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ABSTRACT

The increasing demand for canola (Brassica napus) for

both food (e.g. vegetable oil) and non-food (e.g. biofuel)

applications presents significant socio-economic bene-

fits. While genetic engineering offers great potential to

speed up the process of canola improvement, such an ef-

fort relies on a good understanding of the molecular me-

chanisms underlying seed development, fatty acid (FA)

metabolism, and oil content. Applying a well-defined al-

gorithm to a time-series gene expression dataset of B.

napus during seed development, and a well selected da-

taset of interactions between transcription factors and

their target genes, we derive a dynamic regulatory map

that is able to recover many of the known aspects of

these responses. Predictions made in this study are fur-

ther validated through literature search, leading to poten-

tial new roles for LEC1, LEC2, WRI1, FUS3, MYB30,

and ABI3 in controlling B. napus seed development and

FA metabolism related genes, thus potential targets for

genetic improvement of oil production.

1. INTRODUCTION

Seed of canola (Brassica napus) contains fatty acids

(FA) such as oleic acid and linoleic acid, which are not

only used for vegetable oil as food supply to the growing

population, but also very demanded by expanding mar-

kets for values beyond nutrition. For example, vegetable

oil is the important lipid source for the production of lu-

bricants, inks, paints, and biofuel. Because of its compo-

sition (high in monounsaturated fats and low in saturated

fats), canola oil has a positive health effect via reduction

of cardiovascular diseases. Canola’s unique characteris-

tics make it an ideal feedstock for biodiesel production,

thus contributing to a positive environmental impact.

The increasing demand for canola in both food and non-

food applications presents significant socio-economic

benefits. In order to capture these potential benefits, it is

essential to increase canola productivity. While genetic

engineering offers great potential to speed up the process 

of crop improvement, such an effort relies on a good un-

derstanding of the molecular mechanisms underlying B.

napus seed development, FA metabolism, and oil con-

tent. In higher plants, the biosynthesis of most FA is

physiologically coupled with seed development [1].

In an attempt to understand the molecular mechan-

isms underlying seed development, FA metabolism, and

oil content in crops, several studies have been performed

using the Arabidopsis thaliana plant [1-8]. Despite all

these studies and technological advances, the regulatory

mechanism of FA metabolism in A. thaliana has not yet

been well explored. Although the overall biochemical

pathways producing storage lipids have been extensively

described [1-11], factors regulating FA synthesis and

controlling total oil content in oilseed crops are still

poorly understood. Likewise, questions remain regarding

the interplay between this metabolism and the develop-

mental progression of embryogenesis. Furthermore,

when regard to B. napus, the genome sequencing is not

yet complete even though a large collection of its ex-

pressed sequence tags (ESTs) have been accumulated [9-

11]. This makes computational analysis much challeng-

ing. In other words, the unavailability of the B. napus

genome sequences and its detailed genomic information

counteract several aspects of its computational analysis.

In this study, we derive a preliminary dynamic regu-

latory map of the B. napus FA metabolism during seed

development. The dynamic regulatory map derived in

this study is able to recover many of the known aspects

of these responses. This is done by applying the Dynam-

ic Regulatory Events Miner (DREM) algorithm [12] to a

well-defined B. napus FA metabolism time-series gene

expression data (obtained from a collection of well-

defined uni-ESTs and full-length cDNAs) during seed

development [12], and a well selected dataset on TF-

gene interactions obtained through a carefully selected

literature search bias towards experimental evidence [1-

8]. Predictions made by our analysis are further vali-

dated through literature search, leading to potential new

roles for the transcription factors, LEAFY

COTYLEDON1 (LEC1), LEAFY COTYLEDON2

(LEC2), WRINKLED1 (WRI1), FUSCA3 (FUS3),

MYB DOMAIN PROTEIN 30 (MYB30), and ABA

INSENSITIVE 3 (ABI3) in controlling B. napus seed

development FA and lipid metabolism, thus potential

genetic targets for oil production improvement. The rest

of this paper is organized as follows: in Section 2, we

present the materials and methods used in this study. In



Section 3, we present the results. Finally, we conclude in

Section 4.

