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Abstract

Vernalization requirement is an integral component of flowering in winter-type plants. The
availability of winter ecotypes among Camelina species facilitated the mapping of QTL for
vernalization requirement in C. sativa. An inter- and intraspecific crossing scheme between related
Camelina species, where two different sources of the winter-type habit were used, resulted in the
development of two segregating populations. Linkage maps generated with sequence-based
markers identified three QTL associated with vernalization requirement in C. sativa; two from the
inter-specific (chromosomes 13 and 20) and one from the intra-specific cross (chromosome 8).
Notably, the three loci were mapped to different homologous regions of the hexaploid C. sativa
genome. All three QTL were found in proximity to FLOWERING LOCUS C (FLC), variants of
which have been reported to affect the vernalization requirement in plants. Temporal transcriptome
analysis for winter-type Camelina alyssum demonstrated reduction in expression of FLC on
chromosomes 13 and 20 during cold treatment, which would trigger flowering, since FLC would
be expected to suppress floral initiation. FLC on chromosome 8 also showed reduced expression
in the C. sativa ssp. pilosa winter parent upon cold treatment, but was expressed at very high levels
across all time points in the spring-type C. sativa. The chromosome 8 copy carried a deletion in
the spring-type line, which could impact its functionality. Contrary to previous reports, all three
FLC loci can contribute to controlling the vernalization response in C. sativa and provide

opportunities for manipulating this requirement in the crop.

Keywords: Flowering Locus C, interspecific hybridization, QTL, vernalization, winter-type

Camelina

Significance Statement: Developing winter C. sativa germplasm is an important breeding goal
for this alternative oilseed, with application in the food, fuel and bioproduct industries. Studying
the genetic architecture of the vernalization response has shown that contrary to previous reports

all three FLC loci in Camelina species could be exploited to manipulate this important trait.
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Introduction

The evolutionary path to form C. sativa is believed to have created a genetic bottleneck leading to
low genetic diversity in spring-type Camelina germplasm, (Vollmann et al., 2005, Gehringer et
al., 2006, Singh et al., 2015, Luo et al., 2019a) that has hindered the efforts to improve Camelina
through breeding. In addition, hybridization of this crop with other species has had limited success
(Narasimhulu et al., 1994, Hansen, 1998, Jiang et al., 2009, Séguin-Swartz et al., 2013, Julié-
Galau et al., 2014, Martin et al., 2015). Although, interspecific hybridization was successful
between C. sativa and C. microcarpa and produced plants of intermediate phenology, the hybrids
displayed low levels of pollen viability and reduced fitness (Martin ef al., 2019). The use of wide
crosses can be an important tool to increase the genetic diversity in a crop, as well as to identify
potentially important quantitative trait loci (QTL). However, challenges to this approach can exist
due to several factors, such as asynchronized flowering behaviour, fertility issues and fundamental
differences in the chromosome number between species (Chaudhary et al., 2020). Identification
of wild relatives (Martin et al., 2017, Brock et al., 2018), which are closely related to the
domesticated C. sativa have encouraged their use in C. sativa breeding and the extent of
relatedness among the Camelina species almost certainly plays a role in the success of
hybridization. As might be expected, C. sativa sub-species, such as C. sativa ssp. pilosa (DC.)
N.W. Zinger, and the closely related C. alyssum (Mill.) Thell. (also suggested to be a sub-species
or even a synonym of C. sativa) show higher success in hybridization attempts relative to wild

relatives, such as C. microcarpa (Séguin-Swartz et al., 2013, Martin et al., 2019).

Plants with winter growth habit invariably require vernalization, that is exposure to a period of low
but non-freezing temperatures, to transition from the vegetative stage to the reproductive stage.
Most C. sativa germplasm behaves as an annual, but among close relatives a few, including C.
sativa ssp. pilosa and C. alyssum, have been characterized with a biennial growth habit (Galasso
etal.,2015), yet they share the same number of chromosomes with hexaploid C. sativa (Chaudhary
et al., 2020). A recent study of winter- and spring-types of C. sativa compared leaf morphology,
growth behaviour and seed characteristics (Wittenberg et al., 2019), where marked reduction in
leaf number, plant height and plant growth before vernalization were reported for winter-types.
Winter-type C. sativa is hardy to adverse winter conditions and displays good stand establishment
(Gesch et al., 2018), and is considered a suitable candidate for double- and relay-cropping on the

Northern Great Plains (Berti et al., 2017). Vollmann and Eynck (2015) noted that changed oil
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composition with higher linolenic acid levels, early flowering and avoidance of a number of biotic
and abiotic factors were some of the advantages associated with winter-type C. sativa. Also, a
lower level of erucic acid, an anti-nutritional compound, has been reported in winter-type C. sativa
compared to spring-type C. sativa (Kurasiak-Popowska et al., 2020). Thus far, there has been
limited exploration of winter-type C. sativa germplasm that can survive prolonged harsh winters

with similar yields as current spring-types.

A vernalization requirement is one of the major characteristics of winter-type plants and Flowering
Locus C (FLC) has been identified as a major regulatory gene in the vernalization pathway
(Michaels and Amasino, 1999, Swiezewski et al., 2009). FLC is responsible for supressing bolting
in the plant, with a higher level of expression maintained in the winter-type that gradually reduces
with duration of cold treatment (Anderson et al., 2018, Schiessl et al., 2019, Takada et al., 2019).
The neopolyploid C. sativa possess three copies of FLC (Kagale et al., 2014). The potential for
sub-functionalization of FLC in C. sativa cannot be ignored since it has been reported for other
Brassicaceae polyploid species (Schiessl et al., 2019). The expression pattern of FLC on
chromosome 20 (Csa20g15400) implied it has a function in differentiating winter-type and spring-
type C. sativa (Anderson et al., 2018, Chao et al., 2019). Although Anderson et al (2018) suggested
the additional copies of FLC might play alternative roles in C. sativa, more recently a quantitative
trait locus (QTL) found on chromosome 8, encompassing the FLC region was shown to have an

effect on flowering time in spring C. sativa lines (Li et al., 2021, Lily et al., 2021).

