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Abstract

Background: Camelina (Camelina sativa L.) is well known for its high unsaturated fatty acid content and great
resistance to environmental stress. However, little is known about the molecular mechanisms of unsaturated fatty
acid biosynthesis in this annual oilseed crop. To gain greater insight into this mechanism, the transcriptome profiles
of seeds at different developmental stages were analyzed by 454 pyrosequencing.

Results: Sequencing of two normalized 454 libraries produced 831,632 clean reads. A total of 32,759 unigenes with
an average length of 642 bp were obtained by de novo assembly, and 12,476 up-regulated and 12,390 down-regulated
unigenes were identified in the 20 DAF (days after flowering) library compared with the 10 DAF library. Functional
annotations showed that 220 genes annotated as fatty acid biosynthesis genes were up-regulated in 20 DAF sample.
Among them, 47 candidate unigenes were characterized as responsible for polyunsaturated fatty acid synthesis. To
verify unigene expression levels calculated from the transcriptome analysis results, quantitative real-time PCR was
performed on 11 randomly selected genes from the 220 up-regulated genes; 10 showed consistency between qRT-PCR
and 454 pyrosequencing results.

Conclusions: Investigation of gene expression levels revealed 32,759 genes involved in seed development, many of
which showed significant changes in the 20 DAF sample compared with the 10 DAF sample. Our 454 pyrosequencing
data for the camelina transcriptome provide an insight into the molecular mechanisms and regulatory pathways of
polyunsaturated fatty acid biosynthesis in camelina. The genes characterized in our research will provide candidate
genes for the genetic modification of crops.
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Background
Polyunsaturated fatty acids (PUFAs) are fatty acids that
contain more than one double bond in their backbone.
They include many important compounds such as essen-
tial fatty acids (omega-3 and omega-6 fatty acids) that
human beings and animals cannot synthesize and need
to acquire through food. Fish oil and vegetable oil sup-
plements are the main sources of PUFAs. Vegetable oils,
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such as soybean oil, contain about 7 % alpha-linolenic
acid (ALA) (omega-3 fatty acid) and 52 % linoleic acid
(LA) (omega-6 fatty acid) [1]. The optimal dietary fatty
acid profile includes a low intake of both saturated and
omega-6 fatty acids and a moderate intake of omega-3
fatty acids [2]. However, the majority of vegetable oils
contains excessive amounts of omega-6 fatty acids but
are deficient in omega-3 fatty acids, except for camelina
oil and linseed oil. Modulation of omega-3/omega-6
polyunsaturated fatty acid ratios has important implica-
tions for human health.
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Camelina sativa is a flowering plant in the family Brassi-
caceae and is usually known as camelina. This plant is
cultivated as an oilseed crop mainly in Europe and
North America. The dominant fatty acids of camelina
oil are omega-3 fatty acid (31.1 %) and omega-6 fatty
acid (25.9 %) [3]. Importantly, camelina oil also contains
high levels of gamma-tocopherol (vitamin E), which pro-
tects against lipid oxidation [4]. The fatty acid compos-
ition of camelina oil is especially suitable for human
health. However, the mechanisms of polyunsaturated fatty
acid synthesis in C. sativa are still unknown. In recent
years, researchers have paid more and more attention to
camelina. Hutcheon et al. [5] characterized two genes of
the fatty acid biosynthesis pathway, fatty acid desaturase
(FAD) 2 and fatty acid elongase (FAE) 1, which revealed
that C. sativa be considered an allohexaploid. The allohex-
aploid nature of the C. sativa genome brings more com-
plexity in the biosynthesis of PUFAs. Moreover, the
functions of three CsFAD2 were further studied soon after
[6]. Furthermore, the genome of C. sativa has been se-
quenced and annotated [7]. C. sativa could also be used as
a recipient to overexpress PUFA synthesis genes and
produce more PUFAs, such as omega-3 or omega-6 fatty
acids [8-10]. In previous studies, the transcriptome ana-
lysis of C. sativa had carried out by 454 sequencing, Illu-
mina GAIIX sequencing and paired-end sequencing
[11-13]. However, the mechanism of PUFA biosynthesis in
C. sativa remains unclear and difficult to predict.
To comprehensively understand the molecular processes

