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Abstract

Transporters, a class of membrane proteins that facilitate exchange of solutes includ-

ing diverse molecules and ions across the cellular membrane, are vital component for

the survival of all organisms. Understanding plant transporters is important to get

insight of the basic cellular processes, physiology, and molecular mechanisms includ-

ing nutrient uptake, signaling, response to external stress, and many more. In this

regard, extensive analysis of transporters predicted in soybean and other plant spe-

cies was performed. In addition, an integrated database for soybean transporter pro-

tein, SoyTD, was developed that will facilitate the identification, classification, and

extensive characterization of transporter proteins by integrating expression, gene

ontology, conserved domain and motifs, gene structure organization, and chromo-

somal distribution features. A comprehensive analysis was performed to identify

highly confident transporters by integrating various prediction tools. Initially, 7541

transmembrane (TM) proteins were predicted in the soybean genome; out of these,

3306 non-redundant transporter genes carrying two or more transmembrane

domains were selected for further analysis. The identified transporter genes were

classified according to a standard transporter classification (TC) system. Comparative

analysis of transporter genes among 47 plant genomes provided insights into expan-

sion and duplication of transporter genes in land plants. The whole genome res-

equencing (WGRS) and tissue-specific transcriptome datasets of soybean were

Abbreviations: BLAST, basic local alignment search tool; GO, gene ontology; GWAS, genome-wide association studies; QTL, quantitative traits loci; TCDB, transporter classification database;

TM, transmembrane; TMD, transmembrane domain; WGRS, whole genome resequencing.
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integrated to investigate the natural variants and expression profile associated with

transporter(s) of interest. Overall, SoyTD provides a comprehensive interface to study

genetic and molecular function of soybean transporters. SoyTD is publicly available at

http://artemis.cyverse.org/soykb_dev/SoyTD/.

1 | INTRODUCTION

Transmembrane transport proteins (transporters) serve the function

of moving solutes within an organism. The solute-transport system is

a fundamental requirement for living organisms. Numerous studies

have demonstrated that transporters play indispensable roles in the

fundamental cellular processes of all organisms (Vishwakarma

et al., 2019). Transporters represent a large and diverse group of

membrane proteins. In plants, they deliver wide range of molecules

like sugars, amino acids, metals, water, salts, and minerals between

different tissues and organs (Saier Jr et al., 2006). Transporters also

play a secondary role in sensing the environmental conditions by for-

ming a complex system of active and passive mode of transport

(Williams et al., 2000). In plants, solute transport occurs as short dis-

tance (cell to cell) and long distance among different tissues and

organs like transport of sap within xylem and phloem. The transporter

proteins are involved in trafficking of selective molecules including

hormones, phenolic compounds, lipids, peptides, carbohydrates, min-

erals, and nutrients (Ishimaru et al., 2011; Li et al., 2016; Park

et al., 2017; Von Wittgenstein et al., 2014). Transporter proteins also

facilitate transport of smaller molecules like water, CO2, and urea

mostly by passive mode through transporter protein channels

(Bienert & Chaumont, 2011; Deshmukh et al., 2017). The study of

transporters has become critical for plant scientists since genetic vari-

ations observed in many transporter genes were found to change the

physiological status of plants that affect plant growth and develop-

ment under different environmental regimes (Vishwakarma

et al., 2019).

The ongoing research in plant science is shedding new light on

numerous transporter proteins including aquaporins and metallic ele-

ment transporters (Deshmukh et al., 2016; Vivancos et al., 2016). The

identification of novel transporters and their genetic variation pro-

vides a chance to fine-tune the nutritional uptake, elemental balance,

and physiological status of the plant (Patil et al., 2016; Rana

et al., 2019). Many aspects are being studied to comprehend the com-

plex mechanisms of solute transport including: inter-dependency of

transporters, regulation through phosphorylation and reversible phos-

phorylation, networking with other proteins, structural features, pH

gating system, trafficking, and degradation (Aryal et al., 2015; Frick

et al., 2013; Martínez-Vilalta et al., 2014; Stocking & Heber, 2012).

Transporters regulating important agronomical traits like salinity

tolerance (Patil et al., 2016), flooding (Chen et al., 2016), and heavy

metal toxicity (Reid, 2010) can be identified through expression profil-

ing, quantitative trait loci (QTL) mapping, and genome-wide associa-

tion studies (GWAS). There are now ample opportunities to integrate

the information from computational approaches, molecular biology,

biophysics into more applied aspects like GWAS/QTL mapping and

elucidate mechanism of transporter genes. With the increasing identi-

fication and functional annotation of novel transporters, more efforts

need to be devoted to understanding the molecular mechanisms char-

acterizing such transporters.

