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Abstract

The mustard family (Brassicaceae) is a scientifically and economically important family,
containing the model plant Arabidopsis thaliana and numerous crop species that feed billions
worldwide. Despite its relevance, most published family phylogenies are incompletely
sampled, generally contain massive polytomies, and/or show incongruent topologies between
datasets. Here, we present the most complete Brassicaceae genus-level family phylogenies
to date (Brassicaceae Tree of Life, or BrassiTolL) based on nuclear (>1,000 genes, almost all
349 genera and 53 tribes) and plastome (60 genes, 79% of the genera, all tribes) data. We
found cytonuclear discordance between nuclear and plastome-derived phylogenies, which is
likely a result of rampant hybridisation among closely and more distantly related species, and
highlight rogue taxa. To evaluate the impact of this rampant hybridisation on the nuclear
phylogeny reconstruction, we performed four different sampling routines that increasingly
removed variable data and likely paralogs. Our resulting cleaned subset of 297 nuclear genes
revealed high support for the tribes, while support for the main lineages remained relatively
low. Calibration based on the 20 most clock-like nuclear genes suggests a late Eocene to late
Oligocene ‘icehouse origin’ of the family. Finally, we propose five new or re-established tribes,
including the recognition of Arabidopsideae, a monotypic tribe to accommodate Arabidopsis.
With a worldwide community of thousands of researchers working on this family, our new,
densely sampled family phylogeny will be an indispensable tool to further highlight

Brassicaceae as an excellent model family for studies on biodiversity and plant biology.

Introduction

The mustard family (Brassicaceae) is a medium-sized plant family with huge economic and
scientific impact. The family contains numerous crop species grown for food and biofuel, such
as cabbage, cauliflower, mustard, cress, rapeseed and pennycress, as well as many model
species, which have provided fundamental insights into plant biology, including Arabidopsis
thaliana and A. lyrata, Arabis alpina, Brassica spp., and Capsella spp. (Franzke et al. 2011;
Warwick 2011; Jabeen 2020). Moreover, the overwhelming availability of genetic resources in
these species make Brassicaceae an ideal model family in flowering plants, facilitating, among

others, plant developmental studies that disentangle genotype-phenotype interactions


https://doi.org/10.1101/2022.09.01.506188
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.01.506188; this version posted September 7, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

(Nikolov and Tsiantis 2017; Rahimi et al. 2022), investigate impacts of differently aged whole
genome duplications (Hohmann et al. 2015; Mandakova and Lysak 2018), and unravel the
variation in evolutionary pathways leading to a huge diversity in secondary metabolites that
fuel the plant-pollinator or plant-herbivore arms-race (Franzke et al. 2011; Kiefer et al. 2014;
Edger et al. 2015). In many of these genetic studies, comparative studies to extend what is
known from model species to close or more distant allies require a robust evolutionary
framework encompassing the ~4,000 currently accepted species that are divided among 349
genera and 50-60 tribes (Koch et al. 2018). This is also true for studies on the wild relatives of
crops that aim to deliberately introgress desirable traits (e.g., increased drought tolerance,
disease resistance) from closely related species in the wild into crop species using plant
breeding (Castafieda-Alvarez et al. 2016; Castillo-Lorenzo et al. 2019; Quezada-Martinez et
al. 2021). It is unsurprising then that the taxonomy and evolution of Brassicaceae have been
the subject of study for a long time, with the ultimate goal of producing a complete and robust
family phylogeny (Al-Shehbaz et al. 2006; Bailey et al. 2006; Franzke et al. 2009; Beilstein et
al. 2010; Couvreur et al. 2010; Warwick et al. 2010; Huang et al. 2016; Nikolov et al. 2019;
Huang et al. 2020; Walden et al. 2020).

Despite various seminal contributions pushing forward the Brassicaceae Tree of Life
(hereafter named BrassiTol), a robust, densely sampled family phylogeny is still lacking. First
attempts using molecular markers in the 1980s showed that earlier phylogenetic inferences,
which mainly relied on flower and fruit traits (von Hayek 1911; Schulz 1919; Janchen 1942),
were often misled by rampant convergent evolution (Koch et al. 2003; Mitchell-Olds et al.
2005; Koch and Mummenhoff 2006). Similarly, the use of one to few molecular markers
generated debatable, poorly-supported phylogenies that were unlikely to resemble species
phylogenies and intrinsically suffered from unresolved deeper nodes leading to uninformative
polytomies (e.g., Koch et al. 2001; Al-Shehbaz et al. 2006; Bailey et al. 2006). This has
traditionally been attributed to an early rapid radiation in the family (Couvreur et al. 2010),
combined with multiple whole genome duplication and hybridisation events (Franzke et al.
2011). Although it has been suggested that the use of more genes is the best way forward to
increase resolution and nodal support in a phylogenetic tree (Rokas and Carroll 2005), early
multi-gene (phylogenomic) work also showed that discordance among different genes may
reduce nodal support (Jeffroy et al. 2006). More recent family-wide phylogenomic studies in
Brassicaceae offered support for three (Koch and Al-Shehbaz 2009), four (Franzke et al.
2011), or five (Huang et al. 2016; Nikolov et al. 2019; Liu et al. 2020; Mabry et al. 2020; Beric
et al. 2021) main lineages in addition to tribe Aethionemeae, sister to the rest of Brassicaceae,
which is a likely result of the generally low support for the deeper nodes based on measures
like gene discordance. In addition to the traditional explanation why the deeper Brassicaceae

nodes are poorly supported, more recent studies on causes for this gene discordance are
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focusing on among others incomplete lineage sorting (ILS), ancient hybridization and
introgression (Forsythe et al. 2020), (ancient) inter-tribal and even inter-lineage hybridization
(Mandakova, Pouch, et al. 2017; Guo et al. 2020), whole-genome duplication (WGD) and post-
polyploid diploidization (PPD), and complex combinations of the above (Maddison 1997; Yue
et al. 2009; German et al. 2011; Mandakova, Li, et al. 2017; Mandakova and Lysak 2018;
Dogan et al. 2021). To make things more complicated, there is a general mismatch in the
position and resolution of the deeper (main lineages) and shallower (tribal) nodes between
phylogenies constructed from nuclear and plastome data, which most likely reflects the
different evolutionary trajectories of the nuclear genome and the maternally-inherited plastome
(Forsythe et al. 2020; Mabry et al. 2020; Walden et al. 2020).

Although debates about the best way to reconstruct species trees are ongoing, there
is increasing evidence that large genomic datasets representing hundreds or even thousands
of genes (e.g., transcriptomes) are the way forward (Rannala and Yang 2008). They allow the
reconstruction of the evolutionary histories of different parts of the genome using multiple gene
trees, and permit an understanding of the landscape of conflict and concordance among
different genes and gene histories (Smith et al. 2018). Importantly, more complex genomic
datasets also allow for more informative species trees and nodal support, for instance by using
gene and site concordance factors (Degnan and Rosenberg 2009; Sayyari and Mirarab 2016;
Minh, Hahn, et al. 2020), compared to traditional bootstrap values that are often artificially high
(100%) in large datasets. Furthermore, genomic datasets also enable tracing the histories of
gene duplications, which can facilitate orthology assessment (Zhang et al. 2020). Over the
past 10 years, novel methodologies in reduced-representation sequencing have generated
these genomic datasets, with target capture sequencing (or hyb-seq) turning out to be the
most influential in the field of phylogenomics (Lemmon and Lemmon 2013; Dodsworth et al.
2019). This method offers several important advantages over full genome sequencing and
other modern sequencing methods, notably a combination of broad taxonomic application with
high efficiency on non-model species, broad phylogenetic informativeness at both deep and
shallow nodes, and cost-efficiency (Lemmon and Lemmon 2013). Because the method relies
on short DNA sequences (200-400 bp), may work with very low DNA starting amount (down
to 5 ng), and is rather insensitive to DNA degradation, it is also ideally suited to work with (up
to centuries-old) material from natural history museums, allowing access to rare and
previously ‘locked’ specimens (Sarkinen et al. 2012; Hart et al. 2016; Brewer et al. 2019;
Forrest et al. 2019; Alsos et al. 2020; Bakker et al. 2020; Folk et al. 2021; Kates et al. 2021).
In addition, target capture sequencing of leaves generates a considerable sequence bycatch
in the form of off-target reads (‘genome skimming’) that represent a wealth of chloroplast

genes, allowing simultaneous reconstruction of the plastome (Weitemier et al. 2014).
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Here, we present results from the largest global Brassicaceae phylogenetic study to
date, with the following five objectives: (1) reconstruct the most complete and robust family-
wide BrassiTolL based on nuclear genomic data (using a mixed baits approach containing over
1,000 genes) and plastome data; (2) investigate the influence of paralogous genes and
polyploid species on phylogeny reconstruction; (3) explore cytonuclear discordance between
the nuclear and plastome-derived phylogenies; (4) reevaluate the time of origin of the
Brassicaceae and its main lineages and tribes; and (5) assess delimitation of tribes and major
lineages. This improved phylogenetic framework will set the stage to further develop

Brassicaceae as a model family in flowering plants.

Results

Target capture sequencing datasets

Our nuclear family ingroup sampling included 380 samples, covering 375 species, 319 of the
349 currently accepted genera (91%) and 51 of the 52 accepted tribes (or 57 of 58 after
inclusion of newly proposed tribes, see below; excluding only the monotypic Hillielleae). In
addition, we sampled 23 outgroup species representing all Brassicales families (table 1,
supplementary tables S1-2) and 14 Brassicaceae genera formerly considered valid taxa, but
now treated as synonymous to one of the 349 accepted genera. Most of the 30 genera missing
from our dataset could either not be sampled or failed during the laboratory process; of these,
three genera (Hilliella, Onuris, and Thelypodium) were included in the plastome phylogeny,
though (supplementary table S3).

