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• Background and Aims Whole-genome duplications (WGDs) are rampant in flowering plant genomes. Within
Brassicaceae, the genus Brassica (including crop mustards) and relatives (tribe Brassiceae) are hypothesized to
share an ancient mesohexaploidy, or whole-genome triplication (WGT), resulting from two WGD events (Br-α
WGT). However, the phylogenetic boundaries of the Br-α WGT remain unknown.
• Methods We use phylogenomic assessments and divergence time analyses to place and date the Br-α WGT. We
see conflicting topologies among the plastid and nuclear trees putatively due to polyploidy, hybridization and
reticulate evolution. Despite this, we find tribe Brassiceae to be monophyletic in both trees.
• Key Results As currently circumscribed, tribe Brassiceae does not share the Br-α WGT. The sister clade to the rest 
of the tribe, containing the genera Orychophragmus and Sinalliaria, show no evidence of the Br-α WGT. Based on this 
placement, divergence time analyses indicate that the Br-α WGT would have occurred between 12.1 and 10.7 million 
years ago.
• Conclusions We propose a new taxonomic revision for the tribe Brassiceae based on the shared characteristics of the 
Br-α WGT. This presents a stable characteristic for the tribe, which was not the case in previous taxonomies based on 
morphological characters. These findings help clarify the history of the mustard crops and their relatives and resolve 
long-standing issues with the circumscription of the tribe Brassiceae.
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INTRODUCTION

Many plant taxonomic groups established before the advent 
of comparative genomics exhibit a history of whole-genome du
plication (WGD) or polyploidy (Soltis et al., 2009; Schranz 
et al., 2012; One Thousand Plant Transcriptomes Initiative, 
2019). This pattern likely stems from the influence of WGD 
events on phenotypic characteristics commonly used in taxo
nomic classification, such as the development of novel synapo
morphic traits (Soltis and Soltis, 2016; Porturas et al., 2019), 
accelerated rates of diversification (Landis et al., 2018; Huang 
et al., 2020) and an increased capacity for hybridization 
(Koch, 2012; Nieto Feliner et al., 2020; Tseng et al., 2024). 
These clades have been critical to understanding how gene du
plicates lead to the key innovations we associate with many 
plant lineages today (Soltis and Soltis, 2016; Clark and 
Donoghue, 2018; Hämälä et al., 2024). Taxonomic groups 
that share a history of WGD or other rare genomic characters 
have also emphasized the usefulness of natural taxonomic clas
sification for comparative biology (Rokas and Holland, 2000; 
Renner, 2016). Natural taxonomic classification requires the 
group to represent all members of a shared ancestor and provide 
insight into the evolutionary processes that have defined them 
(Doolittle, 1999). However, determining which evolutionary 
events are important to the character of a clade and describing 
events like WGD is non-trivial. For example, distinguishing 
WGD event signals and placing those events on a phylogeny re
mains challenging for families that boast several WGD events at 
various time scales, including palaeo-, meso- and neopolyploid 
events (Mandáková et al., 2017; Mandáková and Lysak, 2018). 
Of these event types, mesopolyploid lineages are especially dif
ficult to resolve phylogenetically as they are defined by an on
going process of extensive fractionation in extant species, 
where mixed retention of duplicate genes and complex histories 
of hybridization can lead to rampant gene tree incongruence 
(Kuzmin et al., 2020; Booker et al., 2022; Hoang et al., 
2024). Despite these challenges, describing and placing WGD 
events remains important to understanding evolution through 
comparative biology.

The Brassicaceae includes numerous polyploid lineages 
(Mandáková et al., 2017 ; Walden et al., 2020; Guo et al., 
2021). Among these, the ancestral polyploidy in the tribe 
Brassiceae (Br-α whole-genome triplication (WGT)) is the 
most studied mesopolyploidy event (Lysak et al., 2005, 2007; 
Wang et al., 2011; Hao et al., 2021). The duplicated genes aris
ing from this ancestral polyploidy are believed to be a key driver 
of the remarkable diversity and adaptability observed in crops 
belonging to this tribe. This diversity manifests in various 
ways, including enhanced resilience to environmental stresses, 
altered nutrient content, the evolution of self-incompatibility 
systems, and innovations in glucosinolate profiles, which are 
compounds with important roles in plant defence and flavour 
(Abrahams et al., 2020; Azibi et al., 2020; Thomas et al., 
2024). This event was initially identified through research on 
economically significant mustard crops within the genus 
Brassica. Even before the advent of whole-genome sequencing 
technologies, comparative genetic maps constructed between 
three diploid Brassica species (B. nigra, B. oleracea and 
B. rapa) and the model plant species Arabidopsis thaliana of
fered the first clues that this ancient polyploidy was a WGT
or hexaploidy (Lagercrantz and Lydiatet, 1996; Lagercrantz,

1998; Babula et al., 2003; Parkin et al., 2005). These maps re
vealed that the diploid Brassica genomes harbour three copies 
of an ancestral genome from a shared hexaploid ancestor. 
Subsequent comparative cytogenetic studies extended this find
ing beyond the Brassica genus. Researchers found that mem
bers of various Brassiceae subtribes, including Brassicinae, 
Cakilinae, Moricandiinae, Raphaniae, Vellinae and potentially 
Zillinae, all retained three copies of ancestral chromosomal seg
ments (Lysak et al., 2005, 2007; Ziolkowski et al., 2006) 
(Fig. 1, Supplementary Data Table S1), indicating a basal place
ment of the Br-α WGT in the evolutionary history of the tribe. 
Consistent with the expectations for a WGT event, comparative 
genomic investigations in Brassica species suggest that the an
cestral hexaploid genome arose through a two-step process 
(Wang et al., 2011; Tang et al., 2012; Tang and Lyons, 2012; 
Cheng et al., 2013, 2014; He et al., 2021).

Accurately mapping multi-step WGD events onto a phylo
genetic tree is challenging due to factors including the ages 
of overlapping duplication events, incomplete lineage sam
pling, and whether a lineage that experienced only part of 
the multi-step event still exists (Bayat et al., 2018; Mabry 
et al., 2020; Parma et al., 2021; Hoang et al., 2023). The cur
rent understanding of the Br-α WGT is that there was an initial 
tetraploidization event followed by a secondary allopolyploi
dy after a period of diploidization (Wang et al., 2011). This 
has resulted in the species of the Brassiceae having two frac
tionated subgenomes from the initial tetraploidy (MF and 
IF, also referred to as MF2 and MF1, respectively) and a 
less fractionated subgenome (LF) from the secondary event, 
providing the ancestral mesohexaploid genome with three sub
genomes (Wang et al., 2011; Hao et al., 2021). The genera 
Orychophragmus (up to six species; Hu et al. (2016)) and 
Sinalliaria (two species; Zhang et al. (2018)) are the earliest- 
diverging lineage of the Brassiceae, forming a sister clade 
(henceforth referred to as the Orychophragmus lineage) to 
the remaining Brassiceae genera (Walden et al., 2020; 
Hendriks et al., 2023). Previous studies using chloroplast 
markers had identified new lineages within the Brassiceae 
but did not sample Orychophragmus spp. (Arias and 
Pires, 2012; Arias et al., 2014). Chromosome painting in 
Orychophragmus violaceus revealed an ancient tetraploidy 
event (Lysak et al., 2007), and recent genome sequencing of 
O. violaceus suggests that the mesotetraploid O. violaceus ge
nome originated independently and later than the Br-α meso
hexaploidy (Huang et al., 2023; Zhang et al., 2023).

