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Abstract. Sequencing the complete genome of Camelina sativa will facilitate studies to improve this oilseed crop. 

We analysed 20 accessions of Camelina spp. using genotyping-by-sequence technology. After stringent screening, 

35,783 single nucleotide polymorphisms (SNPs) were generated, and basic genetic studies were performed to check 

the diversity of these SNPs. STRUCTURE and phylogenetic analyses revealed five subgroups in these 20 Camelina 

accessions. Winter-types may have diverged from summer-types. Some genomic regions were negatively selected, and 

most of these were gene-rich regions. As expected, the most ancient subgroup was less affected by negative 

selection. Marker-trait associations with plant height, leaf length, and pod size generated 154 SNPs, and 72 adjacent 

genes were significantly associated with these phenotypes. Further large-scale analysis and gene expression studies 

with these SNPs and genes are needed to develop potentially valuable resources for improving C. sativa.
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Introduction

Camelina sativa (L.) Crantz (false flax) is an annual 

oilseed crop, cultivated in Europe since the Bronze Age 

(Gehringer et al., 2006). Cultivation in Europe and some 

parts of North America has gradually decreased since the 

middle of the 20
th

 century, and has been replaced by more 

productive species such as oilseed rape and sunflower. 

However, its short growing period (100-120 days) (Agegnehu 

and Honermeier, 1997) and flexible seeding times (spring or 

winter types) mean the species can be used in mixed 

cropping systems in Europe. It is highly regarded as a food, 

forage, and biofuel crop. 

C. sativa belongs to the mustard family (Brassicaceae); 

11 wild relatives of C. sativa are still found in Eurasia 

(Akeroyd, 1993), and C. sativa, C. rumelica, C. microcarpa, 

C. hispida, and C. alyssum are widely distributed. Chromosome 

counts include 2n = 12 for C. rumelica (Brooks, 1985); 2n = 

14 for C. hispida (Maassoumi, 1980); and 2n = 40 for C. 

sativa, C. microcarpa, and C. alyssum (Francis and Warwick, 

2009). Found in three species, 2n = 40 is the most common 

chromosome number, but regional differences in chromosomal 

counts, including different ploidy numbers or aneuploidy, 

indicate that natural variation among populations is 

prevalent. Gehringer et al. (2006) reported disomic inheritance 

and multiple amplifications of Brassica-derived single 

sequence repeat markers in C. sativa, suggesting that it 

could be an allopolyploid. More recently, Hutcheon et al. 

(2010) reported that two important genes, FATTY ACID 

DESATURASE 2 and FATTY ACID ELONGASE 1, have 

three copies in C. sativa but a single copy in Arabidopsis, 

suggesting that the C. sativa genome might be allohexaploid. 

The genome of a homozygous doubled-haploid C. sativa 

line with 20 pseudomolecules was recently published 
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Table 1. Twenty Camelina spp. accessions and their phenotypes
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(Kagale et al., 2014), the phylogeny of which indicates its 

likely allopolyploid origin. 

Understanding genetic variation in C. sativa is essential 

to improve its economically valuable traits. Important ag-

ronomic traits have been identified using amplified fragment 

length polymorphism (AFLP) markers (Gehringer et al., 

2006). Using AFLP fingerprints of 53 C. sativa accessions, 

Ghamkhar et al. (2010) showed that geographical origin is 

strongly associated with genetic variation and fatty acid 

content. Comparative genomics studies on the sequenced 

transcriptomes of seeds (Mudalkar et al., 2014; Nguyen et 

al., 2013) and leaf tissue (Liang et al., 2013) have resulted in 

the identification of numerous genes related to fatty acid 

metabolism.

In this study, we explored the complete genome of C. 

sativa using genotyping-by-sequencing (GBS) technology 

to investigate the genetic relationships and phenotypic 

variation in 20 Camelina spp., mainly C. sativa accessions 

collected from multiple locations in Europe. The results of 

this study will facilitate future genomics-assisted breeding 

in this oilseed crop.