Various methods have been developed to detect QTL associated with a particular trait,among them,
genome-wide association analyses (GWAS) has become popular to capture variation present in
diverse populations. However, it can be difficult to manage the requisite large populations, in
particular, phenotyping can be cumbersome. The development of biparental populations to identify
QTL is an establised approach where only prior knowledge for a quantitative difference in a trait
of interest among parents is required. With advancements in sequencing technologies, the time and
cost associated with marker generation has been reduced (Hall, 2013). Likewise, availability of
the C. sativa reference genome (Kagale et al., 2014) offers the potential to identify candidate genes
controlling traits of interest (King et al., 2019, Luo et al., 2019b). In this context, genotyping-by-
sequencing (GBS) is a valuable technique to generate genetic information at low cost (Poland et
al.,2012) and can be used to create genetic linkage maps and map loci controlling traits of interest

(Young and Tanksley 1989).
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98 In this study, one spring-type C. sativa genotype was crossed with two different winter biotypes

99  of Camelina (C. sativa ssp. pilosa and C. alyssum) to study the genetic mechanisms underlying
100  vernalization requirement in winter-type C. sativa. All three FLC orthologs were identified as
101  potential candidate genes controlling flowering in Camelina species. The original hypothesis was
102 that the same QTL would control the vernalization requirement, irrespective of source; however,
103 the results suggested that dependent upon the source of the winter phenotype, combinations of
104  QTL originating from different subgenomes of the hexaploid act to determine the vernalization

105  requirement in C. sativa.

106  Results

107  Population development and determination of winter-type behaviour in Camelina

108  The cross between spring-type C. sativa (TMP23992) and winter-type C. sativa ssp. pilosa
109  (CN113692) produced a semi-winter hybrid which took 54 days to flower without vernalization in
110 comparison to 30 days for the maternal C. sativa (TMP23992) and 87-91 days for the paternal C.
111 sativa ssp. pilosa (CN113692). Crosses between C. sativa (TMP23992) and winter-type C.
112 alyssum (CAM176) produced winter-type hybrid plants that similar to CAM176 required

113 vernalization in order to flower.

114  Two F> populations (Csp and Csa) were developed from the Fi hybrids (single hybrid plant for
115  each population) derived from each cross and were used to determine the segregation of winter-
116  type behaviour (Figure S1). For both populations, segregation of winter-type habit (based on leaf
117  morphology and early plant growth) was noted in the F» and their progeny F»:3 lines. Segregation

118  for days to flower and reduced stem growth was observed for both populations.

119  In the case of the Csp population, 45 of 118 F> lines showed spring-type behaviour, while the
120 remaining 73 lines showed semi-winter-type behaviour (Figure 1A), suggesting a single dominant
121  gene controlled flowering. The semi-winter lines were subjected to vernalization and all F2 lines
122 flowered within 70 days of seeding, including a vernalization period of 15 days. A total of 96 F23
123 lines were grown and phenotyped from the Csp population, where all lines flowered within a range
124 of 27-55 days of seeding without vernalization. There were no typical winter-type plants among

125  the F23 lines; however, the lines segregated for days to first flower (Figure 1C).
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126  For the Csa population, 169 F» lines were grown, of which 13 lines showed typical spring-type
127  growth behaviour and the remaining 156 lines showed winter-type behaviour (based on reduced
128  stem elongation) (Figure 1B), suggesting multiple loci controlled flowering. All 156 lines were
129  subjected to vernalization treatment for 30 days; however, only 126 lines flowered within 100 days
130  of seeding. From these F» lines, 120 were successfully established in the F23 generation, which
131  were tested for flowering behaviour in the absence of vernalization treatment. Among the 120 F23
132 lines, 30 lines were identified as spring-type and produced flowers within 58 days of seeding, 18
133 lines transitioned to the flowering stage with only a few flowers after 70 days of seeding, while 72

134 lines did not produce any flowers until at least 100 days after seeding (Figure 1D).

135  Genetic linkage maps of Camelina sativa

136 For genotyping, 118 F> lines from the Csp population and 169 F» lines from the Csa population
137  were used. In the case of the Csp population, 84,346 SNPs were identified and after filtering for
138  those with more than 10% missing genotypes or distorted segregation ratios; 1,550 SNPs were
139  used to construct a genetic linkage map (Figure 2A). Although attempts to include additional SNP
140  was made by increasing the threshold for missing genotypes, this led to significant deviations from
141  the expected segregation ratio, which could suggest errors in the genotype calls. A linkage map
142 with a total length of 2193.8 ¢cM was constructed, where the number of markers per linkage group
143 ranged from 16 on chromosome 2 to 158 on chromosome 20 with an average mapping interval of
144 1 marker per 1.42 cM (Table S1). For the Csa population, 115,827 SNPs were identified for 169
145  genotypes; however, only 96 genotypes with sufficient sequence coverage to confidently call SNPs
146  were used to generate the genetic linkage map. Upon filtering for distorted segregation and those
147  with more than 5% missing genotypes, 3,279 SNPs were identified and mapped across the 20
148  chromosomes of the reference C. sativa genome (Figure 2B). The map encompassed 2399.96 cM
149  with an average of 0.73 cM/marker. The number of markers per linkage group ranged from 50 on

150  chromosome 2 to 420 on chromosome 11 (Table S2).