Systematic studies have been performed to identify and charac-

terize the transporters in a variety of prokaryotes (Ren et al., 2007),

human (Leabman et al., 2003), and plant species, such as Medicago

(Miao et al., 2012), Arabidopsis (Bock et al., 2006) and rice (Amrutha

et al., 2007). In a seminal study, Wallin and Heijne (1998) performed

the first extensive study to understand genomic distribution of trans-

porters in eubacteria, archaea, and eukaryotic organisms. The study

revealed several interesting features including the first glance of per-

centage share of transporters in the genome of diverse organisms.

Thereafter, several efforts have been made toward genome-wide

identification of transporters but most of them have addressed only a

specific family either aquaporins or SWEET or ABC transporter or

other transporter family proteins (Saier Jr et al., 2014; Schwacke

et al., 2003).

Information on the entire set of transporters in a genome will be

a great resource and aid to understand inter- and intra-cellular molec-

ular trafficking. Despite several reports suggesting the utility of

genome-wide information of transporters, few efforts have been

made in order to develop user-friendly interactive databases of trans-

porters (Deshmukh et al., 2016). A list of such online transporter pro-

tein resources and databases has been provided in Table 1.

Understanding of transporters in soybean genome has great impor-

tance primarily because of the economic importance of the crop and

secondly due to its complex genome architecture. Soybean has

palaeopolyploid genome with several duplications that leads to sev-

eral evolutionary changes like gene duplication, tandem gene family

expansions, and neofunctionalization (Schmutz et al., 2010). High

number of duplicated genes, most of which evolved with neo-

functionalization or sub-functionalization, makes it challenging for the

functional annotation and characterization of the genes. In this regard,

extensive efforts are required to identify transporters and perform

subsequent functional annotation using available genomic and trans-

criptomic resources in soybean.

In the present study, transporter proteins were systematically

identified and curated in the soybean genome. The availability of well

annotated high-quality soybean whole genome re-sequencing data

provided an unprecedented opportunity to explore the genetic and

structural variation in transporter gene families (Valliyodan

et al., 2016). As their indispensable roles in compound exchange and
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metabolic flux control, mutated transporters with diminished or

absent functions can be used to bring out physiological and biochemi-

cal changes associated with different agronomic traits. Genetic varia-

tion for transport system among diverse soybean lines will broaden

the genetic base and will also help to identify genetic predispositions

associated with different traits. Such extensive multi-omic information

provided here will also be helpful to better explore the recent techno-

logical advances like genome editing to achieve desired manipulation

in solute transport system in plants (Vats et al., 2019). Overall the

interlinking genetic variation, structural features, functional annota-

tions, and the transcriptional dynamics facilitated here through SoyTD

database will be helpful to elucidate precise role of individual trans-

porters and the complex transportation network in soybean and other

plant species.

2 | MATERIALS AND METHODS

2.1 | Data source, processing and implementation

To identify transporter genes in soybean genome, a combination of

automated keyword query, BLASTp search, and HMMER searches

using hidden Markov Models (HMM) were performed (Figure 1). Addi-

tionally, a total of 56 044 soybean protein sequences (primary tran-

scripts) were subjected to blast; using E-value and Bit Score cutoffs of

10−5 and 100, respectively, against the transporter database (TCDB;

http://www.tcdb.org/) and the Arabidopsis TransportDB

(ARAMEMON; http://aramemnon.uni-koeln.de/ (Altschul et al., 1997,

Saier Jr et al., 2014, Schwacke et al., 2003). Protein sequences of pri-

mary gene models from the 47 plant species were analyzed for the

presence of a potential transmembrane domain using TMHMM 2.0

algorithms.

To understand the gene expression, two publicly available RNA-

seq datasets were used. The first dataset contains 14 tissues including

whole seed at 11 stages of reproductive tissue development (flower,

pod, and seeds) and three vegetative tissues (leaves, root, and nod-

ules) (Severin et al., 2010). The second dataset contains 10 tissues

including six reproductive tissues (floral buds, whole seeds at five

stages of seed development, i.e., globular, heart, cotyledon, early mat-

uration, dry), and four vegetative tissues (leaves, roots, stems, and

seedlings) (GEO Accession GSE29163) (Lin et al., 2017).