We recovered a total of 1,081 unique nuclear genes (supplementary fig. S1) across
397 samples (supplementary table S4). For the Brassicaceae specific bait set containing 764
nuclear genes (Nikolov et al. 2019; hereafter B764), we recovered on average (across all 397
samples) 91% of the total target length of 919,712 bp, and 84% of the 764 genes targeted.
Using the PAFTOL bait set containing 353 nuclear genes (Johnson et al. 2019; William J.
Baker et al. 2021; hereafter A353) average numbers were 83% of the total target length of
263,894 bp and 80% of 353 genes targeted. This indicates that recovery success was
comparable between the two bait sets, as previously also found by Hendriks et al. (2021), but
slightly higher for the B764 bait set. As expected, gene recovery was on average better for
samples belonging to the Brassicaceae family than for the non-Brassicaceae outgroups, with
on average 85% of the total target length of 1183,606 bp (from the two baits sets combined)

recovered for Brassicaceae-samples vs. 41% for outgroup-samples, and 79% of the 1,081
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targeted genes for the Brassicaceae-samples vs. 23% for outgroup-samples. Surprisingly,
gene recovery hardly decreased with sample age, and we successfully obtained hundreds of

nuclear genes, even from pre-1900 samples (supplementary fig. S2).

Nuclear Brassicaceae phylogeny

We used paralog detection in HybPhaser v2.0 (Nauheimer et al. 2021) to define four ‘sampling
routines’ (‘inclusive’, ‘strict’, ‘superstrict’, and ‘superstrict by tribe’) to select different nuclear
gene subsets based on gene SNP proportions to reconstruct the mustard family phylogeny
(table 1; details in supplementary table S4 and fig. S3-S4). In addition, we used both
supermatrix maximum likelihood (ML) and coalescent approaches in ASTRAL-IIl (Zhang et al.
2018) and ASTRAL-Pro (Zhang et al. 2020) on these datasets to infer the species phylogeny
(see Materials and Methods for details).

Node support was high for most tribes, regardless of the sampling routine or
phylogenetic approach (fig. 1; details in supplementary table S4 and fig. S5-S11). This
provides strong support for the monophyly of many (but not all) of the tribes, although it needs
to be noted that some tribes were previously defined based on molecular studies only. From
the supermatrix approach (concatenation of 297 target genes; total length 700,445 bp; 82.7%
complete), the mean of bootstrap (BS) values across tribal nodes was 98%, the mean of gene
concordance factors (QCF) was 47%, and the mean of site concordance factors (sCF) was
62%. From the coalescent approach (‘strict’ routine), the mean local posterior probability (LPP)
across tribal nodes was 98% and support for the first quartet (Q1) 73%. Tribes Biscutelleae,
Brassiceae, Microlepidieae, Subularieae, and Thelypodieae had an gCF<10%. Tribes
Camelineae and lberideae were polyphyletic in all nuclear phylogenies (supplementary fig.
S5-S11).

Based on the nuclear dataset, we consistently found tribe Aethionemeae sister to the
rest of the Brassicaceae (hereafter defined as core Brassicaceae), main lineage lll sister to a
clade of lineages I+II+IV+V, and lineages II+V sharing a common ancestor (fig. 2a, b),
regardless of sampling routine and/or phylogenetic inference approach, as recovered
previously (Nikolov et al. 2019). Whereas support for the split between tribe Aethionemeae
and the core Brassicaceae was high (BS: 100%; gCF: 70%; sCF: 63%; LPP: 100%; Q1: 70%),
support for the five remaining main lineages varied. Lineage lll received medium support
(100%:; 40%:; 58%; 100%; 91%, respectively), but support for the remaining main lineages was
poor (supplementary table S5) in terms of gCF (ranging from 1 to 5%) and sCF (ranging from
36 to 58%) values. Remarkably, BS and LPP values for these main lineages were (nearly)
always 100%, indicating that both values are poor estimators of node support in phylogenies

based on hundreds of markers. The generally low support for the phylogenetic backbone was
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reflected in the general topological differences among the family phylogenies based on the
different sampling routines (fig. 2a-c), and was visualised as a large, complex reticulate core
in our split network analysis based on a supermatrix of the nuclear genes included in the
‘superstrict’ routine (fig. 2d). A more inclusive approach resulted in placement of main lineage
| as sister to a clade of main lineages II+IV+V (fig. 2a). The stricter routines of the nuclear
dataset showed a consistent placement of lineage IV as sister to a clade of lineages I+11+V
(fig. 2b) in both the ML and coalescent approaches. This showed that removing a first set of
most variable genes (‘strict’ routine) considerably impacts the backbone of the topology,
whereas an additional removal of less variable genes (‘superstrict’, ‘superstrict by tribe’) has
little effect.

We used Townsend’s phylogenetic informativeness (Townsend 2007) to quantify the
impact of each of the 1,081 nuclear genes on the final species tree (supplementary fig. S12).
Variation in informativeness from genes varied greatly, with mean values suggesting that
genes from the B764 bait set were more informative than those of the A353 bait set, for genes
with both low and high mean SNP proportions. This is expected to be the result of the B764
bait set being designed specifically for the mustard family, thereby capturing more of the

family-specific genetic variation.

Plastome Brassicaceae phylogeny

Our plastome family ingroup sampling included 502 samples, covering 438 species, 266
genera (76%, plus 10 Brassicaceae genera formerly considered valid taxa, but now
synonymous to one of the 349 accepted genera) and all 58 tribes (following the new ftribal
delimitation suggested in this paper; see below).

Plastome tribal support was mostly high, similar to the nuclear phylogeny, with the
mean of site concordance factors 78% and the mean of bootstrap (BS) values across tribal
nodes 100% (supplementary tables S4-S5). As in the nuclear phylogeny, tribe Aethionemeae
was sister to all remaining Brassicaceae (fig. 3). All tribes that had been assigned to lineage
Il in the nuclear phylogeny also formed one large clade in the plastome phylogeny. Contrary
to the nuclear phylogeny, lineage | (not Ill) was sister to all remaining lineages (II-V), with
lineage lll sister to a clade formed by lineages II+IV+V. Whereas each of the main lineages
formed a monophyletic group in the nuclear phylogeny, lineage Il was polyphyletic in the
plastome phylogeny, with several tribes (Aphragmeae, Coluteocarpeae, Conringieae,
Kernereae, and Plagiolobeae) recovered within lineage V. Similarly, tribe Stevenieae,
recovered within lineage IV in the nuclear phylogeny, was recovered within lineage | in the

plastome phylogeny. The newly suggested tribe Asperuginoideae, assigned to lineage IV in
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the nuclear phylogeny, formed a clade with Biscutelleae, and these tribes together were sister

to all other remaining lineages (l1+1V+V).

Cytonuclear discordance

Brassicaceae family phylogenies derived from nuclear and plastome data show marked
differences in topology (fig. 1 vs. fig. 3). We used a Procrustean Approach to Cophylogeny
(PACo; Balbuena et al. 2013) to detect phylogenetic incongruences between nuclear and
plastome supermatrix ML species trees, each first pruned to tribal level by selecting a random
sample from each tribe (fig. 4a). The global PACo test of the hypothesis, stating that the
similarity between the trees is not higher than expected by chance (Balbuena et al. 2013), was
strongly rejected (p<0.001, m?=0.203, 1,000 permutations). However, there were clear
incongruences in tribal positions between the two phylogenies (fig. 4b), where tribes in lineage
Il showed least incongruence (3 out of 13 tribes), and tribes in lineage IV most incongruence
(3 out of 4 tribes).

Indications of polyploidy and rogue taxa

We assessed allelic variation using HybPhaser v2.0 (Nauheimer et al. 2021) to calculate the
proportions of loci with divergent alleles (% locus heterozygosity, LH) and average divergence
between alleles (% allele divergence, AD), using the 1,013 nuclear genes included in the ‘strict’
routine (ignoring 38 samples with a coverage too low to calculate LH and AD; table 1 and
supplementary table S4). While most samples fell into the expected range of ‘normal’ species
(roughly LH <90% and AD <1), a number of samples showed signs of polyploidization (fig. 5;
supplementary fig. S13). We found mean values for both LH and AD to be very high at 75.1%
and 2.25%, respectively, with no clear difference between genes from the B764 and A353 bait
sets (supplementary table S6).

Based on the list of LH and AD values for all species, we tentatively distinguished four
family-specific classes: ‘hybrid’, ‘old polyploid’, ‘highly polyploid’, and ‘old & highly polyploid’
(fig. 5; see Materials and Methods for details and class definition). Nearly all representatives
of tribe Thelypodieae fell within the ‘highly polyploid’ class (with high LH and very high AD
values), meaning that it is likely that the group experienced one or multiple recent
polyploidization events leading to many neopolyploid species (see also supplementary tables
S3 and S6). Similarly, all representatives of tribe Lepidieae fell within the ‘hybrid” or ‘highly
polyploid’ classes. Also, tribes Alysseae, Brassiceae, Cardamineae, and Microlepidieae had
the bulk of their representatives in one of the polyploid classes (fig. 5).