Materials and Methods

��������	 ����������	 
��	 ����������

Nineteen accessions of Camelina spp. were obtained from 

the United States Department of Agriculture Germplasm 

Resources Information Network (USDA GRIN). Accessions 

were either spring or winter types, with wide phenotypic 

variation. Table 1 summarizes the profiles of these 20 Camelina 

accessions. Seeds were germinated in August 2011, on a 

seedbed with daily irrigation. Ten-day-old seedlings were 

transplanted in a random block design at a spacing of 75 cm × 

60 cm, with three replications. Observation of basic phenotypes, 

namely plant height, leaf length, and pod size, were recorded 

using ten randomly selected plants of each accession at 

different growth stages (Table 1). Plant height 1 and leaf 

length 1 were measured when 5 or 6 leaves emerged, and 

plant height 2 and leaf length 2 were measured four weeks 

after the first measurement. Pod sizes were measured three 
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times every 20 days from the emergence of pods, and were 

scored as pod size 1, pod size 2, and pod size 3. As expected, 

winter-type accessions (sa006, sa135, and sa178) did not 

flower during the experiment because of the seeding season,  

thus pod sizes could not be estimated. Mean values of the 

observed data for each accession in each replication were 

calculated and used in this study. Statistical analysis was 

done using XLSTAT-Pro 7.5 software (XLStat, NY, USA).

�������	 ���������
����	 ����
��	 ������������	 
��	

������	 ����������	 �����������	 ���������
����

A reduced representation library (RRL) was constructed 

using the protocol described by Poland et al. (2012) with 

slight modifications. First, genomic DNA samples from seeds 

used for phenotypic analysis were double-digested using 

ApeKI (GCWGC, where W = A or T) and MspI (CCGG) 

restriction enzymes to reduce genome complexity. Forward 

(P7) adapters with 20 barcodes were matched to ApeKI re-

striction sites, whereas reverse (P5) adapters were matched 

to MspI overhangs. Restriction fragments with adapters, 

which were pooled via polymerase chain reaction (PCR) 

amplification, were attached to polymerase chain reaction (). 

The library was sequenced on a HiSeq 2000 (Illumina) 

using 100-base pair (bp) paired-end reactions. Sequences 

were parsed with in-house scripts according to the 20 

barcode sequences, and were further aligned to the recently 

published reference genome of C. sativa (Kagale et al., 2014) 

using the bwasw function of the Burrows-Wheeler Aligner 

(Li and Durbin, 2009). SNPs were identified and genotyped 

using a reference-based SNP discovery pipeline included in 

TASSEL (Bradbury et al., 2007). Genotype data were again 

filtered with a minor allele frequency (MAF) of greater than 

0.2, and no missing values were allowed in the 20 accessions. 

In all, 35 783 filtered SNPs were used for further genetic 

analysis. Our data were deposited in the Genbank/NCBI 

database with reference numbers as follows: SAMN05898476 

(Biosample), PRJNA347894 (Bioproject), and SRR4427937 

(Sequence Read Archive).

�������	 �
�
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The population structure of Camelina spp. was analyzed 

using STRUCTURE software (version 2.3.4) (Pritchard et al., 

2000). The lengths of burn-in period and Markov Chain Monte 

Carlo replications were set to 50 000 and 100 000, respectively. 

K values (the number of populations) were pre-set from 2 to 

10 with five iterations each. To determine the optimal number 

of subpopulations, STRUCTURE results were subjected to 

an ad hoc statistic delta K, the rate of change in the log 

probability of data between successive K values (Evanno et 

al., 2005). Principal component analysis (PCA) and phy-

logenetic analysis (maximum parsimony) were performed 

using TASSEL (Bradbury et al., 2007) and SNPhylo (Lee et al., 

2014), respectively, to support the results from STRUCTURE. 