To identify genetic variation present in the genes encoding trans-

porters, a set of 106 soybean resequencing lines were analyzed with

TABLE 1 List of databases and tools related to transmembrane proteins

Database name Objective Reference Database link

TCDB Transporter classification (Saier Jr et al., 2014) http://www.tcdb.org/

TransportDB Relational database (Ren et al., 2007) http://www.membranetransport.org/

Human Transporter Database

(HTD)

Genome-wide identification (Ye et al., 2014) http://htd.cbi.pku.edu.cn/

Arabidopsis Genome-wide identification (Schwacke

et al., 2003)

http://aramemnon.botanik.uni-koeln.de/

Medicago Genome-wide identification (Miao et al., 2012) http://bioinformatics.cau.edu.cn/

MtTransporter/

TOPCON Membrane topology prediction (Tsirigos et al., 2015) http://topcons.cbr.su.se/

TMHMM Membrane topology prediction (Krogh et al., 2001) http://www.cbs.dtu.dk/services/TMHMM/

FDA TransPortal Public Drug Transporter

database

(Morrissey

et al., 2012)

http://transportal.compbio.ucsf.edu/#content

TCDB database G. max protein TransporterDB 

TM proteins  

TMHMM 

Pfam annotation 

TOPCONs 

Data integration and filtering  

(>2 TMD) 

Classification 

(TCDB) 

Transcriptome 

analysis 

Sequence variants 

(SNPs) 

3306 SoyTD 

blastp blastp 

NGS workflow 

F IGURE 1 Analytical workflow used for the identification and

classification of transporter genes in soybean genome and
subsequently used to build SoyTD database (http://artemis.cyverse.
org/soykb_dev/SoyTD/)
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F IGURE 2 (A) Classification of curated soybean transporter genes according to Transporter Classification Database (TCDB) system.
(B) Number of genes identified as member of major transporter families. (C) Classification of transporters identified in the soybean genome based
on solute specificity. (D) Classification of transporters based on number of transmembrane domains. (E) Comparative analysis of putative
transporters identified in 47 diverse plant species
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PGen genomic variation workflow (Liu et al., 2016) and annotated

using SNPEff 3 (Cingolani et al., 2012) against G. max Williams 82

Wm82.a2.v1 (Schmutz et al., 2010). The Tajima's D is calculated to

detect deviation from the neutral mutation model using a sliding win-

dow of 100 kb length (Tajima, 1989).

2.2 | Database construction

SoyTD is developed as an integral database within SoyKB (Joshi

et al., 2012; Joshi et al., 2014), a comprehensive all-inclusive web

resource for soybean translational genomics, hosted on CyVerse (Goff

et al., 2011; Merchant et al., 2016) advanced computing infrastructure.

In the front-end, SoyTD provides user-friendly interface using HTML,

jQuery, and CSS. It also utilizes the JavaScript-based library called

jsTree (jsTree, 2014) to visualize relationship between genes and trans-

porter families. To retrieve transporter data effectively, the PHP, which

is server-side scripting language, is used to query the data from data-

base and to process the data to appropriate format. We utilized MySQL

database to store soybean transporters dataset and related proteins.

3 | RESULTS AND DISCUSSION

3.1 | Identification and classification of soybean
transporter genes

BLAST and HMMER searches identified a total of 3306 transporter

genes coding for proteins with two or more transmembrane domains.

To organize the curated soybean transporter genes, they were clas-

sified according to Transporter Classification Database (TCDB) sys-

tem as described by Saier et al. (Saier Jr et al., 2014) Transporter

proteins were classified using standard and well-defined classes

according to the following: (1) Channel/pores, (2) Electrochemical

potential-driven, (3) Primary active transporters, (4) Group trans-

porters, (5) Transmembrane Electron carrier, (6) Accessory factor,

and (7) incompletely characterized. Using this classification, we

curated 3016 genes; however, the remaining 290 soybean trans-

porter genes were not identified in the TCDB database and were

named as “unclassified.” The classification available in TCDB

includes both functional and phylogenetic information and has been

adopted and approved by the International Union of Biochemistry

and Molecular Biology (Saier Jr et al., 2014) (Figure 2A). Among the

seven transporter classes, “electrochemical potential-driven trans-

porter” was the major transporter category containing 1709 (�51%)

transporter genes. Transporter genes belonging to this group were

the most abundant in eukaryotic cells and function as secondary

carrier-type facilitators (uniport, antiport, and symport), ion gradient,

and trans-compartment lipid carrier. On the contrary, “accessory
factor” group of transporters contains only 11 transporter genes

