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Abstract

The genus Camelina (Brassicaceae) comprises 7-8 diploid, tetraploid, and hexaploid species. Of particular agricultural interest is the
biofuel crop, C. sativa (gold-of-pleasure or false flax), an allohexaploid domesticated from the widespread weed, C. microcarpa. Recent
cytogenetics and genomics work has uncovered the identity of the parental diploid species involved in ancient polyploidization events
in Camelina. However, little is known about the maternal subgenome ancestry of contemporary polyploid species. To determine the
diploid maternal contributors of polyploid Camelina lineages, we sequenced and assembled 84 Camelina chloroplast genomes for
phylogenetic analysis. Divergence time estimation was used to infer the timing of polyploidization events. Chromosome counts were
also determined for 82 individuals to assess ploidy and cytotypic variation. Chloroplast genomes showed minimal divergence across
the genus, with no observed gene-loss or structural variation. Phylogenetic analyses revealed C. hispida as a maternal diploid parent
to the allotetraploid Camelina rumelica, and C. neglecta as the closest extant diploid contributor to the allohexaploids C. microcarpa and
C. sativa. The tetraploid C. rumelica appears to have evolved through multiple independent hybridization events. Divergence times for
polyploid lineages closely related to C. sativa were all inferred to be very recent, at only ~65 thousand years ago. Chromosome counts
confirm that there are two distinct cytotypes within C. microcarpa (2n =38 and 2n=40). Based on these findings and other recent
research, we propose a model of Camelina subgenome relationships representing our current understanding of the hybridization and
polyploidization history of this recently-diverged genus.

Introduction chloroplast genome sequencing to include taxa that are
rare or extinct but still available in herbaria.

Camelina Crantz is a small genus comprising 7-8
species of herbaceous annuals in the family Brassicaceae
[12, 13]. The genus includes diploid, tetraploid, and
hexaploid species, including the hexaploid oilseed crop,
C. sativa (L.) Crantz (gold-of-pleasure or false flax),

and widespread weeds, Camelina rumelica Velen. and C.

Chloroplast genomes are valuable resources for phyloge-
netic studies and evolutionary inferences, owing to their
uniparental inheritance and lack of recombination [1].
Chloroplast genomes of most flowering plants are
maternally inherited, making them particularly useful
for studying historical plant hybridization and inferring
maternal lineages involved in polyploidization events.

Previous studies have utilized chloroplast DNA to infer
maternal and paternal ancestors of several polyploid
crops, including in Brassica (mustards), Gossypium (cot-
ton), Musa (banana), and Triticum (wheat) [2-6]. In
the cases of Citrus (citrus fruits) and Malus (apple),
chloroplast sequencing was used to date the timing
of speciation and contributions of wild progenitors to
domesticated varieties [/, 8]. Chloroplast haplotypes
have also been proven useful for elucidating demo-
graphic history in some wild plant species, including
Capsella bursa-pastoris and Palicourea padifolia [9, 10].
New techniques for preparing sequencing libraries from
herbarium material [11] have further enabled the use of

microcarpa Andrz. ex DC. In a previous study, we employed
genome-wide ddRADseq markers to assess phylogenetic
relationships in the genus; this work confirmed the
traditional morphologically-based species delimitations
and documented the domestication origin of cultivated
C. sativa from the wild hexaploid species, C. microcarpa
(Brock et al. 2018). However, many unanswered questions
remain on phylogenetic relationships in the genus
and the domestication origin of C. sativa. With respect
to sampling, the previous phylogenetic study did not
include a newly described diploid species, C. neglecta
Brock et al., which has since been proposed as a diploid
ancestor to the hexaploid crop lineage [12, 14], nor did it
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include other recently-collected germplasm that could
potentially represent novel taxa (described below), or
the rare (potentially extinct) species C. anomala Boiss. &
Hausskn. Another unanswered question concerns the
identity of the maternal subgenome contributor to C.
sativa and maternal ancestry of the other polyploid
lineages in the genus. Previous attempts at using indi-
vidual chloroplast loci (trnL intron, psbA-trnH, ndh-rpL32
and trnQ-rps16) to address this and other phylogenetic
questions revealed that these markers are largely
invariant and thus unsuitable for phylogenetic analyses
in Camelina [15]. In addition, much uncertainty remains
about the domestication of C. sativa. While domestication
is generally hypothesized to have occurred in central
to eastern Europe [16] or western Asia, next-generation
sequencing techniques have not yet been employed on a
wide geographic sampling of C. microcarpa and C. sativa
for the purposes of determining the geographic origins
of domestication.

Camelina sativa is an ancient oilseed crop that was long
cultivated in Europe and western Asia as a food and fuel
source. While historically widely grown, most predomi-
nantly in Europe, C. sativa cultivation sharply declined in
the 20 century in favor of other higher-yielding oilseed
crops. This led to a major depletion of genetic diversity,
as many landraces were abandoned. Several studies have
documented this paucity of genetic diversity in modern
C. sativa varieties [17-20]. In recent years, C. sativa has
gained renewed interest as an oilseed source due to its
short time to flowering, low input requirements, disease
resistance, and high levels of seed omega-3 and long-
chain fatty acids [21-23]. Of particular interest, biofuels
generated from C. sativa seeds are highly suited for avia-
tion applications and can achieve a 75% reduction in CO,
emissions over petroleum-based jet fuel [24]. However,
modern breeding efforts are constrained by the limited
genetic diversity of present-day germplasm.