underlying the seed development of C. sativa, we character-
ized the transcriptome of seeds at different developmental
stages. We generated 831,632 clean reads and obtained
32,759 unigenes from seed samples. We then matched the
unigenes to 187 pathways and identified 47 PUFA biosyn-
thesis related genes. We verified the expression levels of 11
randomly selected genes from 220 up-regulated genes, 10
of which showed the same results in both qRT-PCR and se-
quencing. To our knowledge, this is the first genome-wide
Fig. 1 Changes in lipid content during seed development. Lipid content w
difference compared with the control (10 DAF) is indicated with an asterisk
study of transcript profiles in C. sativa seeds at different
developmental stages. The assembled, annotated unigenes
and gene expression profiles will facilitate the identification
of genes involved in PUFA biosynthesis and be a useful
reference for other C. sativa developmental studies.

Results
Lipid accumulation at different stages during seed
development
To characterize the polyunsaturated fatty acid (PUFA)
synthesis genes in camelina, we quantified the lipid con-
tents in camelina seeds harvested from 10 to 40 days after
flowering (DAF). After testing, we found that the lipid
content was very low in seeds at 10 DAF. The lipid con-
tents increased dramatically during 10 to 25 DAF, reached
a maximum level at 25 DAF, and then remained steady
until 40 DAF (Fig. 1). According to this result, 10 DAF
and 20 DAF seed samples were used for transcriptome se-
quencing analysis to explore PUFA synthesis genes.

Sequencing output and assembly
Total RNA was extracted from the seeds of C. sativa.
The quality of RNA and cDNA were examined by electro-
phoresis and Agilent2100, which were shown in Additional
file 1: Fiugre S2. The cDNA libraries form 10 DAF and 20
DAF were subjected to 454 pyrosequencing. After sequen-
cing, a total of 529,324 and 318,804 high-quality transcrip-
tomic raw sequence reads were obtained from the 10 DAF
and 20 DAF samples, respectively (Table 1). To obtain clean
reads, contaminating sequences, low quality reads, short
reads, highly repetitive sequences and vector sequences
were filtered out. Finally, 521,507 and 310,125 clean reads
were obtained from 10 DAF and 20 DAF with average
lengths of 630 bp and 654 bp. Furthermore, 25,398 and
23,678 unigenes were assembled based on the clean reads
of these two samples. The size distribution of these uni-
genes is shown in Fig. 2. The longest unigene was 7,043 bp.
Most of the unigenes (80.72 %) were distributed in the
as determined every 5 days. Values are means ± SE (n = 3). Significant
(P < 0.05)



Table 1 Overview of sequencing, assembly and data statistics

10 DAF 20 DAF

Raw reads 529324 318804

Low quality 1144 909

Short reads after primer clipped (<100 bp) 32 6164

Contamination sequences 6465 1441

High repetitive 44 35

Vector sequences 132 130

Clean reads 521507 310125

Wang et al. BMC Plant Biology  (2015) 15:147 Page 3 of 12
200–1,000 bp region, while unigenes of 1,001–2,000 bp
length accounted for 9.5 % of the total. Of these genes,
9,081 were unique to 10 DAF and 7,361 were unique to 20
DAF (Fig. 3). The differences in unique genes were of inter-
est because of their potential importance at each stage.

Transcriptional profile analysis of unigenes during seed
development
Differentially transcribed sequences were analyzed in the
10 DAF and 20 DAF samples to characterize the PUFA
Fig. 2 Distribution of read lengths from the sequencing project
synthesis genes. Of the 32,759 total genes, 12,476 up-
regulated genes (log2 ratio (20 DAF/10 DAF) ≥ 1) and
12,390 down-regulated genes (log2 ratio (10 DAF/20
DAF) ≥ 1) were predicted to be significantly differentially
expressed genes (DEGs) in the 20 DAF sample compared
with 10 DAF (Fig. 4A). The transcriptional levels of
15.61 % of unigenes increased more than 2-fold in 20 DAF
and 9.64 % of genes increased more than 2-fold in 10 DAF
(Fig. 4B). The differences in the expression of shared genes
were of interest to discover PUFA synthesis genes active
throughout seed development. Next, the unigenes were
analyzed using the COG and KEGG pathway databases
for functional annotation.

