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ABSTRACT

 Tragopogon is a model system for the study of recent, recurrent, and reciprocal allo-

polyploid formation. Recent research has focused on the fates of nuclear genes dupli-
cated in the allopolyploid T. miscellus relative to the parental diploids, T. dubius and
T. pratensis. In contrast, little attention has been given to organellar genomes, which
interact with the duplicated nuclear genomes via their gene products. Here we recon-
structed plastid genomes (plastomes) for representatives of these three species to inves-
tigate their structure and variability among natural and synthetic allopolyploids.
Genomic libraries were Illumina-sequenced for several individuals of the allopolyploid
T. miscellus and its diploid parents. Whole plastomes were assembled from skimmed
data with comparative analyses used to quantify structural and nucleotide variation.
Tragopogon plastomes have a typical quadripartite structure and are similar in size to
those of other Asteraceae. The 12 plastomes were highly similar, sharing ~99.5%-100%
identity. In all but one case, the plastome sequence for each of the polyploids was most
similar to that of its expected maternal parent. The exception involved a polyploid that
unexpectedly had a T. dubius plastome type, likely as the result of backcrossing with its
presumed paternal parent. Such backcrossing events may have contributed to the
demise of this polyploid population.

Plastome sequences can be used to infer the maternal origins of polyploids as well as
investigate ongoing population-level dynamics. More fully assessing plastome variation
across the geographic distribution of polyploids and their diploid progenitors may pro-
vide additional insights into polyploid formation, population dynamics, and subse-

quent evolution.

INTRODUCTION

Polyploidy, or whole-genome duplication, has been an impor-
tant process in the evolutionary history of eukaryotes, espe-
cially in plants (Vamosi & Dickinson 2006; Jiao et al. 2011;
Wendel 2015; Soltis et al. 2016; Van de Peer et al. 2020;
Heslop-Harrison et al. 2022). Polyploids can be generated
within (autopolyploids) or between species (allopolyploids)
(Stebbins 1947; Ramsey & Schemske 1998), leading to diverse
lineages (Soltis & Soltis 2000; Jiao et al. 2011; Wendel 2015;
Barker et al. 2016). Genetic and genomic studies of polyploids
have focused traditionally on the nuclear component, especially
the fates of duplicated genes and genomic regions (Chen &
Ni 2006; Yoo et al. 2013, 2024; Cheng et al. 2016; Doyle
& Coate 2019). However, plant cells also contain two organellar
genomes (plastid and mitochondrial) that remain understudied
in polyploids to date (Chen et al. 2020; Sloan et al. 2024). The
dynamics of the organellar genomes in newly formed allopoly-
ploids are of particular interest given that these genomes must
interact with additional versions of the nuclear genome
(Sloan 2015; Sharbrough et al. 2017; Sloan et al. 2024). These
interactions involve core physiological functions, including
photosynthesis and respiration, which are key to the successful
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establishment of the polyploid lineage (Levin 2003; Rand
et al. 2004; Pennisi 2016; Sloan et al. 2024). Thus, the level of
divergence between the organellar genomes of the parental spe-
cies may offer insights into the compatibility of the nuclear and
organellar genomes in the polyploid (Zuo et al. 2022; Sloan
et al. 2024).

In flowering plants, the organellar genomes are typically
inherited maternally, although paternal or biparental inheri-
tance has been documented (Corriveau & Coleman 1988;
Ruhlman & Jansen 2014). As a result, organellar genome
sequences have been used to identify the maternal parent of
hybrids and allopolyploids (e.g., Gornicki et al. 2014; Chen
et al. 2020, 2021; Wang et al. 2022). Often evolutionary studies
have focused on plastomes because these tend to be structurally
stable and have variable regions suitable for phylogenetic or
population genetic studies (Wicke et al. 2011; Ruhlman & Jan-
sen 2014). In contrast, plant mitochondrial genomes are used
less often because they tend to be structurally highly variable
and exhibit lower rates of nucleotide substitution in plants
(Mower et al. 2012). Recent efforts to accumulate plastome
sequences within species, so-called pan-plastomes, have pro-
vided novel insights into species diversity (e.g., Magdy
et al. 2019; Kan et al. 2024; Wang et al. 2024), as well as the
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origins and evolutionary dynamics of polyploids such as cotton
(Yan et al. 2024) and wheat (Chen et al. 2020). These endeav-
ours get us closer to a fuller understanding of plant pangen-
omes across polyploids (Shan et al. 2025), where studies of
non-crop polyploids are still lacking.

Three Tragopogon diploids (T. dubius Scop., T. pratensis L.,
and T. porrifolius L.) and their derivative allopolyploids (T.
mirus Ownbey and T. miscellus Ownbey) are a model system
for investigating the early stages of genome evolution following
polyploidy (Soltis et al. 2004, 2012). The two allopolyploid spe-
cies formed in the early 20" century following the introduction
of the diploids into the northwestern United States from
Europe and Asia (Ownbey 1950; Soltis et al. 2022, 2023). Tra-
gopogon mirus formed from T. dubius and T. porrifolius, while
T. miscellus formed from T. dubius and T. pratensis (Own-
bey 1950; Ownbey & McCollum 1953). In nature, T. miscellus
formed reciprocally from its diploid progenitors (Ownbey 1950;
Ownbey & McCollum 1953). The reciprocal forms of T. miscel-
lus differ strikingly in their inflorescence and floral morphol-
ogy. When T. dubius is the maternal parent, the capitulum is
more open and the florets have longer ligules (fused petals),
and when T. pratensis is the maternal parent, the capitulum is
constricted at the base and the florets have shorter ligules
(Fig. 1; Ownbey & McCollum 1953; Soltis & Soltis 1989; Tate
et al. 2009). These parent-of-origin morphologies are also seen
in synthetic allopolyploids (Tate et al. 2009). In contrast to T.
miscellus, T. mirus is only known to have formed in nature
when T. porrifolius acted as the maternal parent (Ownbey 1950;
Ownbey & McCollum 1953).