Our phylogenetic results highlighted several jumpy or ‘rogue taxa’, mostly at the tribal

level, that were recovered in different positions in the various species trees that resulted from
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the different routines and/or approaches. Most importantly, in the nuclear supermatrix ML
approach and the stricter coalescent approaches (supplementary fig. S14a and d-f),
Anastaticeae, Biscutelleae, and Megacarpaeeae formed a single clade sister to lineage V,
whereas in the finclusive’ coalescent approaches (ASTRAL-III and ASTRAL-Pro;
supplementary fig. S14b-c), Megacarpaeeae was sister to Anastaticeae, with these tribes
together sister to lineage Il. However, the position of tribe Biscutelleae changed again
depending on the coalescent approach used (ASTRAL-IIl vs. ASTRAL-Pro). Species that
belong to one of the rogue tribes generally also show relatively high LH and AD values (17 out
of 29 cases fall well within the ‘realm of polyploids’, with another 6 cases bordering it; fig. 5),

suggesting their polyploid origin.

Fossil calibration and tribal age estimates

We used the Turonian Dressiantha bicarpellata fossil, dated at 89.3—93.6 mya (Gandolfo et
al. 1998), to calibrate the stem node of order Brassicales in both nuclear and plastome
supermatrix ML phylogenies (fig. 1 and 3). To validate our results, we confronted our dating
estimates with nine expected dates from fossil and biogeographical events (table 2), as
suggested by Franzke et al. (2016). In general, results from our nuclear phylogeny supported
age estimates, or were younger. In the plastome phylogeny, our age estimates were
significantly younger, except for the following cases. We found good corroboration with age
estimates for the Miocene Capparidoxylon holleisii fossil (16.3 mya; Selmeier 2005) in the
nuclear phylogeny, the maximum crown age of the Mediterranean genus Ricotia (11.3-9.2
mya; Oziidogru et al. 2015) in both phylogenies, the formerly estimated age of the most recent
common ancestor (mrca) of the Arabis alpina clade (3.27—-2.65 mya; Karl and Koch 2013) in
the nuclear phylogeny, and the maximum age of the New Zealand alpine genus Pachycladon
(max 1.9 mya; Heenan and Mitchell 2003; Heenan and McGlone 2013) in both phylogenies.
The support for the Paleocene fossil Akania sp. (~61 mya; Romero and Hickey 1976) was
medium in the nuclear phylogeny, for the early Tertiary Palaeocleome lakensis fossil (55.8—
48.6 mya; Chandler 1962) medium (nuclear) to poor (plastome phylogeny), and poor for the
vicariance event in Clausia aprica as well (Franzke et al. 2004) in the nuclear phylogeny.
Corroboration with the Brassicaceae Thlaspi primaevum fossil (~32 mya; Becker 1961; Lielke
et al. 2012) was poor (node estimated at 10.8 mya). However, the identification of this fossil
was heavily debated (Franzke et al. 2016).

Based on our nuclear dataset, we found that the core Brassicales (Brassicaceae +
Cleomaceae) and Capparaceae split around 43.2 mya (95% HPD: 45.0—41.1), in the middle
Eocene (fig. 1). Subsequently, the Brassicaceae split from sister family Cleomaceae around
38.8 mya (95% HPD: 40.5-36.9), in the middle to late Eocene (table 3). The core Brassicaceae
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split from tribe Aethionemeae around 24.5 mya (95% HPD: 25.7-23.1), in the late Oligocene.
All five main lineages originated early to middle Miocene (median stem ages between 21.2
and 19.8 mya; median crown ages between 19.9 and 14.4 mya; supplementary table S5).
Mean median stem age across tribes (supplementary table S5) was 12.1 mya (max. 18.9 mya,
Subularieae; min. 4.0 mya, Boechereae; n=52), while mean median crown age was 8.0 mya
(max. 18.1 mya, Subularieae; min. 0.2 mya, Oreophytoneae; n=37). Results from our
plastome dataset were much younger than those from our nuclear dataset, with a family crown
age of 20.2 mya (95% HPD: 29.0-13.0) and a core Brassicaceae crown age of 16.9 mya (95%
HPD: 24.3—-10.2; supplementary table S5).

Tribal taxonomic revisions

The Brassicaceae, one of the top 15 families of angiosperms in terms of number of species,
are a family with a relatively large number of recognised tribes per species as compared to
some of the other large angiosperm families (e.g., Asteraceae, Orchidaceae, Poaceae, and
Fabaceae) (Koch et al. 2018). Nevertheless, based on our new phylogenetic framework,
together with an analysis of former literature and comparative morphology, we find good
support for the formal recognition of five more tribes (see also Discussion). With respect to
Arabidopsis, our results agree with previous findings Huang et al. (2016) and Nikolov et al.
(2019) that support the movement of this genus into a new monotypic, primarily Eurasian tribe,
Arabidopsideae (lineage 1), since it is not closely related to other genera of Camelineae, the
tribe to which it was previously assigned. Furthermore, we propose the following taxonomic
changes: erecting the monospecific and distinct genus Asperuginoides into its own new tribe,
Asperuginoideae; combining the genera Dipoma and Hemilophia in the new tribe
Hemilophieae; combining the genera Idahoa and Subularia in the re-established tribe
Subularieae; and raising the monospecific and distinct genus Schrenkiella into its own tribe,
Schrenkielleae.

Finally, genus Iberis requires further taxonomic study due to unexpected recovery in
our nuclear phylogenies. Contrary to our plastome phylogeny and previous findings (Warwick
et al. 2010), we recovered it as sister to tribe Anastaticeae, and not as sister to the other genus
in tribe Iberideae, Teesdalia, which instead consistently grouped with main lineage Il (but in

various positions; supporting fig. S14).
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Discussion

Nuclear and plastome genus-level phylogenies of the Brassicaceae

We present here the most complete nuclear and plastome-derived Brassicaceae Trees of Life
(BrassiToLs) to date, together covering nearly all genera from which plant tissue is currently
accessible, i.e., 92% of the 349 genera, representing all 58 tribes (following our suggested
taxonomic revision). Such global genus-level BrassiToLs were long overdue, and are
expected to become an indispensable tool for among Brassicaceae experts who want to
understand the evolutionary patterns and processes that shaped biodiversity, and to extend
the mechanistic insights derived from the study of model species to all major lineages of the
mustard family, including the many food and oilseed crops.

The overall backbone of our nuclear BrassiToL largely agrees with the nuclear
phylogeny published by (Nikolov et al. 2019), which included 63 species representing 50 out
of the 52 tribes then recognised. More specifically, our nuclear BrassiToL confirms (1) the
recognition of tribe Aethionemeae as sister to the rest of the Brassicaceae (i.e., core
Brassicaceae), which includes the same five main lineages (I-V) as proposed by Nikolov et
al. (2019), and (2) main lineage lll (containing tribes Anchonieae, Buniadeae, Chorisporeae,
Dontostemoneae, Euclidieae, Hesperideae, and Shehbazieae) as sister to the rest of the core
Brassicaceae. This confirmation is not surprising, given that 71% of target genes in our total
dataset were included in the Brassicaceae-specific bait set (Nikolov et al. 2019). The basal
split of tribe Aethionemeae followed by lineage Il was also supported by the recently published
transcriptomic phylogenies of Mabry et al. (2020) and Beric et al. (2021) based on a much
more reduced Brassicaceae sampling (43 genera). When comparing our results with the
transcriptomic study of Huang et al. (2016), relationships among tribes were similar, but their
main lineages A—E only roughly corresponded to our main lineages |I-V. This highlights the
well-known problem of recovering the deeper nodes in the BrassiToL backbone with great
certainty, which we attempt to further disentangle given the uncertainties that still persist (see
below). Whereas the gene selection in Huang et al. (2016) was based on low-copy occurrence
among widely different angiosperms, comparable to the Angiosperms353 dataset (Johnson et
al. 2019), the majority of genes we used were instead based on putatively single-copy loci
among the Brassicaceae (Nikolov et al. 2019).

When comparing our plastome phylogeny (265 currently accepted genera, all 58
tribes) with the nuclear phylogeny (319 currently accepted genera, 57 tribes), we found strong
cytonuclear discordance, as previously demonstrated by (Nikolov et al. 2019; Mabry et al.

2020). At a higher taxonomic level, tribe Aethionemeae remained sister to all remaining
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Brassicaceae in the plastome phylogeny, but lineage | (not Ill) was sister to all remaining
lineages (lI-V), with lineage Ill being sister to the rest. Moreover, lineage Il is the only major
lineage in the core Brassicaceae that turned out to be monophyletic, while the four others are
either paraphyletic (lineage | and V) or polyphyletic (lineage IV and especially lineage ll; fig.
3). At a lower taxonomic level, such discordance was further emphasised, as has also been
recently studied in more detail for Arabidopsis and several close relatives (Forsythe et al.
2020; Guo et al. 2020), who showed that (ancient) hybridization and introgression are causing
these topological incongruencies. Furthermore, Guo et al. (2021) showed that tribe
Biscutelleae harbours four genus-specific WGDs based on hybridization among the same
and/or closely related parental genomes. Then, despite the incidence of multiple independent
WGDs, diploid and polyploid genomes may be retrieved as a monophyletic clade
characterised by cytonuclear discordance. Our PACo test on species tree incongruence
showed that, even though major lineages are placed in different positions across the
BrassiTolLs, the overall topologies are not significantly different.

When comparing our plastome phylogeny with the previously published plastome
phylogeny of Walden et al. (2020; 152 genera, all 58 tribes), we find that tribal relationships
within lineages | and lll were very similar. However, the topology differed with respect to
deeper nodes in lineages I, IV and V. Notably, tribe Alysseae (lineage IV) was sister to the
clade containing tribes Arabideae and the largest clade of lineage Il in our plastome
phylogeny, while Walden et al. (2020) recovered tribe Alysseae as sister to most of the

expanded lineage Il (also including lineage 1V-V).