Linkage disequilibrium (LD) was estimated using TASSEL 

(Bradbury et al., 2007) for each chromosome with five 

subpopulations each. LD decay was evaluated based on the 

r
2

 value of the pairwise distance betweeen two SNPs. For 

each subpopulation and accessions, nucleotide diversity and 

Tajima’s D were estimated using DnaSP version 5.10.01 

(Librado and Rozas, 2009).

��������
��	 ������
����	 ��
�����

Although 20 accessions are certainly insufficient for an 

adequate association study, marker-trait associations (MTAs) 

were tentatively analyzed to obtain a list of candidate SNP 

markers that might be evaluated in future, if and when 

additional genetic information is accumulated. A General 

linear models result in many spurious associations since 

they only take into account a fixed effect based on admixture 

percentages (Q matrix). Thus, using TASSEL version 4.3 

(Bradbury et al., 2007) and STRUCTURE version 2.3.4 

(Pritchard et al., 2000), two different association mapping 

models were run for each trait: a mixed linear model with a 

kinship (K) matrix as a random effect, and with a Q matrix 

as a fixed effect. MTAs with p < 10
-4

 were considered 

significant. Manhattan and QQ plots were generated using 

SNPEVG version 3.2 (Wang et al., 2012).

Results

���������	  
��
����	 ��	��������	 
���������

Based on a preliminary phenotype screen, remarkable variety 

was observed among our 20 Camelina spp. accessions (Sup-

plementary Fig. 1). Table 1 lists the accessions, their origins, 

and traits used for this study. Plants belonging to Camelina 

spp. have two different growth types: spring and winter 

types. In this study, we included three winter-type C. sativa 

accessions (sa006, sa135, and sa178). Since we planted these 

in August, they did not flower (hence, no pod size measure-

ments were obtained). In particular, sa006 did not germinate 

at all; thus, this accession was excluded from the preliminary 

association study. 

All 20 accessions were subjected to Tukey’s multiple 

comparison for each phenotype; all phenotypes were sta-

tistically different from each other (p < 0.0001). In addition, 

the Pearson’s correlation test (Table 2) showed that height 1 

was negatively correlated with leaf 2, whereas height 2 was 

positively correlated with leaves 1 and 2 (p < 0.05). In other 

words, early stem elongation was negatively correlated with 

leaf expansion, whereas late elongation was positively cor-

related with leaf expansion. Pod size was not significantly 

statistically related to plant height or leaf length. 
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B

C D

Fig. 1. STRUCTURE (A), principal component (B), phylogenetic (C), and linkage disequilibrium (D) analyses of 20 Camelina accessions. 

Brackets (STRUCTURE) and circles (principal component and phylogenetic analyses) in the same color indicate the same subgroups.

Table 2. Pearson’s correlation of each phenotypic value
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The RRL sequenced using a single lane of the Illumina 

HiSeq 2000 generated about 384 million reads at 100 cycles. 

TASSEL-GBS software (Glaubitz et al., 2014) uses the first 

64 bp (out of 100 bp) for SNP discovery and genotyping, 

securing high-quality sequences to avoid potential sequencing 

errors. Despite the hexaploid nature of C. sativa, a recently 

released reference genome (Kagale et al., 2014) allows easier 

detection of SNPs with accurate locus information. However, 

so as to analyze only those SNPs with high credibility, SNPs 

from any of the 20 accessions with any missing values, and 

which had a MAF of 0.2 or lower, were excluded. Thus, a 

total of 35 783 SNPs were used for diversity and association 

analyses (Table 3).

Filtered SNPs were used to estimate LD (Fig. 1D) in each 

chromosome; LD decay (the point at which R2 < 0.2) was at 

about 420 kb, almost twice as high as other closely related 

species such as Arabidopsis thaliana (in which LD = 250 kb) 
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Table 3. Genetic information on the subgroups within 20 Camelina accessions
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Fig. 2. Genome-wide distribution of Tajima’s D values. Window and step sizes are 50 and 10, respectively. Different chromosomes 

are partitioned by gray bars. Red triangles indicate genomic regions with negative values (D < ?0.5).

