Rosaceae species

(Jung et al., 2008), and Ecocyc for E. coli species (Karp et al., 2014).

1.5.3 Generic Model Organism Database

(GMOD) project, Chado and Tripal To meet the increasing demands for organism-

specific databases and reduce the time and expenses required to develop database

schema, middleware and visualization softwares, Generic Model Organism Database

(GMOD) project was initiated in 2000 (Stein et al., 2002). Initiated as a collabora-

tion between four well-established model organism databases: FlyBase (for Drosophila

melanogaster), SGD (for Saccharomyces cerevisiae), Mouse Genome Database (for Mus

musculus) (Blake et al., 1999), and WormBase (for Caenorhabditis elegans) (Harris et

al., 2003) (Stein et al., 2002), the GMOD project has been creating/maintaining sev-

eral software tools and infrastructures for storage and visualization of biological data.

At least 48 tools are listed as GMOD components as of March 30, 2021 (GMOD

Components - GMOD, 2021). These tools are necessary to build an organism-specific

database.

The data storage infrastructure developed by the project is Chado, a normalized

generic relational database schema used by several organism-specific databases which is

flexible enough to accommodate different biological data types including genomic fea-

tures, genomic diversity data, expression data, stocks, genotypes, phenotypes, analyses,

projects, literature, experimental protocols, and others. Tables in Chado are divided

into different modules which can be utilized as per needs for a specific project and

extended or customized if necessary (Mungall et al., 2007). The ability to customize

and extend the Chado schema makes it a sustainable database schema for storing con-

stantly evolving biological data types. Several bioinformatic tools from GMOD are

compatible with Chado (Spoor et al., 2019).

Tripal is another tool developed by GMOD project publicly released in 2009 with

a goal to provide a high-quality modular database infrastructure that can be easily
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customized by specific research communities (Sanderson et al., 2013). It integrates

with Drupal (http://drupal.org), a popular content management system (CMS)

to provide web services and utilizes Chado as underlying database schema. Tripal

provides various tools, modules and APIs to access the underlying data, and customize

and extend the website by creating extension modules (Spoor et al., 2019). Tripal is

widely adopted by different organism-specific databases with Tripal v3.3 reported to

be used by at least 31 public sites housing biological data for different organisms as of

October, 2020 (Staton et al., 2021).

1.6 Objectives

Soybean-rhizobia symbiosis has been studied for over 100 years with focus on

increasing nodulation efficiency and screening highly efficient strains among others

(Rong Li et al., 2020). Soybean seeds are inoculated with Bradyrhizobium strains to

increase N-fixation resulting in higher soybean yield. The potential of an inoculant

however depends on its competitiveness with indigenous strains which can limit their

N-fixation ability (van Heerwaarden et al., 2018). Success of symbiotic interactions

between soybean plants and indigenous or inoculated strains also depends on host

specificity expressed by soybean varieties. It is therefore necessary to investigate the

genetic diversity, geographical distribution, host compatibility and environmental con-

ditions associated with the localization and dominance of the rhizobial strains in the

soil (Shiro et al., 2013).

The University of Delaware Bradyrhizobium Culture Collection (UDBCC) was

established with an aim to study the diversity of soybean bradyrhizobia in the state

of Delaware and its impact in soybean agriculture. It consists of 352 (initially 382)

soybean root-nodulating bradyrhizobia accessions which includes 340 isolates collected

from 31 soybean farms spread across the state (Figure 1.1) and 12 reference USDA

strains (USDA 31, 38, 46, 62, 76, 94, 110, 122, 123, 130, 135, and 138). Field isolates

were collected from several soybean cultivars of growth stages V3 to R5.
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Figure 1.1: Sampling locations for field isolates of soybean root-nodulating Bradyrhi-
zobium spp. in the state of Delaware. Colors represent different counties
in Delaware. Blue: Sussex county, green: Kent county and red: New
Castle county.
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This thesis is focused on two aims. First, representative strains of Bradyrhi-

zobium accessions from UDBCC are sequenced and assembled to complete or chro-

mosome level assemblies. Second, genomic information available for reported soybean

root-nodulating bradyrhizobia species are aggregated from NCBI RefSeq and housed in

a database along with genotypic and phenotypic information available for UDBCC ac-

cessions. The database has been created using extension and customization of GMOD

tools. The work presented herein increases publicly available genomic information

about these species and provides a specific database for researchers working in soybean

root-nodulating bradyrhizobia. This can advance soybean bradyrhizobia research by

allowing better data access, analysis, and visualization among the research community

and students.
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Chapter 2

GENOME ASSEMBLY AND ANNOTATION

2.1 Abstract

Soybean is a source of oil and protein for humans and animals. Biological nitro-

gen fixation is a sustainable and environmentally friendly source of nitrogen (N) in these

legume species which is carried out by soybean root-nodulating bradyrhizobia via sym-

biosis. Soybean seeds are inoculated with different strains of bradyrhizobia to increase

the yield. University of Delaware Bradyrhizobium Culture Collection (UDBCC) con-

tains 352 accessions including 340 soybean Bradyrhizobium field isolates collected from

the state Delaware and 12 USDA reference strains. Single Molecule Real-Time (SMRT)

sequencing using Pacific Biosciences (PacBio) RS II system was used for the genome

sequencing of 21 Bradyrhizobium accession from UDBCC selected based on phenotypic

diversity. PacBio sequencing has 13-15% error rate (80% insertions/deletions mostly

in nucleotide homopolymer regions) which can result in frameshift errors in the as-

sembled genomes. It compromises the quality of structural and functional annotation

in the genomes, more significantly when the sequencing coverage for the genome is

low. In this study, we have assembled genomes, and quantified and corrected putative

frame shifted CDS. We have also compared the performance of two genome polishing

tools (Arrow and Quiver) provided by PacBio for RS II reads to generate higher qual-

ity genomes. It highlighted the importance of the manual assessment and correction

of completely assembled microbial genomes, especially those assembled from PacBio

subreads alone, before depositing the genomes into large scale databases like NCBI.
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2.2 Introduction

Symbiotic nitrogen fixation in soybeans is carried out by soybean root-nodulating

Bradyrhizobium spp. which can provide 50-60% of soybean N demand on average.

The nitrogen fixation efficiency from Bradyrhizobium-soybean symbiosis is known to

be dependent on Bradyrhizobium strain (Rong Li et al., 2020). Bradyrhizobium spp.are

usually characterized for the presence of symbiosis island and rhizobitoxine genes. Sym-

biosis island carries nodulation (nod), nitrogen fixation (nif, fix) and type III secretion

system (T3SS) genes that carry out nodulation and nitrogen fixation, and secrete effec-

tor proteins which can regulate symbiotic compatibility with soybean plants (Keyser et

al., 1992) (Arashida et al., 2021). Rhizobitoxine, produced by some species of soybean

nodulating bradyrhizobia, has been linked to increased nodulation and foliar chlorosis

in soybean plants (Yuhashi et al., 2000).

Frequently reported soybean root-nodulating Bradyrhizobium species in North

America belong to Bradyrhizobium japonicum, B. elkanii, and B. diazoefficiens (Joglekar

et al., 2020). These are also used to formulate commercial inoculants around the world

(Padukkage et al., 2021). Symbiotic effectiveness of the inoculants in field soybeans

depends on their competitive ability against indigenous Bradyrhizobium spp. in soil

(McDermott & Graham, 1990). Insights about the availability and activity of the

indigenous strains are obtained by conducting genetic diversity and geographical dis-

tribution studies on these species which can then help us improve inoculation tech-

niques. In addition, more genomic information on these species along with phenotypic

studies about their symbiotic effectiveness can help us establish genome to phenome

relationships, and identify more effective inoculants.

To characterize indigenous soybean root-nodulating bradyrhizobia in the state

of Delaware and increase genomic and phenotypic information about these species, the

University of Delaware established a collection of soybean root-nodulating Bradyrhi-

zobium spp. cultures. The University of Delaware Bradyrhizobium Culture Collection

(UDBCC) consists of 352 Bradyrhizobium field isolates collected from 31 different farms
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in Delaware (Figure 1.1) and 12 USDA reference strains: USDA 31, 38, 46, 62, 76, 94,

110, 122, 123, 130, 135, and 138 (Joglekar et al., 2020).

2.2.1 Genomic information on soybean root-nodulating bradyrhizobia

Despite the high agronomic importance and expanding research on these species,

supportive genomic information is limited. Currently there are 126 different assem-

blies for 121 accessions of soybean bradyrhizobia species comprising B. diazoefficiens,

B. daqingense, B. elkanii, B. huanghuaihaiense, B. liaoningense, B. ottawaense, B.

yuanmingense, and B. diazoefficiens deposited to GenBank as of July 31st 2021. It

includes 90 assemblies for the most commonly reported species: B. diazoefficiens, B.

elkanii and B. japonicum, out of which only 21 are assembled to complete genomes.

Complete genomes of Bradyrhizobium are necessary to perform genetic studies, evo-

lutionary studies on rhizobia-host symbiosis, and analyses including comparative ge-

nomics, characterization of symbiosis islands, chromosomal synteny, and structural

variants identification (Siqueira et al., 2014).

2.2.2 Single Molecule Real-Time sequencing for obtaining complete genomes

The Pacific Biosciences (PacBio) Single Molecule Real-Time (SMRT) sequencer

is a single-molecule, long-read sequencing platform that enables the assembly of more

complete genomes than traditional Sanger and next-generation technologies due to

longer read lengths which can resolve complex repeats during an assembly (Adewale,

2020). The PacBio reads are however known to have a high error rate of 13-15% which

can result in low accuracy of the assembled genomes (Liao et al., 2015). Insertions

and deletions are the predominant errors with more than 90% of them occurring in

homopolymer regions (Wenger et al., 2019). These insertions/deletions (indels) can

introduce frameshifts, resulting in shortened or extended open reading frames (ORFs)

and false-positive variant calls that alter the predicted identity and fidelity of proteins

during annotation of the genome.
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The objective of this study was to increase genomic knowledge on indigenous

soybean-nodulating Bradyrhizobium species in the state of Delaware and reference

USDA strains by sequencing and assembling UDBCC accessions selected based on phe-

notypic (serology, Fatty Acid Methyl Esters (FAME) analysis, and spontaneous pro-

duction of virus-like particles (VLPs)) and genotypic (Internal Transcribed Sequence -

Restriction Fragment Length Polymorphism (ITS-RFLP), 16S rRNA sequencing, Inter-

nal Transcribed Sequence (ITS) region (between the 16S rRNA and 23S rRNA genes)

sequencing analyses. We utilized long-reads from PacBio SMRT sequencing to obtain

complete genomes. We compared two genome polishing tools for their performance

in producing higher quality genomes. We also analyzed the final de-novo assembled

genomes for any presence of frameshifts introduced by the sequencing platform.