Toward solving the deeper nodes in the Brassicaceae backbone

Relationships at the shallower nodes are rather well-resolved in our phylogenies, leading to
strong relationships among genera within tribes and among most of the Brassicaceae tribes
(Q1 node support from the coalescent approach was >50% in 34 of 42 tribes; supplementary
table S5). The nodes connecting the Brassicales families are generally well-resolved as well.
However, the deeper nodes within the Brassicaceae family —reflecting the position of the five
main lineages of the core Brassicaceae— have been notoriously hard to recover in the past.
Some authors have claimed to have solved the true Brassicaceae backbone derived from an
NGS dataset (Liu et al. 2020), but relied only on bootstrap and posterior probability values.
However, we show that alternative sampling routines can recover high bootstrap and posterior
probability values on conflicting topologies (supplementary table S5), questioning the value of
these support metrics. Instead, metrics on node support should take underlying topological
variation among gene trees and sites in the alignments into account to be more realistic, using

for example gene and site concordance factors, something that has been shown in many
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recent large-scale phylogenomic studies (Minh, Hahn, et al. 2020). We show that the topology
of the species tree backbone is highly sensitive to the selected (nuclear) gene set
(supplementary fig. S14), and to a lesser extent also the phylogenetic reconstruction method
applied.

Low backbone support in a phylogenetic tree can have several causes: (1) biological
processes within the family such as gene duplication and loss, hybridisation, incomplete
lineage sorting, and gene saturation, (2) one or more artefacts (e.g., deficient or erroneous
data such as paralogs interpreted as orthologs), or (3) a combination thereof (Boussau and
Scornavacca 2020). As gene saturation is a process that increases with time, we believe it is
not influencing our dataset to a large extent, because node support among Brassicales
families is generally higher than support for main lineages within Brassicaceae. In contrast,
we found allele divergence and locus heterozygosity to be very high in many species of
Brassicaceae, with mean values of 75.1% and 2.25%, respectively (supplementary tables S4
and S6). In comparison, these values were 52.3% and 0.21%, respectively, across all non-
hybrid natural accessions of pitcher plants (Nepenthes spp.; Nauheimer et al. 2021), and
60.7% and 0.85% across a family-wide sampling of Australian Thelypterid ferns (Bloesch et
al. 2022). This indicates the abundant presence of paralogs in our Brassicaceae dataset, likely
caused by ample hybridisation and gene duplication events (fig. 5).

Indeed, within the Brassicaceae, many cases of hybridisation that are known to be
rampant at different taxonomic levels have been described (see below), and it will be
challenging to include such a wide variety of evolutionary oddballs into a single model that can
recover the ‘true’ evolutionary history of the family, if possible at all; perhaps the phylogeny of
the family cannot be described by a bifurcating tree, and a network approach represents these
relationships more faithfully (Huson and Bryant 2006; fig. 2). Aware of the issues with data
deficiency and paralogs, we specifically designed our analyses to try to disentangle some of
the deeper nodes, by taking the following approaches into account: we first pruned samples
with deficient data and likely paralogs (‘strict: 1,013 genes, ‘superstrict: 297 genes, and
‘superstrict by tribe routine’: 1,031 genes, but mean sample occupancy of 394 genes; table 1),
and repeated the analysis explicitly including all gene copies (including possible paralogs)
using ASTRAL-Pro.

In this regard, we advocate critically scrutinising all genes showing a SNP variation of
>0.02, a value indicating the presence of paralogs, and in addition all samples with less than
20% of genes and/or 40% of recovered target length. This refined sampling approach
corresponds to the ‘superstrict’ routine (fig. 1 and 2). Interestingly, we found that going from
the ‘strict’ routine towards the ‘superstrict’ routine (see Materials and Methods for definitions),
the phylogeny hardly changed (supplementary fig. S14). We therefore believe that the

‘superstrict’ routine provides the best estimate of the phylogeny, as it includes most samples

14


https://doi.org/10.1101/2022.09.01.506188
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.01.506188; this version posted September 7, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

and at the same time does not contain a whole set of extra genes that do not impact the
topology nor node support. This is especially relevant in Brassicaceae due to the huge amount
of SNP variation among the genes studied as a result of many polyploidisation events (see
below), despite the fact that Brassicaceae specific B764 bait set was designed to only include

single copy nuclear genes.

Rogue taxa share a mesopolyploid past

Previous studies highlighted several ‘unplaced taxa’, including the tribes Anastaticeae,
Biscutelleae, Cochlearieae, and Megacarpaeeae, and the genera Iberis, Idahoa, and
Subularia, which have been difficult to resolve (Nikolov et al. 2019). Our results highlight the
same ‘rogue taxa’. Contrary to the bulk of the tribes, which were consistently placed within a
main lineage in our different nuclear phylogenies (i.e., from different routines and/or
approaches), these rogue tribes ‘jumped positions across the different phylogenies
(supplementary fig. S5-11, summarised in supplementary fig. S14). This has previously been
interpreted as an indication of genus- or tribe-specific meso-polyploidisations, including distant
(inter-tribal) hybridization, i.e., hybridisations between members of distantly related lineages.

The genus Brassica and the tribe Brassiceae were the first reported Brassicaceae taxa
with a WGD that postdates the family-specific paleotetraploidization At-a event (e.g., Lysak et
al. 2005; Parkin et al. 2005; Lysak et al. 2007). Since this pioneering work, more than a dozen
genus- and tribe-specific mesopolyploid WGDs have been discovered throughout the
Brassicaceae family tree (Hohmann et al. 2015; Mandakova, Li, et al. 2017; Guo et al. 2020;
Dogan et al. 2022). Because most mesopolyploid taxa have an allopolyploid origin, often
understood to result from (inter-tribal) hybridization between distantly related parental species
(German and Friesen 2014; Mandakova, Pouch, et al. 2017; Guo et al. 2020), inferring their
phylogenetic position within the family tree is a challenging endeavour. For all of the rogue
taxa we identified, a mesopolyploid origin has been demonstrated or claimed. For tribe
Cochlearieae, whole genome triplication has been demonstrated, whereas Anastaticeae and
Iberis have a mesotetraploid origin (Mandakova, Li, et al. 2017). Biscutelleae harbour four
different WGDs specific to Biscutella, Heldreichia, Lunaria, and Ricotia (Mandakova et al.
2018; Guo et al. 2020). Both genera of Megacarpaeeae (Megacarpeae and Pugionium) have
been shown to be formed by independent WGDs (Yang et al. 2020; Hu et al. 2021). Teesdalia
(2n=36 in T. coronopifolia and T. nudicaulis , 2n = 20 in T. conferta) most likely has a polyploid

origin based on available chromosome numbers, but (cyto)genomic data are lacking.
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The Brassicaceae originated during an icehouse period

Based on our analysis of the 20 most clock-like nuclear genes, we recovered a middle to late
Eocene stem age for the mustard family of 38.8 mya (95% HPD: 40.5-36.9), with a late
Oligocene crown age of 24.5 mya (95% HPD: 25.7-23.1; fig. 1; table 3). Whereas results from
previous family-wide studies ranged from 15.0 mya (Franzke et al. 2009) to 54.3 mya (Beilstein
et al. 2010), more recent studies resulted in a converging family crown age of 37.1-32.4 mya,
which seemed quite insensitive to data type (nuclear/plastome), methods, and fossils used
(Huang et al. 2020). Ramirez-Barahona et al. (2020), in an angiosperm-wide study using 238
fossils, recovered a family crown age of 41.9 mya. Therefore, our new results suggest a
somewhat younger age of the Brassicaceae than generally found. Consensus about the best
approach to retrieve reliable dating estimates based on big genomic datasets is lacking, but
our experience is that time calibrating analyses using a more restricted dataset that includes
only the most clock-like genes outcompete those that use a less stringent approach or even
the entire dataset.

The results from our most clock-like nuclear dataset suggest that the family’s origin
and the onset of diversification coincides with the cooling of the Earth during the Eocene-
Oligocene transition (so-called greenhouse to icehouse transition; Zanazzi et al. 2007; Sun et
al. 2014). This period was characterised by a replacement of tropical forests with temperate
forests, open vegetation and deserts, which all are associated with typical habitats of extant
Brassicaceae. Tribe Aethionemeae and the other five main lineages originated quickly after
(median stem ages ranging 21.2—-19.8 mya; median crown ages ranging 19.9-14.4 mya,;
supplementary table S5) in the early Miocene.

Results from our plastome phylogeny generally show a ~5 mya forward shift in time
relative to our nuclear phylogeny, with median crown ages of the family (20.2 vs 24.5 mya,
respectively) and basal split of Aethionemeae (16.9 vs 21.1 mya, respectively; fig. 3 and table
3). Importantly, results from our plastome study are also much younger (nearly 10 mya) than
found by Walden et al. (2020), and differences may derive from a different set of fossils used
for calibration. While our phylogenies were calibrated using the Dressiantha bicarpellata fossil
(Gandolfo et al. 1998) that can be used for setting the age range of the Brassicales, Walden
et al. (2020) applied four fossils from outside the Brassicales for setting calibration points in
their divergence time analysis that included more outgroup taxa across the angiosperms. This,
along with the use of different algorithms for age estimation, may have led to the difference in

age estimates.
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Taxonomic considerations

Based on the critical evaluation of morphology in light of molecular phylogenetic studies, the
number of Brassicaceae tribes has been on the increase from initially 25 tribes (Al-Shehbaz
et al. 2006) to about 50 in the following decade based on only a handful of molecular markers.
With the tremendous advances in whole-genome sequencing, both nuclear and plastome,
gene-level phylogenies such as presented in this study are providing solid bases to define
tribal relationships and boundaries. As a result, the number of tribes is approaching 60, and
for a family of ~4,000 species, this exceeds the number of tribes in the largest angiosperm
families, such as the Asteraceae, Orchidaceae, Poaceae, and Fabaceae (Koch et al. 2018).