The wild relatives of C. sativa offer a potentially
valuable germplasm resource for overcoming the crop’s
present-day limited genetic diversity. Crossing of wild
C. microcarpa with C. sativa would provide one source
of readily available diversity, as previous studies have
shown evidence of interfertility between the crop and
its progenitor [25-27]. However, even greater diversity
enhancement could be achieved by identifying and
hybridizing the extant diploid progenitors of the C. micro-
carpa/sativa complex to resynthesize the allohexaploid
crop genome. Such approaches have been used with great
success to increase genetic diversity in the allotetraploid
Brassica napus crop [28, 29]. Knowledge of the maternal
diploid contributor to C. sativa would facilitate this
process by providing information on the direction of
hybridization among the diploid and tetraploid lineages.

Recent research has established that the allohexaploid
C. microcarpa/sativa lineage evolved as a product of
ancient hybridization and genome duplication between
two diploid progenitors, C. hispida Boiss. and C. neglecta,
through a proposed intermediate, a C. neglecta-like

tetraploid [14]. Other recent research suggests that
two distinct cytotypes of C. microcarpa may exist [20],
one 2n=38 and the other 2n=40. Mapping of genome-
wide, genotyping-by-sequencing (GBS) data suggests
that the 2n=40 cytotype shares all three subgenomes
with C. sativa (also 2n=40); in contrast, the putative
2n =38 C. microcarpa cytotype shares only two of its three
subgenomes with the 2n =40 cytotypes [20] and appears
to be less closely related to the crop species. It remains
unclear whether the two cytotypes of hexaploid C.
microcarpa originated from independent polyploidization
events, or if descending dysploidy in the 2n =38 lineage
after polyploidization is instead responsible for the
chromosome number variation [30]. Additionally, a
2n=26 tetraploid taxon has been discovered which,
based on mapping of GBS data, appears to share its
two subgenomes with both C. microcarpa cytotypes
and C. sativa [20]. Our previous study had proposed
the existence of a 2n=26 tetraploid C. neglecta-like
genome that hybridized with C. hispida to produce the
2n =40 allohexaploids C. microcarpa and C. sativa [14];
however, additional evidence is required to prove that the
previously identified tetraploid [20] is in fact a progenitor
to the allohexaploid lineages.

In this study we used chloroplast genome sequencing
toelucidate the maternal parentage of polyploid Camelina
lineages, characterize phylogenetic relationships among
previously unrecognized taxa, and estimate divergence
time of the domesticated C. sativa in relation to its
progenitor, C. microcarpa. We sequenced and assembled
84 Camelina chloroplast genomes with the goal of
addressing the following specific questions: 1) Which
diploid Camelina species contributed the chloroplast and
maternal subgenome to the allotetraploid species C.
rumelica and the allohexaploid species C. microcarpa and
C.sativa? 2) Do 2n =38 and 2n =40 C. microcarpa cytotypes
originate from different diploid/tetraploid ancestors?
3) Is the 2n=26 C. neglecta-like taxon the previously-
proposed allotetraploid intermediate with which C.
hispida hybridized to give rise to the allohexaploid C.
microcarpa/sativa lineage? 4) Approximately how old are
the polyploidization events that produced the polyploid
Camelina lineages?

Results

Karyotyping reveals cytotype variation only in C.
microcarpa

A total of 82 accessions of Camelina were the subject of
chromosome counting. Of these, 46 were C. microcarpa,
25 of which were found to be 2n=38 and 21 of which
were 2n =40 (Supplemental Table 1). These two cytotype
groups within C. microcarpa correspond to two previously-
identified genetic subpopulations of that species [31],
with all 2n=38 accessions belonging to the “Ukraine”
genetic population and all 2n =40 accessions belonging
to the “Caucasus” population. For all other species exam-
ined, we observed no variation in chromosome number.
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Table 1. Description of Camelina taxa sampled here, including number of chloroplast genomes assembled, karyotypes observed, and

chloroplast genome size ranges

Species # Plastomes Observed Chloroplast size LSC (bp) SSC (bp) IR (bp)
Karyotypes (2n)  (bp)
Camelina anomala 1 N/A 154007 83177 17860 26485
Camelina hispida 9 14 153351 - 153933 82450 - 83064 17880 - 17929 26485 - 26488
Camelina laxa 8 12 154253 - 154455 83456 - 83661 17820 - 17845 26486 - 26487
Camelina microcarpa 34 38/40 153002 - 153096 82194 - 832284 17820 - 17845 26484 - 26491
Camelina neglecta 3 12 153481 - 153483 82194 - 82284 17834 - 17836 26484 - 26485
Camelina neglecta-like 3 26 153056 - 153067 82245 - 82255 17841 - 17842 26485
Camelina rumelica 12 26 152986 - 153777 82128 - 82899 17886 - 17934 26486 - 26489
Camelina sativa 14 40 153051 - 153080 82246 - 82257 17825 - 17845 26485 - 26490

These include 8 C. laxa (2n=12), 2 C. neglecta (2n=12),
5 C. hispida (2n=14), 3 C. neglecta-like (2n=26), 10 C.
rumelica (2n=26), and 8 C. sativa (2n =40). These results
indicate that there is no chromosome number variation
in most species, with the exception of C. microcarpa, which
displayed two distinct cytotypes.