2.3 Methods

2.3.1 Selection of UDBCC accessions

Twenty-one accessions of bradyrhizobia from UDBCC were selected for genome

sequencing. The accessions were selected to represent a broad representation of the

collection based on genotypic and phenotypic analyses performed on each accession as

described above. Field isolates were named with a letter representing the county name

for the collection site in Delaware (New Castle [N], Kent [K], or Sussex [S]) followed

by two digit code (01-12) denoting farm in the county and a letter (A-L) for each

isolate from the farm. Accessions/isolates were termed with a suffix attached to their

names according to their corresponding species determined as described by Joglekar

et al. (2020). Bd specifies Bradyrhizobium diazoefficiens, Be specifies Bradyrhizobium

elkanii, and Bj specifies Bradyrhizobium japonicum. The selected accessions included

four USDA reference strains (USDA 31-Be, USDA 94-Be, USDA 135-Bj, USDA 123-Bj)

and 17 soybean root-nodule isolates (Table A.1). Accessions USDA122-Bd, USDA76-

Be, S06B-Bj and S10J-Bj were also chosen for sequencing as well in a different genomic

analysis study in University of Delaware (Joglekar, 2021).
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2.3.2 Isolation and sequencing of bradyrhizobia DNA

Bradyrhizobia cultures in 25% glycerol were stored at -80 C. Bacterial cultures

were streaked on Modified Arabinose Gluconate (MAG) agar plates, and individual

colonies were selected and used to inoculate MAG broth cultures grown at 30 C with

shaking at 250 rpm. DNA was isolated and purified from 5-day old bradyrhizobia

cultures using the All Prep PowerViral DNA/RNA isolation kit (Qiagen, Germantown,

MD) following the manufacturers instructions. The quality and quantity of isolated

DNA was determined using a Qubit fluorometer. Isolated DNA was run through 8%

agarose gel and imaged to confirm the extraction. A total of 5-10 µg of the DNA

was used to construct 20 kb SMRT-bell sequencing libraries and sequenced using the

PacBio RS II sequencer at the University of Delaware Sequencing and Genotyping

Center (UDSGC, Newark, DE).

2.3.3 Assembly of bradyrhizobia genomes

PacBio RS II subreads from each sample library were de novo assembled im-

plementing Hierarchical Genome Assembly Process (HGAP) with HGAP3 in SMRT

Analysis v2.3.0 (SMRT Analysis Release Notes (v2.3.0), 2015). The following param-

eters were used in HGAP3: minimum sub-read length: 1000 bp, minimum polymerase

read length: 1000 bp, minimum polymerase read quality: 0.85, minimum seed read

length: 10000 bp, genome size: 9.5 Mb, seed coverage: 25. The remaining parameters

were set to default. For accessions with >15 HGAP3 contigs, an alternate assembly

was performed using HGAP4 in SMRT Link v7.0.1 (SMRT Link Software Installation

(v7.0.1), 2019) using these parameters: minimum sub-read length: variable (500-1000

bp), minimum polymerase read length: 1000 bp, minimum polymerase read quality:

0.85, minimum seed read length: variable (5000-10000 bp), genome size: 9.5 Mb, seed

coverage: variable (25-30), aggressive option: true, and FALCON fcg overrides: pa -

dbsplit option = -x500 -s200, with all other parameters set to default values.
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2.3.4 Identification of misassembled contigs

In each initial assembly with more than one contig, BLASTN (Camacho et

al., 2009) analysis of each contig against remaining contigs was done to identify if it

was misassembled or repeated. Contigs with more than 80% identity over 80% query

length to a larger contig were identified as repeated contigs and removed. Misassembled

contigs were identified when a contig produced BLASTN hits across different regions

of a larger contig with each hit having >80% identity and a total query coverage of

>80%. Such contig(s) were also removed.

2.3.5 Identification of putative contaminated contigs

All contigs were annotated with Prokka v1.14.6 (Seemann et al., 2014). Putative

chromosomes were identified from lengths comparable to bradyrhizobia chromosomes

( 6.1-11.7 Mb) (Ormeo-Orrillo & Martnez-Romero, 2019). Putative plasmids were de-

termined based on the presence of RepABC operons. Remaining contigs which did not

belong to any of the putative chromosomes, plasmids, and repeated or mis-assembled

ones categories were run through a BLASTN analysis against genomes from other iso-

lates. Those producing best hits with >80% query coverage and >80% identity against

other genomes were further analysed to identify if their origin could be attributed to

cross-contamination from other accessions.

Due to suspected cross-contamination of accessions S07J-Be and S13E-Bd, the

internal-transcribed spacer (ITS) regions from each accessions assembly was BLASTNed

against the ITS sequences from the remaining UDBCC accessions. The contamina-

tion level of the S07J-Be and S13E-Bd genomes was assessed using CheckM v1.1.2

(Parks et al., 2015). Contigs from S07J-Be and S13E-Bd were then aligned (using

progressiveMauve algorithm from Mauve v2.3.1) (Darling et al., 2010) and subjected

to a BLASTN query against all assembled genomes to observe their similarity and

positional homologies with other genomes. Contigs showing positional homology and

BLASTN similarity (>80% identity over >80% query coverage) to genomes from other

20



accessions were identified as of putative cross contaminating origin. These contigs

along with putative plasmids identified based on the presence of RepABC operon were

removed from further analysis in the two isolates.

2.3.6 Genome circularization and polishing

All genomes were then circularized. For HGAP3 assembled genomes, presence

of repeat regions at the ends of the contigs was observed using Gepard v1.40 dotplots

(Krumsiek et al., 2007). A self-BLAST analysis of the contig against itself was per-

formed to identify the repeated regions at each end. One of the repeated ends of the

contig was then trimmed off. Genomes assembled using HGAP4 were circularized by

the assembly pipeline itself. To ensure circularity of the resulting contig, bridgemap-

ping analysis in SMRT Analysis v2.3.0 using RS.BridgeMapper.1 was performed for all

genomes.

Two independent genome polishing analyses, Quiver and Arrow, were per-

formed on each genome by implementing the PacBio variantCaller tool (PacificBio-

sciences/GenomicConsensus, 2012/2021). PacBio subreads were repeatedly realigned

against the assembled genome using Blasr v1 or Pbmm2 v1 with minimum concor-

dance threshold of 70%, minimum subread length: 1000 bp, minimum polymerase

read length: 1000 bp, and other default values for each algorithm. Consensus and vari-

ant sequences were called to reach a PacBio concordance value of >99.999% (QV50)

for all genomes in each of the analyses.

2.3.7 Genome completeness and analysis of missing single copy genes

Completeness and contamination of the polished genomes were estimated using

CheckM. Truncated single copy genes not reported by CheckM were analysed for the

presence of any indel in the gene sequences of both Quiver and Arrow polished genomes

from K07G-Bd and K02K-Be accessions. Selected genomes represented genomes with

low completeness among the Quiver and Arrow polished genomes. The Quiver polished
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K07G-Bd genome showed only 91.5% completeness, less than the completeness level of

95% required to be a high quality reference genome (Parks et al., 2015), and the arrow

polished K02K-Be genome had reported the lowest completeness (98.39%) among the

Arrow polished genomes. Phylogenetic lineage conserved single copy genes reported as

missing by CheckM from the assembled genomes were identified. Reference genes from

Bradyrhizobium spp.for the identified genes were downloaded from the RefSeq database

on November 1st, 2020. A nucleotide BLAST run of the reference genes against the

assembled genome was carried out and the aligned nucleotides were compared in case

of a positive hit to observe any insertions or deletions in the missing gene. A manual

correction of the insertion/deletion in the homopolymeric region was done using the

reference gene as a guide for the alteration. Corrected genomes were assessed again for

completeness using CheckM.

2.3.8 Identification and correction of putative frameshifted ORFs

Local/in-house reference genes and protein databases were created by collecting

all Bradyrhizobium spp.genes and proteins respectively from RefSeq on November 1st,

2020. A BLASTN run of each predicted ORF was performed against the reference

genes database with a percentage identity cutoff of 80%. Differences between lengths

of each predicted ORF in the genome and reference gene were calculated. Predicted

ORFs with a length difference of more than 10% to the reference gene length were

collected. Adjacently positioned ORFs having the same annotations were identified

among the collected ORFs. A BLASTX analysis of the identified ORFs against the

local protein database was carried out to identify if they were single genes split into

two or more ORFs. They were binned as split ORFs if they matched adjacent regions

of the same reference protein. A reciprocal BLAST run of all ORFs having a length

difference of more than 10% to the reference gene length was performed to ensure

any split ORF was reported only once. All reciprocal BLAST hits were identified as

putative frameshifted genes.
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An in-house script was used to automate reference gene-based correction of pu-

tative frameshifted ORFs in the genome (Figure 2.1). A BLASTN analysis of each

predicted CDS against the local database containing all Bradyrhizobium genes in Ref-

Seq was done with a BLASThomology cutoff of 80%. Length of the query CDS was

compared to the reference gene length to identify only the query CDS with more than

10% length difference as putative framseshifted CDS. Any truncated CDS was extended

along its truncated region using nucleotides from the genome sequence followed by a

BLAST analysis against the same reference gene. BLASTalignment between the ORF

and best hit reference gene was analyzed. Insertion or deletion in the predicted ORF

in comparison to the reference gene in any homopolymeric region of either predicted

ORF or reference gene was identified and replaced by a nucleotide in the equivalent

position in the reference gene. Absence of indels in homopolymeric regions indicated

the frameshift to be not an effect of insertion or deletions in the homopolymeric regions

of the coding region and were not advanced through the pipeline. ORF was identified

again in the altered putative frameshifted ORF using the getorf tool from EMBOSS

v6.6. A BLAST analysis of the new ORF was run against the same reference gene

and lengths were compared to ensure that the change in nucleotide restored the ORF

length.

A resequencing analysis was performed using the corrected genome as the ref-

erence genome. PacBio subreads were aligned against the genome using Pbmm2 v1

and variant sequences were called using Arrow to avoid incorporating any insertions or

deletions introduced into the genome via reference gene alignments but not present in

the long reads. This was done with the assumption that any insertion/deletion present

in the genome but not identified by previous rounds of resequencing will be retained

due to better alignment of the PacBio subreads against the altered genome. Only

the insertions and deletions still retained after resequencing analysis were permanently

incorporated into the genome.
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Figure 2.1: Flowchart for identification of putative frameshifted CDS in genome and
their correction using Bradyrhizobium reference CDS collected from Ref-
Seq in March 2021. A BLAST analysis of each predicted CDS is per-
formed against the Bradyrhizobium RefSeq CDS database to get best hit
reference CDS. Predicted CDS is classified as putative frameshifted if its
length differs by more than 10% of the reference CDS length. Presence
of insertion or deletion is identified in their BLAST alignment and cor-
rection is guided by the reference CDS sequence. Steps marked with blue
stars are the processes carried out to generate inputs for the algorithm.
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2.3.9 Comparison of genome polishing tools

Performance of the genome polishing tools Quiver and Arrow in terms of the

quality of the genomes produced were compared using genome completeness and per-

centage of putative frameshifted CDS per total predicted CDS in each genome as

quality metrics.

To investigate how completeness and putative frameshifted CDS in genomes

could be affected by the subreads parameters in each genome polishing tool, poly-

merase read quality, mean subreads mapping concordance, and mean subreads fold

coverage from the resequencing pipelines used to obtain final polished genomes as well

as total predicted CDS, completeness, and percentage of putative frameshifted CDS

were collected from each polished genome. Correlation analysis was performed be-

tween each pair of these variables and their differences obtained after using Arrow and

Quiver genome polishing tools. Pearson correlation coefficient was calculated for each

pair using R v3.6.2 and visualized using Corrplot v0.88. Dependent variables with pos-

itive/negative correlation coefficients at p <0.05 to independent variables were selected

for simple linear regression analyses. Also combinations of two or more independent

variables with significant correlation coefficients were selected for multiple linear regres-

sion analyses. Variables having simple or multiple linear regression coefficients with

statistically significant p-value (<0.05) were noted.