(Figure 2A). Interestingly, enrichment of super-family transporter

genes identified Mechano-sensitive Channel (MCA; TCDB# 1.A.87)

as the most abundant super family (Figure 2B). The MCA trans-

porters of plants sense the increase in tension induced by mechani-

cal stimuli and are capable of transducing membrane tension directly

into ion flux (Hamilton et al., 2015). In plants, the MCA transporters

play a wide array of roles, from the perception of touch and gravity

to the osmotic adjustment within the cell. In Arabidopsis, the MCA

10,000 
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F IGURE 4 Lineage-specific gain, loss, and expansion of transporter domains containing genes identified in the genome of 47 diverse plant
species

F IGURE 5 Heat-map of tissue-
specific expression profiling of
transporter genes identified in the
soybean genome. The transcriptomic data
from Severin et al. (2010) were used to
obtain expression profiling in term of
RPKM (reads per kilobase million)
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homologs, MCA1 and MCA2, were shown to be involved in the pro-

cess of sensing mechanical stress (Furuichi et al., 2012).

Additionally, manual curation of the soybean transporter genes

associated with transport of different type of molecules showed that

the genes coding for proteins involved in ion (285) and sugar (161)

transport are more abundant in soybean (Figure 2C). Transport of a

variety of ions and sugar molecules across the membrane is important

for homeostasis, signaling, plant growth and response to environmen-

tal stresses (Patil et al., 2015; Wang et al., 2018). Furthermore, classifi-

cation of soybean transporter genes based on the number of

transmembrane domains showed that proteins with two transmem-

brane domain (TMD) are the most common in soybean, but more

interestingly transporter proteins with 10 TMD were the second larg-

est in number (Figure 2D). It has been reported that the number of

TMD and its length serves as a signature of organismal complexity

(Singh & Mittal, 2016).

3.2 | Comparative analysis of transporters in plant
species

To better understand the evolutionary relationship, comparative

analysis of transporter genes was performed in 47 plant species rep-

resenting dicots, monocots, and lower plant (bryophytes and algae)

F IGURE 6 Example for output obtained with transporter gene-related queries under co-expression network tab. Gene co-expression
network was pre-constructed for the genes predicted in soybean genome and hosted on SoyTD interactive database (http://artemis.cyverse.org/
soykb_dev/SoyTD/)
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groups. We found an average of 10.2% of transporter genes (with

minimum 2 TMD) per genome, with the highest of 12.4% in

Phaseolous vulgaris and the lowest of 6.9% in Zea mays (Figure 2E).

In soybean, about 11.5% (6460) of transporter genes with two or

more TMD were identified, which were further curated using the

TCDB database to identify 3306 transporter genes. In soybean, on

an average 164 transporter genes per chromosome were identified.

As expected, we identified that as evolution progressed from aquatic

plants (algae) to higher plant system (dicot and monocots), variation

in genome complexity (whole genome duplication and ploidy level)

increased the number of transporter genes (Figure 3). This observa-

tion is indicative of the fact that evolutionary pressure plays a signif-

icant role in modulating the number of transporter genes with

increasing genome size (r2 = 0.89) (Sonah et al., 2017). The domesti-

cated wheat (T. aestivum) has a hexaploid genome and contains over

9000 primary transporter genes, while the most primitive algal plant

species, O. lucimarinus, contains less than 800 transporter genes

(Figure 3). Similarly, we found significant differences in the number

of unique transporter genes between algae and bryophytes (mosses,

liverworths, hornworts and angiosperms [monocot and dicot]). Inter-

estingly, we identified lineage specific gain, loss, and expansion of

some transporter domains (Figure 4). For example, the transporters

associated with chromate and sulfate ABC transporters domains

(InterPro domains IPR014047 and IPR011866, respectively) were

lost during the course of evolution and found to be unique to the

lower plant group (algae) (Figure 4). On the contrary, several trans-

porter domains were acquired during the evolution process from

aquatic to land phase (Figure 4). These transporters with TMD are

not present in algae and mosses and were first gained in monocots

and dicots (Figure 4). For example, the transporters involved in

boron transmembrane activity (GO:0046715) present in monocots

and dicot and are known as essential transporter for all terrestrial

plants due to its physiological role in cross-linking the pectic poly-

saccharide in land plant cell walls (Miwa & Fujiwara, 2010). The com-

parative analysis of transporters has been found to be very efficient

not only to understand the evolution but also to better understand

its functional role in the plants (Deshmukh et al., 2020; Singh

et al., 2020).