Chloroplast sequencing reveals low intragenic
variation across Camelina

Assembled chloroplasts ranged in size from 152986 to
154455 bp, with a pair of inverted repeats (IR) of 26 484—
27 164 bp separated by a large-single copy region (LSC) of
81555-83661 bp and a small-single copy region (SSC) of
17 820-17 934 bp (Table 1, Figure 1). In total, 79 protein-
coding genes, 30 tRNAs, and 4 rRNAs were recovered
from all samples in conserved order and orientation,
with no observed gene loss or gain within the genus. A
functional copy of rps16 was absent from all individuals,
including a reference C. sativa chloroplast (NC_ 029337)
although it is known to be present in other genera of
the tribe Camelineae [32]. LSC, IR, and SSC junctions
were nearly identical across all Camelina species, and
no notable structural rearrangements or gene loss were
observed (Supplemental Figure 1). Chloroplast genome
sizes within species were relatively consistent, and
variation between species was also low (Table 1). A
total of 962 variable sites, including 347 singletons and
615 parsimony-informative sites were present in the
final alignment of all Camelina chloroplasts studied
here. Overall nucleotide diversity across all Camelina
chloroplasts was = =0.00121, with LSC 7 =0.00139, IR
7 =0.00014, and SSC = =0.00199 (Supplemental Figure 2).
Prominent peaks of nucleotide diversity did not occur
within any coding genes or rRNAs. Conserved chloroplast
genome structure and low nucleotide diversity indicate
little evolutionary divergence in chloroplast genomes
across the genus.

Phylogenomic analysis provides insights to
maternal origins of several polyploid lineages
Maximum likelihood (ML) phylogenetic analyses of
Camelina chloroplast genomes revealed strong support
(100% bootstrap values) for monophyly of the diploid
species - C. laxa, and C. neglecta as well as C. anomala
(unknown ploidy). In contrast, although diploid C. hispida

and tetraploid C. rumelica together form a clade with
100% bootstrap support, the two taxa do not form
reciprocally monophyletic sister clades within that clade
(Figure 2). This result suggests that C. hispida is the
maternal parent of C. rumelica, and that there were
likely multiple origins of the allotetraploid C. rumelica.
The hexaploid C. microcarpa (both cytotypes) and its
domesticated derivative C. sativa form a clade with
short branches. Notably, the diploid C. neglecta clade is
sister to the C. microcarpa/C. sativa clade; this placement
indicates that C. neglecta is the closest extant diploid
relative to the maternal tetraploid contributor to the
allohexaploid lineages. This pattern also indicates that,
by inference, the C. hispida subgenome in C. sativa must
be derived through paternal ancestry. The C. anomala
chloroplast genome is sister to the C. hispida/C. rumelica
clade, although it is likely not a maternal parent to any
polyploid lineages given its relatively high divergence and
long branch length. Similarly, as the most basal species,
C. laxa does not share similar chloroplast haplotypes
with any other lineage and thus does not appear to have
contributed as a maternal parent to any other sampled
species. Herbarium specimens of C. sativa synonyms (C.
linocola and C. dentata) group together with contemporary
C. sativa and C. microcarpa, indicating that they do not
have unique maternal origins (Figure 2). Taken together,
these findings suggest that Camelina chloroplast genomes
are highly useful for phylogenetic and hybridization
inferences.

Closer analysis of C. microcarpa and C. sativa chloro-
plasts with a haplotype network analysis provided little
additional resolution beyond the ML tree and only limited
grouping by cytotype or species (Supplemental Figure 3).
Despite the differences in subgenome composition, the
two C. microcarpa cytotypes share remarkably similar
chloroplast genomes and show no clear phylogenetic
divergence (Figure 2, Supplemental Figure 3). The low
level of variation and lack of haplotype structure in the
C. microcarpa/sativa lineage provide no clear insight on
the geographic origin of domestication for the crop.

Molecular dating reveals extremely recent origin
of Camelina polyploid lineages

BEAST analyses on concatenated datasets of all protein-
coding genes and the LSC, IR, and SSC regions were
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Figure 1. Gene map of the Camelina anomala chloroplast genome representative of gene, rRNA, and tRNA composition and orientation across the genus.
Functional groups of genes are color-coded according to the key. Genes drawn on the outside of the map are transcribed clockwise and those on the
inside are transcribed counterclockwise. The innermost circle represents relative GC content (in dark gray) and AT content (in light gray) of the

chloroplast genome.

used for molecular dating. Camelina chloroplasts were
found to have diverged from the outgroup Capsella~7.16
million years ago (Mya), (95% HPD: 5.30-8.72 Mya, HPD:
highest posterior density); however, a low branch pos-
terior probability value (0.4236) suggests that this rela-
tionshipis uncertain (Figure 3). The most recent common
ancestor (MRCA) of all Camelina chloroplast haplotypes
is estimated at ~1.62 Mya (95% HPD: 0.97-2.51 Mya),
whereas Capsella is ~2.05 Mya (95% HPD: 0.99-3.20 Mya)
and Arabidopsis is ~5.80 Mya (95% HPD: 4.90-6.73 Mya).
Within Camelina there is evidence of recent hybrid origins
of several polyploid lineages. The tetraploid C. rumel-
ica is diverged from the diploid C. hispida chloroplast
haplotype by ~0.29 Mya (95% HPD: 0.11-0.50 Mya). The
clade including tetraploid C. neglecta-like, hexaploid C.
microcarpa cytotypes, and C. sativa has a very recent
common ancestor at ~65 Kya (95% HPD: 18.7-120.7 Kya);
domesticated C. sativa is estimated to have diverged from
the 2n=40 cytotype of C. microcarpa by ~17 Kya (95%