As is common for most polyploids (Ashton & Abbott 1992;
Brochmann et al. 1992a, 1992b; Segraves et al. 1999; Soltis &
Soltis 1999; Doyle et al. 2002), both Tragopogon allopoly-
ploids have formed recurrently. Ownbey (1950) originally
described the tetraploid populations as ‘small and precari-
ous,” and since then, several populations of both diploids

T. miscellus
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2n=24

T. pratensis
2n=12
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and allopolyploids have gone extinct (Novak et al. 1991;
Soltis et al. 2004), with new polyploid populations also iden-
tified (e.g., Soltis et al. 2012). Consistent with the observa-
tion of recurrent formation, molecular analyses have shown
that independently formed allopolyploid populations are
genetically distinct (Soltis & Soltis 1989; Cook et al. 1998;
Symonds et al. 2010).

Several previous studies investigated nuclear genome evolu-
tion in the Tragopogon allotetraploids and found that often one
of the duplicated nuclear gene copies (homeologs) was lost,
and that gene expression of the parental homeologs differed
among individuals both within and between populations (Tate
et al. 2006; Buggs et al. 2009, 2011, 2012; Koh et al. 2010; Sehr-
ish et al. 2015; Shan et al. 2020). A study of restriction fragment
length polymorphisms (RFLPs) of plastid DNA found differ-
ences among populations of the diploid Tragopogon species
and that this variation was shared with different allopolyploid
populations (Soltis & Soltis 1989). Notably, these RFLPs
allowed the maternal progenitor of independently formed allo-
polyploid populations to be identified (Soltis & Soltis 1989).
Despite this insight, subsequent studies have not utilised plas-
tid DNA sequences to examine the origins and evolution of
Tragopogon allopolyploids. An investigation of plastome struc-
ture and sequence divergence in Tragopogon allopolyploids and
their diploid progenitors would provide valuable insights into
both their origins and patterns of cytonuclear coordination.

Here we report annotated plastid genome sequences for rep-
resentatives of Tragopogon miscellus and its diploid parents. We
used these data to compare plastome structure and levels of
variation between (1) the diploid parental species, T. dubius
and T. pratensis, (2) the parental species and their allopolyploid
derivative, T. miscellus, (3) reciprocally formed natural and
synthetic T. miscellus individuals, and (4) independently
formed short-liguled T. miscellus populations. Additionally, for
the reciprocally formed allopolyploids, we aimed to assess

T. miscellus T. dubius
long-liguled 2n=12
2n =24

Fig. 1. Capitula of reciprocally formed Tragopogon miscellus allopolyploids and diploid parents, T. pratensis and T. dubius. Synthetic short-liguled T. miscellus
(A) has T. pratensis (C) as its maternal parent and T. dubius (F) as its paternal parent. Synthetic long-liguled T. miscellus (B) is formed reciprocally with T. dubius
(F) as the maternal parent and T. pratensis as paternal parent (C). Naturally formed short-liguled (D) and long-liguled (E) T. miscellus have the same parental

combinations as the synthetics.

2

Plant Biology

© 2025 The Author(s). Plant Biology published by John Wiley & Sons Ltd on behalf of German Society for Plant Sciences, Royal Botanical Society of the Netherlands.

85U80 |7 SUOLIWIOD 3AIEa1D) 3|qedl|dde au3 Aq peuienob are Sapoile YO ‘@SN JO s3I o} ARG 8UIIUO A8]IA UO (SUO I IPUOO-PUe-SWLB}W0D A8 1M ATe.d 1 )BU1|UO//SANU) SUORIPUOD PUe Swie | 8u1 88 *[520z/0T/8z] Uo Ariqiauliuo /oM ‘Ariqi Aisienlun AesseiN Ad 60T0. AId/TTTT OT/I0p/w00 A3 imAreiqijpuljuo//Sdiy Woiy pepeojumoq ‘0 ‘2/988EYT



Mukhtar, Newmarch, Winkworth, Soltis, Soltis & Tate

Table 1. Details of the sequenced Tragopogon samples including their ploi-
dal level and form (for T. miscellus), collection locations, and lineage identi-
fiers (corresponding to Soltis and Soltis collection numbers or cross numbers
from Tate et al. 2009).

species ploidal level/form  population lineage

Tragopogon dubius 2x Pullman, 2613-11
Washington

Tragopogon dubius 2x Pullman, 2613-24
Washington

Tragopogon dubius 2x Spangle, 2616-1
Washington

Tragopogon pratensis ~ 2x Moscow, Idaho 2608-35

Tragopogon miscellus ~ 4x/short-liguled Moscow, Idaho 2604-4

Tragopogon miscellus  4x/short-liguled Albion, 2625-3
Washington

Tragopogon miscellus  4x/short-liguled Albion, 2625-6
Washington

Tragopogon miscellus ~ 4x/short-liguled Spokane, 2664-5
Washington

Tragopogon miscellus  4x/short-liguled Garfield, 2688-9
Washington

Tragopogon miscellus  4x/short-liguled Synthetic 111-7-5

Tragopogon miscellus ~ 4x/long-liguled Pullman, 2605-23
Washington

Tragopogon miscellus  4x/long-liguled Synthetic 129-7-10

whether the maternal origin of the plastome sequences could
be identified.

MATERIALS AND METHODS

Taxon sampling, DNA extraction, and Illumina short-read
sequencing

Tissue samples were sourced from 12 existing collections (Tate
et al. 2009; Sehrish et al. 2014, 2015); details are provided in
Table 1. The diploid parents of T. miscellus were represented by
three samples from two populations of Tragopogon dubius and
one of T. pratensis. Sampling of the short-liguled form of T.
miscellus included five individuals from four natural popula-
tions, as well as a second-generation synthetic individual (Tate
et al. 2009). The long-liguled form of T. miscellus was repre-
sented by an individual from one natural population of this
form (Pullman, WA, USA) and a second-generation synthetic
long-liguled individual (Tate et al. 2009).