At the same time, phylogenetic data has been accumulating, enabling a proposition for
a new phylogenetically-based infrafamilial classification of the Brassicaceae. We propose an
updated classification that groups numerous tribes into few higher-level taxa according to the
general topology of the family phylogeny, namely two subfamilies and five supertribes in one
of them. Presence of rogue taxa and remaining discordance between nuclear and plastome
phylogenies might change the composition of some of the suggested supertribes, but we
envision that the general taxonomic framework will likely not undergo radical changes in the
future.

Specifically, two major changes are suggested. First, the establishment of two
subfamilies to acknowledge the deepest split within the family (fig. 1, 3): Aethionemoideae and
Brassicoideae (commonly referred to as ‘core Brassicaceae’). Aethionemoideae contains a
single tribe (Aethionemeae) with a single genus, Aethionema. Instead, Brassicoideae contains
the bulk of the family, i.e., the remaining 57 tribes (including 99% of the species). We propose
to abandon the uninformative names for the main lineages that fall within this subfamily
(commonly referred to as ‘lineages 1-V’), and we suggest replacement by five supertribes:
Camelinodae (lineage 1), Brassicodae (lineage Il), Hesperodae (lineage lll), Arabodae (lineage
IV), and Heliophilodae (lineage V). Second, in addition to the 53 Brassicaceae tribes
previously accepted, we propose five new ones (see also Nikolov et al., 2019, supplementary
table S10). These are Arabidopsideae (Arabidopsis, Camelinodae), Asperuginoideae
(Asperuginoides, Arabodae), Hemilophieae (Dipoma and Hemilophia, Camelinodae),
Schrenkielleae (Schrenkiella, Brassicodae), and Subularicae (ldahoa and Subularia,
Heliophilodae). The isolated position of the genus Arabidopsis from the other genera that have
traditionally been assigned to tribe Camelineae sensu Al-Shehbaz et al. (2006) has already
been pointed out by various phylogenetic studies (Bailey et al. 2006; Clauss and Koch 2006;
Koch et al. 2007; Lysak et al. 2009; Hohmann et al. 2015; Huang et al. 2016), raising
Arabidopsis to the tribal level. The phylogenetic placement of Asperuginoides has been
enigmatic for a long time (Al-Shehbaz 2012; Spaniel et al. 2015; Walden et al. 2020), until
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Nikolov et al. (2019) and the present study showed a sister relationship to tribe Alysseae.
Dipoma and Hemilophia were previously listed as unplaced (Al-Shehbaz 2012), until Nikolov
et al. (2019) showed the two genera form a monophyletic clade unrelated to any tribe and
suggested their placement in a new tribe, which is confirmed by our nuclear dataset and
morphological insights (however, rejected by Walden et al., 2020, and our plastome phylogeny
showing Dipoma to be affiliated with tribe Crucihimalayeae). The first robust, isolating position
of Schrenkiella, sister to a clade including the tribes Fourraeeae-Brassiceae-Isatideae-
Sisymbrieae-Thelypodieae, was shown by Walden et al. (2020) and fully supported by the
present study, meriting tribal status. Nikolov et al. (2019) retrieved a sister relationship
between the unplaced /dahoa and Subularia, later corroborated by Dogan et al. (2022), who
proposed the placement of both genera into the resurrected tribe Subularieae DC., which is
reconfirmed in the present study. The contentious phylogenetic placement of Idahoa and
Subularia is best explained by two WGDs involving one or more shared parental genomes
(Dogan et al. 2022).

Despite the number of recognized tribes, nearly all are monophyletic in both nuclear
and plastome phylogenies with maximum or very high molecular support. Notable exceptions
are tribes Camelineae (polyphyletic in both nuclear and plastome phylogenies), Iberideae
(polyphyletic in the nuclear phylogeny only), and Subularieae (polyphyletic in the nuclear
phylogeny). The South American CES clade (composed of tribes Cremolobeae, Eudemeae,
and Schizopetaleae; Salariato et al. 2016), whose intertribal relations are well resolved in our
nuclear phylogeny, were highly mixed in our plastome phylogeny, suggesting a yet unresolved

mesopolyploid history of these tribes (Dogan et al. 2022).

Toward a complete Brassicaceae species phylogeny

The ultimate goal of our Brassicaceae consortium is to build a complete Brassicaceae family
phylogeny including all ~4,000 species. The methods that we applied here show that this is
possible, and these can easily be scaled up. We solely applied herbarium material to extract
genomic DNA from, something that has become only recently possible due to the advent of
sophisticated genomic laboratory methods, such as target capture sequencing (Lemmon and
Lemmon 2013; Brewer et al. 2019; Dodsworth et al. 2019). Many of the samples we used had
a pre-1950 or even pre-1900 origin, which is considered very old in the light of genomic
studies, but resulted in a high coverage of the targeted genes nonetheless (supplementary fig.
S2). To our surprise, we found little or no effect of sample age, at least in terms of the number
of genes we could retrieve for each sample. Interestingly, this means that using relatively old
collection material can save on laboratory cost, as DNA extractions of older samples usually

result in more fragmented DNA, therefore allowing to skip DNA fragmentation using sonication
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— one of the moneywise most expensive steps in the whole library preparation process.
Instead, the way plants were dried upon collection is likely more important than the sample
age, as shown empirically by Forrest et al. (2019). Finally, the influence of DNA damage on
sequence read quality, expected to increase with sample age, needs further investigation.

We applied the ‘mixed baits’ approach of Hendriks et al. (2021), combining two bait
sets in a single target capture reaction, with one set designed specifically for the Brassicaceae
family (B764; Nikolov et al. 2019) and the other for general applications in angiosperms (A353;
Johnson et al. 2019). Whereas both sets performed very well in terms of number of genes and
total target length recovered, we found that the lineage-specific B764 bait set performed
slightly better than the angiosperm-wide A353 in terms of recovery of genes proportion and
target length (supplementary fig. S1). A similar result was found for subtribe Malinae
(Rosaceae; Ufimov et al. 2021), but those results were compared after two separate target
captures using their lineage-specific and the A353 bait sets. Contrary to Larridon et al. (2020),
Ogutcen et al. (2021), and Ufimov et al. (2021), we found genes from the lineage-specific
B764 bait set to be phylogenetically more informative than those recovered from the
angiosperm-wide A353 bait set (supplementary fig. S12).

In conclusion, we provide the first global, complete calibrated nuclear and plastome
BrassiTolLs, both in terms of genus-level sampling and genome-wide data, which offers an
important step forward in untangling the notoriously difficult phylogenetic relationships across
Brassicaceae. Using HybPhaser, we applied the latest bioinformatic insights into the selection
of most reliable genes to construct the species tree by removing all genes flagged as potential
paralogs, thereby increasing topological accuracy and highlighting likely polyploid taxa. Our
improved phylogenetic framework supports the reinstatement of two subfamilies
(Aethionemoideae, Brassicoideae) with five supertribes in Brassicoideae (Arabodae,
Brassicodae, Camelinodae, Heliophilodae and Hesperodae) that represent the former major
lineages |-V, and five new (or re-established) tribes, including the monotypic Arabidopsideae,
accounting for a total of 58 tribes in Brassicaceae. Because we relied solely on the rich
collections of the many worldwide herbaria, our methods allow us to easily scale up sampling
and analyses in the near future, which should ultimately lead to a complete ~4,000 species
BrassiTolL, an indispensable tool for the thousands of researchers working on this important

model plant family.
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Materials and Methods

Taxon sampling

To reconstruct the nuclear Brassicaceae phylogeny, we aimed at including at least one
species from each of the 349 currently accepted genera —preferably each genus’ type
species— along with one species of every non-Brassicaceae Brassicales families and all
species needed for fossil calibration checks of vicariance and colonisation within lineages of
Brassicaceae (Table 1). We followed BrassiBase (Kiefer et al. 2014) for taxonomic delimitation
of species, added with more recent insights by taxonomic experts. Where possible, we
sampled the type specimens of genera to support future taxonomic judgements. Some
sampled vouchers were as much as 200 years old (to show the possibilities of the target
capture methods with regard to natural history collections).

We generated new nuclear data for 365 samples (supplementary table S1) and added
available sequences from 38 samples from Nikolov et al. (2019) (supplementary table S2). All
new data were sequenced from dried herbarium specimens or silica tissue coming from 29
different herbarium collections across the world, with plants collected between 1807 and 2020
(including 35 pre-1900 and 64 pre-1950 samples). We used the original type material in 24
species (supplementary table S1).

New plastome data were generated from genome skimming (see below) for 237
samples (supplementary table S1). We used additional data for 196 samples from Walden et
al. (2020), 60 plastid genomes downloaded from GenBank that have also been included in
Walden et al. (2020) (supplementary table S7), and 31 samples from Nikolov et al. (2019)
(supplementary table S2).

