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† Background The legume family (Leguminosae) consists of approx. 17 000 species. A few of these species, includ-
ing, but not limited to, Phaseolus vulgaris, Cicer arietinum and Cajanus cajan, are important dietary components,
providing protein for approx. 300 million people worldwide. Additional species, including soybean (Glycine max)
and alfalfa (Medicago sativa), are important crops utilized mainly in animal feed. In addition, legumes are important
contributors to biological nitrogen, forming symbiotic relationships with rhizobia to fix atmospheric N2 and provid-
ing up to 30 % of available nitrogen for the next season of crops. The application of high-throughput genomic tech-
nologies including genome sequencing projects, genome re-sequencing (DNA-seq) and transcriptome sequencing
(RNA-seq) by the legume research community has provided major insights into genome evolution, genomic archi-
tecture and domestication.
† Scope and Conclusions This review presents an overview of the current state of legume genomics and explores the
role that next-generation sequencing technologies play in advancing legume genomics. The adoption of next-
generation sequencing and implementation of associated bioinformatic tools has allowed researchers to turn each
species of interest into their own model organism. To illustrate the power of next-generation sequencing, an in-
depth overview of the transcriptomes of both soybean and white lupin (Lupinus albus) is provided. The soybean tran-
scriptome focuses on analysing seed development in two near-isogenic lines, examining the role of transporters, oil
biosynthesis and nitrogen utilization. The white lupin transcriptome analysis examines how phosphate deficiency
alters gene expression patterns, inducing the formation of cluster roots. Such studies illustrate the power of next-gen-
eration sequencing and bioinformatic analyses in elucidating the gene networks underlying biological processes.

Key words: Legume genomics, next-generation sequencing, NGS, bioinformatics, Glycine max, soybean,
Lupinus albus, white lupin, transcriptome, genome re-sequencing, RNA-seq.

INTRODUCTION

With rapidly declining costs and increasing efficiencies, DNA
and RNA high-throughput sequencing, via so-called next-
generation technologies, are quickly becoming a mainstay in
plant genetics, genomics and biochemistry (Chia and Ware,
2011; Ozsolak and Milos, 2011). Rather amazingly, multiple
genomes have been sequenced for several species including: ara-
bidopsis (Cao et al., 2011; Gan et al., 2011), rice (Huang et al.,
2013), maize (Lai et al., 2010; Jiao et al., 2012), soybean (Kim
et al., 2010; Lam et al., 2010), Medicago truncatula (Branca
et al., 2011) and chickpea (Varshney et al., 2013). Next-
generation sequencing (NGS) of plant genomes is providing
new insight into the genomic variation within and between
species [single nucleotide polymorphisms (SNPs), presence–
absence variations (PAVs), copy number variations (CNVs)
and other types of structural variations (SVs)], the introgression
of genetic elements such as quantitative trait loci (QTLs), the
evolution of organs and pathways, and the status of epigenetic
modifications (McMullen et al., 2009; Atwell et al., 2010;
Huang et al., 2010; Branca et al., 2011; Schmitz and Zhang,
2011; Schneeberger and Weigel, 2011; Jiao et al., 2012;
Tomato Genome Consortium, 2012; Varshney et al., 2013).
Likewise, sequencing of plant transcriptomes (RNA-seq) is

providing atlases of gene expression, demonstrating alternative
splicing events, defining QTL introgressions, characterizing
small RNAs and identifying genes and pathways involved in
acclimation to biotic and abiotic stresses (Wang et al., 2009; Li
et al., 2010; Libault et al., 2010; Severin et al., 2010a, b;
Zenoni et al., 2010; Matas et al., 2011; Yang et al., 2011;
Meyer et al., 2012; O’Rourke et al., 2013b; Atwood et al.,
2014). Next-generation sequencing approaches are replacing
chip-based platforms for genomic studies. This change is
placing extraordinary pressure on access to bioinformatics, com-
puter speed and storage, and interpretation of data (Fig. 1). The
bottleneck to solving long-standing issues in plant biology will
be assembling and sifting through terabytes of data from these
studies.

The legume family (Leguminosae) is second only to the grass
family in economic and nutritional value (Graham and Vance,
2003). Approximately 17 000 species of legumes are found in
nature. Manyof these are important grain, pasture and agroforest-
ry species. Grain and forage legumes are grown on some 200
Mha, or about 15 % of the Earth’s arable surface. About 33 %
of human’s dietary nitrogen (N) needs are derived from
legumes (maybe up to 60 % in developing countries).
Moreover, upwards of 40 % of the worlds cooking oil comes
from soybean and peanut (Vance, 2001). In the past decade,

# The Author 2014. Published by Oxford University Press on behalf of the Annals of Botany Company. All rights reserved.

For Permissions, please email: journals.permissions@oup.com

Annals of Botany 113: 1107–1120, 2014

doi:10.1093/aob/mcu072, available online at www.aob.oxfordjournals.org

mailto:vance004@umn.edu


legumes have come to rival arabidopsis and maize as model
systems for genomic studies. This has occurred not only
because of their economic and nutritive value but also due to
the fact that they, in symbiosis with soil bacteria collectively
known as rhizobia, can provide their individual N needs
through symbiotic nitrogen fixation (SNF). The following contri-
bution will focus on addressing issues related to legume biology
through the use of NGS. In so doing, references to other species
may also be cited.

GENOME SEQUENCING

To date, genome sequence information, either partial or com-
plete, exists for 44 higher plants (41 at http://phytozome.net,
accessed 22 January 2014; and three at Legume Information
System, www.comparative-legumes.org, accessed 22 January
2014). Six of the currently sequenced genomes are legumes
(Table 1); Cajanus cajan, pigeonpea (Varshney et al., 2012);
Cicer arietinum, chickpea (Varshney et al., 2013); Glycine
max, soybean (Schmutz et al., 2010); Lotus japonicus, trefoil
sp. (Sato et al., 2008); Medicago truncatula, barrel medic
(Young et al., 2011); and Phaseolus vulgaris, common bean
(www.phytozome.net). The estimated high confidence gene
calls in these species range from 28 269 to 48 680 genes. The
rapid advances in DNA sequencing can be illustrated in that it
took some 8 years to sequence and annotate the M. truncatula
genome (2003–2010), while the genomes of other species
were sequenced in 2 years. Currently, the genomes of alfalfa
(Medicago sativa), lupin (Lupinus angustifolius), peanut
(Arachis hypogaea) and pea (Pisum sativum) are in the sequen-
cing pipeline. It should be noted that a large collection of
expressed sequence tags for a number of plant species are depos-
ited at the Dana Farber Gene Index (http://compbio.dfci.harvard.
edu/tgi/plant.html) and these have been invaluable in annotating
legume genomes and making gene calls.