3.3 | Soybean transporter gene expression
profiling

To understand the roles of specific transporter genes in different

developmental stages, we compared the expression profiles of all

soybean transporter genes in various vegetative and reproductive

tissues. RNA-seq Atlas developed by Severin et al. (2010) was

explored to understand the expression profile of some key trans-

porter genes in reproductive tissues involved in sugar efflux

(SWEET), membrane intrinsic proteins (MIP), and metabolite trans-

porters (Figure 5).

SWEETs are the sugar transporters in plants and they play a

very important role under pathogen attacks, when the pathogens

hijack the plants sugar transport system to derive carbohydrates

the SWEET genes are deployed to defend against pathogens them-

selves (Julius et al., 2017). Plants appear to have the highest diver-

sity of ABC transporters and aquaporins and soybean is no

different. ABC transporters are involved in herbicide and xenobiotic

resistance (Rempe et al., 2016). Aquaporins, on the other hand, reg-

ulate plant cell osmotic stress and nutrient homeostasis under

stress responses (Afzal et al., 2016). We also observed the expres-

sion of aquaporins, ABC, and AA transporters to be root tissue spe-

cific suggesting they are good candidate genes for enhancing stress

tolerance, but also for detoxification and herbicide resistance in

soybean.

The NRT family of transporters is involved in peptide,

glucosinolate, and abscisic acid transport as well as nitrate excre-

tion and transport (Von Wittgenstein et al., 2014). Ammonium

transporters on the other hand are responsible for transport of

ammonia. As expected, both ammonium and nitrate (NRT) family

transporters were found to be expressed exclusively in nodules for

converting the atmospheric nitrogen into nitrogen compounds that

can help leguminous crops to grow. A total of 339 transporter

genes were constitutively expressed in all 14 vegetative and repro-

ductive tissues. Overall, the majority of transporters were

expressed in flowers and roots followed by pod shell and seed tis-

sues. The top 100 highly abundant transporters were enriched for

MIPs and metabolite transporters. Metabolite transporters are

involved in source-sink carbon allocation and it being featured

F IGURE 7 The architecture incorporating web interface, data
accessing module, and MySQL database module used to develop
SoyTD interactive database (http://artemis.cyverse.org/soykb_dev/
SoyTD/)
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among the highly abundant transporters signifies their involvement

in contributing to the yield of soybean as discussed in earlier study

(Ludewig & Flügge, 2013). Detailed information about the differen-

tial expression of transporters in different tissues has great impor-

tance for the understanding of solute trafficking in the plants

(Mandlik et al., 2020). The expression profiling of transporters will

serve molecular biologists in many ways to understand the precise

role of transporters in complex interactive solute trafficking

system.

3.4 | Gene co-expression networks

Gene co-expression networks have been added to individual gene

entries based on 110 transcriptomic libraries derived from soybean

abiotic and biotic stress studies along with tissue specific develop-

mental stages RNA-Seq libraries (Lee et al., 2017; Lin et al., 2017;

Ranjan et al., 2019; Rodrigues et al., 2015; Severin et al., 2010). Each

query has added gene co-expression analysis result at three levels of

interactions where a maximum of 10 interacting genes are allowed for

visualization (Figure 6).

3.5 | Exploring natural variation in transporter
genes using whole genome re-sequencing data

The elucidation of the soybean SWEET genes gave us an unprecedented

opportunity to obtain a comprehensive overview of the allelic variation in

soybean whole genome re-sequencing data. The wealth of whole

genome resources of soybean provides a unique angle to study natural

variation in germplasm and further allows functional characterization of

the particular gene. One hundred six soybean diverse genotypes

sequenced at approximately 15X coverage were obtained from the Soy-

bean Genetics and Genomics Laboratory at the University of Missouri,

USA (Valliyodan et al., 2016) and analyzed for synonymous and non-

synonymous SNPs, premature stop codon, and haplotype variation in

selected transporter genes. In total, we identified 12 543 nonsynonymous

SNPs and 11,264 synonymous SNPs among 3148 genes from 106 soy-

bean lines. The Tajima's D ranges from −2.47 to 5.03 over the whole

chromosome. The distribution of Tajima's D across the whole genome is

shown in Figure S1. Genes (Glyma.01G083200, Glyma.15G134900,

Glyma.08G248900) with negative Tajima's D less than −2.1 indicating

the population heterozygosity is greater than the average. It suggests a

negative selection of those genes with population expansion.