Functional annotation and classification
To identify which pathways they belonged to, the unigenes
were annotated using the COG, KEGG and other data-
bases. The number of matched proteins in different data-
bases was summarized in the Additional file 2: Table S4.
Twenty-five functional categories were identified by COG
classification (Fig. 5). General function proteins repre-
sented the largest category, comprising about 16.46 % of all



Fig. 3 Venn diagram of gene expression statistics in 10 and 20 DAF. The numbers 9081, 16317 and 7361 denote the 10 DAF-specific genes,
overlapped genes, and 20 DAF-specific genes, respectively
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unigenes. The next largest category was the “posttransla-
tional modification, protein turnover, chaperones” group
(14.323 %). “Lipid transport and metabolism”, which we
focused on, comprised about 3.503 %. Furthermore, gene
annotation based on the DEGs was carried out. There were
more up-regulated genes (log2 ratio (20 DAF/10 DAF) ≥ 1)
than down-regulated genes (log2 ratio (10 DAF/20 DAF)
≥ 1) in all categories, except “cytoskeleton” (Fig. 6).
In the KEGG pathway annotation, 187 pathways were

matched as shown in Additional file 3: Table S1. KEGG
pathway network analysis showed that there are 11 and
69 up-regulated unigenes in the “fatty acid biosynthesis”
pathway in 10 DAF (10 DAF vs 20 DAF) and 20 DAF
Fig. 4 Analysis of differentially expressed genes in the two samples. A con
(20 DAF vs 10 DAF) samples, respectively. Many genes
encoding enzymes were found in this pathway, such as
acetyl-CoA carboxylase (6.4.1.2, 6.3.4.14), enoyl-acyl car-
rier protein reductase (FabK), 3-ketoacyl-acyl carrier
protein reductase (FabG) and acyl-acyl carrier protein
desaturase (1.14.192) (Fig. 7). FabF, which catalyzes the
condensation reaction of fatty acid synthesis by the
addition of two carbons to an acyl acceptor, was down-
regulated in this pathway. In addition, 51 and 98 up-
regulated genes were found in 10 DAF (10 DAF vs 20
DAF) and 20 DAF (20 DAF vs 10 DAF) in the “biosyn-
thesis of unsaturated fatty acids” pathway (Additional file
3: Table S1). However, the only one gene encoding acyl-
ventional log2 ratio threshold (≥1) was used to identify the DEGs



Fig. 5 COG function classification of all unigenes. The unigenes were classified into different functional groups based on COG annotations

Wang et al. BMC Plant Biology  (2015) 15:147 Page 5 of 12
CoA thioesterase (3.1.2.2) was matched to 22 reactions
(Additional file 4: Fig. S1).

DEGs related to PUFA biosynthesis
After gene functional annotation, we searched for fatty
acid synthesis genes among the unigenes. We found 220
up-regulated fatty acid biosynthesis genes in the 20 DAF
sample (Additional file 5: Table S2). In this group, 47
PUFA synthesis related genes were discovered (Table 2).
Most of them were annotated as omega 6 fatty acid desa-
turase (10 genes), delta-9 acyl-lipid desaturase (8 genes)
and long chain acyl-CoA synthetase (7 genes). Omega 6
fatty acid desaturase and delta-9 acyl-lipid desaturase are
desaturases that remove two hydrogen atoms from a fatty
acid, creating a carbon/carbon double bond. They play an
important role in PUFA synthesis. Long chain acyl-CoA
synthetase can activate long chain and very long chain
fatty acids to form acyl-CoAs. All of these genes are
worthy of further investigation in future studies of PUFA
synthesis.