These findings raise two key questions: (1) where to place the 
ancestral Br-α WGT in the tribe’s evolutionary history, both in 
dated time and along a specific branch or branches of the phy
logeny, and (2) whether the Orychophragmus lineage presents 
a distinct enough evolutionary history to be excluded from the 
Brassiceae based on a system of natural classification. In this 
study, we leverage transcriptome data across tribe Brassiceae 
and out-groups to assess which subtribal lineages share the 
Br-α WGT by analysing gene tree topologies, genomic synteny 
and Ks plots. We combine plastid data across the rosids (sam
pling focused on tribe Brassiceae) with fossil evidence to pro
vide a robust date for the clade sharing the Br-α WGT. 
Further, based on these results, we explore incongruence in nu
clear and plastid phylogenies and taxonomic implications for 
the group. Our findings support a robust placement for the 
Br-α WGT between 12.1 and 10.7 million years ago (Ma) 
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including the majority of the tribe Brassiceae, but excluding its 
earliest-diverging clade, the Orychophragmus lineage. We pro
pose that a circumscription of the tribe Brassiceae based on the 
placement of the Br-α WGT presents a more accurate represen
tation of the evolutionary history of the lineage under natural 
taxonomic classification and a better model clade for compara
tive biology.

MATERIALS AND METHODS

Taxon sampling

In order to sample both transcriptome and plastid DNA se
quences, seeds or living plant collections from across the tribe 
were required. Seeds were obtained from various sources (see 
accession information in Supplementary Data Tables S2 and 
S3) and grown in greenhouse conditions. A limitation of this 

approach was that seed was not available for some taxa; nota
bly, living tissue could not be obtained for Henophyton, pre
cluding the generation of transcriptomes for this taxon. 
Plastid sequence data for Henophyton were available (Walden 
et al., 2020), enabling plastid phylogenetics. However, these 
missing taxa do not hinder estimating the phylogeny and chro
nogram of the remaining taxa nor the placement and age of the 
Br-α WGT. All taxa sampled and their sources can be found in 
Supplementary Data Tables S2 and S3.

DNA and RNA isolation and sequencing

Plants were grown in a sterile growth chamber or greenhouse 
setting at the University of Missouri as described in Qi et al. 
(2017), and samples were taken from whole leaves or shoots. 
For RNA, samples were taken as close to noon as possible for 
consistency. However, since the aim of this sampling was to 
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FIG. 1. Morphological diversity in the tribe Brassiceae. Panels A–J indicate species in a lineage that share the Br-α WGT, and panel K indicates species in the tribe 
Orychophragmeae. (A) Brassica oleracea (Brassica clade): https://www.inaturalist.org/observations/207775994. Observed in New Zealand by Agnes Trekker (li
censed under https://creativecommons.org/publicdomain/zero/1.0/). (B) Diplotaxis tenuifolia (Brassica clade): https://www.inaturalist.org/observations/ 
200285504. Observed in Malta by Daniel Cahen (licensed under https://creativecommons.org/licenses/by/4.0/). (C) Erucastrum nasturtiifolium (Brassica clade): 
https://www.inaturalist.org/observations/44368621. Observed in Austria by Patrick Hacker (licensed under https://creativecommons.org/licenses/by/4.0/). (D) 
Crambe hispanica (Crambe clade): https://www.inaturalist.org/observations/74446084. Observed in Spain by faluke (licensed under https://creativecommons. 
org/licenses/by-nc/4.0/). (E) Savignya parviflora (Savignya clade): https://www.inaturalist.org/observations/241829952. Observed in Israel by Theodore (licensed 
under https://creativecommons.org/licenses/by-nc/4.0/). (F) Henophyton zygarrhenum (Henophyton clade): https://www.inaturalist.org/observations/180244532. 
Observed in Morocco by missour (licensed under https://creativecommons.org/licenses/by-nc/4.0/). (G) Vella aspera (Vella clade): https://www.inaturalist.org/ 
observations/256012267. Observed in Spain by Francisco Javier Carela Quilez (licensed under https://creativecommons.org/licenses/by-nc/4.0/). (H) Cakile mar
itima (Cakile clade): https://www.inaturalist.org/observations/168123356. Observed in Denmark by Margit Kildevang (licensed under https://creativecommons. 
org/publicdomain/zero/1.0/). (I) Psychine stylosa (Psychine clade): Observed in Missouri (greenhouse setting) by Shawn K. Thomas. (J) Zilla spinosa (Zilla clade): 
https://www.inaturalist.org/observations/206145185. Observed in Morocco by frederikl (licensed under https://creativecommons.org/licenses/by-nc/4.0/). (K) 
Orychophragmus violaceus (Orychophragmus clade): https://www.inaturalist.org/observations/153751462. Observed in Japan by belvedere04 (licensed under 
https://creativecommons.org/licenses/by/4.0/). (L) Cartoon image depicting conduplicate cotyledons, a morphological character shared by many members of the 
tribe Brassiceae (modified from Iltis et al. (2011)). (M) Cartoon image depicting silique and silicle fruit types (from Simpson (2020)). Fruits in the tribe 

Brassiceae are often segmented by the replum (in siliques) or the false septum (in silicles). 
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extract sequence data from RNA samples rather than perform 
expression analysis, the growth stage was not controlled. 
Different samples were taken for DNA and RNA. In some cas
es, the two samples were from the same plant and in other cases 
they were siblings or progeny of inbred lines, depending on the 
availability of tissue and the health of the plants.

DNA was isolated using the DNeasy Plant Kit (Qiagen, 
Germantown, MD, USA) or, in some cases when the kit failed 
to provide sufficient DNA, a standard CTAB protocol was used 
(Doyle and Doyle, 1987). Libraries were prepared using TruSeq 
DNA Library Preparation Kits (Illumina, San Diego, CA, USA) 
or Nextera DNA Library Preparation Kits (Illumina, San Diego, 
CA, USA) and sequenced using the HiSeq (Illumina, San 
Diego, CA, USA) with paired end reads of 100-bp length or 
the NextSeq 500 (Illumina, San Diego, CA, USA) with paired 
end reads of 150-bp length at the University of Missouri 
(Supplementary Data Table S2). Total RNA was isolated from 
flash-frozen tissue using the Invitrogen PureLink RNA Mini Kit 
(Thermo Fisher Scientific, Carlsbad, CA) and libraries were pre
pared using the TruSeq mRNA Library Preparation Kit 
(Illumina, San Diego, CA, USA) with some libraries being strand
ed and others not stranded due to kit availability and timing 
(Supplementary Data Table S3). mRNA libraries were sequenced 
on an Illumina HiSeq with paired end reads of 100-bp lengths.

Plastid gene and transcriptome assembly

DNA sequencing raw reads were cleaned using fastp v. 0.21.0 
(Chen et al., 2018) to automatically detect and remove adapter 
sequences. All other cleaning options in fastp were kept as de
fault and only cleaned reads in which both read pairs survived 
were kept for downstream analyses. The Brassica rapa plastid 
RefSeq proteins (NCBI Reference Sequence NC_040849.1) 
were selected as target genes for assembly in the HybPiper pipe
line v. 2.1.6 (Johnson et al., 2016). In this pipeline, reads were 
mapped to the B. rapa targets using the Burrows–Wheeler align
ment (BWA) tool (Li and Durbin, 2009). Mapped reads for each 
target were assembled de novo into contigs using the best k-mer 
detected using SPAdes v. 3.13.0 (Prjibelski et al., 2020). The 
exon contigs were then aligned to the reference to extract coding 
sequence and then scaffolded using exonerate (Slater and Birney, 
2005). Finally, CDS sequences were included from existing data 
on NCBI for Brassica oleracea (NCBI Reference Sequence 
NC_041167.1) and Brassica nigra (NCBI Reference Sequence 
NC_030450.1). These data were combined with existing data 
from Walden et al. (2020) for downstream analyses.

RNA sequencing (RNA-seq) raw reads were cleaned using 
Trimmomatic v. 0.39 (Bolger et al., 2014) to remove adapter se
quences, remove leading and trailing low-quality or N bases, and 
keep reads with a minimum length of 36 bp (LEADING:3, 
TRAILING:3, MINLEN:36). Transcriptomes were assembled us
ing Trinity v. 2.11.0 (Grabherr et al., 2011) using default 
parameters. Each transcriptome was clustered to produce represen
tative sequences using CD-HIT-EST (Fu et al., 2012) and 
a threshold of 90 % sequence identity and word size of 8 or 9 
(-c 0.90 -n 8,9). These representative sequences were filtered 
to only keep open reading frames of at least 100 amino acids in 
length and to predict likely coding regions using Transdecoder 
v. 5.5.0 (B. J. Haas, https://github.com/TransDecoder/
TransDecoder). These assemblies were then validated for quality

using Transrate v. 1.0.3 (Smith-Unna et al., 2016) and complete
ness using BUSCO v. 5.4.7 (Manni et al., 2021).