Total DNA was extracted using a modified CTAB method
(Doyle & Doyle 1987) or the Qiagen DNeasy Plant Mini Kit
(Qiagen, Germantown, USA) following the manufacturer’s
instructions. The quality of extracted DNA was assessed by
1.5% agarose gel electrophoresis. DNA quantity was deter-
mined using a Qubit 2.0 Fluorometer (ThermoFisher Scientific,
Waltham, MA, USA) and Qubit dsDNA Broad Range Assay kit
(ThermoFisher Scientific) following the manufacturer’s
instructions. Massey Genome Service (Palmerston North, New
Zealand) prepared sequencing libraries from total DNA using
Mlumina Nextera DNA library preparation kits (Illumina, Inc.,
San Diego, CA, USA). The libraries were pooled, and
paired-end sequencing (250 or 300 bp) was performed on Illu-
mina MiSeq or HiSeq instruments.
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Plastome assembly and annotation

For each sample, a complete plastome sequence was assembled
from quality-assessed paired-end Illumina reads using a combi-
nation of de novo and reference-based approaches (Straub
et al. 2012; Twyford & Ness 2017). Sequence reads were first
assembled into contigs using idba_ud v. 1.1.3 (Peng
et al. 2012). The resulting contigs were then compared to the
plastome sequence of Lactuca sativa L. (GenBank accession
NC_007578) using BLAST v. 2.3 (Altschul et al. 1997). Contigs
with high similarity to the reference were assembled into larger
scaffolds and ultimately draft plastome sequences using the de
novo and reference-based assembly tools implemented in Gen-
eious R9 (Kearse et al. 2012). To produce a circularised draft
plastome, scaffolds that contained genes typically located at the
inverted repeat (IR) boundaries (e.g., rps-22, ycfl) were identi-
fied. These sequences typically contained two distinct portions
(i.e., a segment of the IR and one or other end of a single-copy
region), and by comparing across them, it was possible to iden-
tify the IR boundaries. The IR region was then manually cop-
ied, inverted, and incorporated into the draft plastome
sequence. Draft plastome sequences were checked for assembly
errors by mapping the quality-assessed reads to drafts using
BWA v. 0.7.17 (Li & Durbin 2009). Draft sequences were edited
as appropriate following a visual inspection of mapped reads in
Tablet v. 11.0.10 (Milne et al. 2009). We also used GetOrga-
nelle (Jin et al. 2020) as a secondary assembly method using T.
dubius (2613-24) as the reference, but as there were no appre-
ciable differences in the results, those data are not
presented here.

A draft annotation of the Tragopogon dubius plastome (using
individual 2613-24) was prepared by comparison to the anno-
tation of the Lactuca sativa reference (GenBank accession
NC_007578) and inspected manually. Specifically, protein-
coding annotations were checked for appropriate start and stop
codons, maintenance of the coding frame, and similarity to
existing sequences; RNA annotations that shared >80% identity
with corresponding loci in the reference sequences were
removed, with the start and end positions of the remaining loci
checked for consistency with existing sequences. Annotations
for the remaining Tragopogon plastomes used the T. dubius
plastome as the reference.

Data generated as part of this study were deposited in NCBI
under accession numbers: PQ572734-PQ572745 (Table 2).

Multiple sequence alignment and comparative analyses

For initial comparisons, we selected publicly available com-
plete plastome sequences from ten representatives of Astera-
ceae (Table 2). Where necessary, inverted repeats (IRs), large
single-copy (LSC), and small single-copy (SSC) regions were
identified using Ge-Seq (Tillich et al. 2017) and Chloe
(https://github.com/ian-small/chloe). For each of these
sequences, the overall GC content, as well as that of the IRs,
large, and small single-copy regions were estimated using
Geneious RO.

To evaluate plastome diversity across the 12 included indi-
viduals, complete plastome sequences were aligned using
MAFFT (Katoh et al. 2002). This alignment was visually exam-
ined in Geneious R9 and corrected for minor improvement
(e.g., to maintain reading frame). Two short sections of the
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Table 2. Plastome sizes and characteristics for newly sequenced Tragopogon individuals compared to different tribes and subtribes in the Asteraceae.

species (Tragopogon lineage
or common name)

tribe/subtribe

sequence length in bp (%GC in parentheses)

Tragopogon dubius (2613-11)
Tragopogon dubius (2613-24)
Tragopogon dubius (2616-1)
Tragopogon miscellus (2604-4)
Tragopogon miscellus (2625-3)
Tragopogon miscellus (2625-6)
Tragopogon miscellus (2664-5)
Tragopogon miscellus (2688-9)
Tragopogon miscellus (111-7-5)
Tragopogon miscellus (2605-23)
Tragopogon miscellus (129-7-10)
Tragopogon pratensis (2608-35)
Scorzonera radiata
Cynara cardunculus (Artichoke)
Cichorium intybus (Chicory)
Taraxacum officinale (Dandelion)
Lactuca sativa (Lettuce)
Leucanthemum vulgare

(Oxeye daisy)
Artemisia annua

(Sweet wormwood)
Aster tataricus (Tatarian aster)
Dahlia pinnata (Dahlia)
Helianthus annuus (Sunflower)

