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Abstract Seed oil production in oilseed rape is greatly

affected by the temperature during seed maturation.

However, the molecular mechanism of the interaction

between genotype and temperature in seed maturation

remains largely unknown. We developed two near-isogenic

lines (NIL-9 and NIL-1), differing mainly at a QTL region

influencing oil content on Brassica napus chromosome C2

(qOC.C2.2) under high temperature during seed matura-

tion. The NILs were treated under different temperatures in

a growth chamber after flowering. RNA from developing

seeds was extracted on the 25th day after flowering (DAF),

and transcriptomes were determined by microarray

analysis. Statistical analysis indicated that genotype, tem-

perature, and the interaction between genotype and tem-

perature (G 9 T) all significantly affected the expression

of the genes in the 25 DAF seeds, resulting in 4,982,

19,111, and 839 differentially expressed unisequences,

respectively. NIL-9 had higher seed oil content than NIL-1

under all of the temperatures in the experiments, especially

at high temperatures. A total of 39 genes, among which six

are located at qOC.C2.2, were differentially expressed

among the NILs regardless of temperature, indicating the

core genetic divergence that was unaffected by tempera-

ture. Increasing the temperature caused a reduction in

seed oil content that was accompanied by the downreg-

ulation of a number of genes associated with red light

response, photosynthesis, response to gibberellic acid

stimulus, and translational elongation, as well as several

genes of importance in the lipid metabolism pathway.

These results contribute to our knowledge of the molec-

ular nature of QTLs and the interaction between genotype

and temperature.

Introduction

Oilseed rape (Brassica napus L.) is one of the most

important sources of edible oil, and it can also be used in

the production of biodiesel to serve as a replacement for

fossil fuels. However, the seed weight and oil content of

oilseed rape are greatly affected by environmental factors

and cultivation practices, among which the temperature

during the seed maturation stage plays a critical role

(Canvin 1965; Edwards and Weinig 2011; Esteban et al.

2004; Piper and Boote 1999). Normally, hot temperatures

(prevalent in some rapeseed production regions, such as the

Yangtze Valley of China and Western Australia) during
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seed maturation result in a dramatic decline in yield. The

degree of this negative effect largely depends on genotype.

Substantial genetic variation exists in seed development

and fatty acid metabolism, involving a large number of

genes responding to environmental and endogenous stim-

uli. Because of the large quantity of genes involved in seed

oil formation, researchers and oilseed breeders experience

difficulty identifying key genes related to seed oil forma-

tion. Many efforts have been made in mapping the quan-

titative trait loci (QTL) regulating seed oil formation.

Previous studies have identified multiple QTLs associated

with seed oil content (Delourme et al. 2006; Mahmood

et al. 2006; Qiu et al. 2006; Shi et al. 2009). However,

QTLs are environmentally sensitive, and the molecular

mechanism underlying the interaction between QTLs and

environmental factors remains poorly understood. Never-

theless, comparative mapping between the Brassica gen-

omes and their close relations, the genomes of Arabidopsis,

has provided useful information for inferring the likely

presence of candidate genes for the control of oil content

within QTL-containing regions of the genome (Parkin et al.

2005; Schranz et al. 2006). This genetic relationship means

that data related to Brassica species substantially overlap

that established for Arabidopsis (Hua et al. 2009; Lukens

et al. 2003; Osborn et al. 1997; Parkin et al. 2003). In

Arabidopsis, Beisson et al. (2003) searched the genome for

the sequences of genes involved in lipid biosynthesis and

classified over 600 genes according to their predicted

function, subcellular location, and alternative splicing.

According to their temporal and spatial expressions, about

70 genes have been identified as seed specific, and

their expression levels exhibit a dramatic increase (up to

5,000-fold) at the beginning of the seed maturation phase

(Beisson et al. 2003; Schmid et al. 2005). More recently,

Shi et al. (2010) reported the screening of polymorphic

markers at these loci putatively for seed oil formation

between two geographically different genotypes, the

Chinese cultivar Ningyou-7 (N) and the European cultivar

Tapidor (T), used as two parents in generating the TN DH

population for QTL mapping. Some seed-specific genes

have been localized at the QTL regions contributing to seed

oil content, and the allelic variations among a M2 popu-

lation generated from Ningyou-7 have been analyzed and

linked with seed qualitative traits like erucic acid content

(Wang et al. 2008).

Seed development, a critical process in the life cycle of

higher plants, consists of two stages: morphogenesis and

maturation. Maturation begins with a transition phase when

the switch from maternal to filial controls occurs. The seed

then undergoes a period of embryo growth and seed filling.

Maturation ends with a desiccation phase, after which the

embryo enters a quiescent state, thereby permitting its

maintenance and survival under a range of environmental

conditions (Gutierrez et al. 2007). A number of genes play

regulatory roles in this process. The mutations of TAG1 and

WRI1 cause reduced seed oil content in Arabidopsis as well

as B. napus (Cernac and Benning 2004; Zou et al. 1999).

The identification of the master regulators ABI3, FUS3,

LEC1, LEC2, and MYB30 in Arabidopsis have also aug-

mented our knowledge regarding the control of transcrip-

tion programs involved in seed maturation. Using a time-

series gene expression dataset of seed development in

B. napus and a well-selected dataset of interactions

between transcription factors and their target genes,

Tchagang et al. (2009) derived a dynamic regulatory map

to uncover the activity of these regulatory genes. The

transactional factors LEC2, WRIl, FUS3, MYB30, and ABI3

were active during early seed development, several of

which, including LECI, LEC2, ABI3, and FUS3, remained

active during seed maturation, indicating their major reg-

ulatory function during the maturation phase.

To date, little is known about the molecular nature of the

QTL or the molecular mechanism underlying the interac-

tion between genotype and temperature (G 9 T) in deter-

mining seed maturation and fatty acid metabolism. In this

study, the two near-isogenic lines (NILs) were grown in

pairs and treated under different temperatures during the

seed maturation stage to compare the transcriptomes of

the developing seeds 25 days after flowering (DAF). The

genetic divergence of the NILs was narrowed to a region

spanning a distance of approximately 9.0 cM, in which a

QTL responding to the temperature during seed maturation

was detected. The NILs differ from each other by 7.4% in

the oil content of matured seeds. The objective of the study

is to understand the effect of temperature on the global

expression of the genes in developing oilseed rape seeds,

the genetic architecture that leads to the difference in seed

oil content between the NILs, and the molecular foundation

underlying the interaction between temperature and

genotype.

Materials and methods

QTL detection

QTL for seed oil content in Tapidor–Ningyou-7 (TN) DH

population were analyzed using the composite interval

mapping method (CIM) with WinQTL cartographer 2.5

software (http://statgen.ncsu.edu/qtlcart/WQTLCart.htm;

Zeng 1994; Wang et al. 2006b). CIM was used to scan the

genetic map and estimate the likelihood of a QTL and its

corresponding effect at every 2 cM. The forward regres-

sion algorithm was used to get cofactors. The permutation

test method was used to obtain the empirical thresholds of

the experiment on the basis of 1,000 runs of randomly
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shuffling the trait values, which were expected to have a

genome-wide type-I error of 0.05 (Churchill and Doerge

1994). Likelihood calculation results were exported with

10.0 cM distance to define two adjacent QTL, and confi-

dence intervals of QTL were count as cM spanning regions

of 2 LOD scores decrease both sides from the peak LOD

value. Meta-analysis package of BioMercator 2.1 software

(Arcade et al. 2004) was used to integrate redundant QTL

information from multiple experiments. The Delete func-

tion of BioMercator 2.1 software was used to integrate

QTL segment by segment on linkage group C2 as Chardon

et al. (2004) described. Appropriate models of integration

results were chosen with the AIC value minimal.

Development of NIL-9 and NIL-1

To develop the two near isogenic lines (NILs) NIL-9 and

NIL-1, Ningyou-7 was used as recipient, and Tapidor was

used as donor. The parents were selected primarily on the

basis of contrasting trait characteristics and cultivation

ranges (Meng et al. 1996). Tapidor is a European winter-

type cultivar which has a strong vernalization requirement

and with low seed erucic acid and glucosinolate content.