Finally, to increase sampling, existing sequence data from 
Phytozome, the Brassicales Map Alignment Project (BMAP), 
the Brassicaceae Database (BRAD) and past publications were 
used. RNA-seq data from An et al. (2019) for Brassica cretica, 
B. hilarionis, B. montana and B. villosa and from Wang et al.
(2019) for Sinalliaria limprichtiana and S. limprichtiana
var. grandifolia were used to generate transcriptomes (as de
scribed above). In addition, primary CDS and peptide sequences
were pulled for the following species: Arabidopsis thaliana
(Lamesch et al., 2012), Brassica nigra (Perumal et al., 2020),
B. oleracea (Liu et al., 2014), B. rapa (Wang et al., 2011; Lou
et al., 2020), Cakile maritima, Caulanthus amplexicaulis,
Eutrema salsugineum (Yang et al., 2013), Iberis amara, Isatis
tinctoria, Lunaria annua, Myagrum perfoliatum, Schrenkiella
parvula (Dassanayake et al., 2011; Oh et al., 2014), Sisymbrium
irio (Haudry et al., 2013), Stanleya pinnata and Thlaspi arvense
(data sources can be found in Supplementary Data Table S3).
These sequence data were used in conjunction with the transcrip
tomes generated for this study in downstream analyses.

Coalescent tree estimation

A multilocus species tree estimation approach was used to re
construct the phylogeny from transcriptomic data. Orthology 
was inferred in OrthoFinder v. 2.5.4 (Emms and Kelly, 2019) 
using parameters -t 20 and -a 20 to use 20 parallel analysis 
threads for sequence search, multiple sequence alignment 
(MSA), and tree inference (-t 20), and internal, RAM-intensive 
tasks (-a 20). All other analysis parameters were left as default. 
Then orthogroups were filtered by taxon occupancy for a min
imum of 40 (out of 54) samples with at least one sequence 
each, resulting in 13 506 orthogroups. These orthogroups 
were aligned using MAFFT v. 7.453 (Katoh and Standley, 
2013) and gene tree inference was conducted using IQ-TREE 
v. 2.3.6 (Minh et al., 2020). Finally, ASTRAL-Pro 3
v. 1.19.3.6 (Zhang et al., 2020; Zhang and Mirarab, 2022;
Tabatabaee et al., 2023) was used to construct the multilocus
species tree from all gene trees, including trees with dupli
cate/multicopy genes per species.

Mesohexaploidy placement

One line of evidence for ancient polyploidy events is to compare 
patterns of putative paralogues across gene trees with a single spe
cies tree. The multilocus species tree inferred by ASTRAL-Pro 3 
(Zhang et al., 2020; Zhang and Mirarab, 2022; Tabatabaee et al., 
2023) and all of the gene trees used to infer that multilocus species 
tree were used as inputs for the program PUG v. 2.1.1 (McKain 
et al., 2016). This program uses an algorithm that queries putative 
paralogues in a gene tree and identifies species congruence relative 
to the species tree as described in McKain et al. (2016). Parameters 
were set to estimate paralogues from the gene trees by identifying 
all potential combinations of multicopy genes from each taxon. 
The R script packaged with PUG was used to generate the phylo
genetic tree with duplicate genes indicated on the branches. Only 
duplicate pairs that had a bootstrap value of ≥80 leading to their co
alescing branch were considered. To aid in the visualization of the 
data, branches with a minimum of 25 % of the highest total number 
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of unique duplicate genes found on any branch (here, the one lead
ing to the two Orychophragmus violaceus samples) were marked 
on the phylogeny.

The distribution of the synonymous divergence (Ks) between 
paralogues in each transcriptome is another line of evidence for 
the placement of an ancient polyploidy event. As gene copies 
diverge from each other over evolutionary time, their Ks will in
crease and the position of the peak along the Ks axis provides an 
estimate of when the event occurred. Large-scale duplication 
events like polyploidy provide a burst of many new duplicate 
genes and therefore are expected to create a peak corresponding 
to when the event occurred. Thus, we can use these peaks as a 
line of evidence of when an ancient polyploidy occurred in a 
species, and further compare them across the phylogeny to 
get a sense of which lineages share ancient polyploidy events. 
To obtain Ks values, translated CDS and peptide sequences 
from Transdecoder or Phytozome were used as input for the 
FASTKs pipeline (McKain et al., 2016). In this pipeline, CDS 
sequences for each sample were aligned against themselves 
with an e-value cut-off of 1e−40 in BLAST (Altschul et al., 
1990). Putative pairs were identified as BLAST hits when 
they met the following criteria: (1) >40 % identity in alignment, 
(2) not an exact match (<100 % identity), and (3) >300 bp of
alignment length. Peptide sequences for the putative pairs
were aligned with MUSCLE (Edgar, 2004), and back-translated
to CDS using PAL2NAL (Suyama et al., 2006). Ks, non- 
synonymous divergence (Ka) and Ka/Ks were estimated for the
aligned pairs using codeml in PAML v.4.8 (Yang, 2007) using
the same parameters used by McKain et al. (2012).

To determine if the Ks distributions could be statistically dif
ferentiated, the distribution’s empirical cumulative distribution 
functions were compared using a Kolmogorov–Smirnov (K–S) 
test. This test was performed using R’s built-in implementation, 
ks.test(). In cases where distributions contained an unequal 
number of samples, the distribution with more samples was sys
tematically downsampled, retaining samples evenly spaced 
through the observed distribution.

Simulated Ks distributions were generated for the following 
clades: the Br-α in-group (samples that share Br-α WGT), the 
non-Br-α out-group (samples that do not share Br-α WGT) and 
the subtribal lineages of species sharing the Br-α WGT. 
Distributions were simulated by drawing samples from each spe
cies’ substitution distribution for those species in a given set (e.g. 
the members of a clade). The samples drawn from each species 
were dictated by the total number of samples times the desired 
proportion in the simulated distribution rounded to the nearest in
teger. The total number of samples was defined as the average 
number of samples among the species to be used, rounded to 
the nearest integer. The desired proportion for each species was 
determined using the relatedness in the phylogenetic tree. For 
each species the path length to every parent node was calculated 
and used to find the distance from each node to its child species. 
The representation of each species’ distribution at a given node 
was assumed to be inversely proportional to the distance between 
that node and the species. In cases where one or more species was 
removed from consideration (e.g. simulating the distribution of 
the out-group) the expected fractions of the disallowed species 
were set to zero and then the fractions were normalized to sum 
to one. Although this approach resulted in stochastic results, sam
ples were randomly drawn and the sheer number of samples be
ing drawn (17 223–167 646 samples) reduced the expected 

variation between simulations. Custom R functions were created 
for simulating substitution distributions based on the phylogenet
ic tree and distributions for each species and for comparison and 
visualization of empirical cumulative distribution functions. For 
details, please refer to the associated GitHub repository (http:// 
www.github.com/danielkick/brassica_ks).

Modelling the proposed WGD events with POInT

We also modelled the polyploidy events in O. violaceus and 
Br-α using the software package POInT v. 1.61 (the Polyploidy 
Orthology Inference Tool) (Hao and Conant, 2022) to assess the 
evidence for O. violaceus sharing the first event in Br-α. To 
identify duplicated genes in the genome of O. violaceus, we 
conducted a homology search between it and the genome 
of A. thaliana Col-0 (v. 10.29; CoGe genome id 20342) using 
GenomeHistory v. 2.1 (Conant and Wagner, 2002) and 
BLASTP v. 2.7.1 (Altschul et al., 1997). We required a 
BLAST e-value 10−9 and ≥60 % amino acid identity to retain 
a homologue pair. We then used simulated annealing to search 
for blocks of double-conserved synteny (DCS) in O. violaceus 
relative to A. thaliana (Hao and Conant, 2022). Homologue 
pairs with Ka >0.5 were omitted from this analysis.