2.3.10 Genome annotation and mobilome analysis

Arrow polished bradyrhizobia genomes were annotated using Prokka v1.14.6

(Seemann, 2014). The parameters used were: Kingdom: Bacteria, Genus: Bradyrhizo-

bium, and Genetic code/Translation table: 11 (Archaea, most Bacteria, most Virii, and

some Mitochondria) in addition to default settings. A fasta file, containing all proteins

collected from RefSeq in November 1st, 2020 belonging to the genus Bradyrhizobium,

was created and provided as a supplementary fasta file to annotate the proteins in

addition to core databases used by Prokka: ISfinder, NCBI Bacterial Anti Microbial
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Resistance Reference Gene Database, and UniProtKB (SwissProt), and hmm database:

HAMAP.

Assembled genomes were also uploaded to RAST v2 (Rapid Annotation using

Subsystem Technology) server (Overbeek et al., 2014) and annotated using following

parameters: genetic code: 11 (Archaea, most Bacteria, most Virii, and some Mito-

chondria); annotation scheme: RASTtk; and enabled fixframeshits and automatic er-

ror correction options. Putative symbiosis islands in the genomes were identified with

IslandViewer 4 (Bertelli et al., 2017).

Plasmids were identified based on the presence of the repABC operon, encod-

ing the repA, repB and repC genes responsible for plasmid segregation and replication

(Cevallos et al., 2008); the tra operon required for conjugation; and the par operon re-

quired for plasmid partitioning. Assembled bacteriophages were identified using phage

prediction tools PHASTER (PHAge Search Tool Enhanced Release) (Arndt et al.,

2016) and PhiSpy (Akhter et al., 2012).

2.4 Results

2.4.1 Genome assembly

Bradyrhizobia genomes were assembled with either HGAP3 or HGAP4 with 48-

157X coverage with total genome size 8.5 - 11.3 Mbp. For the isolates N03G-Bd, S13E-

Bd, S14C-Bd, K03D-Be, S05J-Be, S07J-Be, S06K-Bj, S11L-Bj, and USDA reference

strains USDA31-Be, and USDA135-Bd, HGAP3 produced more than 20 contigs. The

HGAP4 pipeline was used to obtain <6 circular contigs in these isolates except for

S07J-Be and S13E-Bd isolates which produced 14 and 11 contigs respectively.

2.4.2 Identification of misassembled and contaminating contigs

Following Prokka annotation, all contigs could be identified as either putative

chromosome or plasmids for all isolates except S07J-Be and S13E-Bd.
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HGAP4 assembly of S07J-Be produced 14 total contigs. One circular 9.5 Mb

contig represented the bacterial chromosome, and three other circular contigs of lengths

152, 222, and 295 kb were determined to be plasmids based on the presence of the

repABC operon. Two rrn operons were identified, one in the circular 9.5 Mb contig

and other in the linear 102 kb contig. BLASTN analysis of ITS regions from both rrn

operons against the collection of ITS sequences from UDBCC accessions and NCBI

nr nucleotide database was performed. ITS region in 9.5 Mb contig showed up to

100% identity with 100% query coverage to the ITS sequences from B. elkanii ac-

cessions while ITS region from 102 kb contig shared 100% query coverage and up to

99.75% identity with B. diazoefficiens and only <84% identity with B. elkanii acces-

sions. S07J-Be contigs other than chromosome and plasmids were BLASTNed against

contigs from all assembled accessions. They shared 99.9% identity with 100% query

coverage to the S13E-Bd chromosome but <99% identity with only <5% query cov-

erage with S07J-Be contigs. Similarly, mauve alignment of S07J-Be contigs against

genomes from other accessions showed the circular 9.5 Mb contig shared similarity

and positional homology to chromosomes from B. elkanii isolates, contigs identified as

plasmids showed similarity to circular S13E-Bd contigs, and remaining contigs shared

homology to chromosomes from B. diazoefficiens isolates. Since S07J-Be is an iso-

late of B. elkanii species, the sequenced sample could have been contaminated with

S13E-Bd or any other genome from B. diazoefficiens species. CheckM analysis of all

assembled contigs showed a completeness score of 100% with 91.67% contamination

and 75.93% strain heterogeneity, which means 91.67% of single copy gene sets were

found twice and belonged to different strains. However, the completeness was 100%

with contamination being only 0.3% while analyzing only the circular 9.5 Mb contig

which further supported our assumptions about the other contigs originating due to

cross-containations.

Similarly, HGAP4 assembly of S13E-Bd produced 11 contigs including one 9.4

Mb circular contig identified as putative chromosome, five 152 - 484 kb circular contigs
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identified as putative plasmids and five remaining contigs of sizes 44 kb - 5.4 Mb. Two

rrn operons were identified, one in the circular 9.4 Mb contig and other in the linear 5.4

Mb contig. BLASTN analysis of ITS regions from both rrn operons against the collec-

tion of ITS sequences from UDBCC accessions and NCBI nr nucleotide database was

performed. ITS region in 9.4 Mb contig showed up to 99.2% identity with 100% query

coverage to the ITS sequences from B. diazoefficiens accessions. ITS region from 5.4

Mb contig shared up to 94.7% identity with 100% query coverage to the ITS sequences

from B. elkanii but<90% identity with those from B. diazoefficiens accessions. Contigs

that were neither putative chromosomes nor plasmids shared >98% identity with >98%

query coverage to the chromosome from USDA31-Be isolate but <5% query coverage

with S13E-Bd contigs during BLASTN analyses against contigs from all assembled

accessions. Similarly, Mauve alignment of the S13E-Bd contigs against genomes from

other isolates showed that the circular 9.4 Mb contig shared similarity and positional

homology to chromosomes from B. diazoefficiens isolates, and contigs other than pu-

tative plasmids showed similarity to chromosomes from B. elkanii isolates. CheckM

produced 94% completeness, 45.5% contamination and 34.38% strains heterogeneity

during the analysis with all 11 contigs. It resulted in 94.7% completeness and 0.3%

contamination during analysis with only the circular 9.4 Mb contig. All these results

suggested a probable contamination by an accession from B. elkanii species.

Accessions S13E-Bd, S07J-Be, USDA 31-Be, USDA 94-Be, S05J-Be and K03D-

Be went through DNA extraction at the same time for PacBio sequencing. It is probable

for S07J-Be to be cross-contaminated with S13E-Bd and S13E-Bd with USDA 31-Be

accession during the handling process. This supports our observations of contamina-

tions in these accessions. Though new sequencing experiments under isolated culture

conditions are required to obtain better assemblies and get further insights into the

possible contamination, those identified to be of putative contamination origin as well

as plasmids were removed from these assemblies as the source of plasmids was uncer-

tain between the assembled and contaminating accessions. Only the circular contigs
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containing dnaA gene with sizes equivalent to bradyrhizobia genomes were retained for

further genomic analyses for isolates S07J-Be and S13E-Be.

2.4.3 Genome circularization and polishing

Chromosomes and plasmids from accessions N03G-Bd, S13E-Bd, S14C-Bd, K03D-

Be, S05J-Be, S07J-Be, S06K-Bj, S11L-Bj and USDA reference strains USDA 135-Bj

and USDA 31-Be were circularized by the HGAP4 assembly pipeline in SMRT analysis

v7.0.1 during the assembly itself. Contigs from remaining HGAP3 assemblies required

manual circularization. Dotplots from Gepard confirmed the presence of repeated ends

in accessions K01E-Bd, K07G-Bd, K09F-Bd, N03B-Bd, K02K-Be, K03I-Be, S15H-

Be, S04E-Bj, S15A-Bj, and USDA reference strains USDA 94-Be and USDA 123-Bj.

One of the repeated ends was trimmed off after a self-BLAST analysis of each contig.

RS.BridgeMapper.1 analysis in SMRT Analysis v2.3.0 showed all the resulting contigs

to be circular.

Contigs consisting of genomes from 19 accessions and chromosomes from S07J-

Be and S13E-Bd accessions were polished with Quiver to obtain 100% concordance

value for all accessions except S13E-Bd, K07G-Bd, K03I-Be, and USDA31-Be whose

concordance values fluctuated between 99.9998-99.9997% after each iteration of rese-

quencing. All assembled contigs reached a concordance value of 100% when polished

using Arrow.

2.4.4 Assessment of genome completeness

CheckM assessment of genome completeness and contamination for Quiver pol-

ished contigs showed most of the contigs to be 98-100% complete with <1.5% contam-

ination except accessions S13E-Bd, K07G-Bd, K03I-Be, and USDA reference strain

USDA31-Be having completeness 89-96%. Completeness scores of>98% for all genomes

were achieved after genome polishing with Arrow (Figure 2.2).

29



20

30

40

50

60

70

80

90

100

110

120

130

140

150

160

170

0.72

0.74

0.76

0.78

0.80

0.82

0.84

0.86

0.88

Fo
ld

 c
ov

er
ag

e

M
aapping concordance

Parameters
Quiver coverage
Arrow coverage
Quiver concordance
Arrow concordance

Comparison between coverage and concordance from genome polishing tools

40
60
80

100
120
140
160

84

88

92

96

100

0

5

10

15

20

25

0.72

0.76

0.80

0.84

0.88

K01
E−

Bd

K07
G−

Bd

K09
F−

Bd

N03
B−

Bd

N03
G−

Bd

S13
E−

Bd

S14
C−

Bd

K02
K−

Be

K03
D−

Be

K03
I−B

e

S05
J−

Be

S07
J−

Be

S15
H−

Be

USDA31
−B

e

USDA94
−B

e

S04
E−

Bj

S06
K−

Bj

S11
L−

Bj

S15
A−

Bj

USDA12
3−

Bj

USDA13
5−

Bj/B
d

Strains

Fo
ld

 c
ov

er
ag

e
C

om
pl

et
en

es
s 

(%
)

Pu
ta

tiv
e 

fra
m

es
hi

fte
d 

C
D

Ss
 (%

)

M
aapping concordance

Genome polishing tool
Quiver
Arrow

Species
B. diazoefficiens
B. elkanii
B. japonicum

Parameters
Fold coverage
Concordance

A

B

C

Figure 2.2: Genome analyses performed on de-novo assembled genomes. A. PacBio
subreads coverage and mapping concordance for genomes from each
strain. B. Completeness for each genome as measured by checkM.
C. Putative frameshifted CDSs in percentage for genome from each
strain. Using Arrow decreased the number of putative frameshifted CDSs
significantly in isolates K07G-Bd, S13E-Bd and K03I-Be whose com-
pleteness had considerably increased after Arrow polishing compared to
Quiver as shown in B. However, Arrow increased the number of putative
frameshifted CDSs in isolates having comparable completeness scores us-
ing Quiver and Arrow genome polishing tools.
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2.4.5 Identification of missing single copy genes

Following Quiver resequencing of the genomes, K07G-Bd genome reporting

91.5% completeness was assessed for missing phylogenetically conserved single copy

genes. BLASTanalysis of reference genes for the 49 missing genes against the genomes

showed all 49 of them to have gene sequences present in the genome with an inser-

tion or deletion in homopolymeric regions. Manual correction of the homopolymeric

regions decreased the number of missing genes to zero. For the Arrow polished K07G-

Bd genome, only three single copy genes were reported to be missing. Two of the

three genes were present during the assessment of completeness in the genome from

the same isolate after Quiver polishing. All three of them were present in the genome

with deletions in one or more homopolymeric regions within the coding region of the

gene.