151  The two genetic maps showed good collinearity along their length (Figure S2). In addition, the
152 genetic maps identified a potential miss-assembly in the reference genome of C. sativa on
153 chromosome 16 (~10 Mb region), where an insertion from the terminal region of chromosome 17
154 (34 Mb) was found for both maps. The inserted region represented a small fraction of ancestral

155  genomic block D (Kagale et al., 2014).
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156  Mapping QTL for winter-type behaviour in Camelina

157  For both populations QTL were identified using days to flower (DTF) values measured for the F»
158  lines, where the data represented variation in DTF in response to vernalization. For the Csp
159  population, the analysis identified a strong QTL correlated with winter-type behaviour on
160  chromosome 8, base pair position 2,323,768 (LOD = 10.8), which explained 36.07% of the
161  phenotypic variation (Figure 2C) (Table 1). The C. sativa ssp. pilosa allele was co-dominant,
162 where heterozygosity at the linked SNP loci was associated with an intermediate late flowering
163 phenotype (Figure S3). The range of the confidence interval for the identified QTL was 7 cM. In
164  the physically mapped region (0.18 Mb), within the 95% confidence interval of the QTL, 562
165  annotated genes were identified. An ortholog of FLC (Csa082054450) was identified, which was
166  just 65 kb away from the QTL peak and 15 further flowering-related genes were identified within
167  or close to the QTL region (Table S3A).

168  Two QTL were identified in the Csa population, one on chromosome 13 (LOD = 7.50) and the
169  second on chromosome 20 (LOD = 7.07) (Figure 2D) (Table 1). The QTL map interval on
170  chromosome 13 was 8.5 ¢cM (3.07 Mb on the physical map), whereas it was 7 ¢cM (3.3 Mb) on
171  chromosome 20. In this population, the QTL on chromosome 13 showed a dominant effect,
172 whereas that on chromosome 20 showed a co-dominant effect (Figure S3). These two QTL
173 intervals represented homoeologous segments of the reference C. sativa genome, where the QTL
174  interval on chromosome 13 comprised 717 genes and that on chromosome 20 comprised 630
175 annotated genes. The QTL interval on chromosome 13 represented the terminal region of the
176  linkage group and encompassed 20 flowering related genes (Table S3A). Beside this, the peak of
177  the QTL was 913 Kb away from an ortholog of FLC (Csal3g011890). In the case of the QTL on
178  chromosome 20, 17 genes were identified as flowering-related genes within the confidence interval
179  of the QTL (Table S3A), among these FLC (Csa20g015400), EMF1 (Csa20g017070) and FY
180  (Csa20g018850) were identified to have a role in the vernalization response (Michaels and
181  Amasino, 1999, Aubert et al., 2001, Simpson et al., 2003). These two QTLs together explained
182 29.74% of the phenotypic variation in the Csa population (Table 1).

183  All three identified QTL loci were found in homoeologous segments of the reference C. sativa
184  genome, showing synteny with 4. thaliana chromosome 5 ancestral genome block R, but with a

185  slight difference in the absolute position of the QTL confidence interval (Figure S4). The one gene
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186  found in proximity to all three QTL with a defined role in the plant’s vernalization response was

187  FLC, suggesting that it could be the probable candidate gene for this requirement in C. sativa.

188  Differential gene expression in Camelina at the QTL loci

189  Gene expression analysis was performed at different time points within the parental lines: C. sativa
190  (TMP23992) spring-type, C. sativa ssp. pilosa (CN113692) winter type and C. alyssum (CAM176)
191  winter-type. For spring-type C. sativa, plants were kept in vernalization for one week, longer
192  proved detrimental to plant development; plants were sampled after one week in vernalization
193 (IW). For the two winter-types (C. alyssum and C. sativa ssp. pilosa), plants were kept in
194  vernalization for four weeks, with tissue sampling at two time points (two weeks (2W) and 4 weeks
195  in vernalization (4W)). Gene expression levels were compared before-vernalization (BV) versus
196 1W and 1W versus one week post-vernalization (PV) for spring type C. sativa. Likewise,
197  comparisons were made for the two winter-types at BV versus 2W, 2W versus 4W, and 4W versus
198  PV. The significantly differentially expressed genes were compared in the identified QTL regions

199  onchromosomes 8, 13, and 20 to identify genes distinguishing the winter- and spring-type parents.

200  Gene expression analysis across the three time points in spring-type C. sativa identified 9,224
201  differentially expressed genes (P-value<0.05), among these 186 were related to genes associated
202 with flowering time in other species (Table S3B). In the case of C. alyssum, 378 genes were
203  differentially expressed across all time points, among these 14 genes were related to flowering;
204  andin C. sativa ssp. pilosa 1,544 genes were differentially expressed across all time points, where
205 67 genes were associated with the flowering response (Figure 3, Table S3B). In the QTL region
206  on chromosome 8, of those showing average expression levels of >5 FPKM in at least one sample,
207 3 genes showed significant differential gene expression across different time points in C. sativa
208  ssp. pilosa (Table S4). FLC was the only flowering related gene found in the QTL region and was
209  down-regulated in response to the vernalization treatment with expression remaining low post-
210  vernalization, unlike in the spring-type parent where expression of FLC was high post-
211  vernalization. Interestingly, C. alyssum showed the same expression pattern for the Csa. FLC.C08
212 (Csa08g054450) copy. In the QTL regions on chromosome 13 and chromosome 20, 28 and 20
213 genes, respectively were found to be differentially expressed at any one time point in C. alyssum
214  (Table S5). Among these only one gene from chromosome 13 and three genes from chromosome

215 20 showed differential gene expression across all time points (Figure 4, Table S5). In both
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216  instances FLC was found to be down regulated in response to vernalization. In the case of spring-
217  type C. sativa, the genes showing differential expression in the QTL regions of the winter and
218  semi-winter type were not similarly expressed, notably although Csa. FLC.C08 showed a slight
219  reduction in expression after one week of cold treatment, expression increased post-vernalization

220  (Table S6).