To assess whether the genome duplication in O. violaceus 
corresponded to a shared polyploidy with any of the pairs of 
subgenomes of the Br-α WGT, we next extracted all three pairs 
of subgenomes from the four Brassiceae genomes we had pre
viously analysed (Hao et al., 2021). These correspond to the 
least and intermediately fractionated subgenomes (LF/IF), least 
and most fractionated subgenomes (LF/MF) and intermediately 
and most fractionated subgenomes (IF/MF). In each case, we 
extracted pillars from our dataset where all genes were assigned 
to their respective subgenomes with ≥95 % confidence (Hao 
et al., 2021). We then merged these pillars with our inferences 
from O. violaceus to produce three hypothesized shared genome 
duplications: LF/IF with 7093 pillars, LF/MF with 6472 pillars 
and IF/MF with 4535 pillars. For each dataset, we sought an op
timal syntenic pillar order using simulated annealing as previ
ously described (Hao and Conant, 2022).

Chronogram of clades and mesohexaploidy timing

Plastome data from 45 samples that were newly sequenced or 
acquired from publicly available data were combined with an 
existing dataset comprising 60 plastid-encoded genes from all 
Brassicaceae tribes and rosid out-groups (Walden et al., 2020) 
to estimate divergence times in the Brassiceae. From the 
existing dataset, all samples from non-Brassicaceae out-groups, 
tribe Brassiceae and closely related tribes Thelypodieae and 
Sisymbrieae were included. Finally, for all other Brassicaceae 
tribes outside Brassiceae, Thelypodieae and Sisymbrieae a 
few representative species from each were used, resulting in a 
combined number of 216 samples (Supplementary Data 
Table S2). Newly generated coding sequences were manually 
aligned to existing gene alignments in AliView v. 2021 
(Larsson, 2014), and alignments were trimmed to the same 
size as the existing dataset.

Divergence time estimation was conducted in BEAST 
v. 2.6.7 (Bouckaert et al., 2019) following Walden et al.
(2020). This analysis used a single partition with substitution
model GTR with estimated frequencies, four γ categories and
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estimated substitution rates, shape parameter and proportion of 
invariant sites. The log-normal relaxed clock (Drummond et al., 
2006) with estimated clock rate was used with a birth–death tree 
model (Gernhard, 2008). Four fossil calibration points from 
across the rosids (Supplementary Data Table S4; Knobloch 
and Mai, 1986; Sims et al., 1999; Takahashi et al., 1999; Bell 
et al., 2010; Moore et al., 2010; Benedict et al., 2011; 
Njuguna et al., 2013) were implemented as minimum ages for 
calibration with a uniform distribution, and the root height 
was constrained using a uniform prior with minimum age 
92 Ma; 125 Ma was set as upper bound for all five calibration 
points following methods from Hohmann et al. (2015)
and Walden et al. (2020). A starting tree was generated using 
RAxML v. 8.2.12 (Stamatakis, 2014) with substitution model 
GTRGAMMA and 1000 rapid bootstrap replicates followed 
by thorough ML search (option -f a). Node ages in the starting 
tree were adjusted to match fossil calibration time using chronos 
in R package ape v. 5.6-2 (Paradis and Schliep, 2019) in 
R v. 4.2.0. Eight independent runs with 200 000 000 generations 
each were started, logging every 20 000 generations.

Convergence of the runs was checked in Tracer v. 1.7.2 
(Rambaut et al., 2018), then trees from all eight runs were com
bined using LogCombiner v. 2.6.7 (Bouckaert et al., 2019) while 
discarding the first 10 % of generations as burn-in. The maximum 
clade credibility tree was obtained using TreeAnnotator v. 2.6.7 
(Bouckaert et al., 2019).

RESULTS

Sequence matrices

DNA read pools after trimming ranged in size from 245 347 to 
95 765 353 read pairs per sample with an average of 5 750 314 
read pairs. RNA read pools after trimming ranged in size from 
18 534 657 to 51 625 028 reads per sample, with an average of 
28 931 113 reads per sample. BUSCO scores for transcriptomes 
assembled for this study had an average of 86.01 % complete 
genes (ranging from 74.80 to 93.30 %), 6.95 % fragmented genes 
(ranging from 4.50 to 12.80 %) and 7.04 % missing genes (rang
ing from 2.20 to 13.40 %). The publicly available transcriptomes 
had BUSCO scores with an average of 94.51 % complete genes 
(ranging from 70.70 to 99.30 %), 1.85 % fragmented genes (rang
ing from 0.20 to 8.30 %) and 3.65 % missing genes (ranging from 
0.50 to 21.00 %). All BUSCO and Transrate metrics for all sam
ples can be found in Supplementary Data Tables S5–S8. From all 
the transcriptomes, 106 109 orthogroups (homologous loci across 
samples) were identified with OrthoFinder 2.5.4 using default 
settings. Orthogroups were then filtered by taxon occupancy 
for a minimum of 40 (out of 52) samples with at least one se
quence each, resulting in 13 506 orthogroups.

Plastid phylogenomics

The divergence time analysis resulted in a plastid gene phy
logeny that is congruent with the family-level phylogeny pre
sented in Walden et al. (2020). Within tribe Brassiceae all 
branches except five were recovered with 0.7 local posterior 
probability (LPP) support or better in the plastid phylogeny 
(Supplementary Data Fig. S1). The backbone of the plastid 
tree is well supported, with the exception of the branch leading 

to the clade of the subtribal lineages (as classified by Arias and 
Pires (2012)) [Nigra + Crambe + Rapa/Oleracea + Savignya +  
Henophyton], which had an LPP of 0.56. The branch leading 
to [Brassica-juncea + Brassica-rapa-pekinensis + Brassica-rapa 
Brassica-oleracea + Brassica-napus + Raphanus-raphanistrum  
+ Raphanus-sativus] had an LPP of 0.68 and the remaining three
branches with <0.7 LPP were branches leading to closely relat
ed species or species complexes. While species relationships
within subtribal lineages are fairly consistent, the relationships
across these lineages have some differences. Notably, we see
differences in the branching patterns of the tribe Brassiceae.
The lineage Henophyton, which was sister to the Rapa/
Oleracea + Savignya + Nigra + Cakile + Crambe lineages in
Arias and Pires (2012), is placed sister to Rapa/Oleracea +
Savignya. Nigra + Crambe lineages form a clade sister to
Rapa/Oleracea + Savignya + Henophyton lineages, and the
Cakile lineage is sister to the rest of this group. The early- 
diverging lineages Vella and Zilla are shown to form a grade
with the Zilla lineage diverging first and then the Vella lineage,
whereas in Arias and Pires (2012) the Vella and Zilla lineages
formed a clade. In addition, we find Psychine stylosa (hence
forth referred to as the Psychine lineage) sister to the Vella lin
eage in the plastid phylogeny. In previous studies, the Psychine
lineage has been placed within either the Vella (Warwick and
Black, 1994) or the Savignya (Crespo, 2000) lineage. Finally,
the Orychophragmus lineage is found to be sister to the rest
of the tribe Brassiceae.

Transcriptome phylogenomics

The coalescent tree estimation resulted in a well-supported 
nuclear tree (Supplementary Data Fig. S2). All branches were 
recovered with full support (1 LPP). The topology of the tree 
is inconsistent with the plastid gene phylogeny and relation
ships between major clades in the tribe are shown in Fig. 2. 
Quartet frequencies between major clades in the tribe are shown 
in Supplementary Data Fig. S3. The Nigra and Rapa/Oleracea 
lineages are nested within each other and form a monophyletic 
clade (henceforth referred to as the Brassica lineage). The 
Crambe lineage is sister to this clade, the Cakile lineage is sister 
to the Brassica + Crambe lineages, and the Savignya lineage 
forms a clade sister to all of these. Finally, we see the lineages 
Psychine, Zilla and Vella respectively forming a grade with the 
Vella lineage sister to the rest. In contrast, the plastid tree has 
the lineages Psychine and Vella in a clade with the Zilla lineage 
sister to the rest. Despite the inconsistent placement of lineages 
in both trees, the Orychophragmus lineage is found to be sister 
to the rest of tribe Brassiceae in both trees, preserving the mono
phyly of the tribe Brassiceae.