A synopsis of the genome sequence data acquired from the six
currently sequenced legumes shows that they have both common
and unique features. All six sequenced legumes belong to the
Papilionoideae, which appears to have undergone a whole-
genome duplication (WGD) event some 60 million years ago
(MYA), and all appear to be derived from a common ancestor
(Supplementary Data Fig. S1; Schmutz et al., 2010; Young
et al., 2011; Varshney et al., 2012, 2013]. Soybean underwent
a second, probably allopolyploid, WGD event some 13 MYA
(Schlueter et al., 2004; Gill et al., 2009; Cannon and Shoemaker,
2012). The WGD event 60 MYA currently appears to be confined
to the Papilionoideae, as WGD signatures have not yet been iden-
tified in either the Mimosoid or Caesalpinoid subfamilies. A
sizable portion (31–59 %) of Papilionoideae genomes are com-
posed of transposable elements. The expansion of transposable
elements may be related to the WGD which occurred some 60
MYA, while further expansion of transposable elements in
soybean may have occurred at the second WGD event 13
MYA. Comparative analysis within the Papilionoideae subfam-
ily indicates that there is striking synteny among euchromatic
regions, with conserved blocks extending as far as a large
portion of chromosome arms (Young et al., 2011; Varshney

Perhaps the greatest challenge
facing biologists is interpretation
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sequence information available!
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FI G. 1. The genomics bottleneck. Advances in legume genomics have been
facilitated by next-generation sequencing technologies. Next-generation sequen-
cing platforms have the power to provide unprecedented insight into biological,
genetic, agronomic and academic questions posed by researchers. However,
each experiment utilizing next-generation sequencing technology is bound by
limitations including data storage, computational power and access to bioinfor-
matic analysis and assistance. With these platforms, the distillation of biologically

relevant information (and subsequent interpretation) is the rate-limiting step.

TABLE 1. Legume sequenced genomes

Legume Genome (1N) No. of genes* No. of ESTs† Reference

Cajanus cajan (pigeonpea) 11 48 680 25 640 Varshney et al. (2012)
Cicer arietinum (chickpea) 8 28 269 46 064 Varshney et al. (2013)
Glycine max (soybean) 20 46 430 1 530 030 Schmutz et al. (2010)
Lotus japonicus (trefoil) 6 30 799 243 067 Sato et al. (2008)
Medicago truncatula (barrel medic) 8 47 845 286 175 Young et al. (2011)
Phaseolus vulgaris (common bean) 11 31 600 149 769 In progress (www.phytozome.net)

*As of January 2014.
†According to the Dana Farber Gene Indices (compbio.dfci.harvard.edu/tgi/plant.html).
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et al., 2012). Forexample, Mudge et al. (2005) evaluated a region
on soybean chromosome 18 which correlated with nematode re-
sistance and was co-linear with medicago for 33 of 35 genes.
There appears to be a sizeable component of legume family-
specific genes as well as species-specific genes. Varshney et al.
(2012) identified from 455 to 3068 legume species-specific
genes. A substantial number of the putative legume-specific
genes are related to the development of N2-fixing root nodules
and to the transduction of biotic and abiotic signalling. Many
of these gene families are clustered in the genome and are anno-
tated as nodulins, nodule cysteine-rich (NCR) proteins,
leucine-rich repeat (LRR) receptor-like proteins and transpor-
ters. Phylogenetic analysis of nodule-specific genes suggests
that nodulation arose several times through co-opting of
several ancestral genes involved in mycorrhizal colonization
(Young et al., 2011).

Some whole-genome sequencing projects were also accom-
panied by transcriptome analyses via RNA-seq (Young et al.,
2011; Varshney et al., 2012, 2013). RNA-seq data allowed for
in-depth mining of splice variants, SNPs, simple sequence
repeats (SSRs) and small interfering RNA (siRNA) species,
the identification of sub-/neo-functionalized genes and transcript
expression. Analysis of soybean, which has a high seed oil
content, shows an overabundance of genes and transcripts
related to lipid biosynthesis compared with other legume
sequences (Schmutz et al., 2010). Similarly, in pigeonpea,
which thrives in dry arid climates, there is an over-representation
of genes related to drought tolerance (Varshney et al., 2012).
Interestingly, there are 593 NCRs found in the Medicago
genome, with .300 that show enhanced expression in root
nodules (Fedorova et al., 2002; Young et al., 2011). The NCRs
appear to be required for bacteroid development in mature
nodules. A comparable NCR family is not apparent in soybean
(Schmutz et al., 2010) or common bean (J.A. O’Rourke and
C.P. Vance, unpubl. res.). Lack of NCRs in soybean and
common bean suggests that other transcripts in nodules of these
species must play a role in bacteroid differentiation and viability.

MULTIPLE GENOMES: RE-SEQUENCING

Re-sequencing the genomes of multiple distinct accessions
within a single species can provide greater understanding of evo-
lutionary history and domestication events (Huang et al., 2010;
Cao et al., 2011; Jiao et al., 2012). In addition, re-sequencing
can lay a foundation for genome-wide association studies
(GWAS) and forces contributing to heterosis (Atwell et al.,
2010; Lai et al., 2010; Lam et al., 2010; Branca et al., 2011).
While the genome of cultivated soybean was sequenced by
Schmutz et al. (2010), the whole genome of wild soybean
G. soja Sieb and Zucc was sequenced by Kim et al. (2010).
Their final G. soja mapped sequence length of 915 Mb covered
97.6 % of the soybean genome to 43× coverage. They found
that some 80 % of the G. soja genome was duplicated, reflecting
the two WGD events occurring at 60 and 13 MYA (Supplemen-
tary Data Fig. S1). As assessed by SNPs and PAVs, the genomes
of G. soja differed from that of cultivated soybean by 0.3 %; less
than that between arabidopsis accessions (Ossowski et al., 2008).
They estimated that while G. max and G. soja diverged approx.
287 000 years ago, soybean was domesticated only 6000–
9000 years ago. The authors suggest that some 712 genes

representing 32.4 Mb of G. max were partially or completely
absent in G. soja, suggesting that cultivated soybean acquired a
number of genes during domestication that are not present in
the wild species. This was further confirmed by Joshi et al.
(2013) who identified 425 genes unique to G. max (completely
absent in G. soja) including 12 genes involved in seed develop-
ment and two involved in lipid metabolism.