Library preparation, target capture, and sequencing

Wet lab methods were described in Hendriks et al. (2021). Briefly, we extracted genomic DNA
from 25 mg of dried leaf tissue (or less if not enough material was available; in case no leaf
tissue was available from any herbarium voucher available to us, we used branches and/or
flowers) using the DNeasy PowerPlant Pro Kit (Qiagen, Hilden, Germany), following the
manufacturer’s protocol (but with a final elution time of 1 hr). DNA extracts with visible
impurities (green or brown colour; ~25% of samples) were subsequently purified using the
DNeasy PowerClean Pro Cleanup Kit (Qiagen, Hilden, Germany). Genomic DNA was stored
in the DNA bank of Naturalis Biodiversity Center, Leiden, the Netherlands. Genomic libraries
were generated using the NEBNext Ultra Il FS kit (New England Biolabs, Ipswich,

Massachusetts, USA) with sonication in an M220 Focused-ultrasonicator (Covaris, Woburn,
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Massachusetts, USA; only for libraries with fragment peak length >400 bp). Indexing was
performed with 384 unique combinations from IDT 10 bp primers (Integrated DNA
Technologies, Coralville, lowa, USA), with protocol adjustments described by Hendriks et al.
(2021). Target sequence capture was carried out on pools of 10-30 libraries each, using the
‘mixed baits approach’ described by Hendriks et al. (2021). This method targets putatively
single-copy nuclear genes from two different bait sets in a single capture reaction: a
Brassicaceae-specific set targeting 1,827 exons from 764 genes, using 40k probes (Nikolov
et al. 2019; hereafter B764), and the now widely used Angiosperms353 v1 universal bait set,
using 80k genes (Johnson et al. 2019; William J. Baker et al. 2021; hereafter A353) (both from
Arbor Biosciences, Ann Arbor, Michigan, USA). To maintain the ratio of probes among the bait
sets, we used an B764 : A353= 1 : 2 (v/v) mixture. To aid skimming of chloroplast gene reads
during sequencing (Weitemier et al. 2014), we used genome spiking of each enriched library
with its unenriched library at a ratio of 1 : 1 (M/M). Sequencing was performed on an lllumina
HiSeq 2500 sequencer (lllumina, San Diego, California, USA) at BaseClear, the Netherlands,
producing 150-bp paired-end reads, at a targeted 100X technical coverage. Raw sequence
data files were uploaded to NCBI SRA under BioProjects PRINA806513 and PRJNAG678873.
Target capture and sequencing for a sample were repeated if results from sequence assembly
(described below) were poor (<500 genes recovered).

New ‘mixed baits’ data for 12 outgroup species were generated by the PAFTOL project
at the Royal Botanic Gardens, Kew, UK, following methods described by Baker et al. (2021).
Further samples were handled by the Bailey Lab, New Mexico State University, USA, and at
Heidelberg University, Germany. To further increase sampling, we added previously published
raw sequence data for 37 samples from Nikolov et a. (2019), available from NCBI SRA as
BioProject PRINA518905 (target capture for B764 only; supplementary table S2)

Sequence assembly of target capture data

Raw sequence data (from our study, as well as from other sources; see taxon sampling) were
quality controlled and trimmed with Trimmomatic v0.38 (Bolger et al. 2014) using the same
parameters as Baker et al. (2021). Trimmed reads were mapped against two reference files
(i.e., for B764 and A353 bait sets) using HybPiper v1.3.1 (Johnson et al. 2016) with BWA
v0.7.16a (Li and Durbin 2009) and SPAdes v3.14.1 (Bankevich et al. 2012), and GNU Parallel
(Tange 2011) to manage parallel computing of samples on the XSEDE Stampede2 HPC
(Towns et al. 2014). We built a gene reference file for the B764 dataset from the 1,827 exon
reference file of Nikolov et a. (2019) by concatenation of same-gene exons, resulting in a total
target length of 919,712 bp. For the A353 dataset, we used the ‘mega353’ target file with the

script ‘filter_megatarget.py’ to create a mustard family-specific reference (MclLay et al. 2020)
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with a total target length of 263,894 bp. We identified a total of 36 genes with overlap among
the two bait sets, which was possible because the two bait sets have been developed
independently (supplementary table S8). To avoid studying the same genetic marker twice,
we discarded this subset of genes from the B764 dataset (generally the shorter targets),

leaving us with a final nuclear dataset of 1,081 (i.e., 764 + 353 - 36) genes.

Sequence assembly of plastome

We used off-target reads from genome spiking (samples with new raw data) and genome
skimming (raw data from previous studies listed above) to reconstruct as much of the plastome
as possible. In order to integrate the newly assembled plastid data into an already existing
plastid dataset containing 231 Brassicaceae species (plus 3 duplicates) with 60 gene-coding
sequences for each species (Walden et al. 2020), we sequenced and assembled plastid
genomes for 237 samples and 31 samples from Nikolov et al. (2019). After removal of gap
columns, the final data matrix had a total target length of 29,120 bp and was 96.2% complete.

Trimmed sequencing reads were mapped using BWA v0.7.17 using option ‘BWA-
MEM’ (Li 2013) and the Arabidopsis thaliana plastid genome (GenBank accession number
NC_000932) as reference. Prior to mapping, the second copy of the inverted repeat region
was removed as identical regions lead to secondary alignments which are omitted by tools
used in subsequent analysis. SAMtools v1.3.1 (Danecek et al. 2021) was used for enhancing
mapping quality as well as sorting and indexing the bam files. Duplicates were removed using

Picard tools (http://broadinstitute.github.io/picard/). Variant calling was performed using the

GATK4 function ‘HaplotypeCaller’ setting ploidy to 1 and pcr-indel-model to none (Van der
Auwera and O’Connor 2020). The GATK3 function ‘FastaAlternateReferenceMaker’
(McKenna et al. 2010) was used to generate sequences including the detected SNPs and
indels. Regions of low coverage (<5) and low mapping quality (<30) were detected using
GATKS3 function ‘CallableLoci’. After having adjusted the positions of the regions to be masked
using the inhouse script ‘masker.sh’ (Markus Kiefer, Heidelberg University), BEDTools
function ‘maskfasta’ (Quinlan and Hall 2010) was used for masking. The annotation of genes
was transferred by alignment using the inhouse script ‘cpanno.py’ (Markus Kiefer, Heidelberg

University).

Taxonomic verification

We performed ‘taxonomic verification’ on a preliminary species phylogeny. To construct this
phylogeny, multiple sequence alignments were created for each gene using MAFFT v7.273
(Katoh and Standley 2013), with a quick gene tree inference using FastTree v2.1 (Price et al.
2010), both within the pipeline PASTA v1.8.6 (Mirarab et al. 2014). Unfiltered gene trees were
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used as input to ASTRAL-III v5.7.8 (Zhang et al. 2018). Data from samples marked as possible
or likely errors (found in highly unlikely positions in the preliminary ASTRAL-III species tree)
were removed, followed by either repetition of library preparations or resampling the species.
This routine was repeated once more, such that all samples were verified by taxonomic
experts. Subsequently, any data resulting from multiple DNA extractions and/or library
preparations from the same voucher were merged after trimming and again mapped following

the same routine (supplementary table S1).

Allelic variation and paralog detection

We used HybPhaser v2.0 (Nauheimer et al. 2021), an extension to HybPiper (Johnson et al.
2016), to assess allelic variation and to detect possible paralogs in our nuclear dataset. In
short, HybPhaser performs a re-mapping of raw sequence data, using each sample’s contigs
(created by HybPiper) as a new reference. Whereas HybPiper by default constructs the most
likely allele for a —supposedly single-copy— gene based on the relative nucleotide frequency
of each heterozygous site, HybPhaser instead takes SNP variation into account using
nucleotide ambiguity codes, and uses this to quantify divergence between gene variants to
detect paralogy and hybridisation. Single genes with high SNP count are likely paralogs, while
samples with high SNP count across all genes are likely hybrids or polyploids (Nauheimer et
al. 2021). Putative paralogs, genes with high SNP count compared to other genes, can be
removed from the dataset. Since there is no single threshold to define a paralog, we used four
‘routines’ (table 1). In the ‘inclusive’ routine (1,018 genes, 332 genera, 375 species), we
retained as much data as possible (including all samples, and thus all genera for which we
had any data) and only discarded poorly recovered genes (gene recovered for <10% of the
samples and/or proportion of gene target length recovered <10% on average across all
samples). We discarded putative paralogs in the ‘strict’ routine (1,013 genes, 317 genera, 356
species) by removing all ‘outlier’ genes, as defined by HybPhaser as outlier of a boxplot
distribution of mean proportion of SNPs across all genes, and ‘superstrict’ routine (297 genes,
317 genera, 356 species) by removing all genes with a mean proportion of SNPs across the
dataset of 0.02 or more. This acknowledged that relatively high values are indicative of genes
representing paralogs that we wanted to exclude. Finally, after noticing large differences in
mean SNP proportions among tribes within the mustard family, we applied a ‘superstrict by
tribe’ routine (mean 1,031 genes, with gene choice varying by tribe, 317 genera, 356 species)
in which we assessed and removed mean SNP proportions by tribe (supplementary fig. S3-
S4). In all but the first routine, multiple species and genera were removed from the dataset,

because in some samples too few genes were recovered to validly assess possible paralogy.
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After removing putative paralogs, we used HybPhaser to detect possible hybrids by
calculating each sample’s allele divergence (AD, percentage of SNPs across all genes) and
locus heterozygosity (LH, percentage of genes with SNPs), two metrics that are useful in the
detection of hybrids (Nauheimer et al. 2021). Because hybrids (whether polyploid or not) are
expected to inherit multiple alleles from their different parent species, they are expected to
show relatively high levels of LH and an AD that corresponds to the divergence of the parental
lineages. Very high values for AD are expected in lineages with multiple polyploidisations
(Nauheimer et al. 2021). With time polyploid lineages are expected to lose duplicated genes
leading to a decrease in LH. Therefore, high AD combined with intermediate LH can indicate
that samples are more ancient polyploids. While there is no universal definition of what values
correspond to hybrids or other types of polyploids, these values can give a good indication on
the history of hybridisation in samples. Here we broadly distinguish four classes: hybrid (high
LH, medium AD), highly polyploid (high LH and high AD), old polyploid (medium LH, medium
AD), and old and highly polyploid (medium LH, high AD).