HPD: 0.7-42.7 Kya), which is approximately on the time
scale of the origin of agriculture ~10-12 Kya. The closest
related diploid species to this group is C. neglecta at ~0.92
Mya (95% HPD: 0.45-1.44 Mya). Within Camelina, these
dates suggest a likely Pleistocene divergence between all
species, with much more recent diversification within
the group of C. neglecta-like/C. microcarpa/C. sativa lin-
eages. The results of molecular dating in Camelina thus
indicate that while some species are of relatively older
origin, three polyploid taxa (C. neglecta-like, C. microcarpa,
C.sativa) appear to share a very recent common maternal
ancestor.

Discussion

Despite the utility of chloroplast genomes for deter-
mining hybridization events and phylogenetic relation-
ships between species, very few complete chloroplast
genomes have previously existed for Camelina. The
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Figure 2. Maximum-likelihood tree of Camelina inferred using whole chloroplast genomes. Taxon labels are colored according to taxonomy. Numbers
on branches correspond to bootstrap supports, values over 50% are shown. Chromosome counts (bolded) are provided to the right of taxa where
available. Scale represents evolutionary distance in number of substitutions per site. Asterisks represent previously reported chromosome numbers

(see Supplemental Table 1).

present study introduces 84 new chloroplast genomes
for Cameling, including sampling from diploid, tetraploid,
and hexaploid species as well as rare (potentially extinct)
taxa from herbarium records. Our results indicate
maternal inheritance of the C. hispida chloroplast in C.
rumelica and maternal inheritance of a C. neglecta or C.
neglecta-like chloroplast in C. microcarpa and C. sativa. We
also uncover evidence of multiple independent maternal
origins of C. rumelica from C. hispida. The high sequence
similarity and monophyly of the tetraploid C. neglecta-
like taxon, together with all C. microcarpa and C. sativa
chloroplasts, suggests a single, shared maternal ancestor

for these taxa. Molecular dating analyses indicate the
MRCA of all Camelina taxa to be very recent at ~1.62 Mya,
with the allotetraploid C. rumelica originating ~0.29 Mya
and the allohexaploids C. microcarpa/C. sativa originating
even more recently at ~65 Kya. Notably, the two cytotypes
of C. microcarpa, despite lacking a common hybrid origin,
display highly similar chloroplast genomes consistent
with a shared maternal ancestor in the recent past.
Polymorphisms present in C. microcarpa and C. sativa
chloroplast genomes were not sufficient to recover
a clear signature on the geographical origins of this
domestication event.
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Figure 3. Camelineae chronogram inferred using BEAST with coding-gene and whole chloroplast sequence data partitions. Time calibration points
include 8.16 Mya for the crown age and 5.97 Mya for Arabidopsis [39, 55]. Blue bars represent the 95% confidence intervals for divergence times.

Chromosome number variation

Previous work in Camelina has reported a wide range of
chromosome counts, suggesting intraspecific ploidy vari-
ation (Brassibase, https://brassibase.cos.uni-heidelberg.
de/). However, we find no evidence for ploidy or cytotype
variation in any species other than C. microcarpa. Because
some species can be difficult to distinguish from one
another at various life-stages, we believe that taxonomic
misidentifications are likely responsible for these histor-
ical cytotypic discrepancies.

Recently, evidence emerged of tetraploid 2n=26
populations of C. microcarpa along the eastern Rocky
Mountains of Canada [33], although it remains unclear
whether these are of similar subgenome composition
and origin as the 2n =26 C. neglecta-like lineage proposed
to be the intermediate tetraploid progenitor to the
allohexaploid C. microcarpa [14]. Another study utilized
GBS from a tetraploid (2n=26) “C. microcarpa” and
discovered that reads mapped strongly to two C. sativa
subgenomes, but not to the third C. hispida subgenome
[20]; this pattern indicates that the accession is not

C. rumelica (also 2n=26), as we exclusively observe C.
rumelica to contain a C. hispida subgenome [14]. The
geographic distribution of this tetraploid “C. microcarpa”
or C. neglecta-like lineage remains unclear, and to our
knowledge three records of these lineages exist in North
Mongolia, South Siberia, and North Kazakhstan.
Previous work documented the genome origins in poly-
ploid Camelina taxa [14] but included only 2n=40 kary-
otypes of C. microcarpa, while the present study includes
2n =138 and 2n =40 cytotypes which belong to two distinct
genetic populations [20, 31]. Our previous GBS sequenc-
ing study of C. microcarpa uncovered two highly distinct
genetic populations in this species [31]; here we included
16 individuals from the Ukrainian genetic population
and 16 individuals from the Caucasus genetic popula-
tion for chromosome counting. Of these, all individuals
from the Ukrainian genetic population were found to be
2n =38, whereas all Caucasus individuals were 2n=40.
This evidence supports the high degree of genetic dif-
ferentiation we previously observed between these two
groups as being associated with chromosome number
variation. Interestingly, while lacking any evidence of
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admixture, the 2n=38 and 2n=40 cytotypes appear to
be widespread and indeed can be found in very close
geographical proximity. Broadly, the 2n=40 C. microcarpa
is most common in the Caucasus region and eastern
Turkey, although it is also sometimes present in the U.S.
and Europe, whereas the 2n =38 cytotype predominates
in Europe and the U.S. but has not been recorded in
the Caucasus or Turkey [31]. Despite the high genetic
divergence and distinct chromosome numbers, the two
cytotypes of C. microcarpa appear morphologically very
similar, and taxonomic endeavors to identify distinct
morphological characters have not yet been conducted.
If morphologically diagnostic characters exist, this would
further justify recognizing the two cytotypes as separate
species.