221  Since the two winter type lines showed differing phenotypes with C. sativa ssp. pilosa being a
222 semi-winter-type compared to C. alyssum, a true winter type, the two winter-types were compared
223 at each time point; 2,156 genes were found to be differentially expressed across all time points
224  (Figure 3D). Notably, the level of differential gene expression between the two genotypes
225  increased with duration of vernalization, with 1,080 and 5,404 genes uniquely differentially
226  expressed after two and four weeks of vernalization, respectively (Figure 3D). The gene ontology
227  of these genes suggested the majority are related to response to stimuli and stress due to changes
228  in the environment (Figure 3E). This might indicate a varying level of response to cold treatment

229  in the two genotypes.

230  Gene co-expression analysis using weighted gene co-expression network analysis (WGCNA) was
231  performed to identify genes that were clustered together with the major flowering gene FLC. In
232 the case of the spring-type C. sativa (Figure SS5A), FLC was absent from all 11 modules identified
233 (Table S7A). For C. sativa ssp. pilosa FLC from chromosomes 8 and 20 clustered in one group
234 along with 242 other genes (Table 7B, Figure S5B). Likewise, in C. alyssum FLC from
235  chromosome 8, chromosome 13, and chromosome 20 clustered together along with 32 other genes
236  (Table S7C, Figure S5C). However, comparing the modules containing FLC between the two
237  genotypes identified only 8 genes in common, suggesting divergence in the co-expression of

238  related genes between these two winter-type Camelina species.
239  Pathway for flowering in Camelina

240 It has previously been shown that C. sativa and its diploid progenitor C. neglecta do not appear to
241  contain an ortholog of a key gene in the A. thaliana flowering pathway, FRIGIDA (FRI)
242 (Chaudhary et al, 2022). Thus the expression of flowering-related genes was explored to infer
243 whether the well-defined pathways of A. thaliana (Teotia and Tang, 2015) were in fact good
244 predictors for gene expression in C. sativa (Figure 5; Table S8A). Only expressed genes

245  (FPKM>0.1 in at least two replicates) and those found in syntenic positions were considered in the
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246  final list (Table S8B). Thus 1,436 orthologs representing a comprehensive list of 579 A. thaliana
247  genes known to be associated with flowering were identified in C. sativa and their expression
248  profiles studied (Table S8B). Flowering is known to be controlled by a complex interplay of gene
249  pathways, notably the photoperiod, the vernalization, the autonomous and the gibberellin (GA)
250  pathways (Mouradov et al., 2002). Adding further complexity, expression of most flowering time
251  genes are also impacted by the circadian rhythm pathway, being differentially expressed between
252 day and night (Fowler et al., 1999, Mizoguchi et al., 2005). Inferring function from expression is
253  limiting but it was apparent that orthologues of almost all known A. thaliana flowering time genes
254  were identified among the differentially expressed genes. Of note, in addition to FRI/, a further
255  well characterised flowering time gene, Flowering Wageningen (FWA), was also completely
256  absent from the C. sativa genome. Clustering of the significantly differentially expressed key
257  flowering related genes identified three clusters (Figure 5A). The first cluster shows reduced
258  expression during vernalization while the second shows the opposite response. The latter cluster
259  also showed variation in expression across biotypes as well as with the time period of cold
260  treatment, with three sub-patterns within the cluster; those more highly expressed in the spring-
261  type, those expressed predominantly in the two winter-types, and those expressed transiently in
262  the winter types. The third small cluster contained genes which were largely repressed during
263  vernalization and differentiated among the biotypes. Cluster 1 was largely defined by those genes
264  with higher expression post-vernalization in the spring type. The expression patterns clearly
265  differentiated the spring- and winter-types with some notable genes highlighted in Figure SB.
266  However, except for expression of two copies of FLC, those on chromosome 13 and 20, differences
267  between the winter-types was more subtle. In the C. alyssum line, some of the photoperiod and
268  circadian genes maintained higher levels of expression throughout the cold treatment compared to
269  the semi-winter line (eg. CCA and COLI orthologs). As perhaps expected from the undifferentiated
270  nature of the C. sativa genome, most 4. thaliana flowering-time genes were maintained in three
271  copies, interestingly there was limited genome divergence of gene expression pattern or genome

272  dominance observed among the duplicate copies (Figure S6).

273  Discussion

274  Flowering is a crucial stage in a plant’s growth cycle and has a direct influence on adaptation,

275  fitness and overall plant productivity. In nature, biennial and annual flowering behaviour has been

10
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276  reported in a number of Brassica species and cereal crops (Kim etz al., 2009). The annual nature of
277  flowering is often characterized as an important adaptive trait during the domestication process in
278  crop species (Agren et al., 2017). The study of vernalization in C. sativa could provide insights in
279  other Brassica crops due to the high degree of homology shared among these species, as well as

280  the close relationship of this species with the model plant A. thaliana.

281  Winter-type Camelina species are represented by plants requiring prolonged cold treatment to
282  promote bolting. In this study, two different winter-type Camelina ecotypes were exploited. The
283  first, C. alyssum, prior to vernalisation had shorter stems characterized by profuse leaf production,
284  where cold treatment promoted stem elongation and flowering. The second type, C. sativa ssp.
285  pilosa, was charaterized by longer stems and branching and might be considered a winter annual,
286  since flowering would occur without vernalization, but was induced more rapidly and profusely
287  after 2-3 weeks of vernalization (Figure S7). The availability of these two forms of winter-type
288  Camelina enabled potentially different mechanisms controlling delayed flowering in C. sativa to
289  be studied. Hybrids generated between C. sativa and C. alyssum produced an obligate winter-type
290 plant, suggesting a dominant trait. A number of reports have shown a quantitative effect for
291  duration of vernalization (Sheldon ez al., 2000, Kemi ef al., 2013). Similar observations were made
292 in this study, as the days to flowering was greater for hybrid plants (C. sativa x C. alyssum)
293  vernalized for a shorter duration compared to those vernalized for a longer period (Figure S8).
294  The extent of variation in vernalization requirement, as reflected by days to flowering, as well as
295  the difference in the number of reproductive branches in hybrids coming from the same parents

296  (Table S9), suggested there was quantitative variation for vernalization requirement.