Nuclear phylogenomics

We applied four different phylogenomic approaches to analyse our nuclear dataset. We used
default settings and parameters for all tools, unless specified.

First, we applied a network approach to visualise possible evolutionary reticulations,
inferring a splits graph (based on uncorrected p-distances) with SplitsTree4 v4.17.1 (Huson
and Bryant 2006). We used a nuclear supermatrix from the gene alignments from the
‘superstrict’ routine as input.

Second, we used a maximum likelihood (ML) supermatrix approach with IQ-TREE2
v2.1.3 (Minh, Schmidt, et al. 2020), using 1,000 ultrafast bootstraps (Hoang et al. 2018) and
saving bootstrap replicates, a GTR+F+R model, and sample S1321 (Synsepalum afzelii) as
outgroup. Contrary to our coalescent-based approach (see below), this analysis generated a
phylogeny in which branch lengths were representative of evolutionary change (number of
mutations), which was needed in subsequent phylogeny calibration. As an input we again
used a nuclear supermatrix approach, but this time with sequence alignments from the
‘inclusive’ routine, thereby including all samples as poor samples removed in the stricter
routines were often needed for fossil calibration. To reduce the influence of genes likely
plagued by too many paralogs, we only included genes with a mean SNP proportion <0.02 in
the supermatrix (thus cf. the ‘superstrict’ routine, but now keeping all samples). We again used
IQ-TREEZ2 v2.1.3 with the 297 associated gene trees and alignments (inferred also with 1Q-
TREE v2.1.3; see next) from the ‘superstrict’ routine to calculate gene (gCF) and site

concordance factors (sCF; parameter --scf 1,000) for all nodes (Minh, Hahn, et al. 2020).
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Third, we applied a coalescent approach with ASTRAL-III (Zhang et al. 2018). As input,
we took the consensus sequences from the four paralog detection routines in HybPhaser (see
above) to infer gene trees that served as input for a coalescent analysis. For each of the
routines, we started by running a ‘de-noising loop’: sequences were aligned using MAFFT
v7.273 and trimmed using trimAl v1.2 (Capella-Gutiérrez et al. 2009) with parameters
resoverlap 0.75, seqoverlap 0.90, and gt 0.90. Any remaining likely sequencing errors were
masked using TAPER v1.0.0 (Zhang et al. 2021) with default parameters. Gene trees were
inferred using IQ-TREE2 v2.1.3 (Minh, Schmidt, et al. 2020) inferring branch support using
ultrafast bootstrapping (Hoang et al. 2018), with other parameters following Baker et al. (2021).
We used TreeShrink v1.3.9 (Mai and Mirarab 2018) with default parameters on the complete
set of gene trees to detect and remove outlier branches and update gene trees and
alignments. Discordance among gene trees was scored using all gene trees associated with
each routine and calculated using normalised quartet scores for the main topology, along with
first and second alternatives.

Fourth, we applied another coalescent approach with ASTRAL-Pro v1.1.6 (Zhang et
al. 2020). Contrary to ASTRAL-III, this version allows the input of multiple gene copies from
each individual, acknowledging that multiple alleles from gene duplications (paralogs) may
actually be informative in species tree inference (e.g., no a priori choice of a definitive
homologous gene copy needs to be made). Gene trees were now collected from mapping
done by HybPiper using the script ‘paralog_investigator.py’, which saves all possible alleles
(Johnson et al. 2016). Genes were again aligned with MAFFT v7.273 and trimmed using trimAl
v1.2 with parameters resoverlap 0.75, seqoverlap 0.90, and gt 0.90, with subsequent gene
tree inference with IQ-TREE2 v2.1.3.

Phylogenetic informativeness

To study any differences in support from different nuclear genes in inferring the nuclear
species tree, we studied Townsend’s phylogenetic informativeness (Townsend 2007) for all
genes included in the ‘strict’ routine. First, we calculated relative evolutionary rates for all sites
in each gene’s multiple sequence alignment (constrained on the ML supermatrix approach
species tree) using Rate4Site v3.2 (Mayrose et al. 2004). Second, we used R package
PhylnformR v1.0 (Dornburg et al. 2016) to calculate and draw phylogenetic informativeness
profiles for each gene, making a distinction between genes obtained from either the B764 and
A353 bait sets and genes with a mean SNP proportion of <=0.02 and >0.02.
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Plastome phylogenetics

For generating a phylogeny based on information from the plastid genome, coding sequences
as well as sequences encoding tRNAs and rRNAs, genes were extracted using BEDTools
v2.27 1 function ‘getfasta’ (Quinlan and Hall 2010) from the reference-based plastid genomes
assembled in this study using read data generated in this study, or from Nikolov et al. (2019).
The gene set was reduced to the 60 loci which had been used by Walden et al. (2020) in
phylogenetic reconstruction. Sequences were aligned along with the corresponding
sequences from Walden et al. (2020) using MAFFT v7.45.3. Integration of the dataset from
this study into the previous dataset from Walden et al. (2020) was performed to add missing
genera, but also to confirm the fit of both datasets. In a last step, gap columns were deleted
and alignments were concatenated using the script ‘catfasta2phyml’

(https://github.com/nylander/catfasta2phyml). Phylogenetic reconstruction was performed

using IQ-TREE v1.6.12 (Nguyen et al. 2015), supplying the program with partition information
from the alignment, defining the outgroup, and running 1,000 ultrafast bootstrap replicates
(Hoang et al. 2018). A second phylogenetic reconstruction was performed using IQ-TREE
v2.2.0 (Minh, Schmidt, et al. 2020) with the former topology as input, this time to calculate site

concordance factors as a measure of support for the splits in the tree (Minh, Hahn, et al. 2020).

Fossil calibration

For both the nuclear and the plastome dataset, we performed phylogenetic dating in treePL
v1.0 (Smith and O’Meara 2012) using the Turonian Dressiantha bicarpellata fossil (Gandolfo
et al. 1998), estimated at 89.3-93.6 mya, as a single calibration point at the stem of the order
Brassicales (cf. Couvreur et al. 2010). For the nuclear dataset, we used the topology from the
ML supermatrix approach as input species tree, and reran IQ-TREE using the gene alignments
from the 20 most clock-like genes only to infer relative branch lengths, acknowledging that
inclusion of too many genes can easily result in an artificial pushback in time of internal nodes.
To do so, we first calculated the clock-likeness of all genes following (Vankan et al. 2022),
who defined clock-likeness as the coefficient of variation of all root-to-tip distances in the gene
tree. When running the priming analysis in treePL, the value for ‘opt’ was set to 2, and ‘optad’
set to 1. The ‘moredetail’ and ‘moredetailad’ options were in effect and ‘optcvad’ was set to 1.
Cross validation analysis indicated 10 as the best smoothing value. We assessed node age
estimates by repeating the treePL (using the above optimised settings) analysis for 1,000
bootstrap trees generated with IQ-TREE, this time fixing the topology of the species tree (but
not branch lengths) and summarising with TreeAnnotator v2.4.7 (Bouckaert et al. 2014) to

obtain 95% HPD confidence intervals.
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For the plastid dataset, the tree and the 1,000 bootstrap replicates resulting from
analysis by IQ-TREE v1.6.12 were used to determine divergence times in treePL. When
running the priming analysis and later adjustments, the values for ‘opt’ and ‘optad’ were both
set to 3. The ‘moredetail’ and ‘moredetailad’ options were in effect and ‘optcvad’ was set to 4.
Cross validation analysis indicated 0.000001 as best smoothing value. We assessed node
age estimates by repeating the treePL (using the above optimised settings) analysis for the
1,000 bootstrap replicates generated in IQ-TREE. Calibrated gene trees were again
summarised using TreeAnnotator v2.6.7 (Bouckaert et al. 2019) to obtain 95% HPD
confidence intervals.

We performed multi-evidence validation of our new results against four other fossils
and five biogeographical dating events as suggested by Franzke et al. (2016) by comparing

expected and recovered node ages (table 2).

Species tree incongruence

We used a Procrustean Approach to Cophylogeny (PACo; Balbuena et al. 2013) to detect
incongruences between nuclear and plastome-derived supermatrix ML species trees,
following the R-based pipeline of Pérez-Escobar et al. (2016). In short, this method scores
similarities between two phylogenies by comparing patristic distances (i.e., branch length
sums) among all tree tips using a Procrustes rotation. Species phylogenies were first pruned
to the tribe-level by selecting a random sample from each tribe as a representative. Only tribes
present in both the nuclear and plastome-derived phylogenies could be retained, because of
methodological reasons (all tip labels from one tree need to be associated with tip labels from
the other tree), leaving 57 ingroup tribes (plus a distinction between Iberideae | and II, which
did not form a single clade in the nuclear phylogeny), plus outgroup Cleomaceae. Topological
incongruence was statistically quantified using the 1,000 bootstrap phylogenies from each of
the two species phylogenies, saved from bootstrap calculations in IQ-TREE before (see above

under sections Nuclear phylogenomics and Plastid phylogenomics).
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Tables

Table 1. Definition of sampling routines and threshold settings in HybPhaser used to select
nuclear genes and subsequently gene trees in the coalescent approach to reconstruct the

nuclear species tree, with ASTRAL-IIl output results.