Ningyou-7 is a Chinese semi-winter-type cultivar which

has little vernalization requirement and with high seed

erucic acid and glucosinolate content. Before development

of the mapping population, doubled haploid (DH) lines

were developed from both of the parental genotypes. A

fourth-generation backcross (BC4) population of 927 lines

was constructed through successive backcrossing Ningyou-

7 with 146 lines from Tapidor 9 Ningyou-7 DH popula-

tion. 89 PCR-based molecular markers, such as SSR,

SRAP, and STS markers selected randomly from dense TN

DH linkage map (Long et al. 2011) were used to survey the

genetic similarity with the recurrent parent Ningyou-7. The

amplification products were separated using 6% poly-

acrylamide gel electrophoresis (PAGE). A test locus

showed recipient genotype (NN) was considered as 100%

Ningyou-7 genotype and a locus showed donor genotype

(TT) was considered as 0% Ningyou-7 genotype, whereas,

a locus showed donor type and recipient type (TN) was

considered as 50% Ningyou-7 type. The global genome

similarity of the NILs was the mean value of all the test

loci. A group of 32 molecular markers selected from

linkage group C2 was used to determine the length of

substituted segments in the NIL development (Supple-

mental Table S1). The substituted segment, in centimorgan,

was determined based on its location on C2 linkage map.

The length of substituted segments in NILs was estimated

based on graphical genotypes (Young and Tanksley 1989).

The NIL-9 and NIL-1 were selected from self-pollinated

progenies of an individual plant ‘6F092-2’ of the BC4F3

population and showed 95.83% genetic background

similarity with recurrent parent Ningyou-7 at the global

genome level. The trait characteristics of the two lines are

nearly the same as their recurrent parent Ningyou-7, except

for the oil content and the fatty acid component in seed.

They are genetically different in the confidence interval

region of the seed oil content QTL, qOC.C2.2.

Alignment to Arabidopsis genome for the genes

at qOC.C2.2 QTL

22 of 42 molecular markers on linkage group C2 are used for

alignment to Arabidopsis genome (Supplemental Table S1).

The principle of alignment was described in Long et al.

(2007). The alignment of the genome segment flanking to the

qOC.C2.2 region of B. napus to Arabidopsis genome and the

genetic similarity of the NILs are elucidated in Fig. 1.

Plant growth conditions

The B. napus NILs used in the study were grown in con-

trolled growth chambers (Conviron, E8VH, Controlled

Environments Ltd., Winnipeg, Manitoba, Canada) at Plant

Biotechnology Institute of the National Research Council,

Canada (PBI-NRC), in 2009. Seeds were germinated in

pots and the seedlings were grown in champers in cycles of

16 h light (white fluorescent light at 500–600 lm m-2 s-1)

at 25�C and 8 h dark at 18�C. At the six-leaf stage, plants

of equal size were moved to a new growth chamber for a

6-week vernalization period in cycles of 16 h light at 10�C

and 8 h dark at 4�C. Again, plants of similar size were

selected and moved back to the growth chamber with

cycles of 16 h light at 25�C and 8 h dark at 18�C. After the

two selection processes, all of the plants flowered on the

same day. On the day the first flowers opened, the plants

were moved in pairs into different growth chambers under

the following conditions: T1: 16 h light at 20�C and 8 h

dark at 12�C; T2: 16 h light at 25�C and 8 h dark at 18�C;

T3: 16 h light at 30�C and 8 h dark at 20�C. To harvest

siliques of a certain defined stage, individual flowers were

tagged and labeled with the date of flower opening. The

siliques that were in the developmental stage 25 DAF were

harvested and immediately frozen in liquid nitrogen. The

developing seeds collected from the dissected siliques on

dry ice were prepared for RNA extraction and the sub-

sequent microarray experiment. The rest of the siliques that

naturally matured were harvested for the seeds to be ana-

lyzed for total seed oil content and fatty acid composition.

Total RNA

Total RNA of seeds at 25 DAF was extracted using the

RNeasy Plant Mini Kit (Qiagen, Mississauga, ON, Canada)

and on-column DNase digestion with an RNase-free DNase
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set (Qiagen, Mississauga, ON, Canada) was performed for

each sample according to the manufacturer’s protocols.

The quantity and quality of total RNA were determined by

both spectrophotometer (NanoDrop ND-1000, NanoDrop

Technologies, Inc. Wilmington, USA) and gel.

Microarray analysis

Experimental design

The two NILs were employed for transcriptomic compar-

sion with each other for temperature effects (T1, T2, and

T3) on developing seeds at 25 DAF. Triple biological

duplicates and two technological repeats in each biological

duplicate were designed for each G 9 T treatment.

Combimatrix Brassica 90K array

A total of 36 independent hybridizations were performed

using the Combimatrix Brassica 90K microarray (http://

www.combimatrix.com) produced at the PBI-NRC. Over

94,000 unique DNA probes were in situ synthesized using

the Combimatrix patented virtual-flask technology. The

semiconductor-based array consists of 29 row 9 34 col-

umn spots.

RNA labeling, microarray hybridization, and washing

A single dye (Cy5) was used for RNA-labeling. Approxi-

mately 1 lg total RNA was reverse transcribed into aRNA

using the Amino Allyl MessageAmpTM II aRNA Ampli-

fication Kit (Ambion, USA) according to the manufac-

turer’s protocols. The aRNA was selected as the template

for fluorescent target preparation for microarray experi-

ments. The quality of amplification was identified by

agarose gel electrophoresis, and aRNA quantity was

determined using the NanoDrop ND-1000 spectropho-

tometer (NanoDrop Technologies, Inc. Wilmington, USA),

followed by 1% agarose gel electrophoresis to check the

quality of the aRNA. An aliquot of 5 lg aRNA was used to

perform coupling using the Amino Allyl MessageAmpTM

II aRNA Amplification Kit (Ambion, USA) according to

the manufacturer’s protocols. RNA fragmentation was

conducted using RNA fragmentation reagents (Ambion,

AM 8740) following the manufacturer’s instructions. The

pre-hybridization, hybridization, washing, and imaging

procedures were performed according to the protocol of the

Combimatrix manufacturer, and stripping procedures were

performed using the CustomArrayTM Stripping Kit for 90K

(Product Number 610049) following the manufacturer’s

instructions.

Data collection

Hybridized arrays were scanned using an Axon 4000B

scanner (Axon Instruments, CA, USA) at 5 lm resolution,

100% laser power, and different PMT values to obtain

overall intensity. Raw spot fluorescence intensities were

extracted with GenePix Pro 6.0 (Axon Instruments, CA,

USA). The built-in quality control mechanism was used to
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Fig. 1 Diagram showing the alignment of the genome segment

flanking the qOC.C2.2 region of B. napus to Arabidopsis genome

(a) and the genetic similarity of the NILs (b). The black bar on the

linkage group indicates the confidence interval of qOC.C2.2. The

arrows show the conserved blocks of Arabidopsis genome (Parkin

et al. 2005). The bars at the bottom (b) represent genome fragments

from Tapidor (gray) and Ningyou-7 (black). The NIL-9 carries an

introgression from Tapidor at the qOC.C2.2 region that spans a

genetic distance of 9.0 cM, determined by the linkage map position of

the markers for genotyping
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flag questionable features on the array so that they could be

removed from further analysis. Acuity 4.0 (Axon Instru-

ments/Molecular Devices Corp.) was used to manage

microarray datasets. In accordance with recommendations,

a pre-processing step was performed before normalization.

Flagged features that were not found, as well as bad and

empty features, were removed (Flags C 0). According to

the GenePix 4000B datasheet, the signal-to-noise ratio of a

feature should be above the detection limit of the device

(SNR 635 [ 3). To remove irregular features, a circularity

metric was introduced into GenePix Pro (circularity [80).

Saturated features were also swapped (F635% Sat. \2)

from all arrays.