For the K02K-Be genome, 13 and 14 single copy genes were reported as missing

by CheckM following genome polishing using Quiver and Arrow respectively. Genes

missing in the Quiver polished genome were reported to be present in the Arrow pol-

ished genome and vice-versa. Ten out of 13 missing genes from the Arrow polished

genome were present in the Quiver polished genome, and 11 out of 14 missing genes

from the Quiver polished genome were present in the Arrow polished genome. All

the genes could be identified in the genomes with one or more insertions/deletions in

homopolymeric regions.

2.4.6 Analysis of putative frameshifted ORFs

All genomes were analyzed for the presence of frameshift errors due to indels

in all predicted genes including the single copy genes. A three-case scenario was as-

sumed. A gene could either be truncated, extended, or split into two or more fragments

annotated as separate ORFs. Genes were identified as putatively frameshifted when

their length differed by >10% compared to its reference gene obtained from RefSeq.
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BLASTN analysis of all predicted ORFs from each genome against reference CDS se-

quences from RefSeq showed the number of total putative frameshifted genes to be

5-38% of total predicted ORFs after Quiver polishing. Following Arrow polishing, the

number decreased to 4-13% in each genome (Figure 2.2).

2.4.7 Comparison of Genome polishing tools

The number of predicted CDS in each genome differs according to the genome

polishing tools used. Percentage of putative frameshift genes from Quiver is correlated

to mean subreads coverage and mean subreads mapping concordance reported by the

pipeline with an adjusted-R2 value of 0.5 and p-value of 0.00081. Percentage of pu-

tative frameshift genes from Arrow however does not show any correlation to either

mean subreads coverage or mean subreads mapping concordance within a p-value of

0.05. The percentage of putative frameshifted genes is negatively correlated to the

completeness scores obtained from CheckM in both genome polishing tools Quiver and

Arrow with correlation coefficients of -0.93 and -0.74 respectively with p-value <0.05.

Mean subreads mapping concordance reported by each tool is positively correlated to

polymerase read quality with a correlation value of 0.7 with p-value <0.05.

2.4.8 Reference gene based correction of ORFs

Due to higher completeness and lower percentages of putative frameshifted genes

reported after genome polishing by Arrow compared to Quiver, further analyses were

carried out in Arrow polished genomes. Putative frameshifted genes after Arrow pol-

ishing were corrected for any single nucleotide indels using a reference gene alignment

based approach. 15-50% of the putative frameshifted genes showed insertions or dele-

tions in a homopolymeric region when compared to reference genes (Table 2.1).
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2.4.9 Genome annotation and mobilome analysis

The Arrow-polished genomes were annotated using Prokka and RAST. The

percentage of ORFs annotated as hypothetical proteins decreased from 50-60% to 20-

30% when using Prokka with an additional fasta file containing bradyrhizobia RefSeq

proteins as an annotation reference. Number of insertion sequences varied from 0.5 to

15%. All the genomes had symbiosis islands with putative lengths 570-920 kb. The

number of plasmids ranged from 0 to 4 in each isolate (Table 2.2), with sizes ranging

from 81-641 kb. A circular bacteriophage of size 31 kb was assembled in USDA31-Be

isolate as determined by both PHASTER and PhiSpy v4.2.15. Number of plasmids

was unknown in S07J-Be and S13E-Bd due to putative contamination in the PacBio

subreads obtained for the accessions.

2.5 Discussion

2.5.1 Long read sequencing can produce complete to near complete as-

semblies

De novo sequencing of bacterial genomes is important to gain scientific insights

on genotype and phenotype relationships of an organism. Many sequencing platforms

are available for high-throughput sequencing of bacterial genomes with continuous

advancements in short read Illumina technology and long reads sequencing technologies

such as PacBio SMRT and Oxford Nanopore Technology (ONT). Illumina sequencing

produces high fidelity reads with low sequencing costs. De novo assemblies using short

reads however are usually incomplete, low quality, and fragmented due to inability of

the short reads to resolve repeat regions. Long repetitive regions including transposons,

rRNA operons and hypothetical proteins have been linked to fragmented assemblies

produced by Illumina assembly (Utturkar et al., 2017). Soybean bradyrhizobia genomes

are found to possess multiple copies of each family of insertion sequences (∼26 total

families), especially in highly reiterated sequence-possessing (HRS) strains (Iida et

al., 2015) (Siguier et al., 2014), and some strains are reported to possess multiple
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rrn operons with some having identical operons (Joglekar et al., 2020) which can

create problems during short reads assembly. Long-read sequencing platform, due

to its longer read length can resolve such repeat regions and produce more complete

assemblies (Molina-Mora et al., 2020). Fifteen of the 21 complete assemblies from

soybean-nodulating bradyrhizobia species in GenBank have used long-read sequencing

technology while all the 69 fragmented assemblies involve the use of Illumina or 454

or other short-read sequencing technologies. We adopted SMRT sequencing by PacBio

RS-II system to sequence the genomes from 21 accessions. We could assemble 19

accessions to complete genomes and two accessions to chromosome level.

2.5.2 Genome polishing tool can affect the quality of assembled genomes

SMRT sequencing by PacBio can yield reads of lengths of a few kilobases to

more than a megabase with an average error rate of 13-15% in raw reads (Ardui et

al., 2018). Such a high error rate can compromise the quality of consensus sequences

assembled from these reads. Ensuring the quality of genomes is important for accurate

downstream analyses on the genomes including comparative genomics, evolutionary

studies and genome to phenome relationship inspections. Common strategies used to

decrease error rates are either genome sequencing to achieve deep coverage by long reads

or use of shorter Illumina reads for error correction of long reads (Zimin & Salzberg,

2020). Uniform sequence coverage however cannot be guaranteed and genome regions

with low coverage might be prone to base-call errors despite high overall coverage.

Also, both high coverage long read sequencing and additional Illumina sequencing can

result in high per-genome costs and time for analysis.

Several long-read error correction tools including FLAS (Bao et al., 2019), and

Long Read Multiple Aligner (LoRMA) (Salmela et al., 2017) are available that utilize

overlapping information between long reads to self-correct the reads whose perfor-

mances depend highly on sequencing depths (Zhang et al., 2020). Zhang et al. (2020)

reported the significant decrease in genome fraction covered by corrected reads from
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99.6% to 9.6% as sequencing depth decreased from 90x to 30x. FLAS also showed a loss

in genome coverage with decreased sequencing depth though to a lesser extent. Hence,

we used HGAP which has integrated self-correction of long reads, genome assembly,

and genome polishing steps to provide more complete assemblies.

After genome assembly, genome resequencing and variant calling are additional

crucial steps to decrease errors in the genome introduced by sequencing technologies.

Error-corrected long reads are realigned to the consensus sequence with the rationale

that previously unidentified sequencing errors might be identified and corrected. The

process is iterated until no variants are called after the resequencing step. PacBio offers

two genomic consensus or genome polishing algorithms for RS-II data with P6-C4 chem-

istry: Quiver and Arrow. Quiver utilizes raw pulse and base-call information obtained

during SMRT sequencing to generate probabilities for true incorporations or spurious

base calls using a model generated by PacBio in-house training for a particular SMRT

sequencing chemistry (Chin et al., 2013). A maximum-likelihood consensus sequence

is identified using a conditional random field approach. Arrow, on the other hand, uses

hidden markov model (HMM) using the base caller quality value metric, per-read SNR

(signal to noise ratio) and per-base pulse width metric to calculate likelihood param-

eters for the model. Quiver is being phased out and replaced by Arrow which does

not require training and is easier to develop (PacificBiosciences/GenomicConsensus,

2012/2021). Quality of genomes produced after genome polishing measured as genome

completeness score differed among the two tools which could be attributed to different

algorithms used by these tools. Our results showed significant increase ( 5%) of com-

pleteness score in three genomes, a slight increase ( 1%) in 14 genomes, same score in

four genomes, and a slight decrease ( 1%) in one genome after polishing the assembled

genomes with Arrow compared to Quiver.
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2.5.3 Performance of Quiver shows correlation to fold coverage and map-

ping concordance while Arrow does not

Quiver uses a conditional random field approach with parameters derived from

an in-house training of SMRT sequencing data on a known template (Chin et al., 2013).

Arrow uses a hidden Markov model with parameters adjusted according to the fixed

covariates taken from each ZMW which makes it sensitive to the differences in the

SMRT Sequencing process for each molecule (Hepler et al., 2016). Genome quality

after genome polishing with Quiver was positively correlated to subreads mapping

concordance and fold coverage while Arrow did not show any correlation.

Fold coverage and mapping concordance of subreads to the reference genome can

be crucial in obtaining a higher quality genome. Mean fold coverage measures the mean

depth of coverage for each base in the reference genome. Mean mapping concordance

measures the mean agreement between subreads and reference genome against which

subreads are realigned. Low concordance can decrease the accuracy of consensus base

calls. It can be attributed to poor sample, instrument issues, consumable qualities,

overloading of the sample or other errors during sequencing (Guide - Step-By-Step

Run Performance Evaluation, 2020). A higher sequencing depth can help in averaging

out the errors in each read producing more accurate consensus calls.

The importance of coverage in the quality of the assembled genome polished by

Arrow genome polishing tool is highlighted by Ou et al. (2020) in which they showed

size of contigs and gene space completeness of maize NC358 were positively correlated

to sequencing depth. The improvement in the completeness score was however only

minimal at a sequencing depth higher than 30x coverage. All of the UDBCC accessions

sequenced in the work presented here had coverages ranging from 48-147x. This could

be one reason why performance of Arrow did not show any correlation to fold coverage.
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2.5.4 Genomes require manual inspection for residual sequencing errors

before depositing into the biological databases

Developments in sequencing technologies have given rise to a plethora of micro-

bial genomes in databases. Many deposited genomes, however, represent fragmented

genomes and unresolved plasmids which might also contain misassemblies as quality

assessments are not available for most of the deposited genomes. Some others, even

though assembled to a complete genome using long reads, have not been followed up

with manual inspections often resulting in a larger number of pseudogenes caused from

frameshifts presumably originating in sequencing errors in the reads used (Smits, 2019).

PacBio subreads have a high error rate (13-15%) (Ardui et al., 2018). Insertions

and deletions are the predominant errors with more than 90% of them occurring in

homopolymer regions (Wenger et al., 2019). These indels can introduce frameshifts

and premature stop codons in predicted open reading frames (ORFs). Utturkar et

al. (2017) implemented additional rounds of corrections for four microbial genomes

assembled from PacBio long reads and polished using Quiver with short reads from

Illumina technology using Pilon which is a microbial genome polishing tool utilizing

short reads (Walker et al., 2014). Three hundred fourteen modifications were suggested

by Pilon with most of the base-call errors being insertions and deletions. About 85% of

those corrections were found to be valid when checked with PCR and Sanger sequencing

of 47 randomly chosen Pilon-corrected regions across different genomes. However,

seven of those corrections were ruled-out due to no support from sanger sequencing.

Similarly, Watson & Warr (2019) investigated the presence of indel errors in human

genome assembled by Koren et al. (2017) using long reads generated by PacBio SMRT

sequencing (P6-C4 chemistry) followed by multiple rounds of Quiver as performed in

the work presented here. They aligned a sample of 40,949 transcripts downloaded

from Ensembl against the genome and observed 845 protein coding transcripts to be

disrupted by indel errors. These studies demonstrate that sequencing errors in PacBio

long reads can introduce frameshift errors in predicted genes which can critically affect
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the interpretation of translated regions.