Using signatures from retained paralogues post- 
mesohexaploidy, we were able to place the Br-α WGT. These sig
natures include the analysis of (1) gene tree topologies and (2) Ks 
plots. Using PUG (github.com/mrmckain/PUG), we queried gene 
trees to identify branches in the species tree with patterns of shared 
duplications in the gene trees (Supplementary Data Fig. S4). We 
see evidence for 1425 unique shared duplications in tribe 
Brassiceae on the branch sharing most of the subtribal lineages, 
but excluding the sister Orychophragmus lineage (Fig. 3, 
Supplementary Data Fig. S4). The two samples of O. violaceus 
have 7283 unique duplications. In addition, we see evidence for 
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shared duplications in the backbone of the tree on the branches 
leading to Brassiceae + Isatideae + Sisymbrieae + Thelypodieae 
(3082 duplications) and the next branch out including Brassiceae  
+ Isatideae + Sisymbrieae + Thelypodieae + Schrenkielleae (3581
duplications) (Supplementary Data Fig. S4). Furthermore, we see
shared duplications within the tribe at shallower branches. The
branch leading to the clade with B. rapa, B. oleracea and wild rel
atives of B. oleracea has 1247 shared duplications (Supplementary
Data Fig. S4). In addition, B. oleracea and its wild relatives (ex
cluding B. rapa) share 2749 duplications and 739 duplications on
the branch excluding B. villosa (Supplementary Data Fig. S4).
The branch leading to Diplotaxis harra and Coincya longirostra
has 2250 shared duplications, and the branch leading to Zilla mac
roptera and Foleyola billotii has 1394 shared duplications
(Supplementary Data Fig. S4). The branches leading to the genera
Eruca and Cakile have 1584 and 2201 shared duplications, respec
tively (Supplementary Data Fig. S4). The branch leading to
Crambe filiformis, C. kralikii and C. hispanica shares 850 duplica
tions (Supplementary Data Fig. S4). Finally, outside of the tribe
Brassiceae there are 1270 shared duplications on the branch leading
to tribe Isatideae (represented in the transcriptome phylogeny by
Myagrum perfoliatum and Isatis tinctoria) (Supplementary Data
Fig. S4). All counts of unique shared duplications per node can
be found in Supplementary Data Table S9.

The distribution of the synonymous divergence (Ks) between 
paralogues in each transcriptome is one method that can provide 
evidence for the placement of a polyploid event. Our data show 
that across the tribe Brassiceae all samples except for ones in the 
Orychophragmus lineage share a peak close to Ks ∼ 0 and an
other one around Ks ∼ 0.3 (Fig. 3, Supplementary Data Figs 
S5 and S6). This result also held when assessing peaks from 
the simulated clade Ks distributions (Fig. 3). Typically peaks 
around Ks ∼ 0 correspond to recent tandem duplications and 
are not relevant to ancient polyploidy events, so the peak around 
Ks ∼ 0.3 gives evidence that the Brassiceae mesohexaploidy 
(Br-α WGT) is only shared with tribe Brassiceae excluding 
the Orychophragmus lineage. In the Orychophragmus lineage 
and other lineages outside of tribe Brassiceae, we see that the 
distributions in the Ks plots are widely variable, and these could 
be indicative of independent ancient polyploidy events in those 
lineages. There is some signal for a peak around Ks ∼ 0.6–0.7, 
which may be from the family level WGD (At-α WGD).

Although the peaks can be distinguished by eye, we used the 
K–S test to statistically differentiate the shape of simulated 
clade distributions. Simulated clade distributions were used to 
reduce the number of pairwise comparisons. When assessing 
the simulated in-group (tribe Brassiceae excluding the 
Orychophragmus lineage) distribution against the simulated 
out-group and the O. violaceus sample, we get P = 0 and P <  
2.2e−16, respectively (Fig. 3D, E). In addition, K–S tests be
tween the in-group and Sinalliaria species result in P = 0 
(Supplementary Data Fig. S7). We conducted pairwise K–S 
tests comparing simulated clades within the in-group (tribe 
Brassiceae excluding the Orychophragmus lineage) with each 
other and with the simulated in-group and could not statistically 
differentiate them (P values ranging from 0.20 to 0.99) 
(Supplementary Data Figs S8 and S9). Finally, we compared 
each simulated clade with the simulated out-group and got 
P = 0 for each comparison (Supplementary Data Fig. S10). 
Given both the visual and statistical assessment of the Ks distri
butions, the results indicate that the Br-α WGT is shared only 
with tribe Brassiceae excluding the Orychophragmus lineage 
(henceforth referred to as the Br-α WGT clade).

Test for a single, shared polyploidy event

For all three datasets, we modelled the loss of ohnologous 
genes (gene duplicates originated from WGDs) using a model 
of duplicated gene loss (Fig. 4A) that allowed for duplicate fix
ation and biased fractionation using POInT. In each case, we 
then used POInT to search for the maximum likelihood phylo
genetic topology using an exhaustive tree search, which yielded 
the two topologies seen in Fig. 4B, C.

To test whether there was evidence for a shared WGD be
tween O. violaceus and any of the pairs of subgenomes from 
the Brassiceae mesohexaploidy, we used a simulation approach 
as previously described (Conant and Wolfe, 2008). The null hy
pothesis of no shared event corresponds to a tree like that in 
Fig. 4B, C with a zero length root branch, corresponding to 
no shared losses between the O. violaceus polyploidy and the 
subgenomes of the Brassiceae hexaploidy. We hence fitted a 
model with a fixed zero-length root branch to each of the three 
datasets. Using the model parameters found when doing so, we 
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then simulated 100 sets of five genomes from this topology that 
assumes two independent events. To each simulated dataset, we 
fitted a model with a zero-length root branch (Model 1) and a 
model where the root branch was allowed to have an arbitrary 
length (Model 2). We then compared the distribution of the 
length of the root branch in the simulations analysed under 
Model 2 with the observed length of the root branch in the actual 
datasets (Fig. 4D–F for LF/IF, LF/MF and IF/MF, respectively). 
In every case, the real dataset showed a shorter root branch than 
seen in the simulations, corresponding to a failure to reject the 
null hypothesis of no shared polyploidy between O. violaceus 
and the Brassiceae species.

Chronogram and mesohexaploidy timing

Combining plastid sequences focused on the tribe Brassiceae 
(but spanning the rosids) and robust fossil calibrations in the ro
sids, we were able to estimate divergence times for clades of in
terest. Overall, the divergence time estimates were consistent with 
the results presented in Walden et al. (2020). With the additional 
sampling included in this study we see slightly earlier age esti
mates for tribe Brassiceae. This study estimates tribe Brassiceae 

with a crown age of 12.14 Ma, stem age of 12.29 Ma and crown 
95 % HPD of 9.7–14.7 Ma. The Walden et al. (2020) study esti
mated tribe Brassiceae with a crown age of 12.29 Ma, stem age of 
12.57 Ma and crown 95 % HPD of 9.81–15.16 Ma. Both the Ks 

and phylogenomic analyses presented above place the Br-α 
WGT on the branch leading to tribe Brassiceae excluding the 
Orychophragmus lineage (Br-α WGT clade), so we used the 
age estimates at that branch to represent the age of Br-α WGT. 
Therefore the age estimates for the branch where Br-α WGT oc
curred have a crown age of 10.68 Ma, stem age of 12.14 Ma and 
crown 95 % HPD of 8.8–13.0 Ma. Age estimates across tribe 
Brassiceae are presented in Fig. 5, and clade age estimates are 
summarized in Table 1 based on the lineages used in this study 
(modified classifications from Arias and Pires (2012)).

