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Abstract Oilseed crops, especially soybean (Glycine max)

and canola/rapeseed (Brassica napus), produce seeds that

are rich in both proteins and oils and that are major sources

of energy and nutrition worldwide. Most of the nutritional

content in the seed is accumulated in the embryo during the

seed filling stages of seed development. Understanding the

metabolic pathways that are active during seed filling and

how they are regulated are essential prerequisites to crop

improvement. In this review, we summarize various omics

studies of soybean and canola/rapeseed during seed filling,

with emphasis on oil and protein traits, to gain a systems-

level understanding of seed development. Currently, most

(80–85%) of the soybean and rapeseed reference genomes

have been sequenced (950 and 850 megabases, respec-

tively). Parallel to these efforts, extensive omics datasets

from different seed filling stages have become available.

Transcriptome and proteome studies have detected pre-

ponderance of starch metabolism and glycolysis enzymes

to be the possible cause of higher oil in B. napus compared

to other crops. Small RNAome studies performed during

the seed filling stages have revealed miRNA-mediated

regulation of transcription factors, with the suggestion that

this interaction could be responsible for transitioning the

seeds from embryogenesis to maturation. In addition,

progress made in dissecting the regulation of de novo fatty

acid synthesis and protein storage pathways is described.

Advances in high-throughput omics and comprehensive

tissue-specific analyses make this an exciting time to

attempt knowledge-driven investigation of complex regu-

latory pathways.
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Introduction

Seed development is a dynamic process coordinated by the

three distinct organs of a seed: embryo, endosperm and

seed coat (Goldberg et al. 1994; Miller et al. 1999; Moı̈se

et al. 2005; Weber et al. 2005; Lafon-Placette and Köhler

2014; Radchuk and Borisjuk 2014). Seed developmental

programs, governed by plant genetics and environmental

conditions, culminate in determination of seed composi-

tion. Seed development occurs in a precise and orchestrated

manner after two fertilization steps trigger the formation of

a seed (Le et al. 2007). The diploid embryo and triploid

endosperm represent the filial lineages, whereas the testa

represents the diploid maternal generation. The endosperm

initially develops as a syncytium (Brown et al. 2003) then

cellularizes to encircle the developing embryo. The endo-

sperm either remains to feed the growing embryo and to

store starch, lipids and/or storage proteins as reserves in

mature seeds, such as in corn or is fully absorbed, except

for the aleurone layer, by the developing embryo such as in

soybean (Sreenivasulu and Wobus 2013). The seed coat,

which develops by differentiation of two ovule integu-

ments, not only protects the developing embryo and

endosperm but also has other roles such as metabolic

control of seed development and dormancy, metabolism of
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nutrients from parent plant, and disease resistance (Islam

et al. 2003; Weber et al. 2005). Each organ is programmed

to perform its function individually and by interactions

with the other two organs (Lorenz et al. 2014; Radchuk and

Borisjuk 2014).

Oilseed crops are grown for the oils contained in their

seed and/or fruits and include soybean (Glycine max),

canola/rapeseed (Brassica napus), sunflower, peanuts,

palm, flax (linseed), and castor bean. Seed oils are used for

various applications, including food, feed, industrial oils,

and cosmetics (Thelen and Ohlrogge 2002). In addition to

oil, protein is the major source of nutrition in oilseed crops.

The oil and protein content in seeds varies depending on

the species. For example, the grain of wheat (Triticum

aestivum) contains 1–2% oil and 8–15% protein (Shewry

2009), while soybean seed contains 20% oil and 40%

protein (Hill and Breidenbach 1974; Ohlrogge and Kuo

1984) and canola/rapeseed (B. napus) seed contains 40%

oil and 15% protein (Norton and Harris 1975). Canola is an

improved cultivar of rapeseed created through breeding

that contains\2% erucic acid and\30 micromoles of

glucosinolates per gram of seed and has multiple health

benefits (Lin et al. 2013).

Oilseed crops store fatty acid as triacylglycerols (TAGs)

in the oil bodies (OBs) within embryo cytoplasm. TAG

synthesis takes place in the plastids through the coordina-

tion of multiple metabolic pathways including Calvin

cycle, carbon assimilation (glycolysis), starch metabolism

and oxidative pentose phosphate pathway (OPPP). Sugars

are transported from the vegetative tissue to the endosperm

(Lorenz et al. 2014) and then to the embryo (source to sink

tissue), and it is assimilated through a parallel glycolytic

pathway operational in the cytosol as well as in plastid.

Carbon compounds resulting from glycolysis, e.g., phos-

phoenolpyruvate (PEP), are transported from the cytosol to

the plastids via PEP-phosphate translocators, in exchange

for inorganic phosphate (reviewed in Fischer and Weber

2002), for the synthesis of acetyl-CoenzymeA (acetyl-

CoA). The latter serves as a substrate in the first step of

TAG synthesis (reviewed in Voelker and Kinney 2001;

Schultz and Ohlrogge 2002). Following three key steps of

fatty acid synthesis (FAS), acyl chain elongation, desatu-

ration and termination, the resulting free fatty acids are

exported to cytoplasm where they become esterified to

coenzyme A (CoA) and serve as substrates in the final key

step of TAG synthesis operational in the endoplasmic

reticulum (ER; reviewed in Voelker and Kinney 2001;

Schultz and Ohlrogge 2002). Redox equivalents (NADPH)

for FAS are supplied by the OPPP functional in plastids.

TAGs are exported to cytoplasm and stored in OBs

between two polar lipid (PL) monolayers. The OBs are

prominent in oleosins and it prevents OBs from coales-

cence in concert with PL (Katavic et al. 2006).

In addition to oil, seed storage proteins (SSPs) are major

sources of reduced carbon and nitrogen that are critical to

the life cycle of plants. Soybean seed contains two major

storage proteins, namely b-conglycinin (7S; Harada et al.

1989) and glycinin (11S; Nielsen et al. 1989). Together

they constitute 70% of total seed protein (Meinke et al.

1981). There are 5 versions of glycinin (G1–G5) and 3

versions of b-conglycinin (a, a0 and b) proteins. B. napus
contains two major SSPs, 2S napin (or 2S albumin) and

12S cruciferin (Höglund et al. 1992). They constitute 20

and 60%, respectively, of the total mature seed protein. All

soybean and B. napus SSPs are initially synthesized on

rough endoplasmic reticulum and then transported via the

Golgi apparatus to the protein storage vesicles (PSV) for

storage in the differentiated cells of embryo (reviewed in

Chrispeels 1991; Herman and Larkins 1999). As stated

earlier, this process occurs only during the cell expansion

phase of the embryogenesis and during the seed-filling

stages (Rubel et al. 1972; Meinke et al. 1981; Le et al.

2007). The accumulated SSPs and TAGs survive seed

desiccation and then mobilized through degradation to

supply carbon and nitrogen to the growing seedling.

Dicot seed development has been reviewed, as under-

stood through one or more of the omics approaches focused

on systems biology (Le et al. 2007; Gallardo et al. 2008;

Thompson et al. 2009; Sreenivasulu and Wobus 2013). The

goal of this review is to highlight recent advances in the

omics-level understanding of de novo FAS, fatty acid (FA)

accumulation and protein storage during seed development

in soybean (Glycine max) and rapeseed/canola (Brassica

napus). Studies on miRNA during seed development have

been included in this review, since miRNAs regulate

developmental and physiological processes and play an

essential role in seed development (He and Hannon 2004).