Normalization and data analysis

Microarray intensity values within datasets were normal-

ized and standardized by Z-score transformation (Cheadle

et al. 2003). The signal intensity (foreground median with

background mean subtracted) of each gene/probe on the

microarray was combined by averaging all of the dupli-

cates in the same array. After the normalization and stan-

dardization process, the standardized signal intensities

(hereafter referred to as signal intensities) of each gene/

probe were obtained. Differentially expressed genes

(DEGs) under different treatment levels were detected by a

mixed linear model approach, using the MIXED procedure

in SAS (SAS Institute, Inc). If yijkl is the logarithm of

measurement from the i-th genotype, the j-th temperature,

the k-th biological replicate, and the l-th technical replicate,

then a full model used to interpret the experimental design

can be expressed as

yijkl ¼ lþ Gi þ Tj þ GTij þ Bk þ Sl þ eijkl

where Gi is the effect of the i-th level of the genotype; Tj is

the effect of the j-th level of the temperature treatment;

GTij is the interaction effect between the i-th genotype and

the j-th temperature treatment; Bk is the effect of the k-th

biological replicate, Bk *N 0; r2
B

� �
; Sl is the effect of the

l-th technical replicate, Sl*N 0; r2
S

� �
; and eijkl is the

residual effect accounting for uncontrollable random

errors, eijkl*N 0; r2
e

� �
. Model 1 is a modified form of the

model proposed by Yang et al. (2009). Considering the

different number of genes in B. napus, the cutoff p value

was adjusted to control the false discovery rate at 0.0001.

Annotation and GO functional categorization

The DNA sequences that were used to design each of the

probes spotted on the array were searched for their

homologues in the TAIR database (version 9) using

BLASTX at an E value less than 10-5 (Altschul et al.

1997). GO term information for the homologs in the GO

database sequences with the best hit was used in combi-

nation with assumptions of the amino acid percent identity

C30% and High Scoring Pair (HSP) length C100 for each

pair (Kabsch and Sander 1984; Rost 1999). A GO evi-

dence code of IEA (inferred from electronic annotation)

was automatically assigned to each homolog sequence in

B. napus. DEGs were picked for GO slim counting using

the TAIR GO slim category. p B 0.01 was used to pick

out the sequences whose biological processes were most

likely to be associated with the target effect. In this

analysis, a gene/probe may be placed in more than one GO

slim term ID according to the biological characteristics of

the product. No attempt was made to identify or resolve

these cases.

Clustering of DEGs

Acuity 4.0 (Axon Instruments/Molecular Devices Corp.)

was used to perform a cluster analysis of the DEGs. To

determine the optimal size of clusters, gap statistical

analysis was first applied to the log-transformed datasets;

Euclidean squared was used as the similarity metric. The

same datasets were then subjected to a self-organizing map

(SOM) analysis of DEGs using the same metric used in

gap analysis. For the convenience of illustration, DEGs

were divided into three datasets according to the factors

used in the mixed linear model analysis: G, T, and G 9 T.

In this analysis, a gene/probe may appear in more than one

dataset according to the biological characteristics of the

product.

Quantitative RT-PCR analysis of transcription levels

The rules suggested by Udvardi et al. (2008) were followed

for the standardization of a quantitative RT-PCR (real-time

PCR) procedure. Based on their probable significance for

influencing oil accumulation, 14 DEGs observed in the

microarray analysis were selected for quantitative RT-PCR

verification. They are the genes either regulating embryo

development or encoding enzymes critical to fatty acid

biosynthesis. The primer pairs for the quantitative real-time

RT-PCR were specific to the genes in question and

designed to cover an 80- 200-bp region (Table 1). For real-

time PCR templates, first-strand cDNAs were synthesized

in a 20-lL reaction solution containing approximately 2 lg

RNA (the same RNA samples from microarray hybrid-

ization) using the PrimeScriptTM 1st Strand cDNA Syn-

thesis Kit (Takara Japan, Catalog No. D6110A) with oligo

(dT) 12–18 as a primer. The specificity of all primers was

checked via BLASTN searches (http://blast.ncbi.nlm.

nih.gov/Blast.cgi). The BnACTIN7 was applied as an

endogenous control for standardization. The BnACTIN7
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sense primer (50-GGAGCTGAGAGATTCCGTTG-30) and

antisense primer (50-GAACCACCACTGAGGACGAT-30)
were designed according to Genbank Accession Number

AF111812. The real-time amplification reactions were

preformed using the iCycler iQ thermocycler (Bio-Rad)

and the SYBR Premix Ex TaqTM Kit (Takara, Japan, Cat-

alog No. DRR041A) following the the manufacturers’

instructions.

Analysis of seed oil content and fatty acid composition

Mature seeds were harvested and air dried until their

weight remained constant. All conditions for the isolation

and GC analyses of seed lipids for total oil content and

fatty acid composition (expressed as lg/mg of total seed

weight) were as described previously (Katavic et al.

1995; Zou et al. 1997). Data were classified with Win-

Excel and analyzed via one-way analysis of variance

(ANOVA) using the statistical package SAS (SAS

Institute, Inc). Comparisons between the treatment mean

were made by Duncan’s Multiple Range Test at a level of

p B 0.05.

Results

Characterization of the qOC.C2.2 QTL and the NILs

In previous studies, the construction and development of

Tapidor–Ningyou-7 (TN) map were reported (Qiu et al.

2006). A higher marker resolution enabled the discovery

of a QTL for seed oil content on linkage group C2

(abbreviated as qOC.C2.2) by analyzing the data achieved

from multi-year and multi-site field experiments. Metro-

logical records indicate that the qOC.C2.2 was only

detectable when the seeds matured in a hot environment,

as was present in Wuhan in spring 2003 and 2004, in

Jingzhou in spring 2005, and in Hangzhou in spring 2007

(Fig. 2). This QTL was responsible for 6.13–13.00% of the

total seed oil content variation among a population of 202

DH lines. In addition to the multi-year and multi-site field

experiments, the major inflorescences of 196 DH lines

were tagged to partition five sections (A to E) from the

lower reaches to the upper parts during seed maturation.

The average daily temperature aligned with pod matura-

tion was recorded, and the seeds from each section were

separately harvested in spring 2007 in Wuhan. The

qOC.C2.2 was detected only by associating the molecular

markers with the seed oil content of the D-section, which

came into being during hot weather. NIL-9 and NIL-1

were developed using Ningyou-7 as the recurrent parental

line. Both NILs were 95.83% identical to the recurrent

parent Ningyou-7 at the global genome level; however,

NIL-9 carries introgression from Tapidor at the qOC.C2.2

region that spans a genetic distance of 9.0 cM, as deter-

mined by the linkage map position of the SSR and SRAP

markers for genotyping. On average, the seed oil content

of NIL-9 was 7.4% higher than that of NIL-1 under Wuhan

climate conditions, and the difference was significant at

the 5% level.

Table 1 Brassica orthologues to Arabidopsis loci that regulate seed development or are important in the pathway for lipid biosynthesis and the

primer sequences designed for quantitative RT-PCR

Orthologous to

Arabidopsis loci

Functional annotations Primer pair sequences (50–30)

AT1G21970 LEC1 (LEAFY COTYLEDON 1) GCAAACTTGGGTTCGATGAT/AGTACCGACCACCACCCATA

AT3G54320 WRI1 (WRINKLED 1) GGGAAGCAAGACTGCTTGAG/GACAAGCAAGACAACGGTGA

AT3G24650 ABI3 (ABA INSENSITIVE 3) TCCATTTCAAGACCCTGGAG/CAAACGAAGCAATCCCTGAT

AT3G26790 FUS3 (FUSCA 3) TACAACAGCGACAACGGAAA/GAGGTTAGAGCCGTCGTGTC

AT3G12120 FAD2 (FATTY ACID DESATURASE 2) ACGAAGTGTTTGTCCCCAAG/CCGAGACGTTGAAGGCTAAG

AT2G29980 FAD3 (FATTY ACID DESATURASE 3) CCTGGAAAAGAAGGGTCACA/CGTCCAACCACATCACAAAG

AT2G19450 TAG1 (TRIACYLGLYCEROL BIOSYNTHESIS
DEFECT 1)

GCGTGGGAGATTATTGGAGA/CAAGGAACTGCGATGCATAA

AT3G57650 LPAT2 (1-ACYLGLYCEROL-3-PHOSPHATE
O-ACYLTRANSFERASE)