2. MATERIALS AND METHODS

We describe below the materials and methods used for

the reconstruction of B. napus FA metabolism dynamic

regulatory map during seed development.

2.1. Brassica napus gene expression data

We used a publicly available B. napus gene expression

data (obtained from a collection of well-defined uni-

ESTs and full-length cDNAs), and downloaded from an

NIH site (Gene Expression Omnibus, http://www.ncbi.

nlm.nih.gov/geo/). This dataset was made public on Feb-

ruary 26th 2008 [11] with accession numbers:

GSM173081, GSM173082, GSM173084, GSM173087,

GSM173090, GSM173092, GSM173100, GSM173101,

GSM173102, GSM173103, GSM173104, GSM173105,

GSM173106, GSM173107, GSM173108, and

GSM173109. It corresponds to the gene expression pro-

files during seed development and FA metabolism, as

well as the relevant regulation of B. napus. It has 8 times

points: 7, 9, 12, 17, 19, 21, 25, and 31 days after pollina-

tion (DAP). Each time point has 2 biological replicates.

We refer the reader to [11] for more details regarding the 

experimental procedures and other technical details as-

sociated with this dataset.

2.1.1. Arabidopsis thaliana orthologs

Brassica and Arabidopsis are in the same family and

closely related. A. thaliana is a model plant and its ge-

nome is well studied. Since the B. napus genome is not

yet complete, we use the orthologs in A. thaliana for

computational analysis. The search for orthologs in A.

thaliana is done by blasting the sequences of interest B.

napus genes against the TAIR (http://www.arabidopsis.

org/) database (version 8) and keeping only the matches

with scores better than 1e-20. The same analysis is also

done with TIGR Gene Index databases for Arabidopsis

(AGI) and B. napus (BNGI) annotations of ESTs which

gives us additional type of annotation like gene ontology

(GO).

2.1.2. Gene expression matrix

The original B. napus time-series gene expression data-

set downloaded from the GEO database had 8343

probes. After discarding probes with missing values, we

obtained 5588 significant probes, among which 3362

appear to have orthologs in A. thaliana with p-value less

than 1e-20.

2.2. Interactions matrix between transcription factor

and gene

The TF-gene interactions matrix used in this study was

inferred through a carefully selected literature search,

bias towards experimental evidence [1-8]. More precise-

ly, we compiled from the literature a set of A. thaliana

TFs that have been shown by microarray experiments

and/or quantitative RT-PCR to promote, suppress, or in-

duce genes related to seed development, FA metabolism

and other related biological processes such as lipid me-

tabolism and biosynthetic process, with a p-value less

than 0.01. The end product corresponds to a matrix

where the rows correspond to the genes and the columns

to TFs. The entries of the matrix are either 0 or 1, with 1

for a known interaction between a TF and its target gene

and 0 for an unknown interaction.

2.3. Computational tool for dynamic regulatory map 

We used the Dynamic Regulatory Event Miner (DREM)

(http://www.sb.cs.cmu.edu/drem), which has been suc-

cessfully applied to analyze the Saccharomyces cerevi-

siae [12] and Escherichia Coli [13] time-series gene ex-

pression data under several biological perturbations.

DREM is an algorithm for modeling and analyzing the

dynamics of transcriptional gene regulation. It takes

time-series gene expression data and TF-gene interaction

data as input. The TF-gene interaction data could come

from Chromatin Immunoprecipitation combined with

microarray experiments (ChIP-chip), TF binding site

motif information, or through literature search as in this

study. After execution, DREM outputs an annotated dy-

namic regulatory map that highlights bifurcation events

in the time-series that is places in the time-series where

sets of genes which previously had roughly similar ex-

pression level diverge. Often these bifurcation events

can be explained by TFs that selectively regulate a cer-

tain subset of genes. DREM annotates these events with

TFs potentially responsible for them, thus provides a

global map of the gene regulation of the time-series.

The DREM algorithm is an extended version of a

procedure for learning input-output hidden Markov

models (IOHMMs) [14]. IOHMMs are an extension of

hidden Markov models (HMMs) in that they allow for

an additional input set (TF-gene interactions in this case)

that does not necessarily change over time to control the

transition probabilities of genes from state to state [12].