This recent progress and the availability of large global

datasets reveal the pathways toward genetic improvement

of oilseed crops.

Development of genomics resources

The availability and accessibility of reference genome

sequences for crops of economic and agronomic impor-

tance are driving accelerated crop improvement. Following

the release of the Arabidopsis reference genome in 2000

(Arabidopsis Genome Initiative 2000), reference-quality

genome sequences have been established for several

important dicot crop species (Table 1). As part of the

process, new methods were developed to tackle the com-

plexities involved with crop genomes, such as very large

size, highly repetitive content and polyploidy (Michael and

VanBuren 2015). The massive throughput and cost-effec-

tiveness of next generation sequencing (NGS)
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technologies, coupled with better experimental and com-

putational approaches, have made it possible for compar-

ative genomics to deliver new insights into genomic

variations (within and across species), trait mapping and

phylogenomics studies (Morrell et al. 2011). Reference

genome assemblies facilitate the identification of func-

tional genes and pathways that drive seed development

programs and that regulate molecular processes affecting

seed size and storage (Sreenivasulu and Wobus 2013).

Soybean is the first legume species to have its genome

sequenced, in 2010. The cultivar Williams 82 was

sequenced and assembled using an approach that integrated

whole genome shotgun-based Sanger sequencing data with

physical and genetic maps to create the reference sequence.

The genome assembly comprises *950 megabases (Mb),

representing about 85% of the predicted 1115-Mb genome

(Schmutz et al. 2010). The latest version of the genome

assembly, available at Phytozome (https://phytozome.jgi.

doe.gov/; Goodstein et al. 2012), has been annotated

with *56,050 protein-coding genes, of which *1500

genes are annotated as homologs of Arabidopsis genes with

potential roles in lipid metabolism (Ye et al. 2014).

Availability of these genomic resources, coupled with

existing genetic and QTL information, such as the 183 seed

oil QTLs annotated as part of Soybase (Grant et al. 2010),

have been foundational to understanding soybean seed

development and related processes and has contributed to

establishing soybean as a model crop legume.

Brassica napus is not only an important crop but also a

model for allopolyploid evolution. Leveraging the past

efforts to establish genome sequences for B. rapa (Wang

et al. 2011) and B. oleracea (Liu et al. 2014), the B. napus

genome (winter double low oilseed rape cultivar Darmor-

bzh) was sequenced and assembled using an integrated

approach combining 454, Sanger and Illumina sequencing

technologies. The reference sequence (final assembly size

of *850 Mb) and its annotated *101,000 gene models

were mined for factors that could improve breeding efforts

for improved seed oil quality, lipid composition and

pathogen resistance (Chalhoub et al. 2014). In particu-

lar, *2300 homologs of lipid biosynthesis genes were

identified within the genome, many of which are conserved

with the progenitor A and C subgenomes of B. rapa and B.

oleracea, respectively. These genes include many of the

known genes related to oil biosynthesis and regulation.

Assembled reference genomes provide a foundation for

investigating features that link genotype and phenotype.

For this purpose, the combination of genome re-sequencing

using different cultivars, high-throughput genotyping and

comparative genomics offers significant advantages in

enabling new genetic mapping strategies (Feuillet et al.

2011) and genome-wide association studies (GWAS)

Table 1 Description of various dicot plant genomes sequenced and the technologies used for sequencing

Name Scientific name Year Type Genome sizea Technologies usedb PMID

Arabidopsis Arabidopsis thaliana 2000 Model 125 S 11130711

Grape Vitis vinifera 2007 Crop 475 S 17721507

Lotus Lotus japonicus 2008 Model 472 S 18511435

Castor bean Ricinus communis 2010 Crop 320 S 20729833

Soybean Glycine max* 2010 Crop 1115 S 20075913

Chinese cabbage Brassica rapa 2011 Crop 485 I 21873998

Cocoa Theobroma cacao 2011 Crop 430 S, R, I 21186351

Pigeon pea Cajanus cajan 2011 Crop 833 S, I 22057054

Medicago Medicago truncatula 2011 Model 454 S, R, I 22089132

Potato Solanum tuberosum 2011 Crop 844 S, R, I 21743474

Flax Linum usitatissimum 2012 Crop 373 I 22757964

Tomato Solanum lycopersicum 2012 Crop 900 S, R, I 22660326

Chickpea Cicer arietinum 2013 Crop 738 S, I 23354103

Brassica Brassica oleracea 2014 Crop 630 I, R 24852848

Canola Brassica napus** 2014 Crop 1130 S, R, I 25146293

Coffee Coffea canephora 2014 Crop 710 S, R, I 25190796

Hot pepper Capsicum annum 2014 Crop 3480 I 24441736

* Cultivar W82

** Cultivar Darmor-bzh
a In megabases (Mb)
b S Sanger, R 454 (Roche), I Illumina
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(Korte and Farlow 2013). In soybean, high-throughput

Illumina re-sequencing of wild (G. soja), landrace and

cultivated (G. max) lines was utilized to perform a GWAS,

which revealed high linkage disequilibrium in the soybean

genomes (Lam et al. 2010; Zhou et al. 2015). The inves-

tigations also identified several selective signals corre-

sponding to domestication and improvement traits, 96 of

which overlapped locations of well-known oil content

QTLs and were found to contain 21 fatty acid biosynthesis

genes. A GWAS performed specifically on 175 soybean

lines with information on oil content revealed 6 loci that

had strong GWAS signals, 5 of which were located within

previously identified oil content QTLs. These signals are

prime genomic locations in which to identify genes with

functional relevance to oil content (Lam et al. 2010; Zhou

et al. 2015). In addition, data from the USDA Germplasm

Resources Information Network database (http://www.ars-

grin.gov/) have been utilized to compare germplasm with

normal or high seed protein content. GWAS analysis dis-

covered significant associations with seed protein concen-

trations for 40 SNPs located across 10 different

chromosomes and significant associations with seed oil

content for 25 SNPs across 12 different chromosomes

(Hwang et al. 2014). In B. napus, a recent study utilized a

GWAS approach on an association panel containing 89

genotypes using *4000 SNP markers to identify 17 sig-

nificant associations for seed glucosinolate content and 5

associations for seed hemicellulose content, many in loci

contained in previously reported QTLs (Gajardo et al.

2015). In another study, genome-wide genotype informa-

tion and phenotype data for 12 seed quality traits (including

oil content, oleic acid concentration, and linoleic acid

concentration) were analyzed using a GWAS approach to

identify 112 significantly associated seed quality SNPs

(Korber et al. 2016).

Transcriptome changes during seed development

The genomics resources discussed above lay the founda-

tion for studies that aim to understand the role and

dynamics of functional elements, such as genes and their

expression, within the genome. Advances in transcrip-

tomics, primarily hybridization- and sequencing-based

technologies, have resulted in numerous large gene

expression data sets. The popularity of RNA-Seq has been

increasing, as NGS technology costs continue to decrease

(Lister et al. 2008; Garg and Jain 2013). In addition to

cost, RNA-Seq has technical advantages, such as profiling

a broader dynamic range of expression, increased speci-

ficity and sensitivity, and the ability to detect alternative

splicing events (Marioni et al. 2008; Fu et al. 2009;

Trapnell et al. 2010), particularly when prior genome or

transcriptome reference information is unavailable (Xia

et al. 2011; Wu et al. 2015).