TCTCCTCATGGAAAGGCATC/GGGGTAGAACGCTCTGACTG

AT4G25140 OLEO1 (OLEOSIN 1) TAAAGCTGCTACCGCAGTCA/CAGAGGAGTGGCAACAGTCA

AT4G26740 CALEOSIN TGGGACATGACAGAAGGACA/AACGTAGATCTTGGCGCAGT

AT3G25110 FatA ACYL-ACP THIOESTERASE CAAAGAATGGCTCTGCAACA/CAAAGATCTGCAGCTCACCA

AT1G01060 LHY1 (LATE ELONGATED HYPOCOTYL) GTGATACGTCAATGCCGATG/CTTTCGCCTCCATTGAACAT

AT2G47240 LACS1 (LONG-CHAIN-FATTY-ACID-CoA LIGASE ATCCGGTTGCTTGTATCTGG/CTCAAGCCGTATCTCGTT

AT2G43710 FAB2 (STEAROYL-CoA 9-DESATURASE) GGCCTTACAACTTCCCTTCC/CAACCTCCTTGGAGCTGAGA
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Differences in seed qualitative traits under artificial

conditions between the NILs

To investigate the effect of temperature on oil formation in

the NILs, we grew the plants under artificial conditions in

which temperature was strictly controlled. We analyzed

and compared seed oil content and fatty acid composition

in mature seeds. As shown in Fig. 3, temperature had a

clear effect on seed oil content as well as fatty acid com-

position. Overall, the NIL plants responded to increasing

temperature with decreasing levels of total seed oil, linoleic

acid (C18:2), linolenic acid (C18:3), and erucic acid

(C22:1). NIL-9 had higher seed oil content than did NIL-1

in all three growth chambers. However, the degree of

surplus varied. The highest surplus was found in Chamber

T3 and the lowest in Chamber T2. NIL-9 also had higher

levels of docosanoic acid (C22:0) and erucic acid (C22:1)

than NIL-1, but lower levels of stearic acid (C18:0), oleic

acid (C18:1), and eicosenoic acid (C20:1) in all three

chambers. NIL-9 surpassed NIL-1 in palmic acid (C16:0)

and linoleic acid (C18:2) levels in Chamber T3, but not in

Chambers T1 and T2, whereas NIL-9 surpassed NIL-1 in

linolenic acid (C18:3) content in Chambers T2 and T3, but

not in Chamber T1.

General description of microarray data

To determine differentially expressed genes (DEGs), the

mixed linear model approach was used for the analysis.

Statistical calculations indicated that the effect of geno-

type, temperature, and the interaction between genotype

and temperature on the expression of the genes in 25 DAF

seeds were all significant at a 0.01% false discovery rate.

A total of 19,111 DEGs were generated by temperature.

A total of 4,982 DEGs resulted from global genotypic

divergence, among which 791 DEGs, accounting for

15.9% of the global DEGs, are located at the qOC.C2.2

region as determined by alignment with the Arabidopsis

genome. A total of 839 DEGs arose from the interaction

effect between genotype and temperature. Detailed infor-

mation on the sequence IDs is provided in Supplemental

Table S2.

We classified the DEGs into three major clusters,

resulting from temperature (Cluster-t, C-t), genotype (C-g),

and the interaction between temperature and genotype

(C-i), respectively. Furthermore, 11 sub-clusters were

identified using the self-organizing map clustering tech-

nique (Wan et al. 2008), clusters C-t-1 to C-t-4, C-g-1 to

C-g-4, and C-i-1 to C-i-3, respectively (Fig. 4).

C-t-3 and C-t-4 were two major sub-clusters within C-t,

collectively accounting for 68.2% of the DEGs within C-t.

The genes in these two clusters were expressed with the

highest RNA transcript abundance under low temperature

(T1) and with the lowest RNA transcript abundance under

high temperature (T3). C-t-1 represented only 15.6% of the

DEGs in C-t. The transcription level of the genes in this

cluster increased from T1 to T2 as well as from T2 to T3.

C-t-2 represented 16.1% of the DEGs in C-t. The genes in

C-t-2 had a very low expression at T2. Both increasing and

decreasing temperature to T1 or T3 resulted in higher

expression of the genes in this cluster.

C-g-2 accounted for 43.6% of the DEGs in C-g. Relative

to the genes of other clusters in the C-g, the genes in C-g-2

had higher RNA transcription levels. C-g-3 and C-g-4

totaled 35.8% of the DEGs in C-g. The transcription level

in these two clusters was lower than that in C-g-2, but

higher than that in C-g-1. The expression level of the genes

in NIL-9 was lower than that in NIL-1 in the C-g clusters,

except in C-g-1.

C-i-2 represented 53.5% of the DEGs in C-i. The

expression of NIL-1 genes was very high, nearly 50%

higher than that of NIL-9, under T1 and T3. However, the

expression was lower than that of NIL-9 under T2. Clusters

C-i-1 and C-i-3 collectively accounted for 46.5% of the

DEGs in C-i. The general trend in C-i-1 was a decrease in

transcription abundance in response to increasing temper-

atures. Moreover, the expression level of NIL-9 genes was

lower than that of NIL-1 genes treated only with T2.

sR6293b 50.4 cM 

CB10530b 51.7 cM O113G05 54.6 cM
HG-FT-C2 58.8 cM

Tapidor
NIL-9
NIL-1
Ningyou-7

LOD

4

1
2

3

Fig. 2 The QTL for seed oil content at the qOC.C2.2 region

detectable in hot environments. Arrows point to the QTL peaks

detected in Wuhan in spring 2003 (arrow 1) and Spring 2004 (arrow
2), in Jingzhou in Spring 2005 (arrow 3), and in Hangzhou in spring

2007 (arrow 4). The bars represent genomic fragments from Tapidor

and Ningyou-7. NIL-9 carries an introgression from Tapidor at the

qOC.C2.2 region that spans a genetic distance of 9.0 cM, determined

by the linkage map position of the SSR and SRAP markers for

genotyping
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The trend in C-i-3 was the opposite of that in C-i-1,

demonstrating an increase in transcription level in response

to higher temperatures. The transcription level of NIL-9

genes was higher than that of NIL-1 genes conditioned

only with T2. The unisequence information for each cluster

is provided in detail in Supplemental Table S3.
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Fig. 3 Comparison of seed qualitative traits between NIL-9 and NIL-

1 grown in Chambers T1, T2, and T3. Error bars indicate SD values

of three independent repeats. a seed oil content; b palmitic acid

content; c stearic acid content; d oleic acid content; e linoleic acid

content; f linolenic acid content; g arachidic acid content; h eicosenoic

acid content; i docosanoic acid content, and j erucic acid content
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Expressional divergence of the NILs under different

temperatures

To understand the expressional divergence of the NILs

under different temperatures, we drew Venn diagrams

(Fig. 5). The smallest expression differences were found

under T2, under which NIL-1 differed from NIL-9 with the

expression of 251 genes globally and 39 genes at the

qOC.C2.2 region. More genetic divergences were observed

under T1, under which the NILs differed from each other

with 2 933 DEGs globally and 460 DEGs at the qOC.C2.2

region. The greatest difference was caused by T3, under

which the NILs differed from each other with 3 499 DEGs

globally and 558 DEGs at the qOC.C2.2 region. The

number of DEGs at the qOC.C2.2 region accounted for

about 11.7, 15.5, and 15.9% of the global DEGs under T1,

T2, and T3, respectively. A total of 102 genes at the global

level (or 15 genes at the QTL region; Fig. 5a, b) were

always differentially expressed between the NILs under

either T1 or T2. A total of 107 genes at the global level (or

15 genes at the QTL region) were always differentially

expressed between the two NILs under either T2 or T3. A

list of the DEG information is provided in Supplemental

Table S4.

Globally, a total of 39 genes were differentially expres-

sed between the NILs under all of the three temperatures,

among which six were located in the qOC.C2.2 region

(Table 2). 30 of these DEGs have orthologues in Arabid-

opsis, including the transcription factors VOZ1 (VASCU-

LAR PLANT ONE ZINC FINGER PROTEIN), DCT2.1

(DICARBOXYLATE TRANSPORT 2.1), FLA7 (FASCI-

CLIN-LIKE ARABINOOGALACTAN 7), SUF4 (suppressor

of FRIGIDA4), other genes such as CAT3 (CATALASE 3),

G6PD1 (GLUCOSE-6-PHOSPHATE DEHYDROGENASE

1), PROT1 (PROLINE TRANSPORTER 1), GDU3 (GLU-

TAMINE DUMPER 3). The six genes that were located in

the qOC.C2.2 region are orthologous to Arabidopsis

EMB3010 (AT5G10360), AT5G02910, AT1G70620, and

AT1G80910, AT1G76200, AT1G70770 (Table 2). As

described in Table 2, at least two of the six genes are the

transcriptional factors that regulate reproductive organ

development.