Cichorieae/Scorzonerinae
Cichorieae/Scorzonerinae
Cichorieae/Scorzonerinae
Cichorieae/Scorzonerinae
Cichorieae/Scorzonerinae
Cichorieae/Scorzonerinae
Cichorieae/Scorzonerinae
Cichorieae/Scorzonerinae
Cichorieae/Scorzonerinae
Cichorieae/Scorzonerinae
Cichorieae/Scorzonerinae
Cichorieae/Scorzonerinae
Cichorieae/Scorzonerinae
Cardueae/Carduinae
Cichorieae/Cichoriinae
Cichorieae /Crepidinae
Cichorieae/Lactucinae
Anthemideae/
Leucantheminae
Anthemideae/Artemisiinae

Astereae/Asterinae
Coreopsideae
Heliantheae

overall LSC SSC IRs GenBank ID
153,001 (37.7%) 84,225(35.8%) 18,407 (31.1%) 25,184 (43.1%) PQ572734
153,001 (37.7%) 84,225(35.8%) 18,407 (31.1%) 25,184 (43.1%) PQ572735
152,982 (37.7%) 84,197 (35.8%) 18,437 (31.1%) 25,173(43.1%) PQ572736
153,002 (37.7%) 84,324 (35.8%) 18,332 (31.1%) 25,173(43.1%) PQ572740
152,953 (37.7%) 84,168 (35.9%) 18,436 (31.1%) 25,173(43.1%) PQ572741
153,009 (37.7%) 84,331(35.8%) 18,332(31.1%) 25,173(43.1%) PQ572742
153,000 (37.7%) 84,324(35.8%) 18,330(31.1%) 25,173(43.1%) PQ572743
153,016 (37.7%) 84,324(35.8%) 18,346 (31.1%) 25,173(43.1%) PQ572744
153,002 (37.7%) 84,324(35.8%) 18,332(31.1%) 25,173(43.1%) PQ572739
153,001 (37.7%) 84,225(35.8%) 18,407 (31.1%) 25,184 (43.1%) PQ572738
153,001 (37.7%) 84,225(35.8%) 18,407 (31.1%) 25,184 (43.1%) PQ572737
153,002 (37.7%) 84,324 (35.8%) 18,332 (31.1%) 25,173(43.1%) PQ572745
152,631 (37.7%) 83,967 (35.9%) 18,562 (31.1%) 25,051(43.2%) NC_087968
152,529 (37.7%) 83,578 (35.8%) 18,641(31.5%) 25,155(43.2%) KP842708
152,975 (37.7%) 84,232 (35.8%) 18,562 (31.2%) 25,091 (43.2%) NC_043842
151,323 (37.7%) 83,899 (35.9%) 18,562 (31.4%) 24,431(42.9%) ON641329
152,765 (37.5%) 84,103(35.7%) 18,596 (31.1%) 25,033 (43.0%) NC_007578
150,191 (37.5%) 82,675(35.6%) 18,400 (30.6%) 24,558 (43.0%) NC_047460
150,952 (37.5%) 82,772(35.6%) 18,268 (31.0%) 24,956 (43.0%) NC_034683
152,992 (37.3%) 84,698(35.1%) 18,250 (31.2%) 25,022 (43.0%) NC_042913
152,107 (37.5%) 83,704 (35.6%) 18,347 (31.2%) 25,028 (43.0%) NC_066129
151,104 (37.6%) 83,530(35.7%) 18,308 (31.4%) 24,633(43.2%) NC_007977

Total plastome size and lengths of the Large Single-Copy (LSC), Small Single-Copy (SSC), and Inverted Repeat (IR) regions are specified, with GC content of

each in parentheses. GenBank IDs are also provided.

alignment (i.e., 1-13 nucleotides depending on the individual)
were removed where pairs of homopolymer repeats were in
tandem and resulted in alignment ambiguity. Variant identifi-
cation was performed on the full data set in Geneious R9 using
the inbuilt variant (polymorphism) calling tool and T. dubius
(2613-24) as the reference. Variant calling on subsets of the
data used the same tool and an appropriate reference. The GC
content statistics were again estimated using Geneious R9.

To further assess relationships among the included Tragopo-
gon individuals, we conducted a pair of phylogenetic analyses.
One analysis used an alignment trimmed to include the LSC,
SSC, and one copy of the IR, and the other analysis used an
alignment comprising only the coding sequences from the
same three regions. To these alignments, we added publicly
available sequences from a Chinese representative of T. dubius
(GenBank accession OR840963), a T. pratensis from the United
Kingdom (0OZ060766), and Scorzonera radiata Fisch. ex DC.
(Cichorieae/Scorzonerinae; NC_087968) as an outgroup (Mav-
rodiev et al. 2012). Alignment positions were removed when
less than 60% of the sequences were represented (e.g., due to
length differences) or the alignment was otherwise ambiguous
(e.g., due to gene sequence variation). We identified the best-fit
partition scheme for each alignment and the best-fit substitu-
tion model for each partition using ModelFinder (Kalyaana-
moorthy et al. 2017), as implemented in IQ-TREE v2.2.0
(Minh et al. 2020). Partitioned maximum likelihood searches
were then conducted using IQ-TREE v2.2.0 (Chernomor
et al. 2016; Minh et al. 2020). For these searches, the best-fit

substitution models were applied to each data partition and
support for inferred relationships evaluated using 1,000 boot-
strap replicates.

RESULTS

For each of the 12 sampled Tragopogon individuals, whole plas-
tomes were assembled from paired-end Illumina short-read
sequences (Table 2). Read coverage for these plastome
sequences ranged from 111x to 546X, with an average of
350x. The following sections describe various comparisons
of the recovered plastomes.

Diploid Tragopogon plastomes

The assembled plastome sequences for Tragopogon dubius and
T. pratensis have the quadripartite structure typical of most
angiosperms and are consistent in both size and GC content
with other representatives of Asteraceae (Fig. 2). For example,
plastome sizes were 150,191-152,992 bp for the other 10 rep-
resentatives of Asteraceae and 152,982-153,002 bp for
the Tragopogon diploids assembled in the present study
(Table 2).