The availability of the soybean reference genome along

with improvements in global transcriptome profiling have

provided a powerful way to study expression changes at the

genome-wide scale across multiple stages of soybean seed

development. High-throughput transcriptome sequencing

using Illumina technology was performed on different tis-

sue types and developmental stages to establish an

expression atlas accessible to the research community

(Libault et al. 2010; Severin et al. 2010). These datasets

identified tissue- and stage-specific expression patterns

related to seed development. For instance, expression

levels of 27,945 genes in developing seeds 28 days after

flowering (DAF) were increased as compared to the levels

in flowers (Severin et al. 2010). This is the largest number

of differentially expressed genes observed between any of

the seed or tissue developmental stages. The results sug-

gested important roles for sucrose transport, SSPs (oleosin,

lectin and beta-conglycinin), lipid biosynthesis (lipoxyge-

nase) and seed coat development (seed coat BURP domain)

during the seed development process. Gene expression

clustering and gene ontology (GO) enrichment analyses

indicated an over-representation of GO terms related to

nutrient reservoir activity in the late seed development

stages and pointed to multiple highly expressed genes that

are involved in the seed filling process with functions

related to those described above. These findings have been

corroborated in subsequent studies. RNA-Seq-based

expression patterns indicated that a large number of his-

tone-encoding genes and proline-rich protein encoding

genes showed high expression during early seed develop-

mental stages, indicating rapid cell growth and develop-

ment and initiating the differentiation processes that give

rise to the embryo, seed coat, cotyledons and endosperm.

During later developmental stages, such as 100–200 and

400–500 mg cotyledon weights, genes encoding storage

proteins, such as beta-conglycinin, oleosins, glycinin, and

lipoxygenase are highly expressed and point to activation

of nutrient accumulation and storage and oxidation of

polyunsaturated fatty acids, consistent with biological

processes known to be active in those stages as well as

earlier studies in Arabidopsis (Peng and Weselake 2011).

During seed desiccation and the final stages of seed

development, highly expressed genes annotated as hydro-

philic proteins and late embryogenesis abundant proteins

were over-represented, indicative of low water conditions

in plants. (Jones and Vodkin 2013; O’Rourke et al. 2014).

Lipid biosynthesis-related genes exhibit programmed

expression during seed development. To study this aspect,

transcriptome data across multiple soybean seed develop-

mental stages were evaluated to identify expression pat-

terns of lipid biosynthesis-related genes, revealing that
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genes such as FAD2-2B and FAD2-2C were highly

expressed in early stages of seed formation and the FAD2-

1B and FAD2-1A were highly expressed at later seed stages

(O’Rourke et al. 2014). To unravel differences in seed oil

content and composition among multiple soybean geno-

types, transcriptomes of soybean seeds from the mid-mat-

uration stage were sequenced, showing that SSPs (such as

glycinin and beta-conglycinin), lipid metabolism genes

(such as lipoxygenases and FAD2-1B) and oil body pro-

teins (such as oleosins) were among the most abundantly

expressed seed transcripts. Comparison of gene expression

patterns with transcript polymorphisms detected across the

different genotypes provided evidence that differential

expression of genes related to lipid biosynthesis is poten-

tially responsible for the different fatty acid compositions

seen in these genotypes (Goettel et al. 2014b). This is

exemplified in soybean lines having higher stearic acid

levels, which were found to have no FAD2-1A activity and

a non-synonymous mutation in FAB2C. The large amount

of data from these and other transcriptome profiling studies

(Chaudhary et al. 2015) have been made available at public

repositories such as Gene Expression Omnibus (GEO) and

NCBI Sequence Read Archive to facilitate further

investigations.

Omics studies in B. napus exploring oil-related biologi-

cal processes are enabling an understanding of factors that

could impact genetic improvement of oilseed rape. In one B.

napus study, global gene expression profiles from a number

of seed developmental stages with differing fatty acid

metabolism were generated using cDNA chip hybridization

(across[8000 ESTs cloned from seed) and helped to

identify functional pathways of fatty acid biosynthesis and

regulation, which were conserved in relation to Arabidopsis

(Niu et al. 2009). A crucial role of starch metabolism was

observed early in seed development of B. napus, which

could be contributing to higher oil content in B. napus than

in Arabidopsis. In the same study, nearly 30 starch meta-

bolism-related and OPPP genes were identified for differ-

ential expression in B. napus as compared to that in

Arabidopsis. It was suggested that hormone (auxin and

jasmonate) signaling exhibited important roles in FA

metabolism. In another study, candidate genes involved in

oil-related biological processes in B. napus cultivars were

investigated using RNA-Seq on pod tissues across different

developmental stages (5–7, 15–17 and 25–27 DAF). The

genes were found to be involved in carbohydrate metabo-

lism, amino acid metabolism and lipid metabolism. Sub-

sequent analyses using previously reported QTLs of oil

content and orthologous lipid-related genes from Ara-

bidopsis showed that a total of 33 differentially expressed

genes that were potentially involved in lipid metabolism

overlapped with known QTL locations, marking them as

good candidates for further investigation (Xu et al. 2015).

In summary, advances in resolution, throughput and cost

of transcriptomic data generation and interpretation have

led to major insights into the atlas of expression pattern

changes across the seed developmental stages in soybean

and rapeseed/canola. Overall the new data do corroborate

with known pathways discovered previously by other

techniques. The integration of these datasets to create a

comprehensive view across multiple studies would be

beneficial and improve the ability to mine these datasets for

additional knowledge. For example, in soybean, a number

of different transcriptome datasets have been integrated to

create a compendium of information stored within the

Soybean Functional Genomics Database (SFGD) (http://

bioinformatics.cau.edu.cn/SFGD/), which has functionali-

ties that allow interrogating gene expression patterns across

soybean genome, including *1500 genes involved in

multiple acyl-lipid metabolism pathways (Yu et al. 2014).

Proteomics of developing seeds

Proteomics studies have been conducted to follow protein

expression during seed development in oilseed crops.

Studies of the 5 seed-filling stages of rapeseed (B. napus

‘Reston’; Hajduch et al. 2006) and soybean (Glycine max

‘Maverick’; Hajduch et al. 2005; Agrawal et al. 2008)

identified hundreds of non-redundant (NR) proteins dif-

ferentially expressed during seed filling by utilizing mul-

tiple high-throughput protein separation technologies.

Representative proteins were mapped onto metabolic

pathways, e.g., carbon assimilation, to understand fatty

acid metabolism. Proteins from metabolism, destination

and storage, and energy were prevalent. The prevalence of

these classes revealed high demand on the developing

embryos for metabolites. Proteomics of high and low oil

isogenic varieties in sunflower, another oilseed crop,

identified 77 differentially expressed proteins (DEPs)

revealing a tight link between oil content and carbohydrate

metabolism/protein synthesis (Hajduch et al. 2007).

During seed development, sets of proteins representing

polysaccharide, amino acid, fatty acid and SSP metabo-

lisms displayed dynamic yet consistent (over replicates)

expression trends in rapeseed and soybean (Hajduch et al.