Validation of DEGs by quantitative real-time PCR
To confirm the expression data from 454 pyrosequencing,
quantitative real-time PCR (qRT-PCR) was performed to
analyze the expression of candidate genes. Eleven up-
regulated fatty acid biosynthesis related genes in 20 DAF
were selected for this verification, and 18S rRNA was used
as an internal control. Only unigene3525 was not consist-
ent with the sequencing results. The other 10 unigenes
showed largely consistent results between qRT-PCR and
454 pyrosequencing (Fig. 8).
Discussion
Oils extracted from plants have been widely used since
ancient times in many countries. In addition, vegetable
oils contain enhanced levels of health-promoting natural
compounds and are associated with human health. How-
ever, researchers have found that a high intake of satu-
rated and omega-6 fatty acids can increase the risk of
cardiovascular disease (CVD) and cancer, in particular
breast cancer, in recent years [2, 14]. At the same time,
omega-3 PUFAs were shown to have chemopreventive
properties against various cancers and their complica-
tions, including colon and breast cancer [15, 16]. These
results suggest that a well-balanced omega-3/omega-6
fatty acid ratio will be beneficial for people’s health.
Therefore, it is essential to increase the content of
omega-3 fatty acids and reduce the omega-6 fatty acid
contents in vegetable oils. Fish, such as salmon, herring,
mackerel, anchovies and sardines, are a significant source
of omega-3 long-chain PUFAs in the human diet [17].
With ocean exploitation increasing, reducing the amount
of fish oil obtained from aquaculture is critical for sustain-
ability and economic reasons [18]. A replacement for fish
oil needs to be discovered urgently.
Much work has been done to engineer a sustainable

land-based source of omega-3 long-chain PUFAs. Re-
cently, the achievement of a high omega-3/omega-6 ratio
through genetic and plant engineering was reported.
The results indicated that both Arabidopsis and came-
lina transgenic plants contained fish oil-like levels of
DHA [9, 19]. Therefore, mining and characterization of
PUFA biosynthesis genes are essential to improve the FA



Fig. 6 Distribution of multilevel COG annotation terms for the biological process category
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contents in plants by genetic engineering. In this study,
our objective was to characterize the PUFA biosynthesis
pathway genes active during seed development using
454 pyrosequencing. The expression levels of FA biosyn-
thesis genes are induced before the early events of seed
development [20, 21]. Our results showed that lipid
content increased significantly from 10 to 25 DAF.
Thus, 10 and 20 DAF samples were selected for ex-
pression profiling of camelina seeds. These results are
in agreement with data published by Lee et al. [22] and
Luo et al. [23].
By transcriptome sequence analysis, we obtained

831,632 clean reads, from which 32,759 predicted genes
were subjected to BLAST annotation. The genome of C.
sativa was sequenced recently and a total of 89,418
protein-coding genes were annotated [7]. This result
confirmed the quality of our sequencing of camelina
seeds. To investigate the PUFA biosynthesis pathway, we
searched for fatty acid synthesis-associated genes across
our sequencing results and found 220 up-regulated fatty
acid biosynthesis genes in 20 DAF sample. Among them,
several genes were characterized as key enzymes in FA
biosynthesis (Fig. 7). 3-Ketoacyl-acyl-carrier-protein re-
ductase (FabG) was reported to be an essential enzyme
for type II fatty acid biosynthesis and catalyzes an
NADPH-dependent reduction of 3-ketoacyl-ACP to the
(R)-3-hydroxyacyl isomer [24, 25]. Another key enzyme,
enoyl-acyl-carrier-protein reductase (FabI), found in the
FA biosynthesis pathway plays a determinant role in estab-
lishing the rate of FASII [26-28]. These results indicate
that the genes shown in Fig. 7 would play an important
role in FA biosynthesis. Further studies are needed to de-
termine the functions of these genes.
In a previous study, oleic acid (OA), LA and ALA were

used as substrates for conversion to the beneficial
omega-3 long chain polyunsaturated fatty acid (LC-
PUFA) EPA and DHA [9]. The content of unsaturated
fatty acids in camelina is higher than in most other