GO analysis of DEGs

To analyze the biological functions of the DEGs (in the

QTL region), GO slim categories were assigned to DEGs

arising from both genotype (Table 3) and temperature

(Fig. 6). As shown in Table 3, 246 DEGs resulting from

genotype can be grouped into various GO categories. Of

these, a high proportion of GO slims were specifically

related to embryo development (GO:0009793), DNA-

dependant transcription regulations (GO:0006355), stress

responses (such as GO:0055114 for oxidation reduction;

GO:009651 for salt stress response; GO:0009408 for heat

response; GO:0009611 for wound response; GO:0046686

for cadmium stress response), and photosynthesis (GO:00

09853 for photorespiration; GO:008005 for photosystem

stoichiometry adjustment; GO:0006096 for glycolysis;

GO:0006108 for malate metabolism). These were over-

represented on the list of DEGs arising from genotype. A

number of DEGs also belonging to the GO categories

are involved in more general biological processes. Of

these, some are associated with protein biosynthesis (GO:0

006412), protein folding (GO:0006457) and protein inter-

cellular transport (GO:0006886), translational initials

(GO:0006413), jasmonic acid response (GO:0009753), and

other functions. Detailed gene functions are presented in

Supplemental Table S5.

Assuming that T2 represents the typical temperature

during seed maturation, the change in temperature from T2

to T1 or from T2 to T3 generated 523 DEGs at the global

level, classified according to GO slim categories (Fig. 6).

Either increasing the temperature to T3 or decreasing

the temperature to T1 resulted in the upregulation of the

genes related to DNA-dependent transcription regulations

(GO:0006355), embryo development (GO:0009793), stress

response (GO:0042742 for bacterium defending response;

GO:0046686 for cadmium stress response), protein bio-

synthesis (GO:0006412), amino acid phosphorylation (GO:

0006468), and protein folding (GO:0006457). Increasing

the temperature to T3 caused the upregulation of the genes

involved in heat response (GO:0009408) and ubiquitin-

dependent protein catabolism (GO:0006511), but the

downregulation of several genes associated with fatty acid

biosynthesis (GO:0006633), red light response (GO:001

0114), photosynthesis (GO:0015979), gibberellic acid

stimulus response (GO:0009739), and translational elon-

gations (GO:0006414). Decreasing the temperature to T1

led to the downregulation of some genes regulating gly-

colysis (GO:0006096), malate metabolism (GO:0006108),

T1

T2
T3

39
63

68

1864

T1

T2 T3

6
9

9

295

Global DEGs DEGs at qOC.C2.2

A B

967

81
1528

150

15

248

Fig. 5 Venn diagram showing the number of DEGs between the

NILs treated under different temperatures. The left and right circles
indicate the DEGs at global level and qocc2-2 region, respectively.

The numbers of DEGs among T1, T2, and T3 are indicated

Theor Appl Genet (2012) 124:515–531 523

123



T
a

b
le

2
G

en
es

b
et

w
ee

n
N

IL
-9

an
d

N
IL

-1
th

at
ar

e
d

if
fe

re
n

ti
al

ly
ex

p
re

ss
ed

re
g

ar
d

le
ss

o
f

te
m

p
er

at
u

re
ch

an
g

es

G
en

e
ID

(B
.

n
a

p
u

s)
A

ra
b

id
o

p
si

s
h

it
In

o
r

o
u

t
o

f
th

e

q
O

C
.C

2
.2

re
g

io
n

H
it

d
es

cr
ip

ti
o

n
(a

cc
o

rd
in

g
to

h
tt

p
:/

/w
w

w
.a

ra
b

id
o

p
is

i.
o

rg
)

b
3

8
fc

ea
8

6
f0

0
4

2
e5

0
ed

3
9

f8
e3

8
2

b
b

4
3

2
A

T
5

G
1

0
3

6
0

In
R

eg
u

la
te

s
em

b
ry

o
d

ev
el

o
p

m
en

t

9
0

8
4

5
d

d
3

6
7

9
9

a7
7

8
cc

9
2

5
5

1
3

d
9

b
8

9
1

1
3

A
T

5
G

0
2

9
1

0
In

A
F

-b
o

x
fa

m
il

y
p

ro
te

in
.

A
cc

o
m

p
an

ie
s

p
o

ll
en

g
er

m
in

at
io

n
an

d
tu

b
e

g
ro

w
th

0
4

a4
3

4
4

e0
7

3
e0

b
9

3
0

a2
3

2
3

af
d

1
6

4
2

e7
d

A
T

1
G

7
0

6
2

0
In

C
y

cl
in

-r
el

at
ed

.
In

v
o

lv
ed

in
re

p
ro

d
u

ct
iv

e
o

rg
an

d
ev

el
o

p
m

en
t

d
b

f8
8

d
9

8
9

ef
d

3
8

0
e4

7
1

e8
6

5
3

3
d

9
9

f2
c9

A
T

1
G

8
0

9
1

0
In

E
x

p
re

ss
ed

in
re

p
ro

d
u

ct
iv

e
o

rg
an

s,
le

af
an

d
v

as
cu

la
r

ti
ss

u
e

ce
ae

6
ee

0
3

ab
ff

d
b

1
8

3
b

f4
6

a2
5

e7
6

7
2

7
6

A
T

1
G

7
6

2
0

0
In

E
x

p
re

ss
ed

in
re

p
ro

d
u

ct
iv

e
o

rg
an

s,
le

af
an

d
v

as
cu

la
r

ti
ss

u
e

c8
2

9
6

a9
9

6
7

f0
0

e2
1

ef
1

1
a8

f9
1

1
a2

d
4

5
c

A
T

1
G

7
0

7
7

0
In

T
ra

n
sm

em
b

ra
n

e
p

ro
te

in
.

L
o

ca
te

d
in

en
d

o
p

la
sm

ic
re

ti
cu

lu
m

,
n

u
cl

eu
s,

an
d

m
em

b
ra

n
e

f8
d

3
7

8
d

6
d

1
7

0
6

e7
2

0
d

d
5

3
2

7
7

4
7

7
b

6
8

0
9

A
T

1
G

7
4

0
5

0
O

u
t

R
ib

o
so

m
al

p
ro

te
in

L
6

fa
m

il
y

p
ro

te
in

.
F

u
n

ct
io

n
s

in
st

ru
ct

u
ra

l
co

n
st

it
u

en
t

o
f

ri
b

o
so

m
e

d
6

4
7

3
ae

9
d

0
6

2
5

8
f1

8
0

9
9

0
5

7
d

b
fe

7
ca

8
4

A
T

2
G

0
4

7
8

0
O

u
t

S
p

ec
ia

li
ze

s
st

em
b

io
m

ec
h

an
ic

s
an

d
ce

ll
w

al
l

ar
ch

it
ec

tu
re

d
6

3
1

0
5

6
5

1
9

f7
9

1
0

fa
8

b
f6

d
5

0
0

5
8

5
fa

5
3

A
T

1
G

3
0

9
7

0
O

u
t

S
U

F
4

,
a

p
u

ta
ti

v
e

zi
n

c-
fi

n
g

er
-c

o
n

ta
in

in
g

tr
an

sc
ri

p
ti

o
n

fa
ct

o
r

fo
r

d
el

ay
ed

fl
o

w
er

in
g

d
1

0
9

1
b

4
9

b
6

d
0

8
d

8
4

e9
3

5
0

5
9

1
cf

e2
5

b
9

c
A

T
1

G
6

1
7

8
0

O
u

t
A

p
o

st
sy

n
ap

ti
c-

re
la

te
d

p
ro

te
in

,
ex

p
re

ss
ed

in
2

5
p

la
n

t
st

ru
ct

u
re

s
d

u
ri

n
g

1
5

g
ro

w
th

st
ag

es

b
ec

4
8

8
1

1
1

f7
8

ff
6

8
6

8
e7

2
1

9
f7

9
7

5
4

4
3

a
A

T
1

G
2

8
5

2
0

O
u

t
V

O
Z

1
,

a
v

as
cu

la
r

o
n

e
zi

n
c

fi
n

g
er

p
ro

te
in

in
v

o
lv

ed
in

v
as

cu
la

r
p

h
y

si
o

lo
g

ic
al

fu
n

ct
io

n

b
8

9
0

cb
4

4
5

b
9

ee
9

a6
d

f9
e3

7
b

9
d

6
e9

b
7

cd
A

T
5

G
4

2
2

2
0

O
u

t
U

b
iq

u
it

in
fa

m
il

y
p

ro
te

in

a1
f1

c0
3

6
0

c2
1

b
1

d
e8

3
3

9
2

1
3

9
cc

8
0

1
f3

2
A

T
5

G
6

4
2

9
0

O
u

t
D

IT
2

.1
,

re
la

te
d

to
d

ic
ar

b
o

x
y

la
te

tr
an

sp
o

rt
at

io
n

9
ca

8
5

ad
2

a9
a9

d
5

6
d

8
6

b
6

ea
5

a6
1

ea
7

3
e3

A
T

4
G

1
4

4
1

0
O

u
t

B
as

ic
h

el
ix

-l
o

o
p

-h
el

ix
(b

H
L

H
)