The LSC, SSC, and each IR of the plastome sequences from
the diploid Tragopogon species were 84,197-84,324 bp,
18,332-18,437 bp, and 25,173-25,184 bp in length, respec-
tively (Table 2). For these plastomes, the LSC was marginally
larger and the SSC marginally smaller in T. pratensis than in
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153,001 bp

Fig. 2. The plastome of Tragopogon dubius. Genes on the interior of the outer circle are transcribed in the forward direction; those on the exterior are tran-
scribed in the reverse direction. The thickened sections on the outer circle indicate the IR regions. The inner circle indicates the inverted repeat (IRa and IRg), the
large single-copy (LSC) region, and the small single-copy (SSC) region. The shaded ring on the interior of this circle indicates changes in %GC. Plastome drawn

using OrganellarGenomeDraw (Lohse et al. 2013).

the three representatives of T. dubius. Gene annotations for all
four diploid individuals were co-linear and comprised 120 gene
loci. The gene complement included 83 protein-coding genes,
eight rRNAs, and 37 tRNAs that accounted for all 20 amino
acids. Based on sequence integrity (i.e., no stop codons were
detected), each locus was presumed to be functional.

The plastome sequences of the two T. dubius individuals
from Pullman (2613-11 and 2613-24) shared 100% identity
(Table 3, Table S1). In contrast, the T. dubius plastome from
Spangle (2616) differed from the Pullman plastomes by 84
polymorphisms (99.8% identity), consisting of 48 single nucle-
otide polymorphisms (SNPs) and 36 indels, 24 of which
involved homopolymer repeats (Tables 3 and 4). Of the 48
SNPs, 14 were in coding sequences, and of these, seven were
nonsynonymous substitutions that fell within either the ycfI
(three substitutions) or ycf2 (two substitutions per copy) loci

Plant Biology

(Tables 3 and 4). These genes also contained in-frame indels:
one in ycfI and one in each of the ycf2 gene copies (Table 3).
The two T. dubius individuals from Pullman (2613-11 and
2613-24) and T. pratensis (2608-35) exhibited 99.58% identity,
differing by 194 polymorphisms. These differences included
132 substitutions, of which 63 substitutions occurred in coding
sequences and 26 involved nonsynonymous changes (Tables 3
and 4). Most nonsynonymous substitutions fell in the ycfl
(nine substitutions) or ycf2 (five substitutions per copy) gene
sequences (Table 4). Of the remaining seven nonsynonymous
substitutions, two occurred in the matK (maturase K) gene and
one each in the cemA (envelope membrane protein), atpl (ATP
synthase CFO A subunit), ndhF (NADH dehydrogenase F),
rpoB (RNA polymerase beta subunit), and rpoC2 (RNA poly-
merase beta subunit) genes (Table 4). There were also 62
indels, of which 35 involved homopolymer repeats (Table 3).

© 2025 The Author(s). Plant Biology published by John Wiley & Sons Ltd on behalf of German Society for Plant Sciences, Royal Botanical Society of the Netherlands.

85U80 |7 SUOLIWIOD 3AIEa1D) 3|qedl|dde au3 Aq peuienob are Sapoile YO ‘@SN JO s3I o} ARG 8UIIUO A8]IA UO (SUO I IPUOO-PUe-SWLB}W0D A8 1M ATe.d 1 )BU1|UO//SANU) SUORIPUOD PUe Swie | 8u1 88 *[520z/0T/8z] Uo Ariqiauliuo /oM ‘Ariqi Aisienlun AesseiN Ad 60T0. AId/TTTT OT/I0p/w00 A3 imAreiqijpuljuo//Sdiy Woiy pepeojumoq ‘0 ‘2/988EYT



Comparative analysis of Tragopogon plastomes

Mukhtar, Newmarch, Winkworth, Soltis, Soltis & Tate

Table 3. Summary of sequence polymorphisms among the 12 Tragopogon plastomes.

sequence polymorphisms

length polymorphisms

nucleotide polymorphisms

overall/within

synonymous/
nonsynonymous

substitutions
overall/within

protein-coding homopolymer protein-coding within ycf1

group compared total sequences repeats indels sequences overall and ycf2
All 12 samples 241 77/5 411 36/4 164/67 38/29 14/22
T. dubius and T. pratensis 238 77/5 411 36/4 161/69 38/29 14/22
Within T. dubius 88 36/3 22/1 14/2 52/15 8/7 717
T. dubius (except 2616-1) and long-liguled 0 n/a n/a n/a 0/0 n/a n/a

T. miscellus
T. pratensis and short-liguled T. miscellus 0 n/a n/a n/a 0/0 n/a n/a

(except 2625-3)
T. dubius 2616-1 and T. miscellus 2625-3 11 6/0 5/0 1/0 5/1 1/0 0/0
T. pratensis and T. miscellus 2625-3 214 70/4 36/0 34/4 141/58 33/25 11/18

Table 4. Nonsynonymous substitutions among the 12 Tragopogon
plastomes.

nucleotide codon amino acid
gene substitution position change
ATP synthase CFO A subunit T C 8 lle <> Thr*
(atpl)
Envelope membrane protein CoA 37 Thr <> Asn
(cemA)
Maturase K (matK') T C 4 Phe <> Ser*
G A 261 Arg <> Lys
NADH dehydrogenase F A< C 419 Glu <> Ala*
(ndhF)
RNA polymerase beta subunit G<—A 90 Glu < Lys
(rpoB)
RNA polymerase beta subunit TG 918 Asn <> Lys
(rpoC2)
Hypothetical chloroplast RF1 GA 237 Val <> lle
(ycf1) A<G 262 Asn <> Asp
A C 468 Lys <> GIn
T A 514 Phe <> Leu
CeoT 540 Pro <> Ser*
A< C 617 Glu <> Asp
AT 862 Leu <> Phe
T A 870 Phe <> Leu
CeG 909 Pro <> Ala
A<G 952 Lys <> Glu
Hypothetical chloroplast RF1 GeT 348 Glu <> Asp
(ycf2) GeT 1266 Arg <> lle*
TG 1273 lle <> Arg*
A<G 1488 Asn <> Ser
C<G 1863 Arg <> Gly*
GeoT 2070 Arg <> lle*

An asterisk indicates that the nucleotide substitution results in a change in
amino acid polarity.