297  Genetic linkage maps developed from populations derived from crosses between one spring- and
298  two winter-type parents were aligned based on 648 common markers and showed a Spearman
299  correlation coefficient of 0.81 (Figure S2), suggesting high contiguity of the maps. Since these
300 populations were developed from crosses between one spring-type C. sativa parent with two
301  different winter-type Camelina species/sub-species, the level of similarity shared among the
302  winter-type parents influenced the number of common markers in the genetic maps. The maps
303  both suggested mis-assembly of the reference genome, where a linkage block representing
304 chromosome 17 was found on chromosome 16. A revised subgenome structure of the C. sativa
305 genome had previously revealed that chromosomes 16 and 17 should be in different subgenomes

306  (Chaudhary et al, 2020), and the resultant new syntelog table suggested genes belonging to the
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307  terminal region of chromosome 17 (subgenome 3) should be present in subgenome 2, which would

308  be consistent with the results presented here (Table S10).

309  Three major QTL affecting winter-type behaviour in C. sativa were identified. The major QTL
310  identified on chromosome 8 (subgenome 1) for the Csp population was in close proximity to an
311  orthologue of FLC, indicating its potential role in flowering behaviour in C. sativa ssp. pilosa. Of
312 note, although the F».3 Csp population was not vernalized, all lines flowered within 55 days; yet
313 the DTF phenotype data from the F»:3 lines identified the same QTL on chromosome 8§ that
314  controlled variation in DTF as reflected by the winter-type behaviour of the F2 lines (Figure S9).
315 In contrast, two QTL were identified in the Csa population, where both QTL represented
316  homologous regions in different subgenomes (chromosome 13: subgenome 2 and chromosome 20:
317  subgenome 3). Within the confidence interval of these two QTL, or in close proximity, an
318  orthologue of the major flowering time gene FLC was identified. However, low linkage
319  disequilibrium (LD) detected for the markers around FLC, especially on chromosome 8, could
320  suggest other genes might also be responsible for affecting days to flower (Figure S10). These
321  QTL were confirmed through mapping of F2.3 phenotypes, where the same QTLs were identified
322 onchromosomes 13 and 20 as in the F> generation, but with a less significant P-value for the QTL
323  on chromosome 20, which might suggest further segregation of codominant alelles (Figure S11).
324  The low number of samples in both populations probably decreased the level of confidence for the
325  identified QTL and in quantifying minor QTLs; however, the study identified three major QTL in
326  two populations that have a significant effect in causing variation for flowering time/vernalization

327  requirement.

328 A number of genes have been identified as being responsible for the vernalization requirement in
329  A. thaliana and other related Brassica species. Among them, FLC, a well-characterized gene, has
330  been shown to control winter-type behaviour in A. thaliana (Michaels and Amasino, 1999,
331  Swiezewski et al., 2009). Orthologs of FLC have been shown in a number of Brassica species to
332 affect vernalization requirement (Anderson et al., 2018, Schiessl et al., 2019, Takada et al., 2019),
333 where higher expression of FLC suppresses flower initiation before vernalization. As such, the
334 duration of vernalization is inversely correlated with the level of FLC expression over the course
335  of the vernalization period (Sheldon et al., 2000), and FLC acts as a repressor for a number of
336  genes associated with flowering responses (Deng et al., 2011). Camelina sativa is a hexaploid with

337  three relatively undifferentiated subgenomes which is reflected by the existence of three copies of
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338  FLC (Kagale et al., 2014). Previously, one ortholog of Csa.FLC.C20 (Csa20g015400) was found
339  to be differentially expressed in response to vernalization in the winter-type C. sativa variety Joelle
340  in comparison to spring-type C. sativa (Anderson et al., 2018). This was confirmed by Chao et al.
341  (2019) with an additional set of winter-type C. sativa lines, where expression of Csa.FLC.C20
342 could differentiate the two biotypes. It was speculated that the additional FLC orthologs might
343  have succumbed to selection pressure that resulted in a change or loss of function and they may
344  now play a role in seed and/or tissue development (Anderson et al., 2018). Similarly, potential
345  sub-functionalization of the FLC orthologs/homoeologs has been reported in some Brassica
346  species (Schiessl et al., 2019). However, other studies have suggested that the additional FLC
347  genes are responsible for variation in flowering time in the absence of vernalization requirement

348  (Zouetal., 2012, Xiao et al., 2013, O’Neill et al., 2019)