2006; Agrawal et al. 2008). Accordingly, fatty acids and

lipids proteins peaked at 4 weeks after flowering (WAF) in

both rapeseed and soybean and then declined. Whereas

storage proteins peaked at 4 WAF in both the crops but

continued increasing through 6 WAF (Agrawal et al. 2008).

Similar expression trends were also observed in transcrip-

tome analysis (Niu et al. 2009; Li et al. 2015), and reflected

regulatory control during seed development.

Another notable aspect of the proteomes was the pres-

ence of multiple isoforms per protein (MI) or multiple
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isoforms per protein within a family of proteins (MFI). For

example, over 38% of the soybean proteins that are clas-

sified as seed storage, seed maturation and sucrose binding

were prevalent in MFIs, with 2–30 isoforms detected.

Storage proteins were especially prevalent in MFIs: 8 NR

proteins produced 148 MFIs, consisting of 7–30 isoforms

per protein. These proteins were comprised of glycinin

(G1, G2 and other), b-conglycinin (a, a0 and b) and

agglutinin in A complex (Harada et al. 1989; Nielsen et al.

1989). Similarly, in rapeseed, 33% of the identified NR

proteins contained more than 2 MFIs; of these, six of the

proteins were the cruciferins (Hajduch et al. 2006). These

MFIs could either result from post-transcriptional alterna-

tive splicing (reviewed in Smith et al. 1989; Godovac-

Zimmermann et al. 2005) or from post-translational mod-

ifications, including phosphorylation (reviewed in Kersten

et al. 2006) or glycosylation (Lei and Reeck 1987), or a

combination of both. These protein architectures reveal

various dimensions of protein regulation that could be

important during seed development. Overall, the seed fill-

ing stages presented 119 NR SSPs in soybean, compared to

71 observed in rapeseed (Agrawal et al. 2008).

Protein phosphorylation is a ubiquitous and dynamic post-

translational modification that controls diverse biological

processes, including in plants (Huber and Hardin 2004;

Mukherji 2005; Pawson and Scott 2005). Phosphoproteomes

were analyzed from developing seeds of rapeseed and soy-

bean to establish quantitative expression profiles and to

locate phosphorylation sites in the proteins (Agrawal and

Thelen 2006; Meyer et al. 2012). The phosphoproteins (PPs)

represented the major classes of seed development proteins

reported earlier, e.g., energy, metabolism, protein destination

and signal transduction (Hajduch et al. 2006; Agrawal et al.

2008). PPs were detected in the enzymes of the FAS pathway

(e.g., stearoyl-acyl-carrier-protein desaturase and beta-ke-

toacyl-ACP synthase I) as well as in SSPs (cruciferin MFIs)

of rapeseed (Agrawal and Thelen 2006). Stearoyl-acyl-car-

rier-protein desaturase I has been implicated in the regulation

of cell growth and development and the defense/stress

responses (Shanklin and Cahoon 1998; Kachroo et al. 2001).

One of the PPs, a 14-3-3, was prominently detected in

the developing seeds of B. napus and soybean (Agrawal

and Thelen 2006; Agrawal et al. 2008). This protein is

ubiquitous in eukaryotes and known to regulate metabolic

pathways by interacting with the components of tran-

scription factor complexes, and in turn activating them

(Aitken 2002; Fulgosi et al. 2002). To prove the involve-

ment of 14-3-3 in Arabidopsis seed development, it was

shown that two isoforms of 14-3-3 could selectively bind

proteins of metabolic pathways, including that of carbon

assimilation and de novo FAS (Swatek et al. 2011). Further

studies are needed to understand the biological implica-

tions of 14-3-3 in Arabidopsis as well as in oilseed crops.

Highly abundant proteins of the soybean proteomes

described above, e.g., b-conglycinin, glycinin, agglutinin
(lectin), SBP and LOX, were also abundant in the soybean

transcriptome (see the Transcriptome section; Severin et al.

2010). Other interesting results came from a comparative

proteomic study. LOX and SBP were abundant in soybean

seed but underrepresented or absent in B. napus (Hajduch

et al. 2006; Agrawal et al. 2008). The soybean transcrip-

tome atlas confirmed the identification of 72 LOX genes in

the genome, of which only 3 are highly and significantly

expressed during seed development. LOX acts on polyun-

saturated fatty acid to form polyunsaturated fatty acid

hydroperoxides; the latter can be converted into aldehydes

and alcohols, which would impart lower flavor quality in

soybean (Narvel et al. 1998; reviewed in Porta and Rocha-

Sosa 2002). SBP might have a role in sucrose transloca-

tion-dependent physiological processes (Ripp et al. 1988).

High expression of these proteins in soybean but not B.

napus point to differential functional roles in seed devel-

opment, and warrant further study.

Proteomics of tissue subtypes contained within a

developing seed could provide more direct information

regarding metabolic architecture and pathway interactions.

Proteomics of endosperm and embryo isolated from the

developing seeds of B. napus at multiple time points

(Lorenz et al. 2014) showed that endosperm contains the

entire set of central metabolic pathways, which makes it a

self-sustained and metabolically competent tissue. A high

number of transcription factors and regulatory components

were also identified in the endosperm, indicating its role in

signaling for coordinated seed development. Differences

were observed in the metabolic capability of endosperm

versus embryo at 15 DAF and 20 DAF, based on the spot

volume. For example, carbohydrate metabolism was high

in endosperm at both the stages; amino acid metabolism

was higher in embryo at 15 DAF but higher in endosperm

at 20 DAF; energy metabolism was higher in endosperm at

15 DAF but higher in embryo at 20 DAF (embryos became

capable of photosynthesis at this stage); lipid metabolism

was higher in embryos in both the stages. Magnetic reso-

nance-based studies have shown endosperm to be a major

location for lipid deposition in the early stages of seed

development (Borisjuk et al. 2013). The results show pre-

determined and precise spatiotemporal expression patterns

of FA and storage proteins, which indicate complex hier-

archical regulation at transcriptional, post-transcriptional

and post-translational levels during seed development.

Proteomics of developing and mature seed reveal

distinguishing features of higher oil in B. napus

A comparative proteomics study of rapeseed (oil-rich) and

soybean (protein-rich) developing seeds revealed up to
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threefold higher expression of proteins in the FAS pathway

in rapeseed as compared to soybean (Hajduch et al. 2006;

Agrawal et al. 2008). Enzymes of the carbon assimilation

and glycolysis pathways were higher in number (*48%)

and abundance (*80%) in rapeseed compared to soybean.

Niu et al. (2009) reported higher copy number of genes of

the above pathways in B. napus (Huyou 15) transcriptomes

than in Arabidopsis. One of the genes encoding the acyl

carrier protein 1 of the FAS pathway was present in 16

copies as compared to 3-ketoacyl-ACP synthase that was

present in only 2 copies. The results pointed toward tran-

scriptional regulation of FAS genes. Taken together, the

observation suggested increased flow of carbon from

sucrose to glycolysis and eventually to de novo FAS in B.

napus. This significant difference could be responsible for

higher oil in rapeseed compared to soybean (Agrawal et al.

