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The tribe Aethionemeae is sister to all other crucifers, making it a crucial group for
unraveling genome evolution and phylogenetic relationships within the crown group
Brassicaceae. In this study, we extend the analysis of Brassicaceae genomic blocks
(GBs) to Aethionema whereby we identified unique block boundaries shared only with
the tribe Arabideae. This was achieved using bioinformatic methods to analyze synteny
between the recently updated genome sequence of Aethionema arabicum and other
high-quality Brassicaceae genome sequences. We show that compared to the largely
conserved genomic structure of most non-polyploid Brassicaceae lineages, GBs are
highly rearranged in Aethionema. Furthermore, we detected similarities between the
genomes of Aethionema and Arabis alpina, in which also a high number of genomic
rearrangements compared to those of other Brassicaceae was found. These similarities
suggest that tribe Arabideae, a clade showing conflicting phylogenetic position between
studies, may have diverged before diversification of the other major lineages, and
highlight the potential of synteny information for phylogenetic inference.
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INTRODUCTION

The Brassicaceae is an economically important plant family, containing the Brassica crops, rapeseed
and several ornamental taxa (e.g., Aubrieta, Iberis). Due to the availability of abundant genomic
resources, such as the high-quality reference genome for model plant Arabidopsis thaliana, the
family has become a model system for studying plant trait, genome and chromosomal evolution.
The Brassicaceae family diverged from its sister-family, the Cleomaceae, ∼43 mya (million years
ago) (Schranz and Mitchell-Olds, 2006; Edger et al., 2018). Divergence of tribe Aethionemeae, sister
lineage to all other Brassicaceae, with its single genus Aethionema occurred ∼32 mya (Hohmann
et al., 2015). The subsequent diversification of the rest of the family, or “crown-group,” started
∼23 mya (Hohmann et al., 2015). The crown-group includes ∼3,900 species in 350 genera, grouped
into 51 monophyletic tribes1 (BrassiBase; Koch et al., 2018). These tribes are further grouped into
either three or five major lineages, termed I–III or A–E (Koch and Al-Shehbaz, 2009; Franzke et al.,
2011; Huang et al., 2016; Nikolov et al., 2019).

1https://brassibase.cos.uni-heidelberg.de/
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Despite the wealth of sequence information used for recent
phylogenetic reconstructions, the deeper nodes of the crown
group Brassicaceae, including between lineages, are still not fully
resolved. All data show Aethionemeae as the first diverging
lineage. However, differing branching orders of the crown-group
lineages have been reported. This is largely due to conflicting
signals between plastome and nuclear data. Recent phylogenies
based on extensive nuclear genome data support lineage III/E,
including for example Euclidium syriacum, as sister to lineages
I/A, including model species A. thaliana, and II/B, including the
Brassica crops (Huang et al., 2016; Kiefer et al., 2019; Nikolov
et al., 2019; Figure 1A). Plastome sequence based phylogenies
on the other hand consistently place lineage II/B and III/E as
sister to lineage I/A (Guo et al., 2017; Mabry et al., 2019; Nikolov
et al., 2019; Figure 1B). Additionally, tribe Arabideae, including
the important model plant Arabis alpina, is placed either as sister
to lineages I/A and II/B (Kiefer et al., 2019; Nikolov et al., 2019;
Figure 1A) or within lineage II/B (e.g., Hohmann et al., 2015; Guo
et al., 2017; Figure 1B). Given the importance of Brassicaceae
as a model system, a resolved and reliable backbone phylogeny
is a crucial prerequisite for understanding genome and trait
evolution on a family-wide scale.