Fig. 7 Fatty acid biosynthesis pathway in camelina. Red rectangles indicate up-regulated genes and green rectangles indicate down-regulated
genes. FabF: 3-oxoacyl-acyl-carrier-protein synthase (Unigene2854, Unigene1012); FabG: 3-ketoacy-acyl-carrier-protein reductase (Unigene1548,
Unigene22671 and Unigene11546); FabI/FabK: enoyl-acyl-carrier-protein reductase (Unigene28695, Unigene19796); 6.4.1.2/6.3.4.14: Acetyl-CoA
carboxylase (Unigene18620, Unigene28036); 1.14.192: Acyl-ACP desaturase (Unigene 3928, Unigene29065, Unigene3732 and Unigene28370)
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plants. In this study, we found 47 up-regulated PUFA
biosynthesis-related genes in camelina seeds (Table 2).
Twenty-one FAD genes were found and 13 of them were
up-regulated and 6 were down-regulated (Additional file
6: Table S3). Ten up-regulated omega-6 FAD genes were
found during seed development (Table 2). All of them
were annotated as FAD2, which encodes an endoplasmic
reticulum (ER) membrane-bound desaturase catalyzing
conversion of OA to LA. Similarly, the expression levels
of most FAD2 genes were consistent with the results of
Hutcheon et al. [5]. FAD2 was characterized to have a
key role in the PUFA biosynthesis pathway in higher
plant [29, 30]. LA account for about 93 % omega-6 fatty
acid (24.2 % vs 25.9 %) in camelina seeds [3], it will be
mainly catalyzed by the omega-6 fatty acid desaturases.
On the other hand, ALA makes up about 30 % of the
total fatty acid in camelina seeds [3]. Three FAD3 (uni-
gene24351, 4386 and 23778) and three FAD7 (uni-
gene13235, 17479 and 8495) were found in camelina
transcriptome (Additional file 6: Table S3). However,
only one FAD3 (unigene24351) was up-regulated dur-
ing seed development. The expression level of uni-
gene4386 and unigene13235 were induced slightly in
20 DAF sample. Unigene23778, unigene17479 and uni-
gene8495 did not express in the 20 DAF sample, but
they specifically expressed in 10 DAF sample. These
results are consistently observed in the genome-wide
analysis of FAD3 in Gossypium hirsutum. The tran-
script level of GhiFAD3-1 could be detected only in the
early stage of G. hirsutum seed development [31]. In
developing cotton fibers, the expression of GhiFAD3-1
was down-regulated in both wild and domesticated G.
hirsutum varieties [31]. These results suggest that ALA
could be synthesized in the early stage of camelina and
cotton developing seeds.
Other genes involved in PUFA biosynthesis were also

found in this study, such as phosphatidylcholine diac-
ylglycerol cholinephosphotransferase (PDAT) and acyl-



Table 2 DEGs involved in the PUFA synthesis pathway

GeneID Gene length 10 DAF expression
normalized

20 DAF expression
normalized

Fold(20 DAF/10 DAF) log2 Ratio
(20 DAF/10 DAF)