Although most indels fell within non-coding spacer regions,
the Pullman T. dubius and T. pratensis plastome sequences
were distinguished by the same three indels in the ycfI and ycf2

6

genes as distinguished the Pullman and Spangle T. dubius plas-
tome sequences.

The T. dubius individual from Spangle (2616-1) and T. pra-
tensis (2608-35) shared 99.51% identity and differed by 203
polymorphisms. In this case, the polymorphisms included 133
SNPs (34 synonymous and 24 nonsynonymous) and 70 indels,
of which 35 involved homopolymer repeats.

Comparisons of the diploid and polyploid plastomes

Plastome sequences from the sampled Tragopogon miscellus
allopolyploids all shared high sequence identity (99.98%—
100%) with one or more of the diploid plastome sequences.
A pairwise similarity matrix is provided in Table SI.

Diploid T. dubius is the maternal parent of the long-liguled
form of T. miscellus. As expected, plastome sequences from
both long-liguled individuals (129-7-10 and 2605-23) shared
the highest identity with those from T. dubius. More specifi-
cally, sequences from both the natural and synthetic
long-liguled T. miscellus individuals shared 100% identity with
those from the two T. dubius individuals from Pullman (2613-
11 and 2613-24). The long-liguled T. miscellus sequences dif-
fered from the Spangle T. dubius (2616-1) sequence by the
same 84 polymorphisms as described in the previous section
for the Pullman and Spangle T. dubius sequences.

Diploid T. pratensis is the maternal parent of the
short-liguled form of T. miscellus. In this case, five of the six
short-liguled T. miscellus sequences shared 100% identity with
the T. pratensis plastome sequence (Table 3). The exception
was T. miscellus 2625-3 from Albion, which shared 99.52%
identity with the T. pratensis plastome sequence. These two
sequences differed by 206 polymorphisms: 136 substitutions
including 33 synonymous and 24 non-synonymous SNPs, plus
70 indels, of which 36 involved homopolymer repeats (Table 3).
Unlike the remaining short-liguled T. miscellus accessions, the
plastome sequence of T. miscellus (2625-3) shared higher iden-
tity with T. dubius sequences (99.83%-99.98%), and, in partic-
ular, the Spangle T. dubius (2616-1) with which it shared
99.98% identity and differed by 11 polymorphisms (Table 3).
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T. dubius (2613-11; Pullman, WA)

T. miscellus long-liguled (2605-23; Pullman, WA)

T. miscellus (129-7-10; synthetic)

T. dubius (2613-24; Pullman, WA)

T. dubius (China)

T. dubius (2616-1; Spangle, WA)

T. miscellus short-liguled (2625-3; Albion, WA)

T. miscellus short-liguled (111-7-5; synthetic)

T. miscellus short-liguled (2664-5; Spokane, WA)

T. miscellus short-liguled (2625-6; Albion, WA)

T. miscellus short-liguled (2688-9; Garfield, WA)

100

1l
00 T. pratensis (2608-35; Moscow, ID)

T. miscellus short-liguled (2604-4; Moscow, ID)

T. pratensis (UK)

Scorzonera radiata

Fig. 3. Maximum likelihood phylogeny for the included accessions of Tra-
gopogon dubius, T. miscellus, and T. pratensis. Numbers associated with
branches are bootstrap support values recovered from analyses of the data
set containing a single copy of the IR (upper value) and coding sequences
(lower value). Support values less than 70% are not shown but are indicated
by a dash (—). The branch leading to the outgroup, Scorzonera radiata, has
been shortened for clarity.

Comparison of natural vs. synthetic allopolyploid plastomes
and short-liguled populations of independent origin

Plastome sequences for the natural and synthetic long-liguled
T. miscellus shared 100% identity (Table 3, Fig. 3). Similarly,
the sequence of the synthetic short-liguled T. miscellus (111-7-
5) shared 100% identity with all but one of the naturally
formed short-liguled T. miscellus individuals. The exception
was the short-liguled T. miscellus 2625-3, with which the syn-
thetic short-liguled T. miscellus sequence shared 99.52% iden-
tity and differed by 206 polymorphisms (Table 3).

Phylogenetic analyses

The two phylogenetic analyses recovered topologies that were
highly similar. Two main clades were recovered in both ana-
lyses (Fig. 3). One clade was well-supported (bootstrap support
100% in both analyses) and included the four representatives
of T. dubius, the long-liguled T. miscellus individuals, and the
short-liguled Albion T. miscellus (2625-3). The other main
clade, which included both T. pratensis accessions and all but
one of the short-liguled T. miscellus individuals, was
well-supported (bootstrap support 96%) by the alignment that
included a single copy of the IR, but more poorly so by the
alignment comprising only coding sequences (bootstrap sup-
port <50%). The T. dubius clade consisted of two
well-supported subclades (Fig. 3). One comprised the Chinese
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(OR840963) and Pullman T. dubius (2613-11, 2613-24) acces-
sions as well as the long-liguled T. miscellus individuals (129-7-
10, 2605-23, bootstrap support 97%-100%), and the other, the
Spangle T. dubius (2616-1) and the Albion short-liguled T. mis-
cellus (2625-3, bootstrap support 98%—100%). In the T. praten-
sis clade, the T. pratensis and short-liguled T. miscellus
individuals from the United States formed a well-supported
clade (bootstrap support 100% in both analyses) sister to the
individual from the United Kingdom.