To facilitate comparative genomics and studies of genome
evolution, a reference system of genomic blocks (GBs) was
established for Brassicaceae genomes (Schranz et al., 2006).
Originally inferred from genetic maps and the first available
whole genome sequences (A. thaliana, Arabidopsis lyrata,
Capsella rubella and Brassica rapa), this resulted in the
description of the ACK (ancestral crucifer karyotype) with eight
chromosomes termed AK1–AK8 and 24 GBs (A–X). Despite its
name, the ACK was not the ancestral genome of the Brassicaceae,
but rather it can be seen as the hypothetical genome of the
MRCA (most recent common ancestor) of lineages I/A and II/B.
Since its description, the release of additional whole genome
sequences as well as comparative cytogenetic analyses have led
to the family-wide expansion of the genomic-block concept
and reduction to 22 conserved GBs (Lysak et al., 2016). The
PCK (Proto-Calepineae Karyotype, n = 7) was described as the
ancestral karyotype for clades of lineage II/B (Mandáková and
Lysak, 2008), and the CEK (Clade E Karyotype, n = 7) as the
ancestral karyotype of lineage III/E (Mandáková et al., 2017a).
The CEK genome bears some resemblance to the organization
of GBs in the A. alpina genome (Willing et al., 2015). A high
number of within-GB breakpoints compared to the ACK has
been observed in both the CEK and A. alpina genomes, thus
raising the question whether these clades may indeed be more
closely related than supported by plastome data. Analysis of
GBs can be conducted either with cytogenetic methods, or using
bioinformatics. Cytogenetic methods usually rely on Bacterial
Artifical Chromosome (BAC) clones, often from A. thaliana
when studying Brassicaceae species, for chromosome painting.
This method has the advantage that even species with little
genomic information available can be studied; however, it is
limited by the need for BAC clones from more or less closely
related taxa. In contrast, bioinformatic methods can be applied
even to distantly related species, but high-quality genomic
information is required to identify genomic collinearity (syntenic

blocks). The evolutionary distance between Aethionema and
Arabidopsis limits the success of chromosome painting, and a
high-quality reference genome was so far unavailable. Thus, no
species from the more distantly related tribe Aethionemeae has
been analyzed in the context of the GBs using either method.

The genus Aethionema comprises 57 species (BrassiBase,
see footnote 1; Koch et al., 2018). It most likely originated
in the Anatolian Diagonal, and dispersed throughout the
Irano-Turanian region and large parts of the Mediterranean
(Mohammadin et al., 2017). Over the past few years, the genus
has been used to study fruit dimorphism (Lenser et al., 2016,
2018; Wilhelmsson et al., 2019) and seed germination (Mérai
et al., 2019), in particular using the species Aethionema arabicum
(e.g., the ERA-CAPS SeedAdapt project). Its divergence occurred
sometime after the Brassicaceae-specific At-α WGD (whole
genome duplication) (Figure 1). Ancient WGDs are thought
to be associated with diversification (Tank et al., 2015), and
duplicated genes originating from these events may play an
important role for evolving new traits (Hofberger et al., 2013).
Remnants of repeated ancient WGDs are found in all land
plants (One Thousand Plant Transcriptomes Initiative, 2019),
with some of them shared between orders and families, and some
family-specific. In addition to At-α, the At-β event specific to the
core Brassicales (Edger et al., 2015) is of particular importance
to the Brassicaceae. The evolution of glucosinolates, secondary
compounds involved in herbivore defense, and the family’s
coevolution with Pieridae butterflies is most likely associated
with gene family expansion due to WGD following At-β and
At-α (Hofberger et al., 2013; Edger et al., 2015). Following
polyploidization, genomes often undergo genome size reduction
eventually leading to diploidization, a process also referred
to as genome fractionation. Genome downsizing is generally
accompanied by chromosomal rearrangements and gene loss.
The phylogenetic position of Aethionema as sister to all other
Brassicaceae makes this lineage a crucial link that is needed to
understand genome evolution after WGD in Brassicaceae.

The observation that diversifications after WGDs often occur
after a considerable time lag and exclude a species-poor sister
lineage that shares the WGD has been formalized in the “WGD
radiation lag-time model” (Schranz et al., 2012). Diversification
of the species-rich and successfully diversifying Brassicaceae
crown group contrasted by species-poor tribe Aethionemeae
follows this pattern (Schranz et al., 2012). Fractionation and
unequal gene loss may be responsible, but this hypothesis
still needs to be tested (Schranz et al., 2012). An updated
and substantially improved reference genome for Ae. arabicum
was recently released (Ae. arabicum genome v3.0; Nguyen
et al., 2019). Its chromosome-level assembly of the eleven
linkage groups corresponding to the chromosomes (n = 11)
allows us to apply the concept of GBs to Aethionema, and
analyze the genomic structure of the sister clade to all other
Brassicaceae in more detail.