fa
m

il
y

p
ro

te
in

.
R

es
p

o
n

d
s

to
ir

o
n

d
efi

ci
en

cy

9
9

6
8

d
7

1
3

ad
f1

e2
eb

8
1

4
5

8
4

4
8

5
c3

a3
3

4
f

A
T

4
G

3
3

9
4

0
O

u
t

Z
in

c
fi

n
g

er
(C

3
H

C
4

-t
y

p
e

R
IN

G
fi

n
g

er
)

fa
m

il
y

p
ro

te
in

.
B

in
d

s
ch

it
in

zi
n

c
io

n
.

8
d

7
ce

f9
e3

7
a5

5
e6

1
3

1
a9

ae
2

3
0

3
9

d
4

d
b

c
A

T
1

G
2

0
6

2
0

O
u

t
C

A
T

3
.

C
at

al
y

ze
s

th
e

b
re

ak
d

o
w

n
o

f
h

y
d

ro
g

en
p

er
o

x
id

e
(H

2
O

2
)

in
to

w
at

er
an

d
o

x
y

g
en

.

R
es

p
o

n
d

s
to

N
,

P
,

S
st

ar
v

at
io

n
,

ca
d

m
iu

m
io

n
an

d
co

ld
st

re
ss

7
d

3
3

8
3

8
9

4
2

9
7

d
c4

5
7

c9
2

1
3

b
b

2
f6

0
0

2
3

5
A

T
5

G
6

6
9

2
0

O
u

t
S

K
U

5
.

In
v

o
lv

ed
in

d
ir

ec
te

d
ro

o
t

ti
p

g
ro

w
th

,
ex

p
re

ss
ed

m
o

st
st

ro
n

g
ly

in
ex

p
an

d
in

g
ti

ss
u

es

6
fe

c7
1

5
d

9
ac

c5
5

0
ac

5
7

6
d

d
d

9
2

c6
0

6
4

c5
A

T
5

G
3

5
7

9
0

O
u

t
G

6
P

D
1

.
P

la
st

id
ic

g
lu

co
se

-6
-p

h
o

sp
h

at
e

d
eh

y
d

ro
g

en
as

e
p

re
v

al
en

t
in

d
ev

el
o

p
in

g
o

rg
an

s

5
e4

c4
5

9
0

9
5

0
1

d
7

a9
b

8
a6

0
a9

7
ad

a4
9

9
7

8
A

T
2

G
3

9
8

9
0

O
u

t
P

R
O

T
1

,
P

ro
li

n
e

tr
an

sp
o

rt
er

ex
p

re
ss

ed
in

th
e

v
as

cu
la

r
ti

ss
u

e,
sp

ec
ifi

ca
ll

y
th

e
p

h
lo

em

4
f9

9
0

cd
0

1
2

9
1

e1
fd

2
6

9
9

b
8

3
5

5
a3

ae
0

5
a

A
T

2
G

0
1

7
1

0
O

u
t

D
N

A
J

h
ea

t
sh

o
ck

N
-t

er
m

in
al

d
o

m
ai

n
-c

o
n

ta
in

in
g

p
ro

te
in

4
d

4
e8

cf
0

3
6

0
8

7
6

5
f8

5
b

cb
1

d
a6

9
9

8
d

3
3

5
A

T
2

G
0

3
5

0
5

O
u

t
C

ar
b

o
h

y
d

ra
te

-b
in

d
in

g
X

8
d

o
m

ai
n

su
p

er
fa

m
il

y
p

ro
te

in

4
7

4
d

5
6

ea
ee

0
e9

f0
8

d
b

d
0

c6
6

d
a2

8
d

fd
6

a
A

T
3

G
5

5
7

7
0

O
u

t
E

n
co

d
es

a
m

em
b

er
o

f
th

e
L

IM
p

ro
te

in
s.

R
eg

u
la

te
s

ac
ti

n
cy

to
sk

el
et

o
n

o
rg

an
iz

at
io

n
.

4
0

ca
7

0
7

8
7

d
8

6
3

7
1

1
4

6
b

1
c4

0
5

9
1

b
0

e9
9

d
A

T
4

G
0

0
8

3
0

O
u

t
R

N
A

re
co

g
n

it
io

n
m

o
ti

f
(R

R
M

)-
co

n
ta

in
in

g
p

ro
te

in
.

C
o

n
tr

o
ls

fl
o

w
er

in
g

an
d

ce
ll

fa
te

3
f0

9
9

6
7

b
8

1
d

b
4

cf
d

1
3

7
0

ef
f1

1
c8

d
6

8
8

6
A

T
3

G
5

2
9

7
0

O
u

t
C

Y
P

7
6

G
1

,
el

ec
tr

o
n

ca
rr

ie
r.

E
x

p
re

ss
es

in
en

d
o

sp
er

m
to

co
n

tr
o

l
em

b
ry

o
g

ro
w

th

3
5

0
b

3
9

7
c2

1
3

8
0

fd
3

3
a3

9
2

d
4

1
ff

b
9

4
3

9
c

A
T

1
G

5
2

9
3

0
O

u
t

B
R

IX
d

o
m

ai
n

-c
o

n
ta

in
in

g
p

ro
te

in
.

Im
p

li
ca

te
d

in
cy

to
k

in
in

re
sp

o
n

se
s.

2
4

4
9

c6
0

8
6

4
ec

b
b

b
8

c8
7

3
3

e7
ec

8
ae

d
2

1
3

A
T

2
G

0
3

5
5

0
O

u
t

A
lp

h
a/

b
et

a-
H

y
d

ro
la

se
s

su
p

er
fa

m
il

y
p

ro
te

in
.

F
u

n
ct

io
n

s
in

h
y

d
ro

la
se

ac
ti

v
it

y
.

In
v

o
lv

ed
in

m
et

ab
o

li
c

p
ro

ce
ss

1
d

1
e8

9
d

0
6

c8
2

fb
7

1
8

e6
e9

4
8

0
7

1
0

ea
1

9
7

A
T

5
G

5
7

6
8

5
O

u
t

G
D

U
3

.
E

n
co

d
es

a
m

em
b

er
o

f
th

e
g

lu
ta

m
in

e
d

u
m

p
er

fa
m

il
y

p
ro

te
in

s.
In

v
o

lv
ed

in
am

in
o

ac
id

ex
p

o
rt

.
R

es
p

o
n

se
to

v
ir

u
s

7
c6

f0
2

f4
c6

d
6

d
4

1
ff

5
e8

f4
cd

0
f3

e9
7

ac
A

T
3

G
0

7
9

0
0

O
u

t
O

-f
u

co
sy

lt
ra

n
sf

er
as

e
fa

m
il

y
p

ro
te

in
.

L
o

ca
te

d
in

ch
lo

ro
p

la
st

.
E

x
p

re
ss

ed
in

ro
o

t.