The chromosomal differences in C. microcarpa cyto-
types reported here also help to explain the seemingly
contradictory findings of many previous studies exam-
ining interfertility of C. microcarpa and C. sativa. Whereas
some studies successfully generated hybrid offspring
from C. microcarpa x C. sativa crosses [25, 27], several
other studies reported unsuccessful crossing attempts
or offspring abnormalities and infertility with certain
accessions of C. microcarpa [26, 34]. We believe this
discrepancy may be explained by cytotype variation in C.
microcarpa, where 2n =38 cytotypes are much less likely
to produce viable offspring with C. sativa (2n =40). If this
assumption is true, the 2n =40 cytotype of C. microcarpa
would be of higher value for breeding efforts to enhance
genetic diversity in the crop.

Insights from chloroplast sequencing and
phylogenetics

Our sequencing approach included five herbarium spec-
imens to fill in potential gaps in diversity currently avail-
able, including a specimen of the rare species C. anomala
(Figure 1). The placement of the C. anomala chloroplast
as sister to the C. hispida/C. rumelica clade (Figure 2) pro-
vides additional evidence of its close relationship with
C. hispida that was previously determined with ribotype
sequencing [15]. The long branch length with high sup-
port (100% ML bootstrap support) and relatively diverged
chloroplast genome suggests that C. anomala is indeed
a distinct species, yet little is known about its current
distribution, ploidy, or if it is extant in the wild. Our
findings refute a previous hypothesis that C. anomala is
basal to the Camelina genus [35], and instead we add
to previous reports of C. laxa as being the most basal
species in the genus [15, 36]. The feature of siliques in
C. anomala should thus be considered an evolutionarily
derived trait for this species, as the rest of the genus
all have silicle fruits. The discovery of any extant C.
anomala populations in the Levant could provide valu-
able material for understanding the underlying genetic
basis of this morphological transition, which could yield
considerable agricultural potential if integrated to the
C. sativa crop.
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Remarkably, the tetraploid C. neglecta-like taxon
(2n=26), the 2n=38 C. microcarpa, and the 2n=40
C. microcarpa/sativa chloroplasts are all monophyletic
in a strongly supported clade (100% bootstrap) with
shallow branches and little substructure (Figure 2). The
2n=26 C. neglecta-like chloroplast sequences appear to
be basal with weak support, along with one 2n=40
C. microcarpa accession (JRB 118), indicating that the
tetraploids may be more basal to the remainder of
the clade. This basal phylogenetic position, minimal
divergence from the hexaploid species, and expected
chromosome number, provides support for this taxon
being the 2n =26 tetraploid that was previously proposed
to be a contributor of two C. neglecta subgenomes to the
allohexaploids C. microcarpa and C. sativa [14].

Our results further suggest that there may have been
multiple independent origins of the tetraploid C. rumelica.
Given the relatively longer branch lengths in the C. hisp-
ida/C. rumelica clade (Figure 2), and general morphologi-
cal ambiguities in C. rumelica, we believe that at least two
independent hybrid origins of C. rumelica from different
populations of C. hispida occurred within the last ~0.29
My. Similarly, a study in Fragaria (strawberry) uncovered
multiple independent origins of polyploid lineages in
the genus via chloroplast genome sequencing [37]. Mor-
phological variation within C. rumelica warrants closer
scrutiny, as subtle morphological differences can in some
cases distinguish polyploids of independent origin (e.g.
Draba, another genus in the Brassicaceae) [38].

Our findings of two distinct cytotypes in C. microcarpa
are consistent with recently published research that,
based on genotyping-by-sequencing, also revealed evi-
dence of a separate lineage of C. microcarpa with a unique
karyotype (2n=38) which is sister to the 2n=40 C. micro-
carpa/sativa (2n=40) lineage?. Our results show that the
chloroplast genomes of these three groups are mono-
phyletic with little divergence (Figure 2), indicating that
they all share a common maternal ancestor and likely
formed in the very recent past (Figure 4). Furthermore,
these groups all share a C. neglecta subgenome, whereas
2n =38 C. microcarpa lacks the C. hispida subgenome found
in 2n=40 C. microcarpa and C. sativa [20]. These findings
suggest two origins involving distinct diploid ancestors
for the two C. microcarpa “types”, despite their extraor-
dinarily high chloroplast similarity (Figure 4). Thus, we
believe that the allopolyploidization events leading to the
respective C. microcarpa “types” were independent and
involved different paternal subgenomes but the same
maternal tetraploid, and that both evolved around the
same time period.