(Nordborg et al., 2002). Using STRUCTURE, phylogenetic 

analysis and PCA (Fig. 1A, 1B, and 1C, respectively), five 

subpopulations were confirmed. In STRUCTURE analysis, 

an optimal K value obtained using Evanno’s test indicated 

five substructures, consistent with the results of PCA and 

phylogenetic analyses. Table 3 shows the numbers of SNPs 

and diversity statistics of each subgroup. 

Although the 20 accessions were sampled from a wide 

European geographical range (Table 1), the subpopulation 

structure did not reflect their geographical distances. Genome- 

wide Tajima’s D values are shown in Fig. 2. Although most 

genomic regions showed positive values, 13 genomic regions 

(except subgroup V) showed negative Tajima’s D values (D 

< -0.5) (Table 4). A list of locations, features, and annotations 

involved in those regions is given in Supplementary Data 1.

!"�	 ��
�����

Although a study of 20 genotypes is insufficient for 

reliable association analysis, we conducted preliminary 

association analysis to test the power of the SNPs identified, 

and to lay the foundation for larger-scale analysis in the near 

future. We initially phenotyped plant height, leaf length, and 

pod size at different stages of growth. A total of 154 SNPs 

and 72 adjacent genes were identified from this preliminary 

study. All associated SNPs are shown in Fig. 3, and listed in 

Supplementary Data 2 with the adjacent genes, where 

available. For height 1 and leaf 1, 36 and 6 SNPs, re-

spectively, were associated (p < 10
-4

), and 17 genes located 

near to those SNPs were also identified. Five and 59 SNPs 

were significantly associated with height 2 and leaf 2, 

respectively, and 33 genes were located close to one another. 

Based on Pearson’s correlation at p = 0.05, height 1 was 

negatively correlated with leaf 2 (Table 2). Our study revealed 

10 SNPs that were commonly associated with these two 

phenotypes (Table S1). Despite no phenotypic correlation 

between heights 1 and 2, all associated SNPs in height 2 

were also included in height 1 (Table S1). However, the 

SNPs (excluding the five overlapped SNPs in heights 1 and 
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Table 4. Genomic regions with negative Tajima’s D values (D < ?0.5) and their genomic components
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Fig. 3. Manhattan plots of associated single nucleotide polymorphisms and tested phenotypes. Green bars indicate cut-off thresholds 

of P-values [log10 (1/p) = 4.00].

2) associated with height 1 were not represented in height 2 

(the first 26 SNPs out of 31 in height 1; Supplementary Data 

2). For pod sizes 1, 2, and 3, 17, 17, and 14 SNPs were 

significantly associated, respectively; however, no overlapping 

loci were found between these three different measurements 

despite their strong phenotypic correlations (Table 2). The 

three most significant SNPs with adjacent genes in each 

phenotypic category are listed in Table S2. The SNPs and 

genes listed in Table S2 are a primary target for further 

analysis; however, all candidate SNPs must be re-validated 

by large-scale analysis. Adjacent genes might be of interest 

for gene expression studies in different organs. 
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Discussion

C. sativa is an oil crop that can be utilized both as 

biodiesel and food. In particular, its high unsaturated fatty 

acid content increases its value for the production of healthy 

oil. Despite its small size, the structure of the C. sativa genome 

might have been formed by multiple allopolyploidisation 

events, complicating genetic or genomic studies. In fact, 

genotyping of SNPs using sequence data is difficult because 

true nucleotide variations might remain undetected without 

a well-established reference genome. Without a reference 

genome, SNPs derived from different parents or accessions 

are often confused with those from subgenomes (hemi-SNPs), 

thus compromising genotyping data sets with false-positives. 