Further re-sequencing of soybean was conducted by Lam et al.
(2010). They sequenced the genomes of 17 wild (G. soja) and 14
cultivated (G. max) soybean lines. Phylogenetic analysis con-
firmed that wild and cultivated soybean originated from a
common ancestor. The total number of SNPs was much higher
in wild soybean as compared with the cultivated lines. A set of
205 614 SNPs was identified which could be useful for QTL
mapping and GWAS. Cultivated soybean had a relatively homo-
geneous genetic background. However, some cultivated lines
showed evidence of introgressions from wild soybean. As com-
pared with rice and arabidopsis, both cultivated and wild soybean
exhibited higher linkage disequilibrium (LD), decaying at 150
and 75 kb, respectively. Diversity analysis of LD blocks showed
that therewas a lower SNP ratio in long LD blocks compared with
the whole genome. The identification of high LD in soybean
along with a high number of SNPs led the authors to conclude
that marker-assisted selection (MAS) would be the best approach
to breeding for improvement. In addition, since wild and culti-
vated soybeans are cross-fertile, it is important that wild soybean
be protected in order to provide newalleles forcultivated genomes.

Branca et al. (2011) used whole-genome re-sequencing of 26
diverse M. truncatula lines to lay a foundation for GWAS and
evaluate LD. They found that M. truncatula was three times
more diverse than soybean (some 3 million SNPs). Four clusters
of genes had greater replacement site diversity as compared with
other gene families: Toll interleukin repeats (TIRs), LRRs,
nucleotide binding apoptosis (NB_ARCs) and NCRs. Similar to
arabidopsis, LD decayed rapidly, much more so than in soybean.
The authors concluded that whole-genome re-sequencing may
be more efficient than a tagged SNP approach for GWAS.

Varshney et al. (2013) re-sequenced whole or partial genomes
of 90 chickpea genotypes including 60 improved lines, 25 land-
races and five wild genera (Cicer) accessions. They identified 4.4
million variants [SNPs and insertions/deletions (Indels)]. The
cultivated genotypes displayed limited genetic diversity as com-
pared with the wild landraces. They noted that the breeding for
agronomic and phenotypic traits resulted in a loss of genetic di-
versity through the use of small sets of superior genotypes, which
creates genetic bottlenecks. Six genomic regions ranging from
50 to 200 kb carried approx. 122 genes that appear to be candi-
dates for selection in modern breeding efforts. Several genes
involved in disease resistance were among those identified as
candidates for selection. Extended synteny was detected between
chickpea and other sequenced legumes, with the largest number
of extended blocks observed for M. truncatula.

Genomic re-sequencing of plants with stable mutant pheno-
types provides a powerful method for mapping mutational
events in order to link a phenotype with a causal mutation.
This type of forward genetics has proven a major genetic tool
in determining gene function. In arabidopsis, Belfield et al.
(2012) determined that fast neutron (FN) mutagenesis induced
smaller genomic deletions and more single base pair substitu-
tions than previously believed, highlighting the limitations of
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chip-based technologies. In P. vulgaris, we (O’Rourke et al.,
2013b) applied NGS technologies to identify three types of SV
in an FN population: (1) intercultivar SV, i.e. large sequence seg-
ments that are missing from all mutants and the wild-type plant,
but are present in the reference genome; (2) intracultivar SV, i.e.
sequences exhibiting differences among individuals within the
mutant population; and (3) SV specific to a single mutant indi-
vidual, potentially generated by FN irradiation (Fig. 2). Using
this methodology, we identified .17 000 SNPs and 2700 Indels
within gene-coding regions potentially impacting the mutant
phenotypes. Additionally, large-scale deletions (.1 kb) were
identified within gene regions for three of the mutant individuals.
The utility of this type of analysis has driven the development of
various analysis pipelines designed to identify deletions result-
ing in mutant phenotypes (Huang et al., 2009; Zuryn et al.,
2010; Wang et al., 2011; Leshchiner et al., 2012).

Next-generation technologies are also proving important tools
in traditional plant breeding programmes. Combining the power
of NGS and QTL maps allows researchers to identify causal
genes underlying traits of interest (Edwards et al., 2013;
Atwood et al., 2014). Additionally, genotype by sequencing
(GBS) provides a rapid and low-cost method for genotyping
populations, allowing large-scale genomic selection in breeding
programmes (Poland and Rife, 2012). The identification of SNPs
and Indels coupled with simultaneous genotyping unique to the

breeding lines of interest facilitates high-throughput genotyping
of progeny to select for traits of interest and may reduce yield
drag by improving progeny selection (Varala et al., 2011).
GBS technologies have been successfully applied in soybean
and common bean (Hyten et al., 2010; Varala et al., 2011;
Sonah et al., 2013).

As the cost of NGS continues to decrease, genome
re-sequencing will become even more common. Currently, mul-
tiple reference lines of soybean, common bean, lotus and
Medicago are being sequenced in addition to WGS analysis of
mutant individuals and GBS of mapping populations. These
data will provide further insight into evolution, genome architec-
ture, Indels and gene copy number. However, mining useful
information from multiple genome sequences will require even
greater investment in bioinformatics due to the bottleneck in
analysing large data sets (Fig. 1).