In this work of assembly of 21 accessions of Bradyrhizobium spp., the percentage

of putative frameshifted genes was found to between 5.1 and 14.5% in the genomes

assembled with HGAP 3/4 and polished using Arrow. Since proteins with length cutoffs

of 10% from either end usually retain function, only the genes with length difference of

more than 10% with reference genes were identified as putative frameshifted (Lerat &

Ochman, 2005). De Maio et al. (2019) performed similar analysis for the presence of

artificially shortened proteins due to indels from long-read sequencing technologies by

identifying proteins of length <90% of reference proteins length in Enterobacteriaceae

genomes. Most of the putative frameshifted genes were truncated as observed in this

study. When aligned with reference genes, 15 to 50% of the putative frameshifted genes

( 212 ORFs per genome) had insertions or deletions in homopolymer regions.

Manual refinements using reference genes have been carried out in some cases

of genome assemblies. However, the refinements do not try to distinguish whether

the errors observed are from sequencing technology or are truly pseudogenes. In this

work, we applied a filtering step adding additional resequencing of the error corrected

genome using Arrow to avoid falsely correcting pseudogenes present in the genome due

to evolutionary reasons. The best method to check the validity of reference gene based

error correction is however only via PCR and Sanger sequencing of the error-corrected

regions.

2.5.5 Assembly of Bradyrhizobium spp.to complete and near complete

genomes increased available genomic information

Research in soybean-bradyrhizobia symbiosis has been carried out for 100

years with a focus in several aspects of the symbiosis including host specificity of

the Bradyrhizobium spp., screening for strains with high symbiotic nitrogen fixation

efficiency and stress tolerance (Rong Li et al., 2020). Completely assembled genomes of
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Bradyrhizobium spp.are indispensable to gain scientific insights on genotype and phe-

notype relationships of the organism. Bradyrhizobium spp.carry symbiosis islands in

the chromosome which carry nodulation (nod) and nitrogen fixation (nif and fix) genes

that determine symbiotic effectiveness (nodulation and nitrogen fixation activities) of

the plant (Ormeo-Orrillo & Martnez-Romero, 2019).

As of July 31st 2021, there were 126 different assemblies for soybean bradyrhi-

zobia in RefSeq. It included 90 assemblies for the most commonly reported species

also used as commercial inoculants (B. diazoefficiens, B. elkanii and B. japonicum ),

21 of which are reported as complete genomes with two accessions having 1 and 4

plasmids respectively. Incorporating the results of the assemblies reported here will

increase the number of B. diazoefficiens, B. elkanii and B. japonicum accessions with

complete genomes to 42, including 12 accessions with plasmids. The assembly also

resulted in the assembly of a circular phage element infecting USDA31-Be isolate.

Genomic characterization of the phage element can provide us more insights about

Bradyrhizobium phages which can affect the N fixation ability of the host strain as well

as community dynamics and evolution of soybean bradyrhizobia. Seventeen of the 21

assembled genomes are field isolates constituting indigenous soybean root-nodulating

Bradyrhizobium spp.communities of Delaware. These were chosen based on different

genotypic and phenotypic analyses to represent the broad community of the indigenous

strains. Indigenous strains are known to limit the symbiotic effectiveness of commercial

Bradyrhizobium spp.inoculants during soybean farming. This massive increase in the

genomic repertoire of indigenous soybean bradyrhizobia can aid in optimizing biological

nitrogen fixation and increasing soybean yields in the soybean farms of Delaware.

Nineteen of the genomes are assembled to complete genomes and two genomes to

chromosomal level. These genomes can be utilized for comparative genomic analyses.

A large number (77%) of RefSeq available genomes for commercial soybean inoculant

species consist of hundreds of contigs of sizes ranging from few kb to Mb. These contigs

can have fragmented genes which might sometimes be important for metabolism or
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lifestyle of the organism. It limits the scope and accuracy of comparative genomic

studies. Increasing the number of complete genomes will increase our understanding

about the species.

In addition to symbiotic activities, Bradyrhizobium species are also studied for

denitrification activities to reduce N2O emissions from soybean fields which are regu-

lated by nap, nir, nor and nos gene clusters (Sameshima-Saito et al., 2006). Hydrogen

(H2) oxidation activity by these species can increase the efficiency of symbiotic N2

fixation and soybean yield due to high energy output from hydrogen oxidation. Differ-

ent strains have been studied for the hydrogen uptake phenotypes (Hup+ , Hup-, and

Hup host-regulated) which are controlled by hup gene clusters (van Berkum, 1990).

Assembled genomes can be analyzed for these features as well to gain more insights on

genome to phenome relationships.
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Chapter 3

BRADYBASE

3.1 Abstract

Soybean root-nodulating Bradyrhizobium carry out biological nitrogen fixation

(BNF) in soybeans which can meet 50-60% of soybean nitrogen (N) demand. They are

also used as soybean field innoculants to increase soybean growth and yield. Soybean-

bradyrhizobia symbiosis has been studied for more than a 100 years with research data

available on symbiotic effectiveness, competitiveness, and host compatibility. Recent

developments in sequencing technologies including next generation and third gener-

ation sequencing have increased the amount of genomic, transcriptomic, and genetic

data. The deluge of data in current large scale databases makes storage and access

of Bradyrhizobium specific genes, genomes, and other genotypic and phenotypic traits

space and time consuming from existing databases. Also, they lack Bradyrhizobium

spp. specific phenotypic and genotypic traits, analysis tools and results. An online

community database dedicated to soybean root-nodulating bradyrhizobia species can

benefit the community of researchers working in these species. In this work, we have

developed Bradybase which presents a platform for the integration of tools, analyses,

data, and collaboration forums specific to soybean-bradyrhizobia symbiosis research

studies benefitting the research and agricultural communities.

3.2 Introduction

Soybean is one of the most important crops in the world, mostly used as

an oil and protein source. Soybean seeds have 40% protein and 20% oil con-

tent (Montgomery, 2003). Biological nitrogen fixation (BNF) plays a significant role
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to provide high demand of N by the crop by meeting 50-60% of soybean N de-

mand (Rodrguez-Navarro et al., 2011). Symbiotic soybean rhizobia, mainly Bradyrhi-

zobium spp., carry out BNF in soybean plants which is the most sustainable and

cheapest source of N for soybeans. Studies have shown strains from eight different

Bradyrhizobium species: Bradyrhizobium diazoefficiens, B. daqingense, B. elkanii, B.

huanghuaihaiense, B. liaoningense, B. ottawaense, B. yuanmingense, and B. diazoef-

ficiens (Jaiswal & Dakora, 2019) (Zhang et al., 2014) to nodulate soybean. B. japon-

icum, B. elkanii, and B. diazoefficiens are mostly used to formulate commercial inocu-

lants around the world and the commonly reported soybean-nodulating bradyrhizobia

species in North America (Padukkage et al., 2021) (Joglekar et al., 2020). Symbiotic ni-

trogen fixation in soybean by bradyrhizobia is an active area of research aimed towards

reducing pollution from chemical N fertilizers by promoting affordable and sustainable

soybean production using Bradyrhizobium inoculants for BNF (Gitonga et al., 2021).

It involves selecting strains with high nitrogen fixation efficiency (Hungria & Mendes,

2015), increasing symbiotic nitrogen fixation efficiency of existing strains (Rong Li

et al., 2020), and understanding their genetic diversity and geographical distribution

(Shiro et al., 2013).

Recent developments in sequencing technologies including next generation and

third generation sequencing have increased the amount of genomic, transcriptomic,

and genetic data with more than 31 petabytes of DNA sequence deposited into the

NCBI Sequence Read Archive (SRA) in the last decade (Spoor et al., 2020). The del-

uge of data makes just accessing and storing genes and genomes from desired species

a time and space consuming task, let alone the manual processing, and transforming

data from one tool to another which can be infused with human error. Online com-

munity databases are therefore developed to host genotypic (genomes, annotations,

transcriptomes), metabolic (metabolic pathways, regulatory networks), and phenotypic

(morphology, greenhouse experiments) data, along with analyses, tools, and outreach

specific to one or a group of related species to serve the community of researchers
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working on the species. Saccharomyces Genome Database (SGD) for Saccharomyces

cerevisiae (Cherry et al., 1998), Genome Database for Rosaceae (GDR) for Rosaceae

family (Jung et al., 2008), and Ecocyc for E. coli species (Karp et al., 2014) are some

of the popular community databases. Many online community databases adopt Tri-

pal, a free and open-source toolkit built by the Genome Model Organism Database

(GMOD) project, for the construction of such online community databases (Spoor et

al., 2019). Tripal uses the Chado schema to store data and integrates with Drupal

(http://drupal.org), a popular content management system (CMS) which allows

the integration of a variety of data analysis tools. Online community database for soy-

bean root-nodulating bradyrhizobia A database dedicated to soybean root-nodulating

bradyrhizobia species can benefit the community of researchers working in these species.

As of July 31st 2021, 126 genome assemblies were hosted in NCBI along with their

genes and annotations for Bradyrhizobium species: B. diazoefficiens, B. daqingense,

B. elkanii, B. huanghuaihaiense, B. liaoningense, B. ottawaense, B. yuanmingense,

and B. diazoefficiens. While genes and genome assemblies are available in large scale

databases like National Center for Biotechnology Information (NCBI), the European

Molecular Biological Laboratory (EMBL), and the DNA Databank of Japan (DDBJ),

they do not provide background information, experimental protocols, and phenotypic

data for the Bradyrhizobium spp. Even for the available information including taxon-

omy, genome assemblies, genes, proteins and annotations, aggregating and analyzing

the information together is time consuming and error prone. A database for soybean-

root nodulating bradyrhizobia can expedite this by aggregating data from multiple

resources and providing necessary data analysis tools.

Here, we have developed Bradybase (http://bradybase.dbi.udel.edu) to ad-

dress the need for a database focused on soybean root-nodulating Bradyrhizobium spp..

The Tripal-based web interface hosts the latest available genome assemblies, genes, nu-

cleotide sequences, gene functional annotations, and gene ontology for the soybean

root-nodulating Bradyrhizobium spp. Included are Bradyrhizobium spp. available in
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NCBI and University of Delaware Bradyrhizobium Culture Collection (UDBCC), in-

cluding available phenotypic features, taxonomy, and metadata for genome assemblies

including sequencing technology, level of assembly, and number of contigs. Phyloge-

netic trees and a genome browser feature help to visualize the genomic and genotypic

data. Bradybase can be extended to include field experimental results for symbi-

otic effectiveness of Bradyrhizobium spp. on soybean plants, experiment protocols,

culture stocks information, comparative genomics information, bioinformatically pre-

dicted phages on each genome, and so on to provide a complete reference site for the

soybean root-nodulating Bradyrhizobium species.

3.3 Methods

3.3.1 Architecture of bradybase database

Bradybase was built using Drupal (https://www.drupal.org/, v7.77), an open-

source and extensively used content management system (CMS). Data is arranged in a

normalized relational database schema, Chado (Mungall et al., 2007), which is widely

adopted to manage biological information. The database is created in a PostgreSQL

server v11.11 (https://www.postgresql.org/) (Figure 3.1). Core modules provided

by Tripal v3.4, an open-source toolkit used for the construction of online genome

databases (Spoor et al., 2019), were used on top of Drupal to manage and visual-

ize data stored in the database. Tripal provides Application Programming Interfaces

(APIs) to interact with the Chado database and uses Drupal-based PHP templates

that allow extension and customization of web interfaces (Ficklin et al., 2011). Tripal

and drupal extension modules were utilized depending on the data analyzed.