We conducted accurate SNP genotyping by aligned SNPs to 

the recently released reference genome (Kim et al., 2015; 

Kagale et al., 2014). At the genomic level, use of the reference 

genome might facilitate C. sativa research and contribute to 

the development of new and/or improved approaches in 

breeding. 

Using the SNP markers, we divided the 20 Camelina ac-

cessions into five subgroups. Little remarkable phenotypic 

variation was found between these subgroups, except for 

subgroup I (winter types), and that the plant height of subgroup 

II was notably shorter than that of subgroup V (mostly wild 

accessions). Although the sampled Camelina spp. show a 

high level of both winter and summer type accessions showed 

relatively high heterozygosity, suggesting that the winter types 

might have further diverged from summer-type accessions. 

Our results showed a high level of nucleotide diversity (π) 

and positive Tajima’s D values across the subgroups, implying 

that Camelina might have experienced a population bottleneck 

or over-dominant selection. However, considering Tajima’s 

D across the genome (Fig. 2), 13 genomic regions that were 

absent in all subgroup V accessions, had negative Tajima’s 

D values (D < −0.5), indicating that these regions might have 

undergone purifying selection. (Larsson et al., 2013). Some 

genomic regions may have been affected by selective sweep 

because of purifying selection during domestication. A 

C-value paradox means that gene density is often scarce in 

plants with large genome sizes. Previous studies have shown 

the average gene density to be 1/4.5 kb in Arabidopsis, 1/20 

kb in rice, and 1/30 kb in sorghum (Keller and Feuillet, 2000; 

Lin et al., 1999). Hutcheon et al. found the genome size of 

C. sativa to 750 Mb, similar to that of sorghum, therefore 

the gene densities (last column in Table 4) in the genomic 

region with negative Tajima’s D values were thought to be 

gene-rich regions, In addition, the LD of C. sativa (about 

420 kb) may be have been caused by its high level of self- 

compatibility, implying that the genome was under high 

selective pressure during its evolution.

Although this MTA was small-scale, the candidate SNPs 

generated are potentially very useful in future breeding efforts.; 

Tthe genomic regions covered by SNPs (Table S1) are par-

ticularly worthy of further functional investigation. For ex-

ample, 10 SNPs covering five chromosomal regions were 

commonly associated with height 1 and leaf 2 (Table S1), 

but no SNPs overlapped between leaf 1 and any of the traits. 

These five chromosomal regions might function differently 

during stem and leaf elongation, perhaps because of the 

differential expression of candidate genes or source-sink 

changes during different stages of growth. Conversely, five 

SNPs found in five chromosomal regions were significantly 

associated with heights 1 and 2 (Table S1), indicating that 

these regions might play a key role in stem elongation in 

Camelina spp. However, 31 SNPs associated with height 1 

were not associated with height 2 (Supplementary Data 2), 

which could have limited affects at the early stage of stem 

elongation. In fact, height 2 was evaluated when vegetative 

growth was almost completed; therefore, the possibility that 

these 31 SNPs might be actively involved in stem elongation 

cannot be excluded. All candidate SNPs must be re-evaluated 

and confirmed with additional accessions in the near future.

Few resources for comparative studies are currently avail-

able for C. sativa. However, comparing these SNPs with 

previously published quantitative trait locus resources (Gehringer 

et al., 2006) might provide new insights into the key markers 

that are tightly linked to agriculturally important traits. In 

future work we will analyze more accessions, as well as key 

phenotypic data such as yield, oil content, and disease 

resistance. These data sets will provide additional valuable 

insights for C. sativa breeding. Productive alternatives such 

as oilseed rape and sunflower mean that C. sativa has been 

overlooked as an oil seed crop; however since our final 

genome assembly covers 82% of the estimated genome size 

(Kagale et al., 2014) it is hopeful that our results might have 

a significant impact on the research to improve C. sativa as 

a producer of edible oil and biodiesel. Furthermore, our data 

might form the basis for improved molecular breeding 

efforts, and expand our current knowledge of C. sativa.
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