Sampling routine inclusive strict superstrict superstrict
by tribe
Gene and sample recovery thresholds
Gene minimum proportion of samples recovered 0.1 0.2 0.2 0.2
Gene mimimum proportion of target length recovered 0.1 0.2 0.2 0.2
Sample minimum proportion of total target length recovered 0.0 0.4 0.4 0.4
Sample minimum proportion of genes recovered 0.0 0.2 0.2 0.2
Gene SNPs proportion threshold for all samples none outliers 0.02 0.02
Remove outlier genes per sample? yes yes yes yes
Results
Number of genes retained 1,018 1,013 297 1,031*
Number of samples 380 361 361 361
Mean sample occupancy across all genes retained 818.5 861.5 243.9 394.3
Number of species 375 356 356 356
Number of genera 332 317 317 317
Number of tribes ** 57 56 56 56
LPP (mean of all nodes) 0.94 0.95 0.92 0.88
LPP (median of all nodes) 1 1 1 1
First quartile proportion (mean of all nodes) 0.55 0.56 0.57 0.56
First quartile proportion (median of all nodes) 0.48 0.50 0.50 0.49

* Mean number across samples, with genes retained different in different tribes (i.e., tribe-specific). As a result,
more genes could be retained in total as compared to the 'inclusive' routine, but at a lower mean sample
occupancy across all genes, thus leading to a relatively sparse matrix.

** Tribal definition following taxonomic insights presented in this study, i.e. 58 tribes in total.
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Table 2. Data used for fossil calibration of mustard family phylogeny (1), fossils to check
calibration (2-5), and biogeographical validation (6-10) of our new results. Case 9 could not

be checked in the plastome phylogeny, because not all the populations of Clausia aprica were

included in our sampling.

Nuclear data Plastome data
(Fossil) taxon Use age (mya) age (mya) C age (mya) C
Median (95% HPD) Median (95% HPD)
1 tDressiantha bicarpellata  Set stem age of all Brassicales ~90 - - Gandolfo et al. (1998)
2 tAkania sp. Check stem age of Akaniaceae ~61 55.8 (58.9-52.7) medium 26.3(37.2-17.2) poor Romero and Hickey (1976),
Iglesias et al. (2007)
3 tPalaeocleome lakensis Check stem age of Brassicaceae 55.8-48.6 38.8 (40.5-36.9) medium 26.0 (36.6-16.6) poor Chandler (1962)
4 tThlaspi primaevum Check crown age of MRCA of Alliaria and ~32 10.8 (11.7-10.0) poor 7.6(11.4-4.7) poor Becker (1961),
Thlaspi Lielke et al. (2012),
Esmailbegi et al. (2018)
S tCapparidoxylon holleisii  Check crown age of Old World Capparis clade 16.3 16.5 (18.5-14.5) good 7.4 (10.8-4.9) poor McTeague et al. (2016),
Selmeier (2005)
6 Ricotia Check crown age of 11.3-9.2 11.1(11.9-9.9) good 10.1(14.8-6.9) good Oztdogru et al. (2015)
genus Ricotia
7 Arabis alpina Check formerly estimated MRCA of clade 3.27-2.65 3.0(3.4-2.6) good 1.3(2.0-0.7) poor Karl and Koch (2013)
including annual sister
8 Pachycladon Check New Zealand alpine genus has evolved Max. 1.9 0.5 (0.8-0.3) good 2.6(3.9-1.7) medium Heenan and Mitchell (2003),
after habitat formed Heenan et al (2013)
9 Clausia aprica Check against vicariance event of Late 1 3.7 (4.5-2.8) poor - Franzke et al. (2004)
Tertiary/Early Quarternary range split
10 Lepidium Check maximum age of colonisation of ~0.35 (estimate 3.0(3.4-2.7) poor; good 1.1(1.6-0.7) medium Mummenhoff et al. (2001)

Hawaii by genus against former estimate and
archipelago age

based on cpDNA)

Table 3. Comparison of divergence time estimates (mya) for Brassicaceae from past studies

and new results from our study. Table copied from (Huang et al. 2020) and updated with more

recent results and results from this study.

Studies Crown Brassicaceae  Crown core Brassicaceae*  Method Data set Calibration
Koch et al. (2000) NA 25.9-23.1 Synonymous substitution rate  Adh and Chs Synonymous substitution rate
Franzke et al. (2009) 35.0-15.0-1.0 28.0-11.0-1.0 BEAST nad4 One secondary calibration
Beilstein et al. (2010) 64.2-54.3-45.2 54.3-46.9-39.4 BEAST ndhF and PHYA Four fossils
Couvreur et al. (2010) 49.4-37.6-24.2 43.8-32.3-20.9 BEAST Eight genes from nuclei, chloroplast and One fossil

mitochondria
Kagale et al. (2014) NA 26.6 Synonymous substitution rate 213 nuclear orthologues Synonymous substitution rate
Edger et al. (2015) 45.9-31.8-16.8 NA BEAST 1,115 single-copy nuclear genes Two fossils
Hohmann et al. (2015) 38.6-32.4-27.1 27.3-23.4-19.9 BEAST Plastomes Four fossils
Huang et al. (2016) 37.8-37.1-36.3 30.3-29.7-29.1 8s 113 low-copy nuclear orthologues 18 fossils**
Cardinal-McTeague et al. (2016) 44.1-37.7-31.4 NA BEAST cpDNA (ndhF , matK, rbcL ) and mtDNA  Three fossils**

(matR , rps3)
Mohammadin et al. (2017) 58.9-48.0-37.5 354 BEAST Plastomes One secondary calibration
Guo et al. (2017) 41.8-34.9-29.0 29.8-25.1-21.3 MCMCTree Plastomes 14 fossils***
Mandakova et al. (2017) 54.7-40.1-29.4 30.6 BEAST Plastomes Four fossils
Huang et al. (2020) 33.2-29.9-26.8 22.9-21.3-19.6 BEAST Plastomes Four fossils
Ramirez-Barahona et al. (2020) 52.7-41.9-30.5 NA BEAST rbel, atpB, matK, ndhF, 18S, 268, 5.85 238 fossils, angiosperm-wide
Walden et al. (2020) 35.7-29.9-24.3 29.6-25.1-20.9 BEAST Plastomes Four fossils
This study (nuclear dataset) 25.7-24.5-23.1 22.4-21.1-19.9 treePL Phylogeny using 'superstrict' routine; One fossil

calibration using subset of 20 most

clocklike genes
This study (plastome dataset) 29.0-20.2-13.0 24.3-16.9-10.2 treePL Plastomes One fossil

* Brassicaceae excluding basal tribe Aethionemeae.
** Dating results using Thlaspi primaevum are not shown.

*** Only results that exclude Brassicales fossils are shown.
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Fig. 1. Mustard family genus-level phylogeny from a maximum likelihood analysis on a 297 nuclear genes
supermatrix (‘superstrict routine’) with node calibration of 90 mya at the stem of order Brassicales. Genus
type species are highlighted in bold. Numbers in diamonds refer to calibration points or checks listed in
table 2 (note that not all numbers could be fitted into the plot).
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Fig. 2. Overview of the main mustard family relationships from different phylogenetic reconstruction rou-
tines and approaches. Colours follow the main core Brassicaceae lineages (I-V) described by Nikolov, et
al. (2019). (a-c) Cladograms showing topology of main lineages as recovered from (a) nuclear ‘inclusive’
routine and coalescent approach (using either ASTRAL-IIl and ASTRAL-Pro), (b) nuclear stricter routines
(‘strict’, ‘superstrict’, and ‘superstrict by tribe’) using either supermatrix ML and coalescent approaches
(ASTRAL-III), and (c) plastome supermatrix ML approach. The * indicates polyphyly in main lineage Il in the
plastome supermatrix ML phylogeny; the clade drawn represents most genera. (d) Split network of the mus-
tard family tribes computed from uncorrected p-distances on a supermatrix of the nuclear genes covered
by the ‘superstrict’ routine, covering 317 genera of 56 tribes. The network highlights the complex reticulate
evolution both in the ancestors of extant main lineages, as well as within some of the main lineages them-
selves. Names in bold highlight rogue tribes as described in the main text. Insets show the high morpholog-
ical diversity within the family, which contains growth forms such as tiny herbaceous, frutescent, and woody
species, as well as lianas, shrubs and cushion plants. Drawings by Esmée Winkel, Naturalis Biodiversity

Center.
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Fig. 4. Results from Procrustean Approach to Cophylogeny (PACo) comparing the topologies of the nuclear
and plastome-derived Brassicaceae family phylogenies at the tribe level. (a) Nuclear phylogeny (left) and
plastome phylogeny (right), with incongruent tribes highlighted in red (corresponding to pink bars in pan-

el b), and dashed lines connecting the incongruent tribes. Coloured bars represent the main lineages cf.
(Nikolov et al. 2019). (b) Boxplot of normalised squared residual values aiz from individual nuclear-plastome
associations using phylograms from 1,000 bootstrap replicates. The horizontal red line equals 1/n=0.0169,
where n=59 is the number of nuclear-plastome tribe-associations, which equals the number of tribes under
consideration. Median values above this threshold are expected to be linked to tribes that show incongru-
ence between nuclear and plastome-derived trees, and associated boxes are highlighted in pink.
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Fig. 5. Scatterplot displaying the locus heterozygosity and allele divergence of all samples included in the
‘strict’ routine. Coloured ovals indicate four classes in the expected ‘realm of polyploids’, rough estimates of
what could be considered likely hybrids, polyploids, and their ages (see main text for the rationale behind
assigning these different classes). The overlap between these classes highlights the uncertainty. The six
largest tribes (represented by >10 samples) for which (most) of their samples fall within this realm of poly-
ploids are annotated using ellipses showing the 95% confidence level for a multivariate t-distribution of their
data. Samples from rogue taxa are highlighted using different shapes and colours.
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