F IGURE 8 Homepage layout showing major tabs providing different analytical tools in SoyTD interactive database (http://artemis.cyverse.
org/soykb_dev/SoyTD/)
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3.6 | Database architecture, user interface, and
application

The SoyTD architecture is shown in Figure 7. SoyTD contains eight

tabs (Figure 8) for “SoyTD Home,” Browse, Chromosome Distribution,

Search, Blast, NGS Tools, Links, and Download. In the SoyTD Home

tab, the introduction of SoyTD database including transporter

datasets and web-based interface is shown. The Browse tab provides

soybean membrane transporters and related genes in the form of tree

displaying the relationship between those data. The Chromosome

F IGURE 9 Example of Transporter Gene Card for gene Glyma.01G113400, which provides detailed information of gene sequence, variations,
conserved features, functional annotations, transmembrane profile, gene expression, and co-expression details
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Distribution tab shows distribution of genes on respective chromo-

somes and lists annotation including PFam, GO Annotation, function

annotation, classification coordinate in chromosome, and solution cat-

egory. In the Search tab, it allows users to retrieve transporters data

from database in multiple ways such as searching by gene ID, path-

way, chromosome coordinates, number of transmembrane domains,

key words of protein domain, and tissue-specific transporters. The

identifier search also enables users to retrieve the gene ontology

F IGURE 10 Example output for specific transporter gene in soybean showing expression in different tissues and single nucleotide
polymorphism (SNP) variation obtained with available whole genome re-sequencing resource
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(GO) term(s) associated with a given transporter gene. GO search util-

ity provides an option to explore the GO associated with a given gene.

Users can use either the transporter gene identifier as a query to

retrieve the GO terms associated with the gene or the GO identifier

to list all transporters linked to that GO term. The Blast tab provides

access to the BLAST tool. Searches can be done using genome, cDNA,

CDS, or protein sequences in the soybean germplasm. The results of

BLAST search are shown directly in the Result page. In the NGS Tools

tab, it provides list of 106 soybean germplasm line (Valliyodan

et al., 2016) to allow users to retrieve single nucleotide polymor-

phisms for related genes. The Links tab provides a link to the database

of Functional and Phylogenetic Classification of Membrane Transport

Proteins. In the Download tab, it provides three links to download

CDS sequences, protein sequences, and Topcons files, respectively.

These search utilities can help to quickly query the soybean genome

for numerous functional genomics-related applications.

The SoyTD currently contains data of more than 3300 soybean

membrane transporters and related proteins, their structure, function,

sequence variants, and substrates. The structural information pro-

vided in the database includes gene and protein size, sequence, gene

architecture. General features of soybean transporter gene card

include chromosome distribution, physical position, transporter acces-

sion, TCDB id, annotation, and membrane topology. In the transporter

gene card (Figure 9), the gene expression data are shown in form of

bar chart and the SNP data are listed in form of table (Figure 10). To

query the database, users can access transporter card from browse

tab (Figure 11) by selecting TCDB classification, chromosome, or solu-

tions. The collapsible tree structure provides interactive interface and

enables users to search the interested gene easily. SoyTD also allows

users query the database in Chromosome Distribution (Figure 12) by

clicking the interesting range of chromosome. And then the related

genes are shown, and the gene ID is respectively linked to the trans-

porter gene card.

3.7 | Future developments

SoyTD will be regularly updated based on the availability of new data

to expand the utilities of the database. More extensive features may

be included in the database to make it even more user-friendly and to

cater to the demands of soybean researchers.

4 | CONCLUSIONS

The SoyTD provides a user-friendly web interface to plant biologists

in general and soybean research community specifically. It has many

useful features/data related to transporter genes in soybean. It cata-

logs the most comprehensive and accurate classification of trans-

porter genes, the transcriptome, and WGS datasets integrated in the

database aids in studying the expression profile of transporter genes

and identifying the natural variants in transporters in over a hundred

lines of soybean. The hosted natural variants can be used as functional

molecular markers to facilitate the molecular breeding programs.

Overall, this database is an important advancement improving the

already existing soybean resource and establishment of soybean

transporter resource to augment functional and applied studies in soy-

bean and related species.

F IGURE 11 Example of output under the Browse tab, which provides links to various subsections in SoyTD interactive database (http://
artemis.cyverse.org/soykb_dev/SoyTD/)
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