3.3.2 Data organization

Chado database schema is divided into modules that allows flexibility to store

desired data using only selected tables from the schema with >200 tables. We used 8
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Figure 3.1: The architecture design of Bradybase. (A) Genotypic and phenotypic
data were collected from NCBI database and inhouse UDBCC analyses.
(B) Data storage implements PostgreSQL DBMS to store and manage
data and data is arranged in Chado schema, a relational database scheme
designed to store biological data. (C) The application tier uses algorithms
to maintain integrity of the database and control display, creation and
alteration of data. It uses the Drupal content management system in-
cluding Tripal modules which are extensively used to manage biological
information. (D) The user interface is built by Tripal which provides an
API to interact with Chado database and Drupal-based PHP templates.
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(general, organism, sequence, analysis, controlled vocabulary (cv), database, publica-

tion, and audit) out of >15 available modules.

3.3.3 Organisms

352 accessions including 340 isolates of UDBCC collected from 31 different farms

in Delaware (Figure 1.1) and 12 USDA reference strains were added to the database

(TableTable A.1). Bradyrhizobium species reported as soybean root-nodulating bradyrhi-

zobia in different studies (Jaiswal & Dakora, 2019; Zhang et al., 2014) having genomes

available in GenBank as of July 31, 2021, were also incorporated into the database.

Genus and species name with strain identification, and abbreviation for each accession

was added to organism table from the organism module of Chado schema. Taxon-

omy for each species was imported from NCBI Taxonomy database using Chado NCBI

Taxonomy Loader in Tripal.

3.3.4 Phenotypic features

Phenotypic data available for 352 accessions from UDBCC were included in

Bradybase. The collected data included Fatty Acid Methyl Ester (FAME) group,

serogroup (from serology), and quantity of spontaneously induced virus-like particles

per ml for each accession if available. FAME groups were determined by the unweighted

pair group method with arithmetic averages (UPGMA) clustering of cellular fatty acid

profiles of each accession as described by Joglekar et al.(2020). Serogroups were de-

termined based on serological reactions of each accession against rabbit polyclonal

antisera obtained from the U.S. Department of Agriculture (USDA, Beltsville, Mary-

land) or produced at the University of Delaware. Spontaneously induced VLPs were

measured for a subset of 96 accessions and five additional strains of UDBCC (Richards

and Fuhrmann, unpublished data). Selected accessions were individually grown in 15

ml Modified Arabinose Gluconate (MAG) broth for 7-10 days at 28 with shaking at

155 rpm. One milliliter was centrifuged for 15 min at 10,000 rcf. Two-hundred fifty
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microliters were filtered through a 0.2 µm glass fiber filter (Whatman; Maidstone, UK).

The filtrate was collected on a 0.02 µm Whatman Anodisc membrane filter and stained

with 200 µl 2X (final concentration) SYBR Gold for 15 min and then washed with 500

µm SM buffer. Antifade (0.1% p-phenylenediamine solution) was added to the Anodisc

to suppress photobleaching and was placed under 1000x epifluorescence microscopy. A

100-square grid was used to count the virus-like production (VLPs) of ten random

fields of view of the Anodisc using Serif PhotoPlus X8 for each strain as VLPs per ml.

The production levels of spontaneously induced virus-like particles were divided into

five categories based on the VLPs per ml measurements: below detection (<1E7), low

(1E7 - 1E8), medium (1E8 - 5E8), high (5E8 - 1E9), and very high (>1E9). These

features were added to the organismprop table from the organism module of Chado

schema.

3.3.5 Genotypic features

Results from genotypic analyses including Internal Transcribed Spacer Restric-

tion Fragment Length Polymorphism (ITS-RFLP), 16S rRNA gene sequencing, and

ITS sequencing for UDBCC accessions were added to the database (Table A.1). The

internal transcribed spacer (ITS) region between the 16S rRNA and 23S rRNA genes

can provide a higher resolution for discerning species and strain-level taxonomic re-

lationships. Genome assemblies and annotations were also added to the database.

In-house assemblies for 21 UDBCC accessions and 125 publically available assemblies

mined from NCBI RefSeq as of July 31, 2021 (Table 3.1) were uploaded to the database.

For NCBI RefSeq assemblies, genome annotations available in RefSeq were uploaded.

For in-house assemblies, genome annotations generated by Prokka v1.14.6 (Seemann,

2014) in chapter 2 were uploaded. ITS-RFLP groups were added to the organismprop

table while 16S rRNA gene and ITS sequences were added to the feature table from

the feature module in Chado schema. Genome assemblies and metadata were stored

in analysis and analysisprop tables from the analysis module of Chado schema.
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3.3.6 Genomic data analyses

Available genomic features comprising genes, 16S sequences, and ITS sequences

for each organism were analyzed further to provide functional annotation for each gene

and build different phylogenetic trees for the organisms based on I) 16S rRNA gene,

and II) ITS sequences during the construction of Bradybase. Results of the analyses

were added to the database to provide additional information about the features.

3.3.6.1 BLASTX homology

BLASTX analysis of each gene was performed against the NCBI non-redundant

proteins (nr) database from blast v5 databases with evalue filter of 0.001. The top ten

BLAST hits (ordered by bit score) were uploaded into the database using Tripal Anal-

ysis BLAST module v3.1 (Tripal Analysis BLAST, 2016/2019). The results including

BLASTX hit name, description, and accession were stored in the blast hit data table

in Chado created by the Tripal Analysis BLAST module.

3.3.6.2 Functional annotation

Gene functional annotation was performed using InterProScan v5.51-85 (Zdob-

nov & Apweiler, 2001) against the InterPro (Binns et al., 2002) member databases

TIGRFAM, SFLD, HAMAP, SMART, CDD, ProSiteProfiles, ProSitePatterns, SU-

PERFAMILY, PRINTS, PANTHER, PIRSF, Pfam, Coils and MobiDBLite. Inter-

ProScan results including InterPro hit and GO annotation for each gene were uploaded

into Bradybase using the Tripal Analysis InterPro module (Tripal Analysis InterPro,

2016/2019), to analysisfeatureprop table from analysis module.

3.3.6.3 Phylogenetic trees for 16S rRNA genes

16S rRNA gene sequences of ∼1200 bp length were obtained from Sanger se-

quencing of 16S rRNA gene amplicons for 96 accessions from UDBCC including 12
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USDA strains and 84 field isolates (Prasanna et al., 2020). Multiple sequence align-

ment was performed using MAFFT v7.450 (Katoh et al., 2002) (G-INS-I algorithm,

default settings) and an approximate maximum likelihood phylogenetic tree was cre-

ated using FastTree v2.1.11 (default settings) (Price et al., 2009) in Geneious v10.2.6

(https://www.geneious.com).

Similarly, A phylogenetic tree for all 16S rRNA sequences in the Bradybase was

built. All the sequences were aligned using MAFFT (FTT-NS-i X2 algorithm, default

settings). Sequences were trimmed to get equivalent aligned regions of 1200 bp sizes for

the 16S rRNA sequences. The extracted sequences were realigned using MAFFT v7.450

(Q-INS-I algorithm, default settings) and an approximate maximum likelihood phylo-

genetic tree was built using FastTree v2.1.11 (default settings) in Geneious v10.2.6.

3.3.6.4 Phylogenetic trees for ITS sequences

ITS sequences of 900 bp size were amplified and Sanger sequenced from UD-

BCC accessions which included 12 USDA strains and 75 field isolates (Prasanna et al.,

2020). Multiple sequence alignment was performed using MAFFT v7.450 (Katoh et

al., 2002) (G-INS-I algorithm, default settings) and a phylogenetic tree was created

using FastTree v2.1.11(default settings) (Price et al., 2009) in Geneious v10.2.6.

Similarly, a phylogenetic tree for all ITS sequences in the Bradybase was built.

All the sequences were aligned using MAFFT (FTT-NS-i X2 algorithm, default set-

tings). Sequences were trimmed to get equivalent aligned regions of 900 bp sizes for the

ITS sequences. The extracted sequences were realigned using MAFFT v7.450 (G-INS-I

algorithm, default settings) and a phylogenetic tree was built using FastTree v2.1.11

(default settings) in Geneious v10.2.6.

Newick files for all trees were uploaded into Bradybase and visualized using the

Phylotree (Shank et al., 2018) module for Drupal.
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3.3.7 Data visualization

3.3.7.1 Genome visualization

JBrowse v1.16 (Buels et al., 2016) was integrated into Bradybase for genome

visualization. It was facilitated by Tripal Jbrowse Integration modules v3.0 (Tripal

JBrowse Integration, 2015/2020), a package of Tripal extension modules. JBrowse

instances were created for each genome assembly, each with four tracks including ref-

erence sequence, genes, coding sequences (CDS), 16S rRNA, and tRNA. Assembled

genomes in fasta format were used as reference sequences using the JBrowse command

prepare-refseqs.pl. Gene, CDS and rRNA tracks were created using gff3 files containing

annotations for each genome, using the flatfile-to-json.pl command from JBrowse.

3.3.7.2 Organism page

For each accession, a page was created using Tripal’s ’create tripal content type

feature to display information including taxonomy, phenotypic analysis results (FAME,

Serogroup, spontaneously induced VLPs), and genotypic analysis results (species from

ITS sequencing, 16S rRNA gene sequencing, and ITS-RFLP). Links to other analyses

for the organism within the database such as phylogenetic trees, genome assemblies,

and JBrowse instances were added.

3.3.7.3 Gene page

For each gene, a gene page was created using Tripal’s ’create tripal content type

feature. The gene page was enabled to display an interactive viewer and a tabular list

to visualize the top 10 BLASTX hits of the gene against the nr database from blast v5

databases using Tripal BLAST analysis module (Tripal Analysis BLAST, 2016/2019).

Similar visualizations were also incorporated for the results of InterPro analysis of the

gene using the Tripal InterPro analysis module (Tripal Analysis InterPro, 2016/2019).
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3.3.7.4 Assembly page

For each genome assembly, a page was generated using Tripal’s ”create Tripal

content type” functionality describing the metadata for the genome assembly includ-

ing name of the accession, source of the assembly, level of assembly and genome-

representation of accession by the assembly, sequencing technology used and coverage,

scaffold/contig N50 sizes, number of chromosomes in the genome and submitter. For

genome assemblies imported from NCBI RefSeq, metadata was also imported from

RefSeq.

3.3.8 User accessibility

3.3.8.1 Organism search

A search page for Bradyrhizobium accessions in Bradybase was created for the

users to search and access accession information from the database. The search inter-

face was built with custom CSS styles added on top of the search interface provided by

Mainlab Chado Search module (Jung et al., 2017). Functions were added to search for

accessions by species name(s), accession name(s), level of genome assembly available

for the accession(s), and phenotypic features: Serogroup, FAME group, and level of

spontaneously induced virus-like particles (VLPs) if available.

3.3.8.2 Genes and features search

A search page for genes and other genomic features was created for the users to

search and access contents from the database. The search interface was built with cus-

tom CSS styles added on top of the search interface provided by Mainlab Chado Search

module (Jung et al., 2017). Functions were included to search genomic features such

as CDS, gene, pseudogene, rRNA, tmRNA and tRNA according to Bradyrhizobium

accessions, species names, and feature names. Additionally, functionality was added

to search by gene functional annotations such as Gene Ontology (GO) term, BLAST

description, and InterPro annotation term.
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3.3.8.3 Genome assemblies and phylogenetic trees search

A search page for available genome assemblies in Bradybase was created using

Views module (v3.24) for Drupal 7. A display of the list of available genome assemblies

grouped by species with a search filter by accession or assembly name is created.

Similarly, a search page displaying the list of available phylogenetic trees was also

created using Views module (v3.24) for Drupal 7.