DISCUSSION

Divergence between diploid Tragopogon plastomes is low, but
variation exists within and between species that may identify
contributing progenitor plastomes in allopolyploids

The origins of the North American Tragopogon polyploids have
been well-studied (e.g., Soltis ef al. 2004; Symonds et al. 2010),
but comparisons of the whole plastome sequences assembled in
the current study have provided new insights. Specifically,
despite the plastome sequences of the diploid individuals exhi-
biting high identity, sequence variation within and between T.
dubius and T. pratensis may be sufficient to determine the spe-
cific origins of individual T. miscellus populations. For exam-
ple, the naturally occurring long-liguled T. miscellus (2605-23)
individual included in the present study was from Pullman,
Washington, and it is therefore not surprising that the plas-
tome sequence from this plant shared 100% identity with those
of the two Pullman T. dubius individuals. Likewise, it is also
not surprising that the synthetic long-liguled T. miscellus (129-
7-10) plant shared 100% identity with the Pullman T. dubius,
because the 2613-24 individual was the maternal progenitor for
this synthetic lineage (Tate et al. 2009).

Although T. pratensis is more commonly the maternal pro-
genitor of T. miscellus allopolyploids, it would be worthwhile
surveying plastome diversity in T. dubius further as previous
studies suggest that distinct nuclear (Soltis et al. 2022) and
plastome (Soltis & Soltis 1989) genotypes are present in North
America. Based on restriction enzyme recognition sequences
and inferred fragment sizes, the two plastome genotypes identi-
fied in the present study seemingly correspond to those found
by Soltis & Soltis (1989), who also sampled the Pullman and
Spangle, Washington, populations. That said, the broader geo-
graphic sampling of the Soltis et al. (2022) study suggests that
these genotypes, or variants of them, may be more widely dis-
tributed. Additionally, in our phylogenetic analysis, the T.
dubius individual from China, where this species is considered
invasive (Huang et al. 2024), was resolved as distinct from both
the Pullman and Spangle T. dubius individuals (Fig. 3). There
is clearly additional genetic variation within T. dubius, but the
extent of plastome diversity in North America is uncertain.
Given the well-documented genetic diversity and taxonomic
complexity of this species (e.g., Mavrodiev et al. 2012), nuclear
and plastid variation from across the range of T. dubius should
be considered when assessing the origins of allopolyploid line-
ages. For example, long-liguled T. miscellus individuals have
recently been found in Sheridan, Wyoming, and these appear
to represent a novel origin (D. Soltis and P. Soltis, unpublished
data).

We included just one North American T. pratensis individual
here, sampling that likely underrepresents the plastome diversity
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of this species in North America (Soltis et al. 2023). Indeed, indi-
viduals from North America and the United Kingdom were
resolved as distinct in our phylogenetic analyses, indicating that
plastome sequences vary within this species (Fig. 3). That said,
given the wider geographic sampling of short-liguled T. miscellus
in this study (Table 1), it is a little surprising that plastome
sequences from all but one of the natural short-liguled T. miscel-
lus individuals shared 100% identity with the T. pratensis from
Moscow, Idaho (Table S1). That the synthetic short-liguled T.
miscellus individual (111-7-5) shared the same plastome
sequence as most of the sampled natural allopolyploids is less
surprising given that its maternal progenitor was a T. pratensis
from Moscow (2608-1) (Tate et al. 2009). Going forward it will
be important to further assess plastome sequence diversity from
across the ranges of T. pratensis and short-liguled T. miscellus.
Investigating synthetic T. miscellus individuals with parents from
different populations would also be worthwhile. Again, this
would allow us to determine whether other plastome genotypes
have been captured when geographically distinct T. pratensis par-
ents were involved in the crossing. For example, T. pratensis
from Spangle was the maternal parent for other synthetic lines
(e.g., 67 and 79; Tate et al. 2009).

Short-liguled Albion T. miscellus 2625-3 is a back-crossed
individual to T. dubius

As short-liguled allopolyploids, the two T. miscellus individuals
sampled from Albion, Washington (2625-3 and 2625-6) were
both expected to have plastome sequences consistent with
those from representatives of T. pratensis. As expected, the
plastome assembled for one of these individuals (2625-6)
shared 100% identity with the North American T. pratensis
plastome sequence. In contrast, the sequence from the other
individual (2625-3) shared 99.98% identity with that of T.
dubius (2616-1) from Spangle (Table S1, Fig. 3). We suggest
that this latter T. miscellus individual (2625-3) arose as a result
of a backcross with T. dubius.

Studies utilising various nuclear markers previously reported
anomalies with T. miscellus individuals from Albion (Tate
et al. 2009; Symonds et al. 2010; Sehrish et al. 2015). Using
cleaved amplified polymorphic sequences (CAPS), Tate, Joshi,
et al. (2009) showed an elevated number of homeolog losses
(six) for T. miscellus (2625-3) relative to the other individuals
from Albion (0-3) and other populations (usually one). More-
over, T. miscellus (2625-3) lost the T. pratensis homeologs, rather
than the T. dubius homeologs as in other populations (Tate
et al. 2009). Sehrish ef al. (2015) evaluated cytonuclear compati-
bility using the Rubisco (rbcS/rbcL) system for the same samples.
While most T. miscellus allopolyploids retained both parental
nuclear rbcS homeologs, three individuals from Albion, includ-
ing 2625-3 and 2625-6, lost the presumably maternal copy of
rbcS that was expected to be retained (i.e., in order to maintain
cytonuclear coordination) (Sehrish et al. 2015). In the case of T.
miscellus (2625-3), backcrossing with T. dubius and inheritance
of the T. dubius plastome might explain loss of the T. pratensis
copy of rbcS. We assumed that this individual was an allotetra-
ploid, but it is possible that it could have been a triploid.