DISCUSSION

Polyploidy as a clade marker

The tension between the ideal of natural taxonomic classifica
tion and the practical challenges of reconstructing complex evo
lutionary histories is exemplified in ancestral polyploid lineages 
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like the tribe Brassiceae. In our study, we addressed the tribe’s 
complex history as a step towards developing the Brassiceae as 
a model clade for comparative biology. Determining the place
ment of the ancestral mesohexaploidy, Br-α WGT, is critical for 
contextualizing the effects of polyploidy in the group, such as 
our understanding of how fractionation has shaped the A, B 
and C subgenome lineages of the Triangle of U (Nagaharu 
and Nagaharu, 1935) and other distinct chromosomal lineages 
in the tribe (Hoang et al., 2024). By clarifying whether or not 
the O. violaceus WGD is shared as a first step of Br-α WGT 
or independent, we lay the groundwork for future out-group 
comparisons. By utilizing ancient polyploidy as a rare genomic 
character informing the tribal taxonomic boundary, we enable 
the tribal designation of Brassiceae to represent a distinct evo
lutionary history. Our findings will thus provide a phylogenetic 
definition for the Brassiceae, grounded in both evolutionary his
tory and the unique genomic signature of the Br-α WGT poly
ploidization event.

Developing a robust phylogeny is the first step in placing 
Br-α. To achieve this, our sampling included species from the 
most recognized tribal lineages to represent overall diversity 
in the plastid and nuclear phylogenies (Fig. 1, Supplementary 
Data Table S1). We followed a modified version of clade 
boundaries previously defined by Arias and Pires (2012)
and used the Orychophragmus clade (including genera 
Orychophragmus and Sinalliaria) as the earliest diverging lin
eage, totalling all nine clades in the plastid phylogeny and eight 
clades in the nuclear phylogeny. Nuclear and plastid trees align 
with previous phylogenetic studies of the group, showing evi
dent incongruence (Fig. 2). The Crambe, Savignya, Cakile, 
Psychine, Vella, Zilla and Orychophragmus lineages showed 
incongruence between the plastid and nuclear trees, though 
they were found to be monophyletic. The Rapa/Oleracea and 
Nigra clades (as defined by Arias and Pires (2012)) were not 
monophyletic in the nuclear data and demonstrated a nested re
lationship and in this study are referred to as the Brassica clade/ 
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lineage. These differences suggest that ancient gene flow and 
group hybridization were likely rampant, and in fact Hoang 
et al. (2024) provide strong evidence that the genomes of 
Hirschfeldia incana and Raphanus sativus (Brassica lineage) 
show signatures of hybridization or introgression from 
within the Brassiceae. Gene tree discordance measurements sup
port this assumption, as calculated from the nuclear tree 
(Supplementary Data Fig. S3). Equal quartet frequencies across 
clades would be expected if incomplete lineage sorting were 
the only source of gene tree discordance (Pollard et al., 2006; 

Yu et al., 2011; Morales-Briones et al., 2021; Thomas et al., 
2021). However, across the Br-α WGT clade backbone, unequal 
alternative quartet frequencies indicate that ancient gene flow and 
hybridization significantly impacted the evolutionary history of 
its subclades.

The Br-α WGT occurred in two steps: an initial tetraploidy 
followed by a later addition of a third subgenome, with 
the two events potentially separated by millions of years of evo
lution. WGT events, when localized, may appear across multi
ple branches of a phylogeny, so that some extant taxa have 
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experienced only the first tetraploidy event; for example, 
Gynandropsis gynandra (Cleomaceae) experienced only part 
of the Th-α WGT (Hoang et al., 2023). Using a syntenic 
comparison of tribal genomes (Fig. 4), we tested whether the 
O. violaceus tetraploidy was one step in the Br-α WGT, but
we found that it was likely a separate event, similar to the find
ings of Zhang et al. (2023). Visual assessments of the Ks distri
butions supported this conclusion, showing that the Br-α WGT
clade shares a peak at ∼0.3, which is indicative of the known
mesohexaploidy in crop Brassica species (Qi et al., 2021).
Statistical assessments show that simulated Ks distributions of
lineages within the Br-α WGT clade cannot be differentiated,
but the simulated clade distribution of the Br-α WGT clade
and lineages within it are statistically different from both the
Orychophragmus lineage and the out-group simulated distribu
tions. These analyses provide strong evidence that the entire
Br-α WGT is phylogenetically localized to the branch leading
to the Br-α WGT clade. (Fig. 2, Supplementary Data Figs S4
and S6). If two polyploid events occurred close enough in
time, then distinguishing them may not be possible because
the Ks values between pairwise paralogues would be too close
to distinguish multiple peaks. Patterns of unique shared duplica
tions on branches in the nuclear tree from the PUG analyses also
support the placement of the Br-α WGT (Fig. 3, Supplementary
Data Fig. S4), but shared duplications in the backbone of the
tree (Supplementary Data Fig. S4) may suggest complex pat
terns of hybridization in ancestral lineages. Given our sampling
and the monophyletic nature of most Brassiceae clades, it is un
likely that an extant lineage sharing only part of the Br-α WGT
exists, though Succowia balearica and Bivonaea lutea have
been shown in recent studies (Hendriks et al., 2023) to occupy
key phylogenetic positions between the Orychophragmus line
age and the Br-α WGT clade that make them potential candi
dates for an intermediate lineage.

Timing of the Br-α WGT

The length of time between events and the lack of an extant 
intermediate lineage could be a product of the environmental 

context during the geological timing of the events as much as 
the randomness of evolutionary processes. To date the Br-α 
WGT, we performed divergence time analyses and provided ev
idence for the date of clades based on plastid sequence data and 
fossil records. To avoid using contentious fossil calibrations 
within the Brassicales and Brassicaceae, this study utilized robust 
fossil calibrations across the rosids (Bell et al., 2010; Njuguna 
et al., 2013; Walden et al., 2020). Although the WGT is shared 
by other tribal lineages (Lysak et al., 2005, 2007), most calculat
ed dates for the Br-α WGT have been inferred genomically from 
only Brassica lineage genomes. To infer a well-supported and 
dated phylogeny (Fig. 5, Supplementary Data Fig. S1) across 
the rosids, with an emphasis on sampling of tribe Brassiceae 
taxa, this study used fossil data, along with both publicly avail
able and newly generated plastid sequence data. The crown age 
at which tribe Brassiceae diverged from the rest of the family 
Brassicaceae was around 12.1 Ma (95 % HPD 9.7–14.7 Ma), 
and the Br-α WGT clade diverged from the Orychophragmus 
clade around 10.7 Ma (95 % HPD 8.8–13.0 Ma) (Fig. 5). 
Given this range, the two-step hexaploidy of the Br-α WGT 
would have likely occurred between 12.1 and 10.7 Ma during 
the mid-to-late Miocene.

Although previous divergence estimates for the tribe 
Brassiceae ranged from 6 to 24 Ma (Table 1), recent estimates 
have converged around ∼12 Ma (Walden et al., 2020; 
Hendriks et al., 2023). Hendriks et al. (2023) produced the 
most recent time-calibrated phylogeny of the mustard family, es
timating ages using both nuclear and plastid data. While their 
nuclear data estimated a crown age of 12.8 Ma for the tribe 
Brassiceae, aligning with our estimate of 12.1 Ma, their plastid 
data yielded a much younger age of 6.5 Ma. Our methodolog
ical choices likely explain the differences between our plastid 
tree estimates. Studies comparing treePL and BEAST have 
demonstrated that treePL produces both younger and older 
age estimates, in contrast to BEAST (Magallón et al., 2015 ; 
Cai et al., 2016). However, the agreement between our 
BEAST-generated plastid tree and the Hendriks et al. (2023)
treePL nuclear tree estimate emphasizes the growing consensus 
on the age of the tribe.