P-value

Unigene18620 142 0 106.89138 Inf Inf 0.0000305

Unigene271 1003 0 65.577098 Inf Inf 0

Unigene29085 266 0 19.020772 Inf Inf 0.03125

Unigene7938 983 0 56.617272 Inf Inf 0

Unigene28572 398 0 12.712375 Inf Inf 0.03125

Unigene29065 385 0 13.141624 Inf Inf 0.03125

Unigene3732 482 0 31.490821 Inf Inf 0.0000305

Unigene18562 180 0 56.216948 Inf Inf 0.0009766

Unigene24351 498 0 20.319379 Inf Inf 0.0009766

Unigene27992 406 0 12.461885 Inf Inf 0.03125

Unigene28768 510 0 9.9206379 Inf Inf 0.03125

Unigene6131 649 0 15.591758 Inf Inf 0.0009766

Unigene27436 333 0 15.19377 Inf Inf 0.03125

Unigene28670 313 0 16.164618 Inf Inf 0.03125

Unigene808 761 0 16 Inf Inf 0

Unigene25348 100 0 101.19051 Inf Inf 0.0009766

Unigene20594 693 0 14.601805 Inf Inf 0.0009766

Unigene23255 547 0 18.499178 Inf Inf 0.0009766

Unigene6196 878 0 28.812787 Inf Inf 2.98E-08

Unigene25233 513 0 59.175735 Inf Inf 9.31E-10

Unigene27635 447 0 11.318849 Inf Inf 0.03125

Unigene28370 458 0 11.046999 Inf Inf 0.03125

Unigene2120 866 0 58.42408 Inf Inf 8.88E-16

Unigene27758 516 0 9.805282 Inf Inf 0.03125

Unigene12780 484 0 62.72139 Inf Inf 9.31E-10

Unigene2983 994 0 20.36026 Inf Inf 9.54E-07

Unigene22028 539 0 18.77375 Inf Inf 0.000977

Unigene21032 459 0 77.16052 Inf Inf 2.91E-11

Unigene3928 844 4.8844234 317.71901 65.05 6.023419 4.59E-05

Unigene3902 1429 11.539408 354.06055 30.68 4.939355 4.01E-08

Unigene1155 1494 2.75934 57.57157 20.86 4.382962 4.59E-05

Unigene5146 610 6.7581203 66.35443 9.82 3.295499 4.59E-05

Unigene4015 985 8.3704637 77.048609 9.2 3.202389 5.24E-06

Unigene16451 450 9.1610075 67.460338 7.36 2.880461 4.94E-05

Unigene4010 1091 34.007406 245.78812 7.23 2.853494 1.86E-13

Unigene2346 363 22.713242 139.38086 6.14 2.617427 5.25E-06

Unigene529 746 16.578231 94.950877 5.73 2.517891 4.81E-07

Unigene1081 1953 16.88665 95.853782 5.68 2.504952 1.74E-12

Unigene2011 1777 16.23926 91.11132 5.61 2.488144 1.93E-11

Unigene238 1516 13.596482 63.410937 4.66 2.221498 3.18E-09

Unigene11605 550 14.99074 55.19482 3.68 1.880461 0.000299

Unigene17237 439 9.3905543 34.575344 3.68 1.880461 0.0118639

Unigene7439 1526 16.20886 46.417663 2.86 1.517891 1.46E-06
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Table 2 DEGs involved in the PUFA synthesis pathway (Continued)

Unigene3885 1584 309.70451 798.53619 2.58 1.366465 0

Unigene21006 843 2 4 2.45 1.295499 0.024125

Unigene4022 1103 11.212475 22.935292 2.05 1.032464 0.033553

Unigene8095 923 26.79818 54.816092 2.05 1.032464 0.0024442
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CoA:diacylglycerol acyltransferase (DGAT). Triacyl-
glycerol (TAG) can be formed via an acyl-CoA-
dependent or acyl-CoA-independent process which
catalyzed by PDAT and DGAT. The transcripts of 6
PDAT and 3 DGAT genes were found during camelina
seed development stage (Table 2). All of them were up-
regulated in 20 DAF sample. In previous study, overex-
pression of Linum usitatissimum PDAT and DGAT
gene were characterized to produce more ALA in yeast
strain H1246 [32, 33]. Moreover, overexpression of
LuPDAT in Arabidopsis seed resulted in an enhanced
level of PUFAs [32]. These results indicated that both
PDAT and DGAT might have critical role in the TAG
and PUFA biosynthesis in camelina seeds. Additionally,
long chain acyl-CoA synthetases (ACSL) are key enzymes
responsible for the conversion of acyl-AMP to acyl-CoA
during fatty acid biosynthesis [34]. Here, we characterized
22 ACSL genes and 9 of them were up-regulated during
seed development (Table 2). Therefore, the identified
changes in gene expression in C. sativa may facilitate
PUFA biosynthesis and the identification of related
genes. This study will provide a resource for further
studies on individual genes associated with fatty acid
biosynthesis.