3.4 Results

3.4.1 Bradybase website

The homepage of the Bradybase website (Figure B.1) provides a brief description

with a direct link to search accessions present in the database. In the main menu

of the homepage, users can find a dropdown search menu which provides links to

search interfaces in Bradybase, tools used in Bradybase which includes only JBrowse

as of August 31, 2021, link to the list of UDBCC isolates with their genotypic and

phenotypic characteristics and help menu which provides tutorials to use the website

and brief descriptions of the website terminologies.

3.4.2 Organisms

Bradybase hosts 468 different accessions of soybean-root nodulating bradyrhizo-

bia species consisting B. daqingense, B. diazoefficiens, B. elkanii, B. huanghuaihaiense,

B. liaoningense, B. ottawaense, B. yuanmingense, and B. diazoefficiens along with

their taxonomic information. It includes 340 field isolates from UDBCC (Table A.1),

19 USDA accessions and 109 other accessions available in GenBank. Taxonomic infor-

mation is available for each of these accessions to the species level.
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3.4.3 Phenotypic and genotypic features

FAME group, serogroup, measure of spontaneously induced VLPs per ml, ITS-

RFLP group, 16S rRNA gene sequences and ITS sequences can be accessed for UDBCC

accessions whenever available. Species inferred using each of these phenotypic and

genotypic analyses can also be retrieved for these accessions.

A total of 146 assemblies including 125 RefSeq assemblies and 21 in-house as-

semblies of UDBCC accessions are available (TableTable B.2). Genome assemblies are

available for 136 accessions. These assemblies include 41 complete genomes, including

19 complete genomes of UDBCC accessions. Gene annotations for all the assemblies

are present.

3.4.4 Data visualization

3.4.4.1 Genome visualization

A JBrowse instance is available for each genome to visualize the genome se-

quence and its annotations (Figure B.6). Each instance consists of a reference sequence,

genes, CDS and 16S rRNA tracks. Features can be searched with their names, and

locations and clicked to get detailed information including their products, sequences,

and location in the genome. JBrowse can be accessed for each assembly from the tools

menu in the Bradybase homepage as well as each organism, gene, and genome assembly

pages.

3.4.4.2 Organism page

A page is available for each accession in Bradybase. The page provides taxo-

nomic information on the accession to species level. For UDBCC accessions, results

from genotypic (ITS-RFLP, ITS sequencing, 16S rRNA gene sequencing) and pheno-

typic (FAME analysis, serology, spontaneously induced VLP production) analyses are

included as well (Figure B.4). A cross reference to NCBI taxonomy database for the

55



accession or species is also provided in the page. If the accession has any assembled

genome, a JBrowse link to visualize the genomes and annotations is available. All

available genome assemblies with level of assembly attained for the accession are also

displayed. Additionally, users can directly link out to the phylogenetic trees for the

organism.

3.4.4.3 Gene page

Bradybase offers a page for each gene (Figure B.8). Users can access the se-

quence, sequence length, location coordinates in the parent contig, and transcript in-

formation for each gene. The page also displays top 10 hits of BLASTX analysis of

gene against nr database from blast v5 databases and results from InterPro analysis.

Each gene can be located and visualized in JBrowse using the JBrowse link from the

page.

3.4.4.4 Assembly page

Assembly page (Figure B.9) provides metadata about each assembly includ-

ing name of the accession, source of the assembly, level of assembly and genome-

representation of accession by the assembly, sequencing technology used and coverage,

scaffold/contig N50 sizes, number of chromosomes in the genome and submitter. Users

can visualize the assembled genome using the JBrowse link. A cross reference to RefSeq

is provided for the genomes obtained from NCBI RefSeq.

3.4.5 User accessibility

3.4.5.1 Organism search

Users can search through all the accessions of soybean root-nodulating bradyrhi-

zobia in Bradybase based on different characteristics. Users can filter their searches

on the species name (s), accession name(s), and phenotypic characteristics (serogroup,

FAME group, ITS-RFLP group, and production of spontaneously induced virus-like

56



particles). Filters also include the source of the organism (UDBCC or RefSeq) and

genome assembly levels (no assembly available, assembled to complete genome, chro-

mosome, contig(s), and scaffolds) (Figure B.3). Resulting table can be downloaded in

csv format.

3.4.5.2 Gene and features search

A search page for genomic features including CDS, gene, pseudogene, rRNA,

tmRNA, and tRNA for Bradyrhizobium accessions in the Bradybase is created (Fig-

ure B.2). Users can filter their searches on gene/feature name(s), Bradyrhizobium

species, accession name(s), type(s) of the genomic feature, GO annotation of a gene,

BLASTN hits description, and InterPro annotation description. The output from the

search can be customized to show only selected columns. The resulting table can be

downloaded in the form of a csv file, and sequences for the resulting features can be

downloaded in fasta format.

3.4.5.3 Genome assemblies and phylogenetic trees search

Genome assemblies for Bradyrhizobium spp. can be searched based on species

or assembly name. Links to genome assembly page, organism page, JBrowse instance,

and cross reference to NCBI RefSeq (for RefSeq assemblies) are available.

3.4.5.4 Phylogenetic trees search

Users can find a display of a list of available phylogenetic trees in the Bradybase.

The list includes phylogenetic trees for 1) UDBCC accessions based on 16S rRNA gene

sequences, 2) all Bradybase accessions based on 16S rRNA gene sequences, 3) UDBCC

accessions based on 16S rRNA gene sequences, and 4) all Bradybase accessions based

on ITS sequences. Users can filter for a species/accession using the search box and

visualize the tree in either radial or linear pattern (Figure B.5).
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3.5 Discussion

3.5.1 Comprehensive database for soybean root-nodulating Bradyrhizo-

bium species can accelerate research

Soybean-bradyrhizobia symbiosis has been studied for over 100 years with active

research in characterizing indigenous strains and identifying Bradyrhizobium spp. with

higher symbiotic effectiveness. Knowledge gained is used to improve inoculants and

inoculation techniques for soybean yield. Existing research studies are geared towards

phenotypic observations for symbiotic effectiveness (nodulation and nitrogen fixation),

rhizobiotoxin production, competitiveness with indigenous strains, and stress tolerant

characteristics among the Bradyrhizobium spp. Bioinformatic analyses such as symbio-

sis island predictions, identification of bradyrhizobia lytic and lysogenic phages which

affects their lifestyle and community dynamics, comparative genomics, and pathways

predictions and analysis have been used to gain evolutionary insights and predict pheno-

typic traits such as N fixation efficiency, nodulation, competitiveness, and adaptability.

Additional genomic studies include identification of genes involved in quorum sensing

regulation, epigenetics, and understanding distribution of insertion sequences. In the

present context, aggregating existing knowledge and running bioinformatics analyses

require vast literature review, computational expertise, local space, and efforts. Having

a database that can aggregate information available in large scale databases, and pro-

duced by different research communities can save time and space for individual research

groups, and help the community to learn more about these species with minimized ef-

forts. Sharing results from bioinformatics analyses on a web platform along with their

methods and protocols can conserve resources, and help in the reproducibility of the

research. Apart from the analyses, providing sampling site location, biological resource

centers holding the culture stock along with their location and contact information, and

other metadata on storage and collection for each strain can aid in dissemination of

available strains. It can be used by researchers and agriculture practitioners to locate

Bradyrhizobium strains based on phenotypic observations and acquire them for further
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research or potential use as soybean inoculants.

Bradybase was therefore designed to benefit the community of researchers work-

ing in the soybean root-nodulating bradyrhizobia. No other databases specific to these

species have been reported before. Bradybase integrates all the genome assemblies

and annotations available in RefSeq for Bradyrhizobium species identified to nodulate

soybean including B. diazoefficiens, B. elkanii and B. japonicum which are used as

commercial inoculants for soybeans. It provides genes, genome visualizations, gene

functional annotations, and cross links to external databases for entries from other

databases. For each accession, available phenotypic and genotypic data, links to exter-

nal databases, phylogeny, and other genomic analyses if available are integrated into a

single page. This allows more user-friendly navigation and retrieval of genotypic and

phenotypic information for each accession compared to existing large scale databases.

The database can be extended to include more genotypic and phenotypic observa-

tions from literature or research groups, bioinformatic tools and/or analyses including

BLAST, comparative genomics and pathways analysis to enable more in depth analyses

of the genomes and features with reduced time and effort.

3.5.2 Better access and retrieval of data compared to large-scale databases

The amount of data in the large-scale databases like GenBank is substantial.

GenBank contains 231 million sequences with 940 billion bases as of August 2021 (Gen-

Bank and WGS Statistics, 2021) and it is expected to increase exponentially. The sheer

volume and complexity of data makes specific data search, retrieval, aggregation, and

visualization for soybean-root nodulating Bradyrhizobium spp. in NCBI or other large

scale databases a convoluted process especially for an inexperienced user, which might

result in available data being unnoticed by the user. Bradybase therefore provides

easier access to genomes, annotations, and visualization of these species.

For a particular use case of downloading all nodD1 genes from Bd, Be and

Bj species, in NCBI, users need to use the advanced search interface to build the
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search. It involves the input of the names of Bradyrhizobium species/accessions, nodD1

gene name and Boolean operators. Though users have the option to save the built

search for future use, building the search from scratch each time after slight changes in

search requirements is cumbersome and time consuming. It requires enough experience

to retrieve desired sequences, which may result in error. Bradybase on other hand

provides an easier selection menu for species/accession names and gene names through

gene/feature search interface, providing faster results (Figure B.7).

Further, with ongoing efforts to include pre-computed pathway analyses, sym-

biosis islands, lytic and lysogenic phages, BLAST and synteny analysis tools, Bradybase

will be able to provide users with specific analyses required for the species but absent

in large scale databases.

3.5.3 Using Chado, Tripal, and other GMOD tools is sustainable and time

efficient

Bradybase uses GMOD Chado schema, an open-source, generic, and highly

normalized database schema that is supported by most of the GMOD tools (Jung et

al., 2016). It has modular organization and developers can design custom tables and

modules, reducing complexity while adding more flexibility in storing specific biological

data (Mungall et al., 2007). Tripal, web front-end from the GMOD project was used

to create the website using Drupal. Materialized views were created when necessary to

speed up the queries. Both Tripal and Chado are constantly improved according to the

increasing needs for biological data storage through a community-involved open process

(Spoor et al., 2019) which ensures sustainability of these schema and tools. With out-

of-the-box data loaders for the Chado schema and extension modules provided by

Tripal, data loading and creating the online site was time efficient and less prone to

error.

Similar to Bradybase, Tripal and Chado have been used together to create other

organism-specific databases including the Banana Genome Hub (http://banana-genome.
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cirad.fr/) (Droc et al., 2013), the Medicago truncatula genome database (http:

//medicago.jcvi.org/MTGD/?q=home) (Krishnakumar et al., 2015), and the Ara-

bidopsis Information Portal (https://www.araport.org) (Krishnakumar et al., 2015).

As of October 2020, 130 total installations of Tripal have been tracked by Drupal, and

30 databases have been reported to implement partial or whole Tripal software for

different plants and animal species but none for bacterial species.