Tragopogon miscellus (2625-3) is the only example in the cur-
rent study of an allopolyploid with a plastome sequence that
does not match exactly one of the plastome sequences from a
diploid included here. Specifically, the T. miscellus (2625-3)
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plastome sequence differed from that of the closest diploid, T.
dubius (2616-1), by five substitutions and six indels including
five that involve homopolymer repeats. It is possible that these
polymorphisms arose following allopolyploid formation,
although given that none of the substitutions occurred within a
gene, it seems unlikely that these have been driven by changes
in cytonuclear interactions. Alternatively, because our sampling
of T. dubius remains limited, these differences might be
explained by additional, as yet unsampled, plastome diversity
in the diploid. In this case, the backcrossing would have
involved a T. dubius population with a distinct plastome
sequence. This possibility is consistent with T. dubius exhibit-
ing plastome diversity and the observation that the T. dubius
(2616-1) and T. miscellus (2625-3) populations are geographi-
cally distinct (Table 1). Distinguishing between these options
(i.e., novel mutations or unsampled parental diversity) requires
further assessment of plastome diversity in T. dubius. Symonds
et al. (2010) provides a potential starting point for such an
assessment, suggesting shared ancestry between the Albion allo-
polyploids and Moscow populations.

Further investigations of the Albion T. miscellus population
are hampered by its apparent extinction. The Albion T. miscel-
lus population was likely one of the “small and precarious”
populations described by Ownbey (1950) and was reported by
Novak et al. (1991) to consist of 30—40 short-liguled T. miscel-
lus plants, together with both parental and hybrid individuals.
When the samples included in the present study were collected
from Albion in 2004, field notes from this site included “T.
miscellus and T. dubius together plus some weird flowers—
hybrids?” (D. Soltis and P. Soltis, unpublished). Despite visits
over several years since then, allopolyploids have not been seen
again at this site, whereas T. dubius remains abundant in
Albion and surrounding areas (D. Soltis, P. Soltis, and J. Tate,
pers. obs.). It is not known what caused the loss of this allo-
polyploid population. Given the small size of the population,
widespread disturbance at the site may be to blame or perhaps
the polyploids were overcome genetically and/or ecologically
by T. dubius as their numbers declined. In the latter case, the
generation of triploids, which would be sterile, may have con-
tributed to the decline. The other recently formed North Amer-
ican Tragopogon allopolyploid, T. mirus, also existed in Albion
(Novak et al. 1991) but no longer occurs there. As surveys have
previously shown, although allopolyploid Tragopogon popula-
tions have been lost, others have persisted and even expanded
in size (Novak et al. 1991; Soltis et al. 2004), while still others
have arisen de novo (Soltis et al. 2012).

Plastome variation: origins of allopolyploids and genome
dynamics

Studies across angiosperms have shown that several plastome
regions consistently exhibit elevated levels of sequence varia-
tion (e.g., Henriquez et al. 2020; Xu ef al. 2024). Referred to as
“hypervariable”, these rapidly evolving regions are often tar-
geted for barcoding or phylogenetic studies (Fazekas
et al. 2008; Hollingsworth et al. 2011; Dong et al. 2012, 2015).
Several of the regions previously recognised as mutational hot
spots (Barthet & Hilu 2008; Ahmed et al. 2012; Dong
et al. 2015; Amar 2020) were also polymorphic in Tragopogon,
including the matK, ndhF, ycfl, and ycf2 genes as well as the
rpl16 intron. In the current analyses, these regions vary both
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within and between the diploid progenitor species. Although
more work is needed to fully characterise sequence diversity at
these loci, our results suggest that targeted sequencing of spe-
cific loci may be sufficient to identify the putative maternal
parent to at least the species level. Further, given that plastomes
evolve relatively slowly and that these Tragopogon allopoly-
ploids arose within the last 100 years, it is perhaps not surpris-
ing that the allopolyploids themselves could not be
distinguished from their maternal parents at these rapidly
evolving loci or elsewhere along the plastome.

Given the more dynamic nature of the nuclear genome, it
may be that changes to cytonuclear interactions in recently
formed allopolyploids can be accommodated more readily by
changes to the nuclear component. Yet, investigating the con-
sequences of substitutions in plastome gene sequences may
help to identify novel cytonuclear interactions. In the present
study, 24 nonsynonymous substitutions were identified
between the two diploid progenitor species (Table 4). These are
potential candidates for investigating the maintenance of cyto-
nuclear coordination in the allopolyploids. Of particular inter-
est are substitutions that change the polarity of the encoded
amino acid as these may alter how the resulting proteins inter-
act (Moreira et al. 2007). Three such changes were identified in
comparisons of T. dubius from Pullman (2613-24) and T. pra-
tensis (2608-35) from Moscow, but additional differences may
exist in other diploid populations (Soltis et al. 2022, 2023).

Synonymous SNPs may have unknown phenotypic effects in
the absence of other evidence (Vihinen 2022). For example,
Sehrish et al. (2015) identified only a single synonymous SNP
between plastid rbcL regions of T. dubius and T. pratensis, but
most T. miscellus individuals showed differential expression pat-
terns of the interacting nuclear rbcS homeologs that favoured the
maternally inherited copy. Thus, some of these synonymous
SNPs may be important in facilitating cytonuclear coordination.

CONCLUSIONS

Although studies of allopolyploid evolution often focus on the
duplicated nuclear genomes, understanding the sources and evo-
lutionary dynamics of the plastid and mitochondrial genomes
may provide novel insights. The Tragopogon allopolyploids

Comparative analysis of Tragopogon plastomes

investigated here are an interesting case study, as despite their
recent origins, there is sufficient plastome diversity to address
questions about their parental contributions and evolution. In
other plant groups, polyploids may be hundreds to perhaps mil-
lions of years older than in Tragopogon, and in such cases, we
would expect plastome diversity to be of even greater utility.
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