2008; Niu et al. 2009). In addition, Rubisco large subunit

was observed to be substantially high in the developing

seeds of rapeseed (Agrawal et al. 2008). There were 10 MIs

of Rubisco in rapeseed, contributing to 4% of the total

enzyme at the peak, but only one MI of Rubisco in soybean

was observed. It has been shown that Rubisco can work

without the Calvin cycle to assimilate the CO2 released by

the plastidial pyruvate dehydrogenase complex to maxi-

mize the efficiency of FAS in embryo (Schwender et al.

2004). High abundance of Rubisco (Hajduch et al. 2006;

Demartini et al. 2011; Gan et al. 2013) supported more

efficient recycling of CO2 by Rubisco resulting in higher de

novo FAS in rapeseed as compared to soybean. B. napus

transcriptome was also observed to express both Rubisco

small unit and Ribulose-biphosphate carboxylase large

subunit at high level during majority of seed development

(Niu et al. 2009). These studies supported the idea that

plastids are functionally programmed for high oil produc-

tion in rapeseed due to coordination of cytosolic and

plastidial carbon assimilation and efficient de novo FAS

(Demartini et al. 2011).

In addition to the seed filling stages, proteomics of

mature seeds has highlighted additional features of higher

oil traits. The proteomes of mature seeds of two winter-

type B. napus lines, low (36.49%; LO) and high (55.19%;

HO) in oil content, were compared to understand differ-

ences in protein composition and oil body characteristics

(Gan et al. 2013). The results showed that late embryoge-

nesis proteins (LEA; Dong et al. 2004) were differentially

expressed in HO and LO lines and might be correlated with

the number and size of the OBs. These observations were

corroborated by transmission electron microscopy and

confocal scanning microscopy studies, which showed that

the HO line contained smaller cells with thicker cell walls,

more densely packed OBs, and sparse protein storage

vacuoles (PSV), whereas the LO line contained larger cells

with thinner walls, fewer OBs, and more PSVs. In other

words, total protein content and oil content were inversely

correlated in the B. napus HO and LO lines. Nevertheless,

no enzymes involved in de novo FA synthesis were

detected in mature seeds of either the LO or HO B. napus

lines, indicating that accumulation of FAs is over prior to

the maturation stage.

In summary, proteomic studies of the oilseed crops have

contributed remarkable advances to our understanding of

seed development. Proteomics technology has been

developed to fractionate, identify and quantify proteins and

to map those proteins onto metabolic pathways to under-

stand fine regulation of genes during seed development.

Development of proteomic databases and associated soft-

ware has allowed sharing of the information in the scien-

tific community.

Metabolomics of seed development

Metabolomics is a specialized form of analytical bio-

chemistry that has been used to assist in the biochemical

analysis of complex mixtures. It is considered a robust,

sensitive, and powerful technology (Nakabayashi and Saito

2013). Studies on seed-based metabolomics in dicot crops

are still limited (Chaudhary et al. 2015). Metabolomics

requires powerful and sensitive technologies for analysis of

small-molecule metabolites to reveal perturbations, whe-

ther environmental or genetic, in metabolic compositions

(Clarke et al. 2013). Analytical techniques, such as Mass

Spectrometry (MS) and/or Nuclear Magnetic Resonance

spectroscopy (NMR), coupled with metabolite databases

have been used in previous studies to determine the number

of metabolites, to detect new metabolites, metabolite

composition, and natural metabolite variations, and to even

compare metabolite profiles for biosafety assessment

(Oikawa et al. 2008; Lin et al. 2014; Harrigan et al. 2015;

Kortesniemi et al. 2015; Chebrolu et al. 2016). Various

separation and detection techniques have been used for

metabolomics studies, such as Gas Chromatography-Mass

Spectroscopy (GC–MS), Nuclear Magnetic Resonance

(NMR), Liquid Chromatography-MS (LC–MS), Fourier

Transform Ion Cyclotron Resonance-MS (FTICT-MS), a

combination of GC–MS, Ultra-Performance Liquid Chro-

matography-Tandem MS (UPLC–MS/MS), and Capillary

Electrophoresis-MS (CE-MS) (Oikawa et al. 2006; Clarke

et al. 2013; Lin et al. 2014; Tan et al. 2015). GC–MS has

been proven to be the most efficient,sensitive and a reliable

tool for conducting various metabolomics studies in dicot

crops. Recently, publications have demonstrated that NMR

has several benefits as a metabolite profiling technique,

including ease of sample preparation, high sample

throughput, identification of a broad range of chemical

compounds in a single experiment, and generation of
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quantitative data (Harrigan et al. 2015; Han et al. 2016).

Sometimes a combination of one or more analytical plat-

forms has been used in various metabolomics studies.

Tan et al. (2015) investigated the metabolome of

developing canola seeds to understand the dynamic meta-

bolic changes that occur during oil accumulation in seeds. A

total of 443 putative metabolites were identified in the oil

accumulation stage in the seeds and in the silique walls of

canola following 3 treatments (leaf detachment, phloem

peeling and silique darkening). The metabolite profiles

showed that high concentrations of metabolites in seeds,

when transferred from silique walls, induced a subset of

genes related to FA synthesis and sugar metabolism to

increase the metabolic flux, eventually leading to enhancing

seed-oil content (Tan et al. 2015). In another study,

Kortesniemi et al. investigated the compositions of ripened

and developing seed of B. napus and B. rapa using meta-

bolomics (Kortesniemi et al. 2015). Higher levels of

polyunsaturated fatty acids, especially alpha-linolenic acid

and sucrose, were more characteristic to B. rapa than B.

napus, while sinapine levels were higher in B. napus

(Kortesniemi et al. 2015). Metabolomics approaches in

canola could also be applied to study metabolomic diversity

between seeds with altered fatty acid composition (trans-

genic-based or mutagenesis-derived) and wild-type canola.

Recently, a rapid analytical method based on 1H-NMR

technology was developed to differentiate high and low

erucic acid rapeseed Brassicas (Han et al. 2016). Erucic

acid (C22:1) is an undesirable fatty acid in canola seed, and

levels must be less than 5% in commodity canola oil. This

NMR-based method can effectively distinguish low-erucic

acid rapeseed (LEAR) from high-erucic-acid rapeseed oil

with convenient sample pretreatment and data acquisition

by hierarchical cluster analysis (Han et al. 2016).

Lin et al. (2014) characterized soybean seed metabolic

profiles from 29 different soybean cultivars, which led to

identification of 169 named metabolites and 104 seed

metabolites that significantly varied in their levels across

all tested cultivars. In addition, metabolite–metabolite

correlations and interactions were studied, resulting in the

construction of a seed metabolic network map based on all

169 metabolites identified (Lin et al. 2014). This might be

helpful for potential metabolic engineering and molecular

breeding efforts aiming to enhance seed quality in soybean.

Harrigan et al. demonstrated the application of 1H-NMR

for assessment of seed metabolic diversity among soybean

varieties differing in yield potential (Harrigan et al. 2015).

A total of 27 diverse metabolites were quantified among

the 9 varieties used in this study and confirmed that

metabolite variability is influenced by both selective

breeding and environment. The techniques and methods

used in both of these studies could be applied to advance

soybean metabolomics in developing seed.