Between the maximum likelihood tree, BEAST analy-
sis, and haplotype network (Supplemental Figure 3), we
observe the 2n=26 C. neglecta-like individual as basal
to all allohexaploid Camelina taxa, and only divergent
by a handful of markers. However, among allohexaploid
taxa, the haplotype network recovers a similar pattern as
the ML tree, with one clade (92% ML bootstrap support)
of 2n=38 C. microcarpa also appearing as a branch in
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Figure 4. Proposed parental origins of polyploid Camelina species. Dotted arrows and outlines represent hypothetical events and subgenomes of unclear
origin, respectively. Subgenome composition and origins are inferred from data presented herein along with results from previous studies [14, 20].

the haplotype network and another clade with (67% ML
bootstrap support), including 2n=40 C. microcarpa and
C. sativa accessions. The remaining ambiguity in the
network is likely the result of the recent origin of these
taxa and their very high sequence identity and minimal
divergence.

Molecular dating and divergence time
analyses

Molecular dating analyses conducted in BEAST provide
insight to the diversification of species and the poten-
tial timing of polyploidization events within Camelina.
Our results suggest that Camelina is a relatively young
genus at ~1.62 Mya (Figure 3) when compared to related
genera such as Arabidopsis at ~5.79 Mya [39]. Molecular
dating suggests a recent common ancestor at ~0.29 Mya
between the diploid C. hispida and tetraploid C. rumel-
ica. Intriguingly, the estimated divergence date for the
entire clade comprising the C. neglecta-like tetraploid,
both cytotypes of C. microcarpa, and C. sativa is only ~65
Kya (Figure 3). In light of recent evidence that 2n=38
C. microcarpa does not share the same subgenome com-

position as 2n=40 C. microcarpa [20], we infer multiple
origins at approximately the same time from the same
or highly similar maternal contributors (Figure 4). Fur-
thermore, the origin of the C. neglecta-like tetraploid is
also unclear, leaving open the possibility of yet another
polyploidization event occurring within this timeframe
— 1in this case an auto/allopolyploidization event involv-
ing C. neglecta and/or a putative and unknown C. neglecta-
like diploid. The divergence of 2n=40 C. microcarpa and
its domesticate, C. sativa, is ~17 Kya with a 95% HPD
range between 0.7-42.7 Kya, consistent with the origins
of agriculture ~10-12 Kya.

Due to the constraints of the uncorrelated relaxed
lognormal clock implemented in BEAST, we were forced
to subsample one individual per species for the time cal-
ibration analysis. Branch lengths were very short within
the C. neglecta-like/C. microcarpa/C. sativa clade of the
maximum likelihood tree; thus, it is unlikely that sam-
pling would skew these dating estimates to a large extent.
However, due to the mixed structure of the C. hispida/
C. rumelica clade and relatively longer branch lengths,
these dates would be liable to change considerably
depending on sampling. Therefore, we decided to sample
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two widely available USDA GRIN accessions located
in different highly supported clades of the maximum
likelihood tree to provide a high-end dating estimate of
the polyploidization event(s) producing C. rumelica. These
molecular dating estimates provide insight to the relative
age of the hybridization and whole-genome-duplication
events in Camelina and provide strong support for a very
recent origin of the allohexaploid lineages.

Implications for the understanding of
Camelina subgenome evolution

Based on the topology of the maximum likelihood tree
presented here and previous literature, we have con-
structed a diagram representing our current understand-
ing of the evolutionary trajectory, hybridization history,
and maternal subgenome inheritance of polyploid taxa
in Camelina (Figure 4). Data from Mandéakova et al. 2019
show that C. rumelica contains a C. neglecta and C.
hispida subgenome and combined with data presented
here we conclude that C. rumelica inherited a C. hispida
subgenome maternally and the C. neglecta subgenome
paternally. The origins of C. microcarpa and C. sativa have
also been explored in Mandakova et al. 2019 regarding
the 2n=40 cytotype of C. microcarpa, which shares all
subgenomes with C. sativa. The recent Chaudhary et al.
2020 study, shows that both C. microcarpa cytotypes and
C. sativa share two subgenomes, one of which is highly
similar to C. neglecta, and the other shares some similarity
but is not identical. Based on this research and our
own findings, it is clear that this tetraploid, sometimes
called tetraploid C. microcarpa or C. neglecta-like, is the
maternal parent to the polyploidization event leading
to both C. microcarpa cytotypes and C. sativa. Thus, the
C. hispida subgenome present in C. sativa and 2n=40 C.
microcarpa must be paternally inherited. Finally, at least
one subgenome contributor of paternal origin in 2n=38
C. microcarpa remains unknown (Figure 4).