In HMMs and IOHMMs, hidden states are used to group

genes by associating a cluster with each path through the

hidden states over time. In DREM, each hidden state is

associated with one time point and represents a Gaussian

distribution of the expression values for genes associated 

with it [12]. Since our focus in this paper is to recon-

struct the B. napus FA metabolism dynamic regulatory

map during seed development, we refer the reader to

[12] for more information regarding the computational

aspect behind DREM.

3. RESULTS AND DISCUSSION

Using the above described materials and methodologies,

we obtained the following results.

3.1. TF-gene interactions matrix

We identified a set of 12 A. thaliana transcription factors 

(p < 0.01) that have been shown by microarray experi-

ments and/or quantitative RT-PCR to play major roles in

seed development, FA, and FA-derived complex lipid

metabolism and biosynthesis (Table 1).



Table 1. Arabidopsis thaliana’s FA metabolism TFs and 

the number of their target genes obtained through litera-

ture search.

TFs # of target genes in

A. thaliana

# of target genes in 

B. napus*

LEC1 425 57

LEC2 750 31
WRI1 26 6
FUS3 30 6
ABI3 14 5
ABI5 12 3

MYB30 18 5
FAE1 5 0
SERK 2 0
PKL 3 0

AtbZIP10 9 3

AtbZIP25 9 3

* The number of target genes of each TFs in B. napus is derived

based on the identified orthologs between the two species.

3.2. Fatty acid metabolism dynamic regulatory map 

Using the preprocessed time-series gene expression data

and the static TF-gene interactions matrix as input to the

DREM algorithm, we obtained the following B. napus

seed development FA metabolism dynamic regulatory

map (Figure 1). We used the default parameters in

DREM.

Figure 1. Predicted FA dynamic regulatory map 

in Brassica napus during seed development. The 

y-axis corresponds to the mean of the expression 

values of genes that belong to a path, and the x-

axis the time in DAP

Our analysis reveals 6 significant paths (P1, P2, P3,

P4, P5, and P6). Gene ontology (GO) biological process

analyses of each path reveal that high expressions of

biosynthesis processes (GO:0009058), lipid biosynthesis

(GO:0008610) and metabolism (GO:0006629), FA bio-

synthesis (GO:0006633) and metabolism (GO:0006631)

related genes and transition of FA components are main-

ly at stages 21-31_DAP, with p-value between 1e-05

and 1e-01. Important effects of seed development

(GO:0048316), regulation of developmental process

(GO:0050793), tissue development (GO:0009888), jas-

monic acid stimulus (GO:0009753), jasmonic acid bio-

synthetic process (GO:0009695), starch metabolism,

amino acid biosynthetic process (GO:0008652), carbon

flux, oxidative pentose phosphate pathway (OPPP), pho-

tosynthesis (GO:0015979), carbohydrate biosynthetic

process (GO:0016051) and several other biological

processes related to FA and FA-derived complex lipid

metabolism and biosynthesis are also observed (Table

2).

Table 2. GO biological process analysis of each path.