LEGUME FUNCTIONAL BIOLOGY THROUGH
THE TRANSCRIPTOME

Evolution of plant transcriptomes

Transcriptome analyses of developing tissues and organs, along
with that of plants exposed to various biotic and abiotic stresses,
can provide insight and understanding of plant genes regulating

Chr4
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Lanceolate

Rugose

Decorative

Maturity

Chlorotic

Intercultivar SV

FN SV

Intracultivar SV

6 kb 5 kb 11 kb

FI G. 2. Structural variations in Phaseolus vulgaris fast neutron (FN) mutants. DNA-seq data from six Red Hawk individuals aligned to the common bean reference
genome (GI19833) available at www.phytozome.net and visualized using IGV (integrative genomics viewer; Robinson et al., 2011). These regions of structural variation
(SV) were all identified on chromosome 4 from regions highlighted by filled black boxes on the chromosome at the top of the figure. For each individual, a histogram plot
illustrates the read depth, while individual reads are aligned below. Each type of SV is highlighted bya black box. Intercultivar SV: regions present in the reference genome
but missing inall Red Hawk individuals, representingdifferencesbetween commonbeancultivars.FNSV: sequencesmissing ina single individual,but present inall other
lines, probably resulting from FN mutagenesis. This type of SV is most probably responsible for the mutant phenotype. Intracultivar SV: regions of genomic heterogeneity

within the Red Hawk cultivar. Deletions identified in two or more Red Hawk individuals illustrating the residual heterogeneity in the FN mutant population.
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many processes (Z. Wang et al., 2010a; Mochida and Shinozaki,
2011). Evaluation of plant transcriptomes has undergone a phe-
nomenal expansion in the past 10 years. Several reviews have
described the methods and approaches from sequencing individ-
ual transcripts [i.e. cDNAs via expressed sequenced tags (ESTs)
and serial analyses of gene expression (SAGE)] to massive
parallel signature sequencing (MPSS). Upon the sequencing of
thousands of ESTs and genome sequencing of many plant
species, chip-based technologies involving microarrays emerged
as the dominant platform and approach to transcript expression.
However, the aforementioned approaches to transcript studies
have major limitations including: (1) sample size and normaliza-
tion; (2) speed; (3) sensitivity; (4) cost; and (5) limited dynamic
range (Wang et al., 2009; L. Wang et al., 2010; Ozsolak and
Milos, 2011; Schneeberger and Weigel, 2011; Garg and Jain,
2013). Unprecedented advances in high-throughput next-
generation RNA-seq have resulted in a paradigm shift in tran-
scriptome studies (Lister et al., 2008; Mochida and Shinozaki,
2011; Garg and Jain, 2013). In addition, the availability of
powerful assembly software alleviates the requirement for a
sequenced genome (Garg et al., 2011; Kalavacharia et al.,
2011; Yang et al., 2011; Zhang et al., 2012; O’Rourke et al.,
2013b). RNA-seq has been used in several studies involving
plants, including but not limited to: maize leaf development
(Li et al., 2010); rice transcriptome complexity (Zhang et al.,
2010); rubber plant, Hevea brasiliensis (Xia et al., 2011);
panicum development (Meyer et al., 2012); tomato tissue and
metabolism (Matas et al., 2011); and grape (Vitis vinifera)
berry development (Zenoni et al., 2010).

Although RNA-seq data have been collected for several
legume species, a large focus has been on developing genetic
markers in chickpea (Garg et al., 2011); lentil, Lens culinaris
(Kaur et al., 2011); peanut, A. hypogaea (Zhang et al., 2012);
alfalfa, M. sativa (Han et al., 2011); and common bean,
P. vulgaris (Kalavacharia et al., 2011). Studies using RNA-seq
to understand development, acclimation to stress, composition
and N fixation have been limited to soybean (Bolon et al.,
2010; Libault et al., 2010; Severin et al., 2010a, b; Atwood
et al., 2014); alfalfa, M. sativa (Yang et al., 2011); lupin,
L. albus (O’Rourke et al., 2013b); and M. truncatula (Boscari
et al., 2013). It is also noteworthy that RNA-seq has been
applied to studies of legume microRNAs (miRNAs) in
common bean (Peaez et al., 2012), M. truncatula (Lelandais-
Briere et al., 2009; Simon et al., 2009) and soybean (Song
et al., 2011; Turner et al., 2012). In the sections to follow, we
will provide an overview of RNA-seq studies our laboratory
has conducted to understand legume biology.

The soybean transcriptome

Soybean is a highly valued crop because it accumulates large
amounts of oil, protein and seeds, and because, in symbiosis with
soil rhizobia bacteria, it forms N2-fixing root nodules. Soybean
seed contains approx. 40 % protein and 20 % oil (Ohlrogge
and Kuo, 1984; Bolon et al., 2010). Soybean seed protein is a
primary food for both livestock and humans. Soybean oil is the
most abundant cooking oil on earth (Wilcox, 2004). Symbiotic
N2 fixation by soybean greatly reduces the need for added N fer-
tilizer. To understand the genes involved in seed development
and root nodule N2 fixation, we evaluated the transcriptomes of

seeds and root nodules. To complement these studies, we also
analysed the transcriptomes of other soybean tissues (Fig. 3).
We isolated total RNA from leaves, flowers, pods, roots,
nodules and seven stages of seed development of two near-
isogenic lines (NILs). One line segregated for high protein
(HiPro; LD04–15154) and the other for low protein (LoPro;
LD04–15146) (Seboldt et al., 2000; Nichols et al., 2006;
Bolon et al., 2010). These data were used to develop a soybean
gene expression atlas (Severin et al., 2010b) and to analyse
SNPs between the HiPro and LoPro NILs (Bolon et al., 2010;
Bolon and Vance, 2012; Bolon et al., 2013). The close genetic
identity of the two NILs was confirmed by identifying only
387 SNPs between the two lines. The 1000 most highlyexpressed
transcripts in each tissue (Combined HiPro and LoPro) are shown
in Supplementary Data File S1. It should be noted that Libault
et al. (2010) have also developed a soybean gene expression
atlas based upon RNA-seq data derived from 14 tissues. They
focused primarily on roots and nodules from a single genotype
of G. max, Williams 82.

Annotations of the soybean genome (Schmutz et al., 2010)
predicted 46 430 high-confidence gene models and 19 780
lower confidence gene models. We found 90.4 % (41 975) high-
confidence gene models and 7176 lower confidence gene models
to be transcriptionally active. Hierarchical clustering analyses of
transcripts between tissues and development suggested three
groupings of tissues; underground (roots and nodules), seed
related and aerial tissues (flower, leaves and pods) (Severin
et al., 2010b). Tissue-specific expression was evaluated by com-
bining counts from each genotype and then selecting transcripts
with an RPKM (reads per kilobase per million) ≥1, according to
a modified RPKM formula (Severin et al., 2010b). Tissue-
specific transcripts in the combined NILs were identified
including: seed ¼ 81; leaf ¼ 95; flower ¼ 716; pods and shell

–1 0 1

A

B C

6 cm 5 cm 4 cm

2 3 4

FI G. 3. Soybean tissues with RNA-seq transcriptome data. Total RNA was iso-
lated from leaves, flowers, pods, roots, nodules and seven stages of seed develop-
ment of soybean near-isogenic lines LoPro and HiPro. (A) Seed stages –1 to
4. (B) Pod sizes for corresponding seed stages from stage –1 to stage 2. (C)

Nodule tissues attached to soybean roots.
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pods ¼ 138; root ¼ 727; and nodule ¼ 418 (Supplementary
Data File S2).