We recognize that further sampling in Camelina may
potentially provide definitive identification of parental
lineages of polyploids [40]; additional diversity present in
the native range, especially the eastern Eurasian steppe,
could account for missing subgenomes and progenitors.
In the case of C. neglecta, few wild individuals have
been recovered, though it is possible that the species
is relatively diverse and common in southern France,
other regions of Europe, and perhaps even across the
Eurasian steppe. It remains a distinct possibility that
the missing C. neglecta-like diploid genome is extant in
the wild as a cryptic species or present in areas that
are historically under sampled (e.g. eastern Eurasia).
If this taxon were recovered, further resolution could
be brought to the understanding of the hybrid origin
of the allohexaploid biofuel crop C. sativa. Additional
sampling from Europe and Asia Minor may provide
the pieces necessary to elucidate the evolution of the
remaining unexplained subgenome detected in 2n=38
C. microcarpa.
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Given the high degree of genome-wide differentiation
of these C. microcarpa cytotypes based on genotyping-
by-sequencing [31], plus their differences in subgenome
composition, karyotype, and their likely sexual incom-
patibility, we believe that it is appropriate to recog-
nize one of the two cytotypes as a distinct species.
The recently resolved designation of the proper type
specimen for C. microcarpa [41] will now allow suitable
application of this name in future taxonomic treatments.
However, it remains difficult to ascertain the origins of
the C. microcarpa type, especially because both cytotypes
are likely to occur in the region where it was collected
(now eastern Moldova or southwestern Ukraine). Finally,
additional molecular studies and taxonomic endeavors
should also be pursued on the recently characterized C.
neglecta-like tetraploid, which represents an important
piece of the evolutionary puzzle that produced the
widespread weed, C. microcarpa, and the emerging
aviation biofuel crop, C. sativa.

Methods
Collections

Species diversity within Camelina is highest in Turkey and
the Caucasus, though some species (e.g. C. microcarpa and
C. rumelica) are cosmopolitan with wide distributions as
weeds. Seven species of Camelina were collected from the
field in Turkey, Georgia, Armenia, Ukraine, United States,
from the USDA GRIN and PGRC germplasm collections,
and from herbarium specimens located at MO and G.
Most samples in this study were previously described in
Brock et al. 2018 and Brock et al. 2020. GPS coordinates
and approximate localities for collections can be found
in Supplemental Table 1.

Chromosome counts

A total of 82 individuals were chosen for chromosome
counting. Sampled C. microcarpa included 16 accessions
from a “Ukraine” genetic population and 16 from a
genetically distinct “Caucasus” population; these two
genetic populations were previously identified in an
analysis based on GBS [31]. Root tips or anthers were
used for chromosome preparation following the protocol
of Mandakova et al. (2019). Root tips were harvested
from germinating seeds, pre-treated with ice-cold water
for 16 h, fixed in ethanol/acetic acid (3:1) fixative for
24 h at 4°C and stored at —20°C until further use. Young
inflorescences were harvested from the cultivated plants
and fixed in ethanol/acetic acid (3:1) fixative for 24 h at
4°C and stored at —20°C until further use. Selected root
tips or flower buds were rinsed in distilled water (twice
for 5 min) and citrate buffer (10 mM sodium citrate,
pH 4.8; twice for 5 min), and digested in 0.3% cellulase,
cytohelicase and pectolyase (all Sigma-Aldrich) in citrate
buffer at 37°C for 3 h. After digestion, individual root
tips or anthers were dissected on a microscope slide in
20 ul acetic acid and spread on the slide placed on a
metal hot plate (50°C) for c. 30 s. Then, the preparation

220z Asenuer | uo Jasn enzianiun eaovAiese Aq £6//6%9/0S09BYN/IU/S60 L 01 /10p/a[onJe/iy/woo dnoolwapeoe//:sdiy woll papeojumod



10 | Horticulture Research, 2022, 9: uhab050

was fixed in freshly prepared ethanol/acetic acid (3:1)
fixative by dropping the fixative around the drop of acetic
acid and into it. The preparation was dried using a hair
dryer and staged using a phase contrast microscope.
Chromosomes were counterstained with 2 pug/ml DAPI
in Vectashield. Preparations were photographed using
Zeiss Z2 epifluorescence microscope and CoolCube
CCD camera. Additional chromosome numbers were
obtained for several accessions from previously pub-
lished studies (Brock et al., 2019; Mandékova et al., 2019;
Supplementary Table 1).

Chloroplast sequencing

DNA was extracted from 72 accessions, including 67
from fresh or silica-dried leaf and 5 from herbarium
specimens (Supplemental Table 1). Extraction of DNA
from fresh leaves was performed with a modified CTAB
DNA extraction protocol [36], DNeasy Plant Mini Kit
(Qlagen, Valencia, California, USA), and NucleoSpin
Plant II kit (Macherey-Nagel, Diren, Germany). DNA
extraction from herbarium specimens utilized an alter-
native extraction method to enhance yield and library
quality [11]. DNA quantity was assessed using a Qubit
fluorometer (Life Technologies, Carlsbad, California,
USA). Depending on DNA concentration, between ~50 ng
and 200 ng was used as template for whole genome
sequencing library preparation using the NEBNext
Ultra II FS DNA Library Prep Kit for Illumina (New
England Biolabs, Ipswich, Massachusetts, USA) following
manufacturer’s protocol with NEBNext Multiplex Oligos
for Mllumina (Dual Index Primers Set 1, E7600S). Final
libraries were quantified with Qubit fluorometry, and
fragment distribution was determined with an Agilent
High Sensitivity DNA Kit on an Agilent 2100 Bioanalyzer
System (Agilent Technologies, Santa Clara, California,
USA). Samples were pooled for sequencing, and the final
pooled library contained fragment sizes between 200 bp
and 1000 bp with an average length of 498 bp. The final
library was sequenced on an Illumina HiSeq platform
(llumina, San Diego, California, USA) for 2x150 bp reads.
DNA from 5 samples was sequenced on an Hlumina
HiSeq 4000 platform at the University of Illinois Roy J.
Carver Biotechnology Center. DNA from an additional
7 samples was prepared from fresh or silica-dried leaf
material and sequenced at the Core Facility Genomics,
CEITEC, Masaryk University using the Illumina MiSeq
platform generating 2x150 bp reads.