Advances in database development and bioinformatics

tools are still lagging behind for the field of seed meta-

bolomics. Databases for integrating, mining and visual-

izing various types of omics and phenotypic data from

soybeans have been developed (http://soymetDB.org;

http://soykb.org; Joshi et al. 2010, 2012). The potential

findings derived from various metabolic studies per-

formed on different soybean tissues will provide a basis

for the improvement of soybean seed quality and perhaps

even yield.

Omics integration for improved understanding
of seed development

Transcriptomic, metabolomic and metabolic flux data were

generated and integrated to uncover the metabolic program

in developing soybean seed (G. max ‘Evans’) and to

determine mature seed composition (Li et al. 2015). In the

metabolomic analysis across 5 stages of seed development,

encompassing 25–50 DAF, about 400 analyte peaks were

identified. Of these, 273 metabolites were above the

detection limit; 148 of these were chemically identified,

while 125 remained unidentified. For transcriptomic anal-

ysis, levels of 37,593 transcripts represented by probes on

the Glycine max Affymetrix chip were analyzed; 2879 of

these were differentially expressed over seed development

(q-value = 0.01). The Plant/Eukaryotic and Microbial

Metabolomics Systems Resource (PMR) and MetNet sys-

tems biology tools were used for interactive analyses of all

datasets. The amino acid asparagine was identified as the

major form of nitrogen that is imported from the vegetative

plant tissue during seed development. Further, a particular

asparaginase enzyme was predicted to interconvert amino

acids for protein synthesis during seed fill. Consistent with

measured starch accumulation, the levels of transcripts

involved in starch synthesis and related to transporters

decreased after 45 DAF, while those of starch degrading

enzyme increased after 45 DAF. The oil content increased

steadily until 40 DAF and then declined. This pattern was

matched with the transcripts involved in fatty acid meta-

bolism, whereas genes involved in b-oxidation (involved in
mobilizing the stored oil reserve) increased expression

after 45 DAF. Statistical analysis of the transcriptomic and

metabolomic data identified the pathways where the most

variability occurred during seed development.

Early seed development had the highest metabolic flux

through the gamma-aminobutyric acid (GABA) shunt, the

tricarboxylic acid (TCA) cycle, and the OPPP through

coordination of plastid, mitochondria and cytosol functions

(Li et al. 2015). The transcriptomic and metabolomic data

depicted similar changes. Overall, the study indicated

consistent expression for the majority of the transcriptome,
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except for a set of transcripts that varied in expression

during seed development. On the other hand, the majority

of metabolite levels changed during seed development. It

was suggested that the smaller number of metabolites

analyzed could be a reason for this observation. The other

reason could be that expression differences are more

amplified at the metabolite level than at transcription or

translation, since metabolite levels account for the catalytic

role of proteases following translation.

Collakova et al. (2013) reported metabolic and tran-

scription analyses of soybean embryos from 10 different

stages of seed development and integrated the data sets to

gain insight into the metabolic processes. The transcrip-

tomic analysis revealed the expression of 41,619 genes at

one time point during seed development. In the early stages

of embryo development, 55 polar metabolites, including

sugars, sugar alcohols, sugar acids, amino acids, organic

amines and alcohols, carboxylic acids and phenolic com-

pounds, were detected using GC–MS and UPLC-FLD

(Ultra-High Performance Liquid Chromatography). The

metabolite analysis revealed a steady increase of fatty acids

and proteins up to 25 days, when a plateau was reached for

both. The levels of individual fatty acids started to decrease

after 40 days, while the protein levels were maintained

until the end of the time course. Two main transition

phases for metabolic and transcriptional reprogramming

were studied. The first occurs when dividing and differ-

entiating cells transition into cell elongation during early

seed filling, when the metabolism changes from hetero-

trophic to photoheterotrophic. The second occurs when the

elongating cells at the seed filling stage turn on seed mat-

uration and desiccation processes, to prepare seeds for

dormancy and photoheterotrophic metabolism switches to

heterotrophic. Clustering analysis revealed functionally

related metabolites and transcripts operational in different

developmental and metabolic programs. These clusters are

a resource for further analysis that will likely identify

potential targets for metabolic engineering.

The role of miRNA in seed development
and the miRNA-mediated transcription factor
network

Epigenetic regulation (including transcriptional and post-

transcriptional) plays an important role in seed develop-

ment, during which genomic imprinting or parent-of-origin

gene expression is heavily involved in early endosperm

development. The mechanism is extensively characterized

in monocot and dicot plants (detailed reviews in Bai and

Settles 2015; Kohler and Lafon-Placette 2015). In addition

to the imprinting-mediated mechanism via DNA methyla-

tion, small RNAs (sRNAs) play important roles in gene

regulation during plant growth, development and repro-

duction (Jin et al. 2013; Borges and Martienssen 2015).

MicroRNAs (miRNA), which are *21-nt sRNAs, are

mediators of gene expression regulation in plants via

mRNA degradation or translational inhibition (Brodersen

et al. 2008). The emerging evidence supports critical roles

of miRNAs in multiple steps of seed development, seed

germination and seedling growth. However, information

regarding miRNA involvement in seed development in

oilseed crops is limited, with only a few studies reported.

Herein, we summarize studies on soybean and rapeseed

seed-abundant miRNAs and genes targeted by miRNAs,

and describe the significance of miRNA-mediated regula-

tory networks through transcription factors (TFs) in seed

development.

miRNAs in soybean seed development

Song et al. (2011) conducted high-throughput sRNA and

degradome (a method to analyze the pattern of mRNA

degradation; Thomson et al. 2011) analyses from 15-DAF

soybean (G. max ‘Heinong44’) seed and identified 55

annotated and 26 novel miRNAs. Through degradome

sequencing, a total of 145 genes were identified as miRNA

targets to annotated miRNAs and 25 as targets of new

miRNAs (Song et al. 2011). The majority (82%) of miRNA

targets were TFs, such as those from the ARF, GRF NAC,

MYB, and TCP families. Moreover, Shamimuzzaman and

Vodkin (2012) conducted a soybean (G. max ‘Williams82’)

degradome study using cotyledon and seed coat across the

early to late seed maturation stages. Consistent with Song’s

study, ARF, MYB, TCP, NF-Y, GRF, HD-ZIP, PPR, SBP

and NAC TF family members were identified as major

targets for miRNAs that were common in both cotyledon

and seed coat tissues. Furthermore, multiple versions of

SBP, MYB, ARF, NAC and HD-ZIPs TFs were identified

in both tissue types as predicted targets for miR156,

miR159, miR160, miR164 and miR166, respectively. Tis-

sue-specific miRNA-regulated targets were also identified.

For example, miR1513 and miR2109 (cotyledon) and

miR393 and miR1523 (seed coat) were identified in dif-

ferent tissues, which implies a tissue-specific regulatory

role for these particular miRNAs. Importantly, it was

suggested that due to the large number of miRNA targets

identified in the late seed maturation stage, miRNA-me-

diated regulation could be involved in shifting the devel-

opmental program from immature to maturation stage.

Zabala et al. (2012) reported a sRNAome study from

soybean (G. max ‘Williams’, ‘Richland’, ‘PI194639’, and

‘1462312’) from multiple tissues, including whole seeds

(12-14 DAF), immature seed coat and cotyledon. miRNAs

with highly preferential expression in either seed or vege-

tative tissues were observed. For example, miR167 and
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miR1512 were highly abundant in seed coats, whereas

miR156 and miR3522 were highly abundant in cotyledons.