Due to the capacity of soybean to fix N2 symbiotically, we
determined whether genes other than the typical nodulin gene
families and leghaemoglobins were highly expressed in nodule
tissues. A novel PLAC8 (placenta-specific) transcript was highly
expressed. This membrane protein possesses a cysteine-rich
region and has been implicated in regulating cell number
(Libault and Stacey, 2010). A highly expressed cytochrome
P450 was also noted. Annotation for this gene suggests involve-
ment in either flavonoid or abscisic acid metabolism. An
embryo-specific protein with a lipoxygenase-related annotation
and at least two remorin-like transcripts were abundantly
expressed in nodules. Remorins are membrane proteins asso-
ciated with lipid rafts. Toth et al. (2012) has recently shown
that L. japonicus remorin 1 is localized to infected nodule
cells, and overexpression of this gene increases nodule
numbers. The diverse array of putative functions for soybean
nodule-specific transcripts make this data set a valuable addition
to root nodule biology.

Because of our interest in transporters, we queried the com-
bined NIL RNA-seq data for transporter function. We found a
total of 1733 transporters showing expression in one or more
tissues (Supplementary Data File S3). Fifteen of the 20 most
highly accumulated transporter gene transcripts in the NIL
RNA-seq seed data were found to be aquaporin transporters.
The remaining highly expressed transporter genes were anno-
tated as magnesium, copper, nucleotide or sugar-related trans-
porter genes in the seed (Bolon and Vance, 2012). Genes
encoding sulfate, ABC, oligopeptide, triose phosphate and sugar
transporters were all highly expressed in nodules (Supplemen-
tary Data Files S1, S3). The sulfate transporter 1 (SST1) gene
has been shown to be critical for effective N2 fixation (Krusell
et al., 2005). Sugar import into nodules has been shown to be
crucial to maintain effective N2 fixation (Vance and Heichel,
1981). Within the NIL RNA-seq data set, some 5–7 sugar trans-
porters appear to be fairly nodule specific (Supplementary Data
File S1). Root tissues, in general, displayed the highest expres-
sion of transporter genes, which is consistent with the role of
roots in acquiring nutrients necessary for growth.

Seed formation proceeds through three stages: pre-storage,
transition and storage maturation (Weber et al., 2005). We per-
formed transcriptome analyses on developing seed stages: –1
seed (,25 mg); +1 seed (approx. 50 mg); +2 seed (approx.
100 mg); +3 seed (approx. 200 mg); and +4 seed (approx.
300 mg) (Fig. 3). These stages correspond to those described
by Weber et al. (2005), Bolon et al. (2010) and Severin et al.
(2010b). A comparison of –1 seed with the +4 seed gene expres-
sion, visualized using MapMan metabolic pathways (Thimm
et al., 2004), shows that the greatest changes in transcript abun-
dance occurred as increases in transcript abundance of lipid,
primary amino acid metabolism and 1-carbon (C1) metabolism
genes (Fig. 4). The greatest decreases in transcript abundance
were in cell wall, nucleotide, fermentation, ascorbate and sec-
ondary metabolism. These changes in transcript abundance
were not unexpected based on metabolic events occurring at
each stage of seed development.

Because seed development and filling involves partitioning
of N from leaves into pods and seeds, we thought it important
to evaluate the expression of N assimilation enzyme gene

transcripts from pod formation through seed filling. Transcripts
related to 11 gene families were surveyed (Fig. 5; Supplementary
Data File S4). Figure 5A shows the gene expression patterns
for NADH- and Fd-glutamate synthase (GOGAT). In early
pods and seeds, Fd-GOGAT transcripts (Glyma03g28410 and
Glyma19g31120) predominate, while later in seed development
NADH-GOGAT (Glyma14g32500 and Glyma19g16450) is the
dominant form. Expression of Fd-GOGAT in pods and early seed
is consistent with the observation that green photosynthesizing
tissues utilize Fd-GOGAT for N assimilation while in non-
photosynthetic tissues, NADH-GOGAT is more important to
N assimilation. Enzymes involved in allantoin metabolism
(Fig. 5B; Supplementary Data File S4) appear most highly
expressed during early pod set and seed formation, as evidenced
by the expression of Glyma13g31430, allantoinase. Expression
of genes involved in ammonium transport and ureide degredation
(including allantoinase, allantoate amidohydrolase and urease)
in early pod set and seed filling reflects the transport and subse-
quent metabolism of ureides in pods and seeds. Our data support
the interpretation that pods and seeds participate in the metabol-
ism of both ammonia and ureides, providing N for protein depos-
ition in seeds.

As mentioned previously, soybean seed value is determined
by the oil and protein composition. Using tissues from ten differ-
ent stages of reproductive development, transcripts encoding
enzymes related to oil biosynthesis were evaluated. Our analysis
of this RNA-seq data set provides a comprehensive overview of
oil metabolism throughout soybean seed development and a
foundation for modelling gene networks involved in seed oil
deposition. Transcripts encoding enzymes of 11 gene families
involved in oil biosyntheses were identified, including 15
members of the fatty acid desaturase gene family (Supplemen-
tary Data File S5). Three patterns of lipid gene expression were
noted based on the stage of seed development: (1) high expres-
sion in early pod and seed; (2) uniform expression throughout de-
velopment; and (3) high expression during seed filling. Early pod
seed expression was exemplified by glycerol-3-phosphate trans-
ferase and phospholipid diacylglycerol acyltransferase gene ex-
pression. Examples of genes with transcripts expressed throughout
seeddevelopment include triacylglycerol lipaseand diacylglycerol
acyltransferase.

Unexpectedly, our data show that FAD2–2B and FAD2–2C
are expressed early in seed formation. In contrast, and as
expected, transcripts for FAD2–1B and FAD2–1A were over-
abundant during later seed development as oil bodies are depos-
ited. In a previous study of seed filling, Severin et al. (2010b)
noted 143 genes annotated by gene ontology (GO) analysis as nu-
trient reservoir. Included among these 143 genes are oleosins,
sucrose-binding proteins, glycinins and lipoxygenases (Supple-
mentary Data Files S1, S2), consistent with seed transcriptome
analysis in the soybean NIL pair (Bolon et al., 2010; Bolon
and Vance, 2012). Proteomic analyses on the developing
soybean seed (Hajduch et al., 2005) also provide support for
the presence of gene transcripts associated with metabolism,
protein destination and storage.