Polyploidy events occur more often during periods of envi
ronmental stress and are hypothesized to enhance species’ 
adaptability during such periods (Van de Peer et al., 2021; 
Tossi et al., 2022; Thomas et al., 2023). This study’s findings 
indicate that the Br-α WGT occurred concurrently with the 
long-term cooling and aridification of Eurasia during the 
Mid-Late Miocene epoch, specifically spanning the end of 
the Serravallian age (13.82–11.63 Ma) and the beginning of 
the Tortonian age (11.63–7.246 Ma) (Hamon et al., 2013; 
Quan et al., 2014). Globally, decreasing carbon dioxide levels 
during this period caused the major extinction event known as 
the Middle Miocene disruption (Pearson and Palmer, 2000; 
Torfstein and Steinberg, 2020). Aridification and decreasing 
carbon dioxide levels during this period drove the large expan
sion of C4 grasses and rapid species radiations in CAM lineages 
(Sage et al., 2018, 2023), and likely influenced the evolutionary 
trajectory of the Brassiceae lineages. The Brassiceae tribe is no
table for maintaining several xeric-adapted lineages, its unique 
inclusion of several C3–C4 intermediate species within the 
Brassicaceae (Guerreiro et al., 2023), and for serving as a mod
el for the recurrent evolution of phylogenetically derived 
woodiness as a drought adaptation (Zizka et al., 2022; Mabry 

TABLE 1. Divergence time estimates. Mean crown/stem ages and 
crown 95 % HPD interval for major clades in tribe Brassiceae.

Clade Crown age 
(Ma)

Stem age 
(Ma)

Crown 95 % HPD 
(Ma)

Brassiceae 12.1395 12.2876 9.7–14.7

Br-α WGT 10.681 12.1395 8.8–13.0

Orychophragmus 8.2604 12.1395 5.2–11.3

Zilla 9.3837 10.681 6.7–11.9

Psychine 0.6717 9.6488 0.15–1.4

Vella 2.0657 9.6488 0.7–3.8

Cakile 0.7071 9.2113 0.2–1.2

Savignya 7.9614 8.2639 6.0–10.0

Rapa/Oleracea 6.9909 8.2639 5.3–8.9

Henophyton NA 8.5887 NA

Crambe 3.808 7.9737 1.9–5.9

Nigra 6.4492 7.9737 4.9–8.1
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et al., 2024). Post-polyploidy changes in gene networks 
may have enabled this lineage to survive extinction during 
shifting climatic conditions and promoted the exaptations 
that support the recurrent evolution of arid-adapted traits in 
the tribe today.

Taxonomic implications

The tribal placement of Orychophragmus (seven species) and 
its sister genus Sinalliaria (two species) within the Brassiceae re
mains controversial. Schulz (1923) first included the genus in the 
tribe, mainly because of its conduplicate cotyledons (Fig. 5), a 
character shared with most species sharing the Br-α WGT and 
not found anywhere else in the Brassicaceae family. Some authors 
subsequently maintained its inclusion (e.g. Gomez-Campo, 1999; 
Warwick and Sauder, 2005; Al-Shehbaz, 2012), while others ex
cluded it (Gomez-Campo, 1980). Unlike the rest of the tribe 
Brassiceae, which shares the Br-α WGT, (Lysak et al., 2005, 
2007; Zhang et al., 2023), this paper shows that O. violaceus 
has an independent WGD. This difference provides solid evidence 
supporting the exclusion of the genus from the tribe. Moreover, 
the Orychophragmus/Sinalliaria clade is geographically restricted 
to eastern China, with O. violaceus also native to Korea; no other 
native Brassiceae species occur in eastern Asia. The genera are 
morphologically distinguished by the absence of segmented fruits 
seen in many other members of the Brassiceae (Supplementary 
Data Table S1). Additionally, most species in these genera 
feature long petiolate stem leaves, characterized by either a 
cordate blade or a terminal lobe on a divided leaf. Therefore, 
morphological, geographical and molecular evidence supports 
placing Orychophragmus and Sinalliaria in a new tribe, 
Orychophragmeae, which is formally validated below. In fact, 
Khosravi et al. (2009) first suggested placing Orychophragmus 
and Conringia planisiliqua (currently in the Isatideae) as one 
tribe, though no nomenclatural adjustments were proposed.

The genera Orychophragmus (seven species) and Sinalliaria 
(two species) are herein formally recognized as the tribe 
Orychophragmeae. This adds to the recently updated taxonomic 
framework of the Brassicaceae family (German et al., 2023), in 
total now with 59 recognized tribes in the family.

Orychophragmeae Shawn K. Thomas, R. Shawn Abrahams, 
J.C. Pires & Al-Shehbaz, trib. nov.

Type: Orychophragmus Bunge
Description: Herbs annuals or biennials. Trichomes simple

or absent. Multicellular glands absent. Cauline leaves petio
late to subsessile, cordate to pinnatisect with subcordate ter
minal lobe, auriculate or not. Racemes ebracteate, elongated 
in fruit. Flowers actinomorphic; sepals ascending to spread
ing, base of lateral pair not saccate; petals purple, lavender, 
or white; claw differentiated from blade or not; filaments di
lated at base; pollen 3-colpate; ovules 20–70 per ovary. Fruits 
dehiscent siliques, linear, terete, unsegmented; septum com
plete; stigma capitate, 2-lobed. Seeds uniseriate; cotyledons 
conduplicate.

Distribution: Orychophragmus is widespread in China 
(Anhui, Beijing, Gansu, Hebei, Henan, Hubei, Hunan, 
Jiangsu, Nei Mongol, Shandong, Shanxi, Sichuan, Zhejiang) 
and Korea; it is naturalized in Japan. However, Sinalliaria is 
restricted to the Chinese provinces Anhui and Zhejiang.

Notes: Sinalliaria is easily separated from Orychophragmus 
by being rhizomatous perennial, with non-rosulate basal 
leaves, non-auriculate cauline leaves, distinctly 3-veined 
fruit valves, and 20–30 verrucose seeds. By contrast, 
Orychophragmus is non-rhizomatous biennial, with rosulate 
basal leaves, auriculate or non-auriculate cauline leaves, ob
scurely to distinctly 1-veined fruit valves, and 20–70 
alveolate-reticulate seeds.

Conclusions

This study phylogenetically localizes and dates the Br-α mes
ohexaploidy. An independent polyploidy event in O. violaceus, 
differences in morphology and biogeography, and the results 
from this study support placing the Orychophragmus lineage 
(including both the genera Orychophragmus and Sinalliaria) 
in its own tribe called the Orychophragmeae. The emergence 
of the Br-α WGT, dated around 12.1–10.7 Ma, coincides with 
a major extinction event and the rise of C4 grasses in the middle 
Miocene, which may indicate that the Br-α WGT provided an 
evolutionary advantage to ancestral Br-α taxa during this stress
ful time. This study has illuminated aspects of the Br-α WGT, 
but several key questions remain to be answered. Because this 
study did not sample Succowia balearica and Bivonaea lutea, 
whether they share the Br-α WGT remains unclear. Further re
search incorporating these taxa and leveraging whole genomes 
are necessary to better resolve the evolutionary history of this 
economically significant group.
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and consist of the following. Figure S1: full plastid phylogeny. 
Figure S2: full nuclear phylogeny. Figure S3: gene tree discord
ance across tribe Brassiceae and out-groups. Figure S4: full nu
clear phylogeny with unique gene duplications mapped to 
branches. Figure S5: Ks frequency plots for all transcriptome 
data. Figure S6: modified version of Fig. 3 with the full nuclear 
tree and all Ks plots. Figure S7: Sinalliaria vs Br-α WGT clade. 
Figure S8: comparison of the simulated lineages based on the 
modified Arias and Pires (2012) clades used in this study (black) 
and the simulated in-group (green) ECDFs with the K–S test. 
Figure S9: comparison of the simulated lineages based on the 
modified Arias and Pires (2012) Brassiceae clades used in this 
study against each other (red or black) ECDFs with the K–S 
test. Figure S10: comparison of the simulated lineages based 
on the modified Arias and Pires (2012) clades used in this study 
(black) and out-group (purple) ECDFs with the K–S test. 
Table S1: overview of Brassiceae genera, morphology and 
WGT presence/absence. Table S2: plastid tree sampling list. 
Table S3: transcriptome sampling list. Table S4: fossil calibra
tions list. Table S5: BUSCO scores for transcriptomes assem
bled in this study. Table S6: BUSCO scores for pre-existing, 
publicly available transcriptomes. Table S7: Transrate software 
statistics for transcriptomes assembled in this study. Table S8: 
Transrate software transcriptomes pre-existing, publicly avail
able transcriptomes. Table S9: PUG duplication counts per 
node at 80 and 50 % bootstrap support thresholds.