Goettel et al. (2014a) conducted another sRNAome study

to identify the miRNA population in soybean (G. max

‘Jack’) cotyledons at five seed developmental stages (S2, 3,

4, 6, and 8). This report showed that a number of miRNAs

were highly expressed (e.g., miR156, miR166, miR319,

miR159, miR164, miR167, miR482, miR1508, miR1510

and miR3522). In addition, the biological pathways of

these miRNA targets were characterized. The cotyledon

miRNA targets were predominantly involved in RNA

metabolism and transcriptional regulation, with a large

number of TFs such as ARF and TCP or those containing a

CCAAT box.

miRNAs in Brassica napus seed development

An sRNAome study from developing (7–42 DAF) and

mature (50 DAF) B. napus (PFB-2 from Embrapa) seeds

identified highly expressed miRNAs (e.g., miR156,

miR159, miR166, miR167 and miR824) (Korbes et al.

2012). The predicted targets of miRNAs abundant in

mature seeds were mainly TFs involved in plant develop-

ment, e.g., SPLs, ARF, NAC, SCL, and TOE, suggesting

that these TFs may be more vital during early seed

development. These results were consistent with results in

soybean seeds.

In another extensive study in B. napus (DH12075)

investigating the roles of miRNA in seed development,

sRNAs were profiled from whole seeds at nine different

seed developmental stages (10–50 DAF) and different tis-

sues types, including radical, hypocotyls, cotyledon,

embryo, endosperm and seed coat (Huang et al. 2013).

Briefly, the miRNAs were much more abundant in embryo

than in either endosperm or seed coat. The top six most

abundant miRNA families expressed in seed were: miR156

(48% of total miRNAs reads), miR159, miR172, miR167,

miR158 and miR166. The predicted targets of those highly

abundant miRNAs were SPLs (miR156), MYBs (miR159),

AP2-like TFs (miR172), ARFs (miR167), NAC (miR166)

TFs, again implying the importance of these TF families in

seed development.

Although different developmental stages and genetic

backgrounds were used across the two species of soybean

and rapeseed/canola, the findings of the miRNA and

miRNA-target studies converged to reveal that: (1) a

number of miRNAs were co-identified from most of the

studies, such as miR156, miR159, miR160, miR164,

miR166 and miR167. This observation highlights the cru-

cial role of these miRNAs in regulating the downstream

targets during seed development. (2) Through degradome

sequencing and prediction of miRNA targets, TFs were the

major miRNA targets. e.g., SPLs, MYBs, AP2 and ARFs

and NAC. Such miRNA targets emphasized the complexity

of regulatory networks, via TFs, for seed development

(described below). (3) The spatial expression patterns of

particular miRNAs were identified from either cotyledons

or seed coats, which highlighted the importance of tissue-

specific miRNAs during seed development.

miRNA-mediated TF regulatory networks in seed

development

The majority of miRNA targets identified during soybean

and rapeseed seed development were TFs, including SPLs,

MYBs, AP2 and ARFs and NAC. The roles of these TFs

during distinct seed developmental stages are well char-

acterized in Arabidopsis and rice (Fig. 1). In this section,

we briefly summarize the role of these key TFs during

Arabidopsis seed development and compare recent findings

in different crops.

SPLs (miR156)-mediated network in early embryogenesis

In Arabidopsis, miR156 targets SBP-like Protein10

(SPL10) and SPL11, both are involved in early morpho-

genesis of embryos (Nodine and Bartel 2010). In a loss-of-

function dcl1 line, which compromises the miRNA

biosynthesis pathway, SPL10 and SPL11 transcripts were

increased by *150-fold, resulting in an abnormal embryo

phenotype at the eight-cell stage of early embryo devel-

opment. The disruption of miR156-mediated repression of

SPL10/SPL11 also promotes precocious expression of

multiple genes, indicating that the normal function of a

miR156-SPLs regulatory module is required to repress the

precocious accumulation of the transcripts normally

expressed in maturation phase (Nodine and Bartel 2010).

These results highlight the role of the miR156/SPLs reg-

ulatory module in negatively regulating phase transition

and seed maturation.

ARFs (miR160/miR167)-mediated network in early

embryogenesis

A loss-of-function miR160 mutant in Arabidopsis, foc

(floral organs in carpels), exhibits impairment of embryo

development resulting in the formation of aberrant seeds,

suggesting a crucial role of miR160 during embryogenesis

(Liu et al. 2010). Previous studies showed that Auxin

Response Factors (ARFs) are negatively regulated by

miR160 (Mallory et al. 2005; Wang et al. 2005; Liu et al.

2007). ARFs are transcription factors involved in auxin

signal transduction during many stages of plant growth

development via regulation of auxin response genes. In

Arabidopsis, the crucial roles of ARFs are well character-

ized in distinct biological events and specific tissues,
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including seeds and embryos (Okushima et al. 2005; Wang

et al. 2005; Weijers et al. 2006; Liu et al. 2010). The

mutation of ARF5 impairs the initiation of the body axis in

the early embryo (Hardtke and Berleth 1998), although

ARF7 and ARF12 transcripts were detected throughout all

embryo developmental stages (Hardtke et al. 2004).

ARF10, ARF16 and ARF17 transcripts were highly

increased in the miR160 foc mutant (Liu et al. 2010).

Moreover, miR167, which targets ARF6 and ARF8, is

preferentially expressed in rice seed, suggesting its

involvement during seed development (Niu et al. 2009).

These numerous studies together show that ARF TFs are

crucial during seed development and that the correct pat-

terning of the ARFs, as mediated by miRNAs, may ensure

normal seed development.

NAC (miR164)-mediated network in early embryogenesis

miR164-mediated regulation of NO APICAL MER-

ISTEM (NAC)-domain proteins plays a crucial role in

embryo patterning and cotyledon development. Expres-

sion of miR164-resistant NAC (by introducing a NAC

gene with mutations within the miR164-complementary

site without changing the amino acids) results in

embryonic development defects (i.e., cotyledon orien-

tation defects), suggesting the importance of the proper

miR164-mediated regulation of NAC for seed develop-

ment (Mallory et al. 2004). Moreover, overexpression of

miR164 leads to a cup-shaped cotyledon (Aida et al.

1997). miR164/NAC regulatory modules are key

regulatory components essential for normal seed

embryogenesis and morphogenesis.

MYBs (miR159)-mediated network in late embryogenesis

and maturation

During late embryogenesis, cell expansion and elongation

play a key role and account for seed size. MYB TFs play

crucial roles in broad biological functions (e.g., gene regu-

lation, secondary metabolism, and environmental stress

responses). miR159-mediated regulation of MYB TFs could

be associated with seed size, since a double mutation of

miR159 (miR159ab) causes small seeds with increased

MYB33 and MYB65 expression (Allen et al. 2007). Addi-

tionally, MYBs play essential roles in seed coat develop-

ment, since changes in AtMYB56, AtMYB5, and AtMYB61

expression patterns displayed effects on seed coat develop-

ment (Penfield et al. 2001; Gonzalez et al. 2009; Zhang et al.