3.5.4 Bradybase enables sharing information among collaborators

With more analysis tools and customizations added to Bradybase in the future,

researchers can share their in-house generated data in a searchable online format and

use Bradybase as a platform to share ideas and collaborate. Currently, it features the

in-house data on genotypic and phenotypic diversity of Bradyrhizobium in the state of

Delaware generated by University of Delaware.
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Chapter 4

CONCLUSION AND FUTURE DIRECTIONS

4.1 Conclusion

The high protein content ( 40% of dry seeds) and huge market for soybean prod-

ucts (214.36 billions USD by 2025) (Voora et al., 2020) makes soybean one of the most

important crops in the world. Soybean-bradyrhizobia symbiosis has been an active area

of research owing to its role in sustainably increasing soybean yield via biological nitro-

gen fixation (BNF). Bradyrhizobium strains are studied for their symbiotic effectiveness

and highly efficient strains (especially from B. diazoefficiens, B. elkanii and B. japon-

icum species) are selected for inoculating soybean seeds to increase nitrogen fixation

and yield. Despite the high agronomic importance, the number of publicly available

complete genomes for these species is low (21 complete genomes as of July 31st, 2021).

Complete genomes are necessary to perform genetic studies, conduct comparative ge-

nomics, understand the evolution of symbiotic associations, and establish genome to

phenome relationships for phenotypic features such as high nodulation capacity and

increased nitrogen fixation efficiency. Even for the available genomic data, aggregat-

ing and retrieving relevant data from a large scale database like NCBI which contains

petabytes of data can be cumbersome and time consuming. Also, they lack support for

collaboration and data sharing within the community of the researchers. Specific data

types including symbiosis island, greenhouse experimental results on host ranges, sym-

biotic effectiveness (nodulation and nitrogen fixation capacities), and Bradyrhizobium

phages are either missing or hard to aggregate in a reproducible manner.

The work presented herein addresses the above mentioned limitations. First,

We assembled genomes for 21 accessions (17 field isolates and four USDA strains)
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from University of Delaware Culture Collection (UDBCC) to 19 complete genomes

and 2 chromosomes. This included five complete genomes and one chromosome for B.

diazoefficiens accessions, seven complete genomes and one chromosome for B. elkanii

accessions, and six complete genomes for B. japonicum accessions. As of July 31st,

2021, the RefSeq database consisted of only sixteen, four, and one complete genomes for

B. diazoefficiens, B. japonicum and B. elkanii respectively. Four additional UDBCC

genomes from these three species were previously assembled. Not only does these

added genomes increase genomic repertoire available for Bradyrhizobium spp. but

also amplifies the number of complete genomes for each of these important species

which are commonly reported and also used as commercial inoculants. Seventeen

accessions were previously unreported in RefSeq and out of remaining four completely

assembled USDA reference strains, three (USDA 94-Be, USDA 123-Bj and USDA 135-

Bj) were sequenced to only scaffold level, and one (USDA 31) was not sequenced

before. This increased availability of genomic knowledge enhances our understanding

of soybean bradyrhizobia and each of the commercially important species. Since the

sequenced UDBCC accessions were selected to represent 352 UDBCC accessions based

on genotypic and phenotypic analyses, it also boosts our knowledge on diversity of

Bradyrhizobium spp. indigenous to Delaware. Genomic information of indigenous

strains can help in improving inoculation techniques during soybean farming resulting

in higher soybean yield.

During the work, we also assessed the limitations with Pacific Biosciences (PacBio)

long read assembled genomes. The high PacBio subreads error rate of 13-15% (Ar-

dui et al., 2018) which occurred mostly as indels in homopolymer regions resulted

in frameshifted genes in the assembled genomes. Genomes contained 5-15% putative

frameshifted genes upon comparison to RefSeq proteins, out of which 15-50% were due

to single nucleotide indels in homopolymer regions. These putative frameshifted genes

rates were observed even after multiple rounds of genome polishing with error-corrected

PacBio subreads. We compared the performance of state-of-the-art genomic consensus
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tool algorithms for PacBio RS-II data (Arrow and Quiver) to obtain high quality of

de-novo assembled genomes. It was observed that while Quiver is positively correlated

to mean coverage and mean mapping concordance of PacBio subreads, Arrow does not

show significant correlation. Arrow showed an overall increase in genome completeness

compared to Quiver which resulted in completeness of some assemblies below accept-

able limits for reference genomes, especially when genome coverage was low. Results

from chapter 2 suggested Arrow as a better genome genomic consensus tool algorithm

for PacBio RS II data assembled genome compared to Quiver. However, genomes were

still left with hundreds of putative frameshifted genes even after Arrow polishing of the

genomes. This reflected the importance of manually inspecting any genome assembled

and polished using only PacBio long reads for residual indel errors that could have

been generated by the sequencing platform.

Next, we constructed Bradybase, which is the first known database specific to

soybean root-nodulating bradyrhizobia. It stores information about 468 accessions

of soybean root-nodulating bradyrhizobia, 142 of which have one or more genome

assemblies with 40 of them assembled to complete genomes. It contains 761,714 genes

and 724,048 Coding Sequences (CDS) with functional annotations available for each

gene. Visualization is available for each gene, CDS and genome via JBrowse. The

database also includes phenotypic and genotypic analysis results for UDBCC accessions

and metadata for assemblies when available. This will help researchers easily access

genomic information available in RefSeq and enables sharing genotypic and phenotypic

data collected for UDBCC accessions among the research community.

4.1.1 Future recommendations

Assembled genomes were observed to contain 5-15% of putative frameshifted

genes upon comparison with RefSeq CDS. All of these however cannot be categorized

as errors from PacBio RS II sequencing technology since the genes could also be trun-

cated due to the natural process of evolution, and existing errors in reference gene
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sequences. The number of residual sequencing errors in the assembled genome can be

decreased by sequencing the genome to a higher sequencing depth, or polishing long

reads with short Illumina reads. Using sanger sequencing to establish authenticity for

the source of remaining errors in the genome can enable us to assemble a high quality

reference genome. These assembled genomes will be followed up with genomic analyses

including symbiosis island identifications, pan genome analyses, and prophage identifi-

cation. Symbiosis island characterization will help us understand nodulation and nitro-

gen fixation capabilities and develop genome to phenome relationships with symbiotic

effectiveness measured via greenhouse studies for assembled UDBCC accessions. Pan

genome analyses of these genomes along with existing completely assembled genomes

for common soybean bradyrhizobia inoculant species can be performed to gain more

insights on the evolution, environmental adaptability, and symbiotic effectiveness of the

strains. Soybean bradyrhizobia prophages can alter their evolution, and community

dynamics via horizontal gene transfer, and induction and lysis of the bacterial cells.

Identification and characterization of these prophages can increase our understanding

of their symbiotic activities.

Bradybase currently stores only genomes, genome annotations, gene functional

annotations, phylogenetic trees, and tools for genome visualization. Tripal, a webkit

tool used by Bradybase, offers many other modules to enable storage and visualization

of genome synteny, comparative genomics, pathway analysis, and enable data sharing

and communication with collaborators. These extension modules should be added to

the website to increase the scope of Bradybase. Results and protocols from the under-

going pan genome studies as well as other genomic analyses including symbiosis island

characterizations, and prophage predictions on UDBCC accessions can be presented in

the website in a comprehensible manner. This can be achieved using open-source com-

parative genomics tools provided by the Generic Model Organism Database (GMOD)

project such as Sybil, SynView, and comparative map viewer. Other genomic analyses

including prophage predictions, and symbiosis island characterizations can be added
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to the database. These genomic predictions can be complemented with outcomes from

phenotypic observations from greenhouse studies which illustrate the effect of UDBCC

accessions on nodulation, and nitrogen fixation activities, and soybean growth. Similar

phenotypic and genotypic analysis results published by other soybean bradyrhizobia

research groups can be mined from the literature and added to the database. This will

allow users to explore and visualize pre-computed genomic analyses, and easily retrieve

existing information on soybean nodulating bradyrhizobia avoiding the need to run the

same analyses locally, and repeatedly extract relevant information from literature. It

can considerably save time, resources, and effort required during the research.
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Figure B.1: Homepage of Bradybase. The menu bar at the top provides links to
data search pages and tools used in Bradybase. Also included is a link
to University of Delaware Bradyrhizobium Culture Collection (UDBCC)
accessions information that can be directly downloaded for reference.
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Figure B.2: Genes and features search page of Bradybase. Genomic features (CDS,
gene, pseudogene, rRNA, tRNA, and tmRNA) can be searched by
name(s), species(s), isolate/accession name(s), type(s) of feature, and
gene functional annotation (Gene Ontology (GO), BLAST hit descrip-
tion and InterPro matches description). A) Using the search tool for
genes named polA (DNA Polymerase A) from all accessions in the Brady-
base. B) Results for the search. The result table can be downloaded in
csv form from the Table link. All the polA residues can be downloaded
from Fasta link. The fasta identifier of each residue includes the gene
ID and name of the accession it belongs to.
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Figure B.3: Organism search interface of Bradybase. Bradybase accessions can
be searched according to species name(s), isolate/accession name(s),
source(s) of the accession, genome assembly level(s) if available,
serogroup(s), FAME group(s), and level of production of spontaneously
induced virus-like particles. A) Search tool used to search accession
N03G-Bj B) Results for the search. Results can be downloaded in csv
format using Table link. Users can access the page for N03G-Bj accession
using either isolate/accession name or organism link.
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Figure B.4: Organism page for Bradyrhizobium japonicum N03G. A) Taxonomy for
the species B) Species identified from various genotypic and phenotypic
analyses as listed C) Phenotypic and genotypic properties for the organ-
ism. D) Additional links provide links to different phylogenetic trees for
the organism. E) Genomes lists all available genome assemblies for the
organism in Bradybase and JBrowse links the organism to JBrowse page
to visualize its genome.
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Figure B.5: An instance of phylogenetic tree for Bradybase accessions. It shows a
phylogenetic tree built with available ITS sequences in Bradybase. ITS
sequences are available for all RefSeq imported accessions and UDBCC
accessions which underwent ITS sequencing or whole genome assembly.
Color represents each soybean root-nodulating Bradyrhizobium spp. Or-
ange: Bradyrhizobium diazoefficiens, green: B. elkanii, black: B. japon-
icum, violet: B. huanghuaihaiense, purple: B. liaoningense, light blue:
B. ottwaense, and pink: B. yuanmingense.
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Figure B.6: A Jbrowse instance for genome from Bradyrhizobium diazoefficiens
USDA 110 accession. All available tracks: reference sequence, Genes,
Coding Sequence (CDS), and mRNA are displayed.

107



Figure B.7: Comparison of gene search interfaces between A) NCBI and B) Brady-
base to search nodD1 genes from three species: B. diazoefficiens, B.
elkanii and B. japonicum. A. Query is built by providing names of the
three species, Boolean operator AND and name of the nodD1 gene. The
result provides a total of three nodD1 gene representatives, one from
each species. B. Search interface in Bradybase requires users to input
the gene name in the Gene/feature name box and select the three species
from the species menu. The result gives all nodD1 genes from each acces-
sion belonging to the species, all of which can be downloaded for further
analyses.
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Figure B.8: Gene page for nodD1 gene from Bradyrhizobium diazoefficiens 110spc4’
accession. Each page contains its transcript information, and links to
its source organism and genome assembly. A) Homology and functional
annotations generated using BLASTN and InterPro analyses are also
incorporated. B) Additional links to retrieve its sequence, and locate
the gene in the genome using JBrowse are provided.
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Figure B.9: Page for genome assembly of Bradyrhizobium diazoefficiens 110spc4 ac-
cession. Metadata such as accession name, assembly level and sequencing
technology used for the assembly are included. JBrowse link and RefSeq
cross-reference allow genome visualization, and assembly files download
and further analyses from RefSeq.
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