349  The proximity of Csa.FLC to the identfied QTL suggested that Csa.FLC could be influencing
350  vernalization requirement, as well as affecting days to flowering in winter-type Camelina similar
351  to other crops (Okazaki et al., 2007, Zhao et al., 2010, Deng et al., 2011, Xiao et al., 2013). The
352  QTL on chromosome 13 was an additional locus to those previously reported. In Chao et al.
353 (2019), differential expression was observed for both Csa. FLC.C08 and Csa.FLC.C20, while
354  Anderson et al. (2018) suggested that Csa.FLC.C20 was the determinant for vernalization
355 requirement in C. sativa, where they identifed a one base deletion which resulted in a non-
356  functional FLC protein in spring-type C. sativa. Reconstructing Csa. FLC.C20 from the available
357 RNAseq data indicated that the spring type TMP23992 shared homology with the published
358  reference genome DHS55 leading to a predicted truncated protein compared to the winter-type C.
359  alyssum (Figure S12). Notably, Csa. FLC.C08 in both the spring type TMP23992 and the reference
360  genotype had a three base-pair deletion in comparison to both winter types, which was somewhat
361  unexpectedly also reported in another winter-type C. sativa variety, Joelle (Anderson ef al., 2018).
362  The FLC ortholog in Camelina neglecta, a diploid progenitor of C. sativa aligns with the winter-
363  type Csa.FLC.C0S8 suggesting this to be the ancestral copy (Chaudhary et al., 2022) (Figure S12).
364  Csa.FLC.C13 could only be reconstructed from C. alyssum and showed only synonymous
365  sequence variation compared to the reference genome. For C. alyssum, the decrease in expression
366 of Csa.FLC.CI3 and Csa.FLC.C20 upon cold treatment suggested a similar role for FLC as that
367  reported in a number of other species (Sheldon et al., 2000, Okazaki et al., 2007, Anderson et al.,
368  2018). Csa.FLC.COS8 was also repressed in C. sativa ssp. pilosa as might be expected if it played
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369  aformative role in vernalization. Csa.FLC.C08, the likely progenitor copy, behaved as a functional
370  copy in C. alyssum, with reduction in expression upon vernalization; although no significant QTL
371  could be identified, there was a peak observed on chromosome CO8 when studying the F2:3
372 population (Figure S11). Genome dominance has been observed in C. sativa with orthologs from
373  the third sub-genome generally showing a higher level of expression (Chaudhary et. al, 2020), and
374  this may be reflected with the capture of QTL in this instance. All three orthologs of Csa.FLC
375  appear to have the potential to contribute to the control of flowering time in C. sativa, with each
376  being differentially adapted in the spring-type, either through sequence variation or presumably
377  control of gene expression in the case of Csa.FLC.CI3. Interestingly, the variant copy of
378  Csa.FLC.C0S8 was found to be highly expressed in the spring type with expression increasing post-

379  vernalization, suggesting it may have evolved a novel function in spring-type C. sativa.

380  The use of different winter-type sources helped to identify three homologous QTL responsible for
381  winter-type behaviour in C. sativa, noteably, they were independently identified on different
382  subgenomes in two populations. These loci through the generation of locus specific markers can
383  be exploited in current efforts to develop winter-type C. sativa varieties, based on the different
384  winter biotypes it appears that at least two of the identified loci might be required to develop true
385  winter types. In conjunction with gene expression analyses, the three orthologs of FLC were
386 identified as the likely candidates contributing to the wvariation underlying the QTL.
387  Notwithstanding the absence of FRIGIDA (Chaudhary et al., 2022) and FWA, C. sativa was
388  observed to share many of the key genes regulating both flowering time and the vernalization
389  response with A. thaliana (Figure 5), further many of those genes maintained three orthologs in
390 C. sativa and were similarly expressed (Table S8). As presented here, the presence of multiple
391  orthologs can allow various routes for adaptation in the polyploid, thus further studies of flowering
392  time in C. sativa may yet yield insights into the complexities of regulating this fundamental trait

393  in new polyploid species.

394  Experimental procedures

395  Plant materials

396  Three different species were used to generate F» and F».3 populations: viz. C. sativa (TMP23992),
397  C. alyssum (CAM176), and C. sativa ssp. pilosa (CN113692) (Figure S1). TMP23992 is a spring-
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398  type line, while the other two are winter-types. The spring-type TMP23992 produced flowers
399  within 30 days of seeding. The two winter-type lines differed in morphology for winter behaviour,
400 CN113692 was similar to the C. sativa spring-type in the early growth stages, but with increased
401  vegetative branching and reduced height prior to cold treatment. CAM176 was characterized by a
402  reduced stem with profuse leaves where the vernalization treatment promoted stem elongation, as

403  well as branching and flowering (Figure S7).

404  As shown in Figure S1, manual crossing was performed with unopened fully developed buds,
405  where TMP23992 (spring-type) was the maternal parent and the winter-types were pollen donors.
406  After pollination, flowers were covered with an isolation bag. Seeds from mature pods were
407  harvested and planted. The hybrids between TMP23992 and CAM176 produced a winter-type
408  plant; whereas those between TMP23992 and CN 113692 produced semi-winter type plants, which
409  flowered in the absence of vernalization; however, with a lower number of reproductive branches
410 relative to the parental lines. Self-seed of each hybrid represented the F» populations (Figure S1).
411  F; lines showing winter-type morphology were vernalized at 4 °C for 30 days for the C. sativa
412 C. alyssum cross (Csa) and 15 days for C. sativa x C. sativa ssp. pilosa cross (Csp). All
413 experiments were carried out in the greenhouse in a soil-less potting mixture (Stringam, 1971)
414  amended with controlled release fertilizer (15-9-12 Osmocote PLUS, Scotts Fertilizer Company,
415  Marysville, OH, USA) with 16/8 hr of light/dark conditions. Vernalization requirement was
416  determined based on the growth habit 20 days after seeding, where reduced stems with profuse
417  leaves were characteristic of winter-type behaviour. Single seed descent was adopted to generate
418  Fz3 lines for additional confirmation of growth habit. F».3 plants were not subjected to
419  vernalization; those lines either not flowering or late flowering with reduced flower numbers were
420  assumed to have a winter habit. Days to first flower (DTF) for all the lines was recorded from the
421  date of seeding. Plants not flowering 100 days after seeding were assigned a value of 100 for QTL
422  mapping.