Path Relevant GO biological process*
Fraction

of genes**

P1

- Carbohydrate metabolic process

- Protein transport

- Response to biotic stimulus

- Biosynthetic process

9/93

5/67

8/78

19/371

P2

- Photosynthesis

- Seed development

- Response to abscisic acid stimulus

- Lipid metabolic process

- Lipid biosynthetic process

9/29

11/60

6/34

12/80

7/52

P3

- Fatty acid metabolic process

- Cellular lipid metabolic process

- Fatty acid biosynthetic process

- Lipid biosynthetic process

- Lipid metabolic process

- Response to jasmonic acid stimulus

- Response to abscisic acid stimulus

- Response to abiotic stimulus

- Seed development

13/41

21/71

8/25

15/52

22/80

5/16

7/34

40/183

12/60

P4

- Biosynthetic process

- Lipid biosynthetic process

- Response to abiotic stimulus

- Lipid metabolic process

- Cellular lipid metabolic process

- Response to jasmonic acid stimulus

- Amino acid biosynthetic process

- Seed development

- Response to abscisic acid stimulus

- Fatty acid biosynthetic process

- Fatty acid metabolic process

- Photosynthesis

111/371

18/52

54/183

25/80

22/71

6/16

10/30

18/60

10/34

7/25

11/41

7/29

P5

- Amino acid biosynthetic process

- Photosynthesis

- Fatty acid metabolic process

- Fatty acid biosynthetic process

- Response to abscisic acid stimulus

- Seed development

- Lipid metabolic process

- Cellular lipid metabolic process

- Lipid biosynthetic process

10/30

9/29

10/41

6/25

8/34

13/60

16/80

14/71

9/52

P6
- Seed development

- Protein complex

5/60

11/191

* Only GO biological processes related to seed development FA and 

FA-derived complex lipid metabolism and biosynthesis are

shown: p-value between 1e-05 and1e-01.

** Fraction is relative to the available number of genes annotated

under the GO term.

The dynamic regulatory map reveals that the TFs

FUS3, LEC1, LEC2, WRI1, and ABI3, are active early

during seed development, several of which, such as

LEC1, LEC2, ABI3, and FUS3 continue to be active

during seed maturation. This observation is consistent

with the fact that the LEC1 function is partially depen-

dent on ABI3, FUS3, and WRI1 in the regulation of FA

and FA-derived complex lipid [1]. It also relates with the 

fact that LEC2 has been shown by previous researchers

P1

P2

P6

P5

P3

P4



to act during early stage of seed development to promote

FA metabolism [2], and later on during seed maturation

to control transcriptional program [2, 8]. Furthermore,

LEC2, FUS3, and ABI3 have been implicated to be ma-

jor regulators of the maturation phase [2, 8], to play pos-

itive roles on storage protein gene transcripts [2], and

have also been suggested to play a major role during

embryogenesis [2, 8]. These observations are consistent

with the GO biological process analysis of the dynamic

regulatory map: paths P1-P5, which show that most

genes controlled by LEC2 are predominantly expressed

after 21 DAP, which corresponds to the maturation

phase. WRI3 has also been shown to play a significant

role during oil accumulation in maturing seed, to be a

prerequisite for FA synthesis, and is important for nor-

mal embryo development [3]. Consistent with this litera-

ture evidence, our analysis shows strong expression of

genes regulated by WRI1 at the onset of the maturation

phase.

The over-expression of genes related with FA and

FA-derived complex lipid metabolism, biosynthesis and

the transition of most FA components which are mainly

observed during the period of 19-31 DAP. The transition

at 19 DAP is somehow correlated with the timing of ac-

tivation of LEC1, LEC2 and MYB30. This observation

is consistent with several studies [1, 2, 5]; the over-

expression of LEC1 gene causes globally increased ex-

pression of FA biosynthetic genes, which are involved in 

key reactions of condensation, chain elongation, and de-

saturation of FA biosynthesis [1]. An interesting obser-

vation is between P1 and P6, P3 and P4 (Figure 1), re-

spectively. These paths behave coherently up until 19

DAP, time point at which they diverge significantly, thus

19 DAP may correspond to a transition stage of seedling

to sink tissue. Another interesting observation is de-

scribed in the dynamic regulatory map by P6, which

shows a significant decrease in the expression level of

genes controlled by FUS3 and ABI3 TFs after 19 DAP,

suggesting novel role of FUS3 and ABI3 in B. napus.

Further experimental analysis is needed to confirm this.

4. CONCLUSION

In this study, we apply a well defined dynamic regulato-

ry map algorithm on a time-series gene expression data-

set on Brassica napus FA metabolism during seed de-

velopment together with TF-gene interaction data com-

piled through a carefully selected literature search bias

towards experimental evidence. Results obtained suggest

that the transcription factors: ABI3, MYB30, LEC1,

LEC2, FUS3, and WRI3 tested in this study act as key

regulators to coordinate the expression of fatty acid bio-

synthesis and metabolism related genes in Brassica na-

pus. Thus they may represent potential targets for genet-

ic improvement of oil production in Brassica napus. We

are currently validating some of the results obtained us-

ing experimental procedures such as quantitative RT-

PCR. Also, we intend to improve the DREM algorithm

by introducing convergent points within the dynamic

maps. That is the time points where sets of genes with

different expression profiles merge and behave coherent-

ly from there on.
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