During seed filling of dicot plants, particularly soybeans, the
embryo enlarges as proteins, oil and carbohydrates are stored
in the cotyledons (Le et al., 2007; Agrawal et al., 2008;
Verdier and Thompson, 2008; Verdier et al., 2008; Hajduch
et al., 2010). Several transcription factors act as major regulators
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of these processes (Verdier et al., 2008; Le et al., 2010), while an
additional 900–1300 transcription factors have been associated
with seed development (Benedito et al., 2008; Le et al., 2010).
Our data set allowed us to profile transcription factors throughout
seed formation and filling. Some 54 transcripts related to 12 tran-
scription factor families were evaluated (Z. Wang et al., 2010b;
Supplementary Data File S6). Transcripts encoding AP2, VAL2,
GL2, PKL, FIE and DOF4, were most highly expressed in early
pod and embryo development. PKL is a crucial activator of
embryo development while FIE suppresses premature develop-
ment of the endosperm (Mosquna et al., 2004; Li et al., 2005).
The transition from embryo to seedling development is regulated
by VAL1 and 2 (Wang and Perry, 2013). Seed filling develop-
ment is regulated by ABI3, FUS3 and WRI1. These transcription
factors appear to affect oil, carbohydrate and protein deposition
during seed fill. The interaction of transcription factors through-
out embryo and seed development is quite complex, with mul-
tiple transcription factors interacting at each stage.

The soybean NIL RNA-seq data set from 14 soybean
tissues has significantly enhanced the options for understanding
the soybean whole transcriptome. With this data set, along
with those of Libault et al. (2010), legume researchers now
have a stronger foundation for analysing gene networks in
soybean. The data serve as a valuable resource for the legume
community.

White lupin transcriptome: acclimation to phosphorus deficiency

Phosphorus (Pi) is acritical nutrient required for plant growth and
development (Bieleski, 1973). While the Pi content is high in many
soils, availability is often limited due to slow diffusion and high fix-
ation rates. Moreover, in developing countries, the aged and weath-
ered soils render Pi essentially unavailable (Bieleski, 1973; Vance
etal., 2003;Lambersetal., 2008).Additionally,Pi fertilizerproduc-
tion is not sustainable, with inexpensive world supplies becoming
limited by 2050–2080 (Cordell et al., 2009; Gilbert, 2009).
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Thus, efforts to improve Pi acquisition and utilization by plants
are imperative.

White lupin (L. albus) forms cluster roots (Fig. 6) in response
to Pi deficiency (Neumann and Romheld, 1999; Vance et al.,
2003; Cheng et al., 2011; O’Rourke et al., 2013b). In Pi-deficient
plants, upwards of 70 % of the root mass may occur as cluster
roots. Cluster root formation is accompanied by striking bio-
chemical changes including the release of enzymes and proteins,
exudation of protons and organic acids, modified metabolism
and altered hormone balance. The biochemical and molecular
changes that occur during cluster root formation have made
white lupin a model for studies of plant acclimation to Pi defi-
ciency stress.

In an effort to better understand plant acclimation to Pi defi-
ciency and the genes involved, we conducted a whole-genome
transcript expression study in white lupin plants grown under Pi-
sufficient and Pi-deficient conditions (O’Rourke et al., 2013b).
The Pi-deficient root samples were composed primarily of

cluster roots. The transcripts were assembled de novo and used
to build the first white lupin gene index (LAGI 1.0), which is
available on the white lupin species information page at http://
comparative-legumes.org. We project 50 734 transcriptionally
active sequences representing 7.8 % of the genome. Considering
all fully sequenced legumes, approx. 6 % of the genome is pre-
dicted to encode proteins (M. truncatula, 8.3 %; L. japonicus,
4.4 %; pigeonpea, 5.6 %; soybean, 5 %). The 1000 most highly
expressed transcripts are provided in Supplementary Data File S7.

We detected 2128 transcripts that are differentially expressed
due to Pi deficiency (Fig. 7; Supplementary Data File S8). In
leaves, 1342 transcripts were differentially expressed due to Pi

deficiency while 903 transcripts were differentially expressed
in roots (some transcripts were differentially expressed in both
leaves and root). Several functional classes of transcripts
having increased expression under Pi-deficient conditions were
over-represented in the transcripts of Pi-deficient cluster roots in-
cluding glycolysis, C1-metabolism, glyoxylate related, cell wall,
lipid metabolism, metal handling and transport (Fig. 8). Similar
classesof transcriptswereover-represented inPi-deficient leaves.
In comparison, classes of transcripts over-represented in Pi-
sufficient leaf samples included photosynthesis, ATP synthesis
and stress. Previous studies from our laboratory (Johnson et al.,
1994, 1996) as well as others (Neumann and Romheld, 1999;
Plaxon and Tran, 2011) have shown that Pi deficiency enhances
glycolysis and organic acid metabolism. The lupin transcriptome
reveals that other carbon pathways are also altered (Supple-
mentary Figs S2, S3). Specifically, C1-metabolism, especially
formate, glyoxylate and methionine metabolism, was signifi-
cantly upregulated in Pi-deficient cluster roots. Acetyl-CoA me-
tabolism was also upregulated in Pi-deficient cluster roots. Each
of the above-mentioned new carbon metabolism pathways acti-
vated due to Pi deficiency contributes to carbon cycling through
organic acids which can be exuded into the rhizosphere to in-
crease the solubility of bound Pi (Supplementary Figure S3).

The increase in C1-metabolism in Pi-deficient roots also
appears to contribute to the Yang cycle and ethylene biosynthesis
(O’Rourke et al., 2013b). Pi deficiency is known to increase
ethylene synthesis in roots (Gilbert et al., 2000; Ma et al.,
2003; Zhang et al., 2003; Nagarajan and Smith, 2012; Niu
et al., 2013). Ethylene interacts with auxin to alter root hair
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image) cluster root formed when grown in Pi-deficient hydroponics for 14 d.
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and lateral root development, therefore impacting white lupin
root architecture when subjected to Pi-deficient conditions.