12 Thomas et al. — Mesopolyploidy as a taxonomic clade marker for Brassiceae

http://academic.oup.com/annbot/article-lookup/doi/10.1093/aob/mcaf170#supplementary-data
http://academic.oup.com/annbot/article-lookup/doi/10.1093/aob/mcaf170#supplementary-data
http://academic.oup.com/annbot/article-lookup/doi/10.1093/aob/mcaf170#supplementary-data
http://academic.oup.com/annbot/article-lookup/doi/10.1093/aob/mcaf170#supplementary-data
http://academic.oup.com/annbot/article-lookup/doi/10.1093/aob/mcaf170#supplementary-data
http://academic.oup.com/annbot/article-lookup/doi/10.1093/aob/mcaf170#supplementary-data
http://academic.oup.com/annbot/article-lookup/doi/10.1093/aob/mcaf170#supplementary-data
http://academic.oup.com/annbot/article-lookup/doi/10.1093/aob/mcaf170#supplementary-data
http://academic.oup.com/annbot/article-lookup/doi/10.1093/aob/mcaf170#supplementary-data
http://academic.oup.com/annbot/article-lookup/doi/10.1093/aob/mcaf170#supplementary-data
http://academic.oup.com/annbot/article-lookup/doi/10.1093/aob/mcaf170#supplementary-data
http://academic.oup.com/annbot/article-lookup/doi/10.1093/aob/mcaf170#supplementary-data
http://academic.oup.com/annbot/article-lookup/doi/10.1093/aob/mcaf170#supplementary-data
http://academic.oup.com/annbot/article-lookup/doi/10.1093/aob/mcaf170#supplementary-data
http://academic.oup.com/annbot/article-lookup/doi/10.1093/aob/mcaf170#supplementary-data
http://academic.oup.com/annbot/article-lookup/doi/10.1093/aob/mcaf170#supplementary-data
http://academic.oup.com/annbot/article-lookup/doi/10.1093/aob/mcaf170#supplementary-data
http://academic.oup.com/annbot/article-lookup/doi/10.1093/aob/mcaf170#supplementary-data
http://academic.oup.com/annbot/article-lookup/doi/10.1093/aob/mcaf170#supplementary-data
http://academic.oup.com/annbot/article-lookup/doi/10.1093/aob/mcaf170#supplementary-data
http://academic.oup.com/annbot/article-lookup/doi/10.1093/aob/mcaf170#supplementary-data
http://academic.oup.com/annbot/article-lookup/doi/10.1093/aob/mcaf170#supplementary-data


FUNDING

We thank our funding sources, including the National Science 
Foundation (NSF) grant DBI-1339156 to J.C.P. and G.C., and 
USDA-ARS. The computational aspect of this work was done 
using the high-performance computing infrastructure provided 
by Research Computing Support Services and funded in part 
by the National Science Foundation under grant number 
CNS-1429294 at the University of Missouri, Columbia MO 
(MU).

ACKNOWLEDGEMENTS

We thank the Department of Energy Joint Genome Institute and 
collaborators for prepublication access to the Brassicales 
Map Alignment Project (BMAP) sequence data. The work (pro
posal 10.46936/10.25585/60000980) conducted by the US 
Department of Energy Joint Genome Institute (https://ror.org/ 
04xm1d337), a DOE Office of Science User Facility, is support
ed by the Office of Science of the US Department of Energy op
erated under Contract No. DE-AC02-05CH11231.

AUTHOR CONTRIBUTIONS

S.K.T., J.C.P. and J.D.W. designed the project. R.S.A. and 
J.D.W. generated new sequence data for this study. S.K.T. and
N.W. acquired, organized and curated publicly available se
quence data. S.K.T., D.R.K., N.W., G.C. and M.R.M. performed
data analyses and created visualizations. The first draft of the
manuscript was written by S.K.T., R.S.A., D.R.K., N.W., G.C.,
I.A.A. and J.C.P. All authors read, revised and approved the final
version of the manuscript.

DATA AVAILABILITY

Raw sequence reads are available in the NCBI SRA BioProject 
PRJNA1254719 (https://www.ncbi.nlm.nih.gov/bioproject/ 
PRJNA1254719). Scripts, intermediate data and trees are avail
able at https://github.com/danielkick/brassica_ks and/or https:// 
github.com/shawnkt/BrassiceaeMesohexaploidy. Specific data 
sources for publicly available data can be found in 
Supplementary Data Tables S2 and S3.

REFERENCES

Abrahams RS, Pires JC, Schranz ME. 2020. Genomic origin and diversifica
tion of the glucosinolate MAM locus. Frontiers in Plant Science 11: 711.

Al-Shehbaz IA. 2012. A generic and tribal synopsis of the Brassicaceae 
(Cruciferae). Taxon 61: 931–954.

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. 1990. Basic local 
alignment search tool. Journal of Molecular Biology 215: 403–410.

Altschul SF, Madden TL, Schäffer AA, et al. 1997. Gapped BLAST and 
PSI-BLAST: a new generation of protein database search programs. 
Nucleic Acids Research 25: 3389–3402.

An H, Qi X, Gaynor ML, et al. 2019. Transcriptome and organellar sequencing 
highlights the complex origin and diversification of allotetraploid Brassica 
napus. Nature Communications 10: 2878.

Arias T, Beilstein MA, Tang M, McKain MR, Pires JC. 2014. Diversification 
times among Brassica (Brassicaceae) crops suggest hybrid formation after 
20 million years of divergence. American Journal of Botany 101: 86–91.

Arias T, Pires JC. 2012. A fully resolved chloroplast phylogeny of the brassica 
crops and wild relatives (Brassicaceae: Brassiceae): novel clades and po
tential taxonomic implications. Taxon 61: 980–988.

Azibi T, Hadj-Arab H, Lodé M, et al. 2020. Impact of whole genome tripli
cation on the evolutionary history and the functional dynamics of regula
tory genes involved in Brassica self-incompatibility signalling pathway. 
Plant Reproduction 33: 43–58.

Babula D, Kaczmarek M, Barakat A, Delseny M, Quiros CF, Sadowski J. 
2003. Chromosomal mapping of Brassica oleracea based on ESTs from 
Arabidopsis thaliana: complexity of the comparative map. Molecular 
Genetics and Genomics 268: 656–665.

Bayat S, Schranz ME, Roalson EH, Hall JC. 2018. Lessons from 
Cleomaceae, the sister of crucifers. Trends in Plant Science 23: 808–821.

Bell CD, Soltis DE, Soltis PS. 2010. The age and diversification of the angio
sperms re-revisited. American Journal of Botany 97: 1296–1303.

Benedict JC, DeVore ML, Pigg KB. 2011. Prunus and Oemleria (Rosaceae) 
flowers from the late early Eocene republic flora of northeastern 
Washington state, U.S.A. International Journal of Plant Sciences 172: 
948–958.

Bolger AM, Lohse M, Usadel B. 2014. Trimmomatic: a flexible trimmer for 
Illumina sequence data. Bioinformatics 30: 2114–2120.

Booker WW, Gerhardt HC, Lemmon AR, et al. 2022. The complex history of 
genome duplication and hybridization in North American gray treefrogs. 
Molecular Biology and Evolution 39: msab316.

Bouckaert R, Vaughan TG, Barido-Sottani J, et al. 2019. BEAST 2.5: an ad
vanced software platform for Bayesian evolutionary analysis. PLoS 
Computational Biology 15: e1006650.

Cai L, Xi Z, Peterson K, Rushworth C, Beaulieu J, Davis CC. 2016. 
Phylogeny of Elatinaceae and the tropical Gondwanan origin of the 
Centroplacaceae (Malpighiaceae, Elatinaceae) clade. PLoS One 11: 
e0161881.

Chen S, Zhou Y, Chen Y, Gu J. 2018. fastp: an ultra-fast all-in-one FASTQ 
preprocessor. Bioinformatics 34: i884–i890.
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