423  Genotyping of segregating populations

424 Young leaf tissue was harvested from all lines and kept at -80 °C until DNA extraction. DNA
425  extraction was performed using the CTAB method as described in (Chaudhary et al., 2020) and
426 GBS library preparation was as described by Poland et al. (2012) using Pstl and Mspl for reduced

427  genome representation. Paired-end 125 bp sequencing was performed with multiplexed libraries
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428  on a Hiseq platform (Illumina, San Diego, CA, US). The sequences were de-multiplexed followed
429 by trimming of low quality bases and adapters using Trimmomatic version 0.33 (Bolger et al.,
430  2014) where reads with a minimum length of 55 bp were retained. All high quality reads were
431  mapped to the C. sativa reference genome (Kagale et al., 2014) using BWA (Li and Durbin, 2009)
432 with bwa-mem tool with default parameters. From the aligned BAM files SNPs were called using
433 the UnifiedGenotyper tool in GATK version 3.2-2 (McKenna et al., 2010) with default parameters.

434  Genetic analyses of segregating populations

435  For both populations, all markers polymorphic between the parents were considered, apart from
436  those showing distorted segregation, i.e. deviation from 1:2:1 (y* test, P-value< 0.05). Genetic

437  linkage maps were prepared using MSTmap (Wu et al., 2007).

438  For the Csa population, SNPs for 96 F> lines with less than 5% missing genotypes were used to
439  construct a genetic linkage map, where logarithm of odds ratio (LOD) score of 7, mapping
440  threshold of 1 and mapping distance threshold of 1 ¢cM settings were used to determine the number
441  of linkage groups. Markers that failed to cluster with their presumed linkage group (LG) of origin,
442  based on alignment to the reference genome, were forced to cluster with said LG using the single

443 LG function in MSTmap.

444 For the Csp population, SNPs for 118 F lines with less than 10% missing genotype data were used
445  for map construction with a LOD score of 6, mapping threshold of 1 and mapping distance
446  threshold of 1 cM. As before, further grouping of linkage groups was performed for those markers
447  originating from the same physical chromosome, but separated by high genetic distances. The
448  genetic maps were visualized using MapChart v2.32 (Voorrips, 2002). The genetic maps were

449  compared for contiguity using the online version of genetic map comparator (Holtz et al., 2017).

450  Identification of QTL

451  QTL analysis was performed with the R/qtl package (Broman ef al., 2003) in R statistical software
452 (R Core Team, 2021). A single QTL model developed with the Haley-Knott regression method
453  was used to identify QTL. The significance threshold (LOD value) was determined using 1000
454  permutations and a=0.05, above which QTL were assumed to be significant. The fitqtl method
455  with the drop one term method was adopted for identifying phenotypic variation explained by the
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456  QTL, where the method analyzes sub-models to fit the best model, and the percent variance
457  explained for the QTL was calculated by the formula 4° = 1-102/LOP_The confidence interval of
458  the QTL was identified using Bayesian Credible Interval in the R/qtl package and genes within the
459  confidence interval of the QTL were identified from C. sativa annotated genes (Kagale et al.,
460  2014). Homoeologous chromosomes with QTL were further visualized using KaryoploteR
461  package in the R software (Gel and Serra, 2017).

462  RNA sequencing and differential gene expression analysis

463  RNA sequencing of the parents, with three biological replications, for four different time points
464  for C. sativa ssp. pilosa and C. alyssum and three time points for C. sativa were performed. The
465 leaves tissues were harvested pre-vernalization (for all parents), 1 week into vernalization
466  (TMP23992), 2 weeks into vernalization (CAM176 and CN113692), 4 weeks into vernalization
467 (CAMI176 and CN113692), and 1 week post vernalization (for all parents). Total RNA was
468  extracted using a standard Rneasy Plant Qiagen kit as described by the manufacturer with on-
469  column DNA digestion. RNA was quantified using a Qubit (Thermo Fisher Scientific Inc.,
470  Walthan, MA ) and the quality determined using an RNA Nano labchip on a Bioanalyzer (Agilent
471  Technologies, Santa Clara, USA). Paired-end RNAseq libraries were constructed using the
472  Illumina Stranded mRNA Prep kit, with 500 ng of RNA for cDNA synthesis followed by RNA
473  library preparation. The final library quality was checked using a TapeStation (Agilent
474  Technologies, Santa Clara, USA). Sequencing was done on an Illumina NovaSeq 6000 platform
475 (2 x 250 bp).

476  Sequence data were filtered for low quality reads, short reads and adapter contamination using
477  Trimmomatic v.0.39 (Bolger et al., 2014). Leading and trailing bases with quality below 10, an
478  average quality of base below 20 with a sliding window of 4, and reads shorter than 51 bp were
479  removed. All trimmed reads were aligned with the annotated C. sativa reference genome (Kagale
480 et al., 2014) using STAR v.2.7.9a (Dobin et al., 2013) using default parameters, except for —
481  alignintronMax set at 10000 and —outFilterMismatchNmax set at 4. GeneCounts in STAR
482  provided read counts per annotated gene. The statistics on input data, filtration and mapping are
483  presented in Table S11. Normalization of read counts was done using the Fragment Per Kilobase
484  of transcripts per Million mapped reads (FPKM) method using RSEM v.1.3.3 (Li and Dewey,
485  2011). Differential gene expression analysis was performed with the DESeq2 package (Love et
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486  al.,2014) with “apeglm” function (Zhu et al., 2018) in R statistical software (R Core Team, 2021)
487  where all genes were expected to be differentially expressed among comparisons based on P-
488  adjusted value <0.05. Further, ggplot2 (Wickham, 2016) was used to plot the expression of genes
489  across multiple time points for three parental genotypes and IGV v.2.11.1 (Thorvaldsdottir et al.,

490  2012) was used to visualize the alignment of candidate genes.

491  The mapped reads across the FLC orthologs were extracted using samtools v.1.13 (Li et al., 2009)
492  and reassembled using Trinity v.2.13.2 (Grabherr et al., 2011) and protein models were predicted
493  using TransDecoder v.5.5.0 (https://github.com/TransDecoder/TransDecoder). Multiple sequence
494  alignment was performed using Clustal Omega in an online platform provided by EMBL-EBI
495  (Madeira et al., 2022).