5
9

b
e8

6
9

9
f2

7
4

2
b

d
7

3
3

9
a9

4
a6

5
cd

b
7

5
a9

A
T

3
G

2
0

3
5

0
O

u
t

V
ac

u
o

la
r

su
cr

o
se

tr
an

sp
o

rt
er

.
L

o
ca

te
d

in
p

la
sm

a
m

em
b

ra
n

e.
E

x
p

re
ss

ed
in

co
ty

le
d

o
n

4
7

c4
8

8
0

c8
4

2
1

2
b

5
c5

3
5

7
d

3
9

1
4

b
1

a6
2

b
4

A
T

4
G

2
0

0
9

5
O

u
t

U
n

k
n

o
w

n
p

ro
te

in

1
cb

3
9

9
ae

7
c6

4
0

b
7

5
0

6
b

c0
cf

1
c4

eb
c6

b
f

A
T

3
G

0
9

9
8

0
O

u
t

E
x

p
re

ss
ed

in
re

p
ro

d
u

ct
iv

e
o

rg
an

s,
le

af
an

d
v

as
cu

la
r

ti
ss

u
e

1
3

fd
9

ea
3

6
d

8
d

c8
c1

8
aa

2
9

7
7

fe
a7

f5
5

0
c

N
o

h
it

U
n

k
n

o
w

n
U

n
k

n
o

w
n

f4
5

0
7

8
d

0
1

8
5

b
0

8
5

ca
8

7
d

ec
1

8
1

a3
d

b
aa

e
N

o
h

it
U

n
k

n
o

w
n

U
n

k
n

o
w

n

524 Theor Appl Genet (2012) 124:515–531

123

http://www.arabidopisi.org


abscisic acid stimulus response (GO:0009737), the tricar-

boxylic acid cycle (GO:0006099), and water deprivation

response (GO:0009414). Either increasing temperature to

T3 or decreasing temperature to T1 resulted in the down-

regulation of the genes of the cold response category

(GO:0009409) and the up and downregulation of the genes

of the oxidation reduction category (GO:0055114).

Quantitative RT-PCR confirmation

To assess the reproducibility and accuracy of microarray

analysis, quantitative RT-PCR (qRT-PCR) was performed.

The putative transcription factors, such as the Brassica ortho-

logues to Arabidopsis LEAFY COTYLEDON1 (LEC1),

WRINKLED1 (WRI1), ABA INSENSITIVE 3 (ABI3), and

FUSCA3 (FUS3), are important in the regulation of embryo

development and seed fatty acid metabolism (Tchagang et al.

2009). Other genes, such as the Brassica orthologues to Ara-

bidopsis FATTY ACID DESATURASE2 (FAD2), FAD3, LATE

ELONGATED HYPOCOTY 1 (LHY1), DIACYLGLYCEROL

O-ACYLTRANSFERASE1 (TAG1), LYSOPHOSPHATIDIC

ACID ACYLTRANSFERASES (LPAT2), AT4G25140 (encod-

ing OLEOSIN), AT4G26740 (encoding CALEOSIN), AT2G4

3710 (encoding STEAROYL-ACP DESATURASE), AT2G47

240 (encoding long-chain-fatty-acid-CoA ligase), and AT3G2

5110 (encoding FatA acyl-ACP thioesterase), play critical

roles in various fatty acid biosynthesis pathways. These were

selected and subjected to the experiment. Overall, a significant

correlation was observed between the microarray and qRT-

PCR results (Supplemental Table S6).

The genetic difference between NIL-9 and NIL-1 had a

significant effect on the expression of the genes BnLACS1,

BnOLEO1, BnCLO1, BnFatA, and BnLHY1 (Fig. 7). Relative

to NIL-1, NIL-9 had a higher expression level of BnLACS1,

BnCLO1, and BnLHY1, but a lower expression level of

BnOLEO1 and BnFatA. The temperature significantly affec-

ted the expression level of the genes BnLEC1, BnWRI1,

BnABI3, BnFUS3, BnFAD2, BnFAD3, BnTAG1, and BnL-

PAT2 as well as BnOLEO1, BnCLO1, BnFaTA, and BnLHY1.

Increasing temperature led to a higher expression of BnABI3,

BnFUS3, BnTAG1, BnOLEO1, BnCLO1, and BnFaTA, but a

lower expression of BnLEC1, BnWRI1, BnFAD2, BnFAD3,

and BnLPAT2. The G 9 T interaction significantly affected

the expression of BnFAB2. Treated only under T1, NIL-9 had

a higher expression of BnLPAT2 than NIL-1.

Discussion

We developed two near-isogenic lines, NIL-9 and NIL-1,

which were 95.83% identical to the recurrent parent

Ningyou-7 at the global level. NIL-9 carries introgression

from another parent (Tapidor) at the qOC.C2.2 region,T
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which spans a genetic distance of 9.0 cM. A QTL could be

detected within this region treated under a high environ-

mental temperature during seed maturation. We grew the

NILs in pairs and treated them under different temperatures

at the seed maturation stage for the comparison of tran-

scriptomes on the 25th DAF as well as the comparison of

the qualitative traits of the seeds harvested. The 25 DAF

seeds at low temperature might not be at the equivalent

stage as 25 DAF seeds at high temperature. However, what

important is that the developmental stage of the two NILs

in a same growth chamber should be parallel. The analysis

of microarray data indicate that the genotype, temperature,

and interaction between genotype and temperature all

significantly affected the expression pattern of the genes in

the 25 DAF seeds and, as a result, also affected total seed

oil content and fatty acid composition.

NIL-9 had higher seed oil content than did NIL-1 in field

experiments (data not shown) as well as in growth cham-

bers (Fig. 3). The highest surplus of seed oil content

(9.56%) was detected under the highest temperature con-

dition (T3), and the lowest surplus (1.38%) was found in

the chamber with intermediate temperature (T2). The

degree of the differences in seed oil content and fatty acid

composition between the two NILs paralleled the number

of DEGs in the 25 DAF seeds, which was 3,499, 251, and

2,933 for T3, T2, and T1, respectively (Fig. 5). The

qOC.C2.2 region spans a genetic distance of 9.0 cM,

accounting for less than 1.0% of the entire genome size of

B. napus, yet this region accounted for 15.9, 15.5, and

11.7% of the global expression differences under T3, T2,

and T1, respectively. Thus, the expressional divergence

between the NILs, or among the DH lines for QTL map-

ping, would be magnified in a high-temperature environ-

ment. This may be the reason why the QTL (qOC.C2.2)

was only detectable in hot environments during seed mat-

uration. The overlap of DEGs between T2 and T3, which

was not caused by changing temperature, can be excluded

from the list of the genes that gave rise to the qOC.C2.2.

Parallel to almost every Arabidopsis gene, there exists

orthologous copies in certain regions of Brassica genomes

because the Arabidopsis and Brassica genomes originated

from a common ancestor about 14.5–0.4 million years ago

(Blanc and Wolfe 2004a, b). By aligning with the parallel

region of Arabidopsis genome, the putative genes at the

qOC.C2.2 region were deduced (Fig. 1). Six genes at

the QTL region were differentially expressed between the

NILs regardless of temperature changes, suggesting core

genetic divergences at the QTL region that were unaffected

by temperature (Table 2). The allelic divergence of these

genes might directly cause the polymorphisms within the

QTL. One of these genes that hit Arabidopsis AT5g10360

is a putative transcription factor (F-box family gene) reg-

ulating pollen germination and tube growth. One other

gene hits Arabidopsis AT5G10360 (Creff et al. 2010;

Mahfouz et al. 2006) that encodes a structural constituent

of ribosome and regulates the development of embryo. The

rest four genes all express in reproductive organs, leaf and

vascular tissues. Their molecular and physiological func-

tions are not clear to date. These six genes constitute the

core genetic divergences between the two NILs. They

Table 3 Gene ontogeny (GO)

category slim IDs in the list of

DEGs arising from genotype

effect (Only GO Slim IDs with

p values equal to or less than

0.005 are listed)

GO slim GO term description Gene number p value

GO:0009793 Embryonic development 17 1.23E-05

GO:0009611 Response to wounding 11 1.58E-05

GO:0006096 Glycolysis 8 4.14E-05

GO:0006777 Mo-molybdopterin cofactor biosynthesis 3 1.59E-04

GO:0080005 Photosystem stoichiometry adjustment 2 1.59E-04

GO:0006413 Translational initiation 7 1.71E-04

GO:0006108 Malate metabolism 4 1.84E-04

GO:0009853 Photorespiration 5 2.54E-04

GO:0009408 Response to heat 8 4.28E-04

GO:0006457 Protein folding 12 4.50E-04

GO:0006412 Protein biosynthesis 21 9.48E-04

GO:0016192 Vesicle-mediated transport 12 1.41E-03

GO:0009753 Response to jasmonic acid stimulus 8 1.75E-03

GO:0055114 Oxidation reduction 30 2.84E-03

GO:0006468 Protein amino acid phosphorylation 29 3.51E-03

GO:0009651 Response to salt stress 12 3.97E-03

GO:0006886 Intracellular protein transport 11 4.42E-03

GO:0046686 Response to cadmium ion 11 4.61E-03

GO:0006355 Regulation of transcription, DNA-dependent 35 5.90E-03
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might result in trans-regulatory effects giving rise to other