Chloroplast assembly

The GetOrganelle [42] v1.6.4 pipeline was utilized for
de novo assembly of whole chloroplast genomes. This
pipeline was fed raw low-coverage whole genome
reads for each sample on default settings with K-mer
values of 21, 45, 65, 85, 105. Bandage [43], together
with manual inspection, were used to verify circularity
of the chloroplast sequence and the boundaries of
inverted repeats (IR), large-single copy (LSC), and small-
single copy (SSC) regions. Full circular chloroplast

genome sequences were annotated using CPGAVAS?2 [44].
Chloroplast annotations were examined in Geneious
Prime 2019.0.4 and when necessary, annotations were
corrected. Chloroplast genome maps were generated
with OGDRAW [45] v1.3. Junctions of the LSC, IR, and
SSC regions were visualized with IRscope [46].

Chloroplast phylogenetics and evolution

Chloroplast genomes sequenced here, in addition to
the reference chloroplast genome for C. sativa (NC_
029337) [39], were aligned using MAFFT [47] v7.271, and
alignments were manually checked in Geneious Prime
2019.0.4 and adjusted where necessary. All gap positions
in the alignment were eliminated using Gblocks [48]
v0.91b. One inverted repeat (IR) region was removed
from the alignment to prevent overrepresentation of IR
sequences. The GTR+1+gamma model was chosen as
the best fit model implementable in RAXML based on the
Akaike Information Criterion in jModelTest [49] 2 v2.1.10.
Maximum likelihood trees were generated using RAXML
[50] v8.2.4 with 500 bootstrap replicates and rooted on
C. laxa which is the sister taxon to all other Camelina
as shown in recent studies [15, 36]. Nucleotide diversity
measures and the numbers of variable, singleton, and
parsimony-informative sites were calculated with DnaSP
[51] 6.12.03. Haplotype networks were generated in
PopART [52] v1.7 using TCS [53].

Divergence time estimation

To estimate divergence times of species within Camelina,
we constructed a concatenated data set of protein-
coding genes from all sampled Camelina chloroplasts
along with the following outgroup taxa: Arabidopsis
arenosa (NC_029334), A. cebennensis (NC_029335), A. lyrata
(NC_034365), A. neglecta (NC_030348), A. pedemontana
(NC_029336), A. thaliana (NC_000932), C. bursa-pastoris
(NC_009270), C. grandiflora (NC_028517), and C. rubella
(NC_027693). A total of 79 protein-coding genes were
used in the concatenated dataset, with only one gene,
rpsl6, absent in Camelina. The following genes were
included in the final concatenated data set: accD, atpA,
atpB, atpE, atpF, atpH, atpl, ccsA, cemA, clpP, matK, ndhA,
ndhB, ndhC, ndhD, ndhE, ndhF, ndhG, ndhH, ndhl, ndhJ, ndhK,
petA, petB, petD, petG, petL, petN, psaA, psaB, psaC, psal,
psaJ, psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbl, psb],
psbK, psbL, psbM, psbN, psbT, psbZ, rbcL, rpl2, rpl14, rpll6,
pl20, rpl22, rpl23, rpl32, rpl33, rpl36, rpoA, rpoB, rpoCl,
rpoC2, 1ps2, rps3, 1ps4, 1ps5, rps/, 1ps8, rpsll, rpsl2, rpsl4,
rpsl5, rpsl8, 1ps19, ycfl, ycf2, ycf3, ycf4. In addition to this
dataset, alignments of the LSC, SSC, and IR regions were
generated with MAFFT v7.271 and included in divergence
time estimation.

Divergence times were estimated in BEAST [54] v2.6.2.
The XML editing software BEAUti v2.6.3 was used to gen-
erate XML parameter files for the BEAST analyses. The
concatenated protein-coding dataset was partitioned
into the three codon positions with unlinked substitution
rate, rate heterogeneity, and base frequencies. An
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uncorrelated relaxed lognormal clock was used along
with a Yule tree prior and the GTR + I+ gamma model of
substitution. Divergence times for A. thaliana and other
Arabidopsis species were given a prior of monophyly with
a log-normal divergence date corresponding to 5.97 Mya,
while the crown of Arabidopsis, Capsella, and Camelina was
given a divergence date of 8.16 Mya based on previous
literature [39, 55]. We ran two independent MCMC simu-
lations of 200 million generations with a 20 million gener-
ation pre-burn-in and sampled trees every 10 000 genera-
tions. Tree outputs from both runs were combined using
LogCombiner v2.6.3 with a 10% sample burn-in. Tracer v.
1.7.1 was used to inspect convergence; all effective sam-
ple sizes (ESS) were found to be over 200 before and after
combining log files, indicating good mixing. A maximum
clade credibility (MCC) tree with mean node heights was
generated in TreeAnnotator v2.6.2 using a total of 72 000
trees. The resulting MCC tree was then visualized in R
[56] using the function PHYLOCH for import [57] and the
geoscalePhylo function for visualization.
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