The noticed effect of Pi deficiency on ethylene-related tran-
scripts in cluster roots stimulated us to assess transcripts involved
in the metabolism of additional plant hormones, since interac-
tions between hormone synthesis and degradation are known to
regulate root architecture and development. Plant hormones
are also implicated in nutrient sensing and signalling (Torrey,
1976; Lopez-Bucio et al., 2002; Rubio et al., 2009; Chiou and
Lin, 2011; Niu et al., 2013). Transcripts involved in the biosyn-
thesis and degradation of auxin, gibberellin (GA) and cytokinin
all exhibited differential expression in Pi-deficient cluster roots
(Supplementary Data File S9).

Auxin is a well known effector of lateral root development and
density (Torrey, 1976; Casimiro et al., 2001). Previous findings
from our lab (Gilbert et al., 2000; Cheng et al., 2011) showed an
important role for auxin in signalling cluster root development
under Pi deficiency. The addition of exogenous auxin stimulated
cluster root development, even under Pi-sufficient conditions.
Furthermore, the inhibition of auxin transport blocked cluster
root formation. The RNA-seq data further support a role for
auxin homeostasis in cluster root formation. We found transcripts

related to auxin homeostasis to be more highly expressed in Pi

deficiency-induced cluster roots than in other treatments
(Supplementary Data File S9). Pi deficiency results in enhanced
sensitivity to auxin and increased auxin concentration in
Pi-deficient roots (Lopez-Bucio et al., 2002; Al-Ghazi et al.,
2003; Cheng et al., 2011).

Cytokinin applications have been reported to inhibit root
growth and suppress lateral root formation (Li et al., 2006;
Werner et al., 2010; Cui et al., 2011). Moreover, Pi deficiency
is known to reduce cytokinin activity in roots (Lo et al., 2008;
Werner et al., 2010). Additional evidence for a role for cytokinin
in lateral root formation has been demonstrated by the overex-
pression of cytokinin oxidase which results in reduced cytokinin
levels and increased lateral root formation (Lo et al., 2008;

PdL PsL

–4·5–2·52·54·5 0
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FI G. 7. Heatmap of genes differentially expressed due to Pi deficiency. A heatmap
of 2128 transcripts in the LAGI 1.0 assembly differentially expressed due to Pi

deficiency. To be considered differentially expressed, the transcript must have an
RPKM ≥3 in at least one tissue, ≥2-fold change between tissues and P ≤ 0.05.
A total of 1342 transcripts were differentiallyexpressed between leaf samples and
903 between root samples due to Pi deficiency (117 transcripts were differentially
expressed in both leaves and roots). Expression profiles are presented as Z-scores.
Red indicates high expression, white indicates intermediate expression and blue
indicates low expression. PdL, phosphate-deficient leaves; PsL, phosphate-
sufficient leaves; PdCR, phosphate-deficient cluster roots; PsR, phosphate-

sufficient normal roots.
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Werner et al., 2010). Our RNA-seq data revealed that Pi defi-
ciency increases the expression of transcripts encoding cytokinin
oxidase, a gene regulating cytokinin degradation. We treated
Pi-deficient plants with a synthetic cytokinin, benzyadenine
(BA), which resulted in an inhibition of cluster root formation
in Pi-deficient plants. Thus, the increased expression of cytokinin
oxidase in Pi-deficient cluster roots may be related to maintaining
cytokinin homeostasis at levels that promote cluster root devel-
opment during Pi deficiency.

Similarly, we noted that Pi deficiency appeared to stimulate the
expression of transcripts involved in GA biosynthesis. To test the
effect of GA on cluster root formation we added either GA3 or
paclobutrazol, an inhibitor of GA biosynthesis, to white lupin
plants. Altering GA availability produced striking phenotypes.
Additional GA3 reduced the density of lateral rootlets within
the cluster root zone of Pi-deficient plants, while the application
of paclobutrazol greatly stimulated cluster root formation in both
Pi-sufficient and Pi-deficient plants (O’Rourke et al., 2013b).
Similarly, silencing GA oxidase in Populus increased root GA
concentration and decreased lateral root numbers, while in arabi-
dopsis exogenous GA application had little effect on lateral
root formation (Jiang et al., 2007). The lupin transcriptome
analysis also revealed that the GA receptor, GID16, and
phytochrome-interacting factor (PIF1) transcripts, which modu-
late GA signalling through DELLA proteins, had increased tran-
script abundance under Pi-deficient conditions. It appears that
GA plays an important role in cluster root formation as evidenced
by GA transcript expression and chemical modulation of GA
availability. Our data suggest that Pi deficiency-induced cluster
root formation is modulated by either increased GA production
or increased sensitivity of roots to GA.

The expression of transporter genes is required for acclimation
to nutrient deficiencies. Of the 2128 transcripts differentially
expressed in white lupin in response to Pi deficiency, 110 were
annotated as transporters (Supplementary Data File S10). In
Pi-deficient cluster roots, 11 transporter families representing
42 transcripts had enhanced expression when compared with
Pi-sufficient roots. The most abundant transporter families
were found to be phosphate, membrane H+, ATPases, divalent
cation and multidrug and toxin efflux (MATE) transporters.

In comparison, eight transporter families, represented by 22 tran-
scripts, exhibited decreased expression in Pi-deficient cluster
roots, including lipid, sugar and sulfate transporters. Few trans-
porter families in leaves were impacted by low Pi. Increased
transporter gene expression during nutrient-deficient conditions
has been noted for arabidopsis (Misson et al., 2005), common
bean (Hernandez et al., 2007), tomato (Liu et al., 1998) and
rice (Li et al., 2010). Wang et al. (2002) reported an interaction
among Pi, K and Fe transporters in tomatoes exposed to various
nutrient stresses, suggesting that multiple transporters are co-
ordinately regulated irrespective of the particular nutrient defi-
ciency. Our RNA-seq data support such an interpretation.

Previous studies have shown miRNAs (miR399 and miR395)
directly regulate sulfate and phosphate deficiency responses
(Sunkar and Zhu, 2004; Sunkar, 2010). Additional studies have
investigated the post-transcriptional regulation by miRNAs in
response to nutritional, biotic and abiotic stresses (Jones-Rhoades
and Bartel, 2004; Sunkar and Zhu, 2004; Fujii et al., 2005; Bari
et al., 2006; Chiou et al., 2006; Hsieh et al., 2009; Zhu et al.,
2009; Sunkar, 2010; Valdes-Lopez et al., 2010). However,
sequencing of miRNAs requires special library construction
and was thus beyond the scope of our study.