33 DEGs that locate out of the qOC.C2.2 region. Among

these 33 genes, five were putative transcription factors

orthologous to Arabidopsis VOZ1, SUF4, AT4G14410 (a

bHLH protein), AT4G33940 (a C3HC4-type RING finger

protein), and AT5G02910 (an F-box family protein). In

Arabidopsis, VOZ1 binds to a 38-bp pollen-specific cis-

acting region of the AVP1 gene relating to pollen devel-

opment, and it is also expressed in the phloem tissue and

root (Mitsuda et al. 2004). SUF4 is a putative zinc-finger-

containing transcription factor and is required for the

upregulation of FLC by FRI (Kim et al. 2006; Kim and

Michaels 2006). The floral inhibitor FLC, a crucial regu-

lator of flowering time, is positively regulated by the FRI

gene in late-flowering winter-annual accessions (Anders-

son et al. 2008; Wang et al. 2006a). The bHLH genes

constituting one of the largest families of transcription

factors have a range of different roles in plant cell and

tissue development (Toledo-Ortiz et al. 2003). The

C3HC4-type RING finger protein functions in zinc ion

binding and is involved in response to chitin, a well-

established elicitor of plant defense responses (Libault

et al. 2007). The F-box family proteins are responsible for

substrate specificity in the ubiquitin–proteasome pathway

and therefore play a pivotal role in many physiological

activities such as cell-cycle progression, transcription reg-

ulation, programmed cell death, and cell signal transduc-

tion (Kipreos and Pagano 2000; Yang et al. 2008). The

differences in these transcription factors may cause diver-

gence in the global expressions of their target genes,

thereby leading to differential expression of thousands of

genes in response to temperature stimuli (Fig. 5).

GO analysis of DEGs between the two genotypes sug-

gests that a high proportion of GO slims specifically related

to transcription regulations, embryo development, stress

responses, and photosynthesis affected the formation of

seed oil. Furthermore, quantitative RT-PCR experiments

confirmed the microarray results, demonstrating that NIL-9

had higher expression of BnLACS1, BnCLO1, and

BnLHY1, but lower expression of BnOLEO1 and BnFatA

(Fig. 7). In Arabidopsis, LACS1 encodes an acyl-CoA

synthetase that acts on long-chain and very-long-chain

fatty acids (Lu et al. 2009). CLO1 is expressed preferen-

tially in the embryo and is found within seed lipid bodies
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Fig. 6 The number of the down or upregulated genes in each GO category arising from the increase in temperature from T2 to T3 or the decrease

in temperature from T2 to T1. Only GO Slim IDs with p values equal to or less than 0.005 are listed
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(Hanano et al. 2006; Poxleitner et al. 2006). LHY1 is a

myb-related putative transcription factor involved in cir-

cadian rhythms (Penfield and Hall 2009). FatA is Fatty acyl-

ACP thioesterase (Cao et al. 2010; Kachroo et al. 2007), the

major determinant of the level of saturated fatty acids found

in most plant tissues. OLEO1 (Shimada and Hara-Nishim-

ura 2010; Siloto et al. 2006) is found in oil bodies involved

in seed lipid accumulation. The higher contents of the long-

chain fatty acids, docosanoic acid (C22:0), and erucic acid

(C22:1), in the matured NIL-9 seeds might have partly

resulted from the higher expression of BnLACS1 during

seed maturation (Fig. 3i, j). Conversely, the lower content

of saturated fatty acids, such as palmic acid (C16:0), stearic

acid (C18:0), and arachidic acid (C20:0), in the matured

NIL-9 seeds could have been caused by the lower expres-

sion of BnFatA (Fig. 3b, c, g, k).

Notably, the erucic acid (C22:1) level was higher in the

NIL-9 seeds, regardless of temperature conditions (Fig. 3j).

FAE1 is a condensing enzyme that extends fatty acid chain

length from C18 to C20 and C22 (Lassner et al. 1996).

BnFAE1 was not found in the DEGs, because the QTL

region (qOC.C2.2) paralleled the fragments of Arabidopsis

chromosome 1 and 5, but AtFAE1 (AT4G34520) locates on

chromosome 4. Nevertheless, five FAE1 orthologs namely

CHLOROPLASTIC ACETYLCOENZYME A CARBOXYL-

ASE 1, GAMMA-GLUTAMYL HYDROLASE 2, an IIF beta

subunit (TFIIF-beta) family protein, STEROL METHYL-

TRANSFERASE 1, and DEOXYHYPUSINE SYNTHASE,
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Fig. 7 Quantitative RT-PCR confirms the microarray results showing

the expression of the genes regulating seed development or the genes

important in lipid metabolic pathways. Error bars indicate SD values

of three independent repeats. The expression of BnLEC1, BnWRI1,

BnABA3, BnFUS3, BnFAD2, BnFAD3, BnTAG1, and BnLPAT2 was

significantly affected by temperature. The expression of BnLACS1

was significantly affected by genotype. The expression of BnOLEO1,

BnCLO1, BnFatA, and BnLHY1 was significantly affected by both

temperature and genotype. The expression of BnFAB2 was signifi-

cantly affected by the interaction between genotype and temperature

(p \ 0.005)
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which were clustered into one group due to similar

expressional pattern, located at the QTL region and dif-

ferentially expressed between the two NILs (Supplemental

Table S3).

In general, temperature had a clear effect on seed oil

content and fatty acid composition. The higher the tem-

perature at seed maturation, the lower the seed oil content

and yield of unsaturated fatty acid, such as that of linoleic

acid (C18:3) (Fig. 3). High temperatures during the seed

maturation stage are an important factor limiting the yield

in many oilseed rape production regions, such as the

middle and lower reach of the Yangtze Valley of China.

Our experiment revealed that the increase in temperature

caused the downregulation of several genes associated with

red light response, photosynthesis, gibberellic acid stimulus

response, and translational elongations (Fig. 6), as well as

genes associated with lipid metabolism, such as BnLEC1,

BnWRI1, BnFAD2, BnFAD3, and BnLPAT2 (Fig. 7). In

contrast, the decrease in temperature led not only to the

upregulation of the aforementioned lipid genes, but also to

the upregulation of the genes associated with transcription

regulation, embryonic development, protein biosynthesis,

protein amino acid phosphorylation, and stress response.

We noticed that BnABA3, an important regulatory factor

in ABA signal transduction, was upregulated by higher

temperatures. Since ABA plays important role in seed

maturation and dormancy. This may contribute to the

acceleration of seed maturation and less accumulation of

seed storages under higher-temperature conditions.

Tchagang et al. (2009) developed a dynamic regulatory

map for understanding the interaction between transcrip-

tion factors and their target genes and predicted the

leading roles of LEC1, LEC2, WRI1, FUS3, MYB30, and

ABI3 in controlling B. napus seed development and fatty

acid metabolism. Our study indicates that temperature

significantly affected the expression of BnLEC1, BnWRI1,

BnABI3, and BnFUS3. However, neither the interaction

between temperature and genotype nor genotype or tem-

perature alone affected the expression of two other tran-

scription factors that regulate seed development, MYB30

and LEC2.

We analyzed the expression profiles of two NILs in

response to temperature during seed development and

revealed the molecular nature of the genotypic divergence,

temperature, and interaction effects between genotype and

temperature that lead to seed qualitative trait differences.

This work contributes to knowledge on the molecular

nature underlying QTLs and the G 9 T effect. Our findings

are also helpful for map-based cloning of the major genes

contributing to oil QTLs, the genetic engineering of major

regulatory genes for fatty acid accumulation, and improv-

ing crop cultivation practices for a higher and more stable

seed oil production of oilseed rape.
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