Conclusions
According to the pyrosequencing, 831,632 clean reads
were obtained and 32,759 unigenes were predicted. All
unigenes were analyzed with gene annotations from
COG, KEGG, NR, NT and SwissProt databases. Among
them, 220 up-regulated genes were identified as FA syn-
thesis related genes (Additional files 5: Table S2), 47 of
them are involved in PUFA biosynthesis (Table 2). Fifty-
nine unigenes encoding FAD2, FAD3, PDAT, DGAT and
ACSL genes were found in the camelina transcriptome,
most of them were up-regulated in the 20 DAF seeds.
This transcriptome results provide a novel insight into
the biosynthesis of polyunsaturated fatty acids. This re-
search might represent a powerful tool to understand
the molecular mechanisms of seed development and the
result might be helpful for further gene expression, func-
tional genomic studies and camelina molecular breeding.

Materials and Methods
Plant culture and collection
During 2011, eight rows (200 m row length and 50 cm
spacing) of camelina were planted in the test plots of
Jilin Agricultural University in Jilin Province, China at a
uniform depth. The plants were subjected to irrigated
and non-irrigated conditions until harvest. Irrigation was
applied weekly to supplement recorded rainfall using
above-ground drip irrigation as described by Campbell
and Bauser [35]. The developmental processes of came-
lina seeds from flowering to seed maturity were ob-
served from July to August 2011. Seeds were harvested
at 10 DAF (immature stage), and then every 5 days until
40 DAF (mature stage). After removing the seed coat,
the seeds were immediately frozen in liquid nitrogen for
oil extraction and RNA isolation.

Measurement of oil content
To extract the oil (or lipids), seeds harvested at 10, 15,
20, 25, 30, 35 and 40 DAF were oven-dried at 85 °C
overnight. The dry samples were ground to a fine pow-
der by a disintegrator, and the powder was transferred
into glass tubes for oil extraction. Oil was extracted
using ligarine to determine total lipids (TL) gravimetri-
cally with the SER148 3/6 extraction apparatus (VELP
Scientifica, Italy). Experiments were carried out using
triplicate samples for each stage and mean values were
determined. Errors are shown as standard deviations.
Statistical significance analyses were performed using
t-test by SPSS (version 13.0, P < 0.05).

Total RNA extraction and cDNA synthesis
Total RNA was extracted from these materials using TRIzol
Reagent (Invitrogen, USA) following the manufacturer’s
protocol. The quality of total RNA was determined using
a NanoDrop Spectrometer (ND-1000 Spectrophotometer,
Peqlab). The mRNAs were isolated from total RNAs using
the PolyATtract mRNA Isolation Systems kit (Promega)
and condensed using the RNeasy RNA cleaning kit
(Qiagen, Germany); their concentration and purity were
determined using the Agilent 2100 Bioanalyzer (RNA
Nano Chip, Agilent). The mRNAs were fragmented and
retrieved using an RNA Fragment reagent kit (Illumina)
and RNeasy RNA cleaning kit (Qiagen). Then, random
primers and M-MLV were used to synthesize the first
chain, and DNA Polymerase I and RNase H were used
to synthesize the second chain. Finally, the cDNAs were
retrieved using the RNeasy RNA cleaning kit (Qiagen,
Germany), and their quality was checked using the Agilent
2100 Bioanalyzer. All procedures were performed accord-
ing to the manufacturers’ instructions.