2013). For instance, MYB56 may serve as a positive regu-

lator of seed size through regulating the genes that are

involved in cell division and expansion, leading to the proper

growth of cell number of the outer integument layer. The

spatial and temporal expression of these MYBs is consistent

with their function in seed development. Furthermore, genes

in the R2R3-MYB superfamily have been identified in soy-

bean (244 genes) and canola (76 genes) (Du et al. 2012; Chen

et al. 2016). Since the function in seed development of most

of the MYBs in oilseed crops still needs to be determined,

further work should be done to characterize the MYBs in

oilseed development.
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Seed matura�on

miR172/AP2
Seed size, seed 

shape

miR160/
ARFs (e.g. 

ARF10,16,17)
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Fig. 1 Diagram illustrating the miRNA-mediated network within the

developing seed. Green and orange boxes represent the miRNAs

involved during early embryogenesis and late embryogenesis (seed

maturation), respectively. Each box indicates a particular miRNA,

their target transcription factor genes, and when the abnormal

phenotype was observed based on evidence corresponding to that in

Arabidopsis or rice mutants
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AP2/ERF (miR172)-mediated network in late

embryogenesis

The plant APETALA2 (AP2) and ethylene-responsive

element (ERF) families are part of the AP2/ERF super

family of TFs. The first AP2 protein was identified in

Arabidopsis for its role in flower and seed development

(Jofuku et al. 1994). AP2 TFs comprise one of the largest

plant TF families and regulate various processes of growth,

development, and stress responses. AP2 genes are regu-

lated by miR172 in Arabidopsis (Aukerman and Sakai

2003). At least one AP2 TF plays a role in seed develop-

ment and acts in all three major seed compartments:

embryo, endosperm and seed coat. Arabidopsis ap2

mutants displayed impairment of normal seed development

(Ohto et al. 2005, 2009).

In summary, the above descriptions highlight how the

TF-regulated networks present during early embryogenesis,

endosperm development and/or seed maturation, and the

miRNAs, as fine-tuners of the spatial and temporal expres-

sion of TFs, work together to ensure functional seed

development. A recent study in maize (Li et al. 2016) also

identified miRNAs involved in seed development, which

corresponded with those previously identified in Arabidop-

sis, indicating that conserved pathways are present in

monocot and dicot plants. Thus, the knowledge gained from

the model species may be leveraged in the studies of oilseed

crops to expedite the understanding of miRNA-mediated TF

networks in seed development.

Future perspective

Genomics and transcriptomics technologies produce mas-

sive amounts of data that can broadly characterize DNA

and RNA states across crop plants, such as genome-wide

sequence variation across a population of genotypes or

global differential gene expression between developmental

stages. While experimental designs that utilize omics-based

approaches generate a large number of hypotheses related

to a biological trait of interest, challenges still exist in

utilizing these approaches to pinpoint the key factors

controlling a particular trait of interest. Hence, better

experimental strategies at both small and large scales are

required to more efficiently translate this vast array of

information into specific traits in improved crops. These

strategies could combine GWAS studies to map the trait to

chromosomal locations with detailed analysis of the puta-

tive genes underlying those QTLs to identify specific

gene(s) conferring the trait(s).

Additionally, advances in genomics technologies have

helped to assemble reference genomes as a foundational

resource. However, challenges exist in fully understanding

the dynamic nature of the functional elements within the

genome. Next phases in understanding plant biology, such

as aspects of seed development, at the systems level could

employ an ENCODE (Encyclopedia of DNA elements;

Consortium 2012) approach aimed at building a compre-

hensive look at how DNA coding and non-coding ele-

ments, epigenetic modifications, and transcriptome states

vary and interact across developmental stages. Further-

more, foundational genome resources, composed of refer-

ence genomes assembled from individual varieties, should

be upgraded to pan-genomes and pan-transcriptomes to

more comprehensively represent traits present across

diverse genotypes within crop species. Emerging

sequencing technologies and library construction methods

that are pushing the boundaries on throughput, read length,

and long-range genomic information will further unlock

the potential of these omics layers.

Whereas outstanding progress has been made in creating

the proteomes of developing seeds in B. napus and soy-

bean, there is opportunity to develop full proteomes of the

same. Proteins expressed during the seed filling stages can

have different physical, as well as functional, characteris-

tics due to post-translational modifications. These charac-

teristics may only be found through the use of different

techniques for their extraction, analysis and quantitation.

Metabolic pathways for de novo oil biosynthesis are

well established. Progress has been made to identify key

enzymes or families that are higher in number and abun-

dance in higher oil crops. However, regulation of these

pathways must be understood for genetic engineering of

the trait. Similarly, manipulation of SSPs requires better

understanding of the function of each of the protein iso-

forms and the overall regulation of the families.

Currently, studies focused on seed-specific metabolites

are limited in rapeseed/canola and soybean oilseed crops.

Towards this end, better bioinformatics tools and integrated

databases, supported by relevant software and computa-

tional analysis, are needed. These tools would aid in the

development of both a comprehensive reference metabo-

lome and a metabolite atlas for oilseed crop improvement.

Epigenetic regulation plays a key role in a variety of

biological events, including seed development. Genomic

imprinting and miRNA-mediated regulation orchestrates the

complex gene network that leads to proper seed develop-

ment. Although we did not focus on genomic imprinting in

this review, the importance of imprinting has been demon-

strated in both monocot (e.g., maize and rice) and dicot (e.g.,

Arabidopsis) plants. For instance, several genes have been

identified that act maternally to regulate seed size, which

highlights the potential of imprinting for crop seed

improvement. However, little is known about imprinting in

oilseed crops, creating opportunity to fully study the regu-

latory mechanisms of imprinting and seed size control.
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Further studies in the oilseed crops will be needed to deci-

pher the genetic pathway of genomic imprinting using the

genetic framework built for other species.

The understanding of miRNA-mediated regulatory net-

works during seed development has remarkably progressed

in Arabidopsis and rice with the rapid evolution of NGS

technology, but little is known about the interplay of these

different networks. For example, the loss-of-function ap2

mutant in Arabidopsis increases seed size and enhances

seed filling (Ohto et al. 2005), yet the detailed AP2-me-

diated pathway is unclear. Also, in addition to the TF-

mediated network, epialleles (heritable epigenetic variants

of genes) were identified that control seed size, which adds

to the complexity of the seed regulatory network (Zhang

et al. 2015). As extensive NGS datasets are being generated

in different plant species and the capability to integrate the

transcriptome, sRNA transcriptome, ChIP-seq and degra-

dome data improves, there is an opportunity to further

elucidate how the miRNA-mediated TFs regulate down-

stream genes during seed development and to identify the

genetics behind novel seed traits (e.g., seed size, yield, oil

content) in the oilseed crops.

Embryo, endosperm and seed coat interact in a hierar-

chical way to orchestrate seed development. Dissection of

these biological processes with omics is needed to allow

systems-level views of FA and SSP accumulation that will

allow identification of master networks as targets for

gene(s) manipulation for crop improvement. Furthermore,

omics studies need to be combined with genetical

approaches, e.g., gene mapping and GWAS, to understand

gene function and regulation in the genomic context. Tools

for this effort include zinc finger nucleases and CRISPR/

Cas9 to induce targeted mutation(s) in one or more genes

simultaneously (Zhang et al. 2014; Petolino 2015).

Advances in high-throughput omics and computational

analyses make this an exciting time to attempt knowledge-

driven dissection of complex regulatory pathways.
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