496 WGCNA package (Langfelder and Horvath, 2008) in R was used to infer gene co-
497  expression/modules based on the transcriptional response with the change in condition such as pre-
498  vernalization, time points during vernalization, and post-vernalization. Only 4471 highly
499  differentially expressed genes (based on 95 quantile) were used in the analysis. Modules were
500 identified based on hierarchical average linkage clustering with minModuleSize set to 30 and the
501  co-expression measure to the power f=12. Gene Ontology and biological function of differentially

502  expressed genes were analysed using Metascape (https://metascape.org) (Zhou et al., 2019).

503 A list of 579 A. thaliana flowering related genes were prepared by combining FLOR-ID genes
504  (Bouché et al., 2016) with those from Sasaki et al. (2015). Orthologs in C. sativa were identified
505  based on the syntelog table for Camelina sativa (Kagale et al., 2014). A total of 1436 flowering
506  related genes in Camelina sativa were found to have an expression of >0.1 FPKM for at least two
507  biological replications for any one time point (Table S8). Further, the top orthologs from these
508  genotypes showing at least two-fold change in the expression during vernalization as well as
509  having expression of >5 FPKM for at least two replicates were used for the preparation of heatmap
510  using package pheatmap in R (R Core Team, 2021) (Table S8). The differentially expressed genes
511  for each parental line were subjected to fit into KEGG pathway using ShinyGo 0.76.3 (Ge et al.,
512 2019) to infer any potential differences in the pathway genes. The subgenome dominance analysis
513  was performed with 425 flowering related genes having three copies across three subgenomes.

514  The analysis of variance was performed with expression data (FPKM) to identify the subgenome
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515 having a dominant expression pattern; and the percentage of genes for a subgenome having
516  dominant pattern were plotted using package “ggplot2” (Wickham, 2016) in R software.

517
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796

797

Table 1 QTL for vernalization requirement in C. sativa measured as a days to first flower in

F2 populations.

Populations LG Loci LOD Confidence interval R? SNP Position
C. sativa x C. sativa ssp. pilosa 8 FLC 108 86-93 cM 36.07 Chr8 23233768
. 13 FLC 75 15-10cM 1547 Chrl3 3115898

C: sativa x C. alyssum 20 FLC 7.07 9-16cM 1427 Chr20 3266303

27


https://doi.org/10.1101/2023.05.23.541983
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.23.541983; this version posted May 24, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

798  Figure Legends

799  Figure 1. Flowering behaviour in segregating intra-specific Camelina populations. Frequency
800  distribution of days to flowering in (A) F» developed from a C. sativa % C. sativa ssp. pilosa cross
801  (Csp); (B) F2 developed from a C. sativa % C. alyssum cross (Csa); (C) F23 developed from a C.

802  sativa x C. sativa ssp. pilosa cross; and (D) F2.3 developed from a C. sativa x C. alyssum cross.
803

804  Figure 2. Mapping of QTL associated with vernalization requirement in C. sativa. (A) Genetic
805  linkage map derived from the C. sativa x C. sativa ssp. pilosa (Csp) F2 population; (B) Genetic
806  linkage map derived from the C. sativa % C. alyssum (Csa) F» population; (C) QTL identified in
807  the C. sativa x C. sativa ssp. pilosa (Csp) F2 population; and (D) QTL identified in the C. sativa
808  x C. alyssum (Csa) F2 population. cM distance is shown to the left of the maps in panels (A) and
809  (B). The significance threshold for identifying QTL is shown as a green line in panels (C) and (D).

810

811  Figure 3. Differential gene expression before, during and after vernalization in spring- and
812  winter-type Camelina parents. Genotype TMP23992 (C. sativa) is a spring-type, whereas
813 CAMI176 (C. alyssum) and CN113692 (C. sativa ssp. pilosa) are winter-types. Venn diagrams
814  showing number of differentially expressed genes (DEGs) across time points in (A) TMP23992,
815 (B) CN113692, and (C) CAM176; where BV is before-vernalization, IW, 2W, and 4W are one,
816  two or four weeks during vernalization, and PV is one week post-vernalization. Venn diagram
817  showing number of DEGs between two winter-type Camelina genotypes, CN113692 and
818 CAMI176, at 4 different time points (D). Gene ontology analysis of unique genes expressed after
819  four weeks of vernalization in CAM176 (E).

820

821  Figure 4. Changes in the gene expression during different time points of vernalization in
822  Camelina species. Gene expression levels (FPKM) of each ortholog of FLC (A), SOCI (B), and
823  VIN3 (C) in three parental lines. FPKM represents mean Fragments Per Kilobase of transcript per
824  Million mapped reads calculated for replicated RNASeq data; error bars represent standard error

825  of the mean value.
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826  Figure 5. Flowering pathway in Camelina sativa in response to vernalization treatment. A)
827  Heatmap showing expression of flowering related genes across predefined flowering pathways in
828  A. thaliana (Photoperiod, Vernalization, Autonomous and Gibberellin) and in Camelina genotypes
829  TMP23992 (spring), CN119243 (semi-winter) and CAM176 (winter) for different level of cold
830  treatment (BV- pre-vernalization, 1 W- 7 days at vernalization, 2W, 14 days at vernalization, 4W-
831 30 days at vernalization, and PV- 7 days post vernalization); and B) A schematic diagram for
832  flowering pathway in C. sativa where flowering related gene showing differential gene expression
833  for at least one paralog in C. sativa are shown. The bar indicates negative effect, and the arrow
834  indicates positive effect. Those genes highlighted in blue show differential expression in winter-

835  type(s) while those in orange are differentially expressed in the spring type.
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