Fig. 8 qRT-PCR validation of selected unigenes. The fold changes of the unigenes were calculated as the log2 ratio (20 DAF/10 DAF) for qRT-PCR.
KPRM was selected to represent the 454 pyrosequencing results. Values are means ± SE with three replicates for each sample in qRT-PCR

Wang et al. BMC Plant Biology  (2015) 15:147 Page 10 of 12



Wang et al. BMC Plant Biology  (2015) 15:147 Page 11 of 12
454 sequencing and assembly
The raw 454 sequences in SFF files were base called using
the python script sff_extract.py developed by COMAV
(http://bioinf.comav.upv.es). All of the raw sequences were
then processed to remove low quality and adaptor se-
quences using the programs tagdust [36], LUCY [37]
and SeqClean [38] with default parameters. The result-
ing sequences were then screened against the NCBI
UniVec database (http://www.ncbi.nlm.nih.gov/VecSc
reen/UniVec.html, version 20101122) to remove pos-
sible vector sequence contamination. Sequences shorter
than 50 bp were discarded. The clean read sequences
were assembled using MIRA3 [39] (minimum 30 bases
overlap with 80 % identity) and CAP3 (overlap percent
identity 90) [40]. The resulting contigs and singletons
that were more than 100 nt long were retained as uni-
genes and annotated in the following steps.

Comparison analysis and functional annotation
To compare the differential expression of genes, we first
recorded all reads of a unigene as the expression abun-
dance. Then, expression data normalization was carried
out using Reads Per Million reads (RPM) and Reads Per
Kilo bases per Million reads (RPKM). The significance of
differential gene expression was determined using the
False Discovery Rate (FDR) and log2 ratio (T/C). Genes
were deemed to be significantly differentially expressed
with the threshold of “log2 ratio ≥ 1” and “FDR < 0.001”
in sequence counts across the two samples.
Homolog searches against public sequence databases

were performed to annotate the functions of the unigenes
using BLAST with an E-value cutoff of 1e-6. The annota-
tion of the record with highest similarity in the database
was assigned as the functional annotation of the query
unigene entry. The databases used for functional anno-
tation included Nr (http://www.ncbi.nlm.nih.gov; version
20101011), Nt (http://www.ncbi.nlm.nih.gov, version
20101011) and SwissProt (http://www.ebi.ac.uk/uniprot,
version 20090819). Additional functional classification
was conducted using the COG (http://www.ncbi.nlm.
nih.gov/COG/) and KEGG pathway (http://www.genome.
jp/kegg) databases. ORF analysis was performed by ORF
finder (http://www.ncbi.nlm.nih.gov/gorf/gorf.html).

Quantitative real-time PCR (qRT-PCR) analysis
Total RNA was extracted from seeds using TRIzol Re-
agent (Invitrogen) according to the manufacturer’s proto-
col. cDNA was synthesized from 2 μg of total RNA using
the PrimeScript RT reagent Kit (Takara). Each reaction
was performed in a 20 μL volume containing 10 μL SYBR
Green Mastermix (Takara), 2 μL 50-fold diluted cDNA
template and 1 μM each of the sense and anti-sense
primers. qRT-PCR was performed on a Stratagene Mx3000P
thermocycler (Agilent) with the following program: 95 °C
for 15 s, followed by 40 cycles of 95 °C for 15 s and an-
nealing at 60 °C for 30 s. Triplicates of each reaction were
performed using actin as an internal reference. The gene-
specific primers used for candidate genes are described in
Additional file 7: Table S5.

Availability of supporting data
The sequences used in this study have been submitted
to the Sequence Read Archive at NCBI (Accession number:
SRX866238).

Additional files

Additional file 1: Fig. S2. The quality analysis of mRNA and cDNA from
C. sativa seeds. The mRNA and cDNA were examined by electrophoresis
and shown in (A) and (B). The qualities of mRNA for the construction of
cDNA library were further analyzed by Agilent2100 (C-F).

Additional file 2: Table S4. The number of matched proteins in
different database.

Additional file 3: Table S1. KEGG pathway annotation.

Additional file 4: Fig. S1. Unsaturated fatty acid biosynthetic pathway
in camelina. Red rectangles indicate up-regulated genes in 20 DAF sample.
3.1.2.2/TesB: Acyl-CoA thioesterase (Unigene8524).

Additional file 5: Table S2. Up-regulated fatty acid biosynthesis genes
in the 20 DAF sample.

Additional file 6: Table S3. Fatty acid desaturase genes involved in the
PUFA synthesis pathway.

Additional file 7: Table S5. Gene-specific primers used in qRT-PCR.
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