A major goal for crop production is to develop lines with
improved acclimation to Pi deficiency. Identification of genes
shared in common between species that respond to Pi deficiency
may be useful for MAS. We identified 12 genes commonly
expressed due to Pi deficiency in three species; white lupin
(Uhde-Stone et al., 2003; O’Rourke et al., 2013b), potato
(Hammond et al., 2011) and arabidopsis (Misson et al., 2005;
Morcuende et al., 2007; Thibaud et al., 2010) (Table 2). These
genes, among others reported by Hammond et al. (2011), may
serve as molecular markers for crop improvement of Pi stress
acclimation. In recent years, genes regulating Pi acclimation QTLs
have been identified. In arabidopsis, the LOW PHOSPHATE
ROOTS (LPR) QTL was identified as a multicopper oxidase
(Svistoonoff et al., 2007). Similarly, the PUP1 QTL in rice was
shown to be a protein kinase and designated as phosphate starva-
tion tolerance 1 (PSTOL1). Shi et al. (2013) identified mono-
galactosyl diacyl glycerol synthase (MGDG) synthase and a
glucose-6-phosphate transporter (G-6-PT) as controlling Pi

TABLE 2. Candidate genes for phosphorus acclimation marker-assisted selection

LAGI 1.0 ID PsR PdCR PsL PdL Annotation

LAGI01_23220 6.3 16.6 1.3 7.5 MGDG synthase
LAGI01_41314 5.0 14.0 3.6 8.0 SPX domain
LAGI01_24353 2.6 13.6 0 0 Phosphate transporter
LAGI01_3168 1.3 9.6 0 4.5 Phospholipase
LAGI01_53773 2.0 7.0 0 5.0 MGDG synthase
LAGI01_47701 0 5.6 1.6 7.0 SPX domain
LAGI01_62170 0 4.3 0 1.0 SPX domain
LAGI01_31197 0 10.0 0 19.5 Pyrophosphatase
LAGI01_79787 2.0 11.6 0 14.0 Purple acid phosphatase
LAGI01_35670 3.3 14.3 5.6 16.5 Glycosyltransferase
LAGI01_57598 6.0 60.0 2.6 21.5 GPX-PDE8
LAGI01_81721/74210/75025/63491 4.3 22.3 27.4 80.0 Ferritin

Expression patterns (as RPKM) for LAGI 1.0 transcripts identified as potential candidates for phosphorus deficiency marker-assisted selection.
PsR, phosphate-sufficient normal roots; PdCR, phosphate-deficient cluster roots; PsL, phosphate-sufficient leaves; PdL, phosphate-deficient leaves.
The multiple transcripts (LAGI01_81721, LAGI01_74210, LAGI01_75025 and LAGI01_63491) all share the same expression patterns and all annotate as

ferritin, suggesting that all the transcripts encode the same gene.
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acclimation in Brassica napus. We found LPR1, MGDG syn-
thase and G-6-PT all highly upregulated in Pi-deficient cluster
roots and designated them as important candidates for MAS.

Overall, our white lupin transcriptome analyses have provided
novel insight and detail into how plants acclimate to Pi deficiency.
We have shown previously unknown genes and processes to be
major effectors for Pi deficiency tolerance. The lupin RNA-seq
data also provided a foundation for gene calling and identification
of splice variants upon sequencing of the L. angustifolius genome.

CONCLUSIONS

Studies using high-throughput DNA and RNA sequencing have
resulted in profound paradigm shifts in plant genetics and bio-
chemistry. Our fundamental understanding of genome architec-
ture (Jiao et al., 2012), species evolution (Lam et al., 2010),
adaptation (O’Rourke et al., 2013b), transcript variants
(Libault et al., 2010), gene networks (Tomato Genome
Consortium, 2012) and biochemical pathways (Li et al., 2012;
O’Rourke et al., 2013b) has been expanded. Divergent plant
lines such as ecotype collections (Branca et al., 2011;
Varshney et al., 2013), mutant populations (Bolon et al., 2011;
Fu et al., 2013; O’Rourke et al., 2013a) and nested association
lines (Fu et al., 2013) can now be readily sequenced at both
RNA and DNA levels. Such studies allow the identification of
variants for almost any trait at the nucleotide level (Severin
et al., 2010a; Peiffer et al., 2012). Access to genome-wide tran-
scripts facilitates the identification of transcript variants (Libault
et al., 2010; Severin et al., 2010b), miRNAs and their target
RNAs (Sunkar, 2010), cell- and tissue-specific genes (Libault
et al., 2010; Severin et al., 2010b) and epigenetic regulation
(Weigel and Colot, 2012). The power of both forward and
reverse genetics can be more fully realized through rapid,
low-cost sequencing. The broad umbrella of genomics extended
by high-throughput sequencing now impacts the disciplines of
agronomy, biochemistry, physiology and microbiology. However,
to translate the vast array to improved plants still lies through
plant breeding and genetics (Supplementary Fig. S4). Multidis-
ciplinary collaboration among plant biologists will be essential
to feeding the worlds 7.5 billion inhabitants.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxford
journals.org and consist of the following. File S1: soybean
NILs of the 1000 most highly expressed genes in each tissue.
File S2: tissue-specific genes identified from the soybean NIL
RNA-seq data. File S3: the RNA-seq expression profiles of
soybean NILs and annotations of all soybean genes identified
as transporters. File S4: the RNA-seq expression profiles of
soybean NILs for genes involved in nitrogen assimilation. File
S5: the RNA-seq expression profiles of soybean NIL genes
involved in oil biosynthesis. File S6: RNA-seq expression pro-
files and annotation of transcription factors expressed in develop-
ing seed tissues. File S7: the 1000 most highly expressed genes in
white lupin. File S8: transcripts differentially expressed due to
phosphate deficiency in white lupin. File S9: gene expression
patterns of hormone-related genes due to Pi deficiency in white
lupin. File S10: transporters differentially expressed due to Pi de-
ficiency in white lupin. Figure S1: legume phylogenetic tree.

Figure S2: a metabolism overview of transcripts differentially
expressed due to Pi deficiency in leaves using MapMan. Figure
S3: a metabolism overview of transcripts differentiallyexpressed
due to Pi deficiency in roots using MapMan. Figure S4: the um-
brella of genomics.
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