Phylogenetics have so far failed to resolve the deeper nodes
within Brassicaceae, even using ever larger transcriptome data
sets. Instead of relying on nucleotide sequences, using genomic
features such as synteny and/or chromosomal rearrangements
could therefore prove to be a useful tool to resolve such
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FIGURE 1 | Three potential evolutionary scenarios for the backbone phylogeny of Brassicaceae. (A) Nuclear data places lineage III/E as sister to the rest of the
family, with Arabideae branching off next and outside of lineage II/B (Kiefer et al., 2019; Nikolov et al., 2019). (B) Phylogenetic reconstruction based on plastome data
consistently places lineage I/A as sister to lineages II/B and III/E, and Arabideae in lineage II/B or extended lineage II (e.g., Hohmann et al., 2015; Guo et al., 2017).
(C) Genomic blocks of Arabis alpina and Aethionema arabicum show some similarities indicating that Arabideae may be the first branching clade in crown group
Brassicaceae (this study). The At-α WGD occurred sometime before divergence of Brassicaceae. Note that these three scenarios are not a comprehensive summary
of all Brassicaceae phylogenies – other tree topologies have been published (e.g., Beilstein et al., 2010), however, here we only show topologies from recent genomic
studies based on a high number of genes. Species names are representatives of their evolutionary lineages and were not necessarily included in the cited studies.

problematic nodes and disentangle phylogenetic placement of
Brassicaceae lineages. Here, we present the syntenic blocks
in the genome of Ae. arabicum and explore open questions
concerning genome evolution and phylogenetics in Brassicaceae:
Given the early divergence of Aethionema and its position as
the species-poor sister group, is its genomic structure similar to
the ACK and the largely conserved genomic structure of crown
group Brassicaceae? Are the same breakpoints observed between
Aethionema, Arabis and CEK genomes, and can synteny be used
to obtain evidence for the phylogenetic position of early diverging
lineages? We show that compared to the ACK, the syntenic blocks
in the genome of Aethionema are broken into a high number of
sub-blocks across its linkage groups. Among the high number of
breakpoints, we observed, some are shared with A. alpina and
E. syriacum representing the ancestral CEK genome. Our results
suggest that Arabideae may have diverged before diversification
of lineages I–III.

RESULTS

Genomic Blocks in the Aethionema
arabicum Reference Genome
Our analysis revealed 13,719 syntenic genes between Aethionema
and A. thaliana that are in syntenic blocks. These blocks are
defined as regions sharing at least 20 collinear genes (our
chosen threshold for the detection of GBs) when disregarding
syntenic regions originating from the At-α, At-β, and segmental
duplication events. The duplicated regions could easily be
identified using Ks values; orthologous blocks generally had
median Ks values of around 0.77 (purple colored in Figure 2A),
while mean Ks values for blocks derived from At-α and older
duplication events (WGD-derived paralogs) were higher, around
1.37 (blue and turquoise colored in Figure 2A). The average
length of the syntenic blocks was 199 ± 183 (mean ± SD)
syntenic genes, ranging from 23 to 833 genes. Using the same
analysis and parameters on the Arabis genome resulted in the
detection of 16,588 syntenic genes with an average block length of
313 ± 373 genes, ranging from 25 to 1,507 genes in a block. Here,
Ks was lower for orthologous blocks (0.41) and At-α derived

blocks (1.01). This difference is most likely the result of the
additive effect of lineage-specific substitution, leading to a higher
number of substitutions in the pairwise comparison of the more
divergent species. The difference in syntenic block length is also
reflected by the number of syntenic blocks: 69 were detected in
the eleven linkage groups of the Aethionema genome (Figure 2B),
compared to 53 in Arabis. All 22 GBs from the ACK (following
the updated definition by Lysak et al. (2016) were present in
Aethionema. However, genomic block G was not detected when
setting the minimum number of genes in a syntenic block to
20. When not restricting block size, G was detected (with six
syntenic genes) on LG9 between F4 and H, the same position this
block has in the ACK.

Placement of At-α Relative to the
Evolution of Brassicaceae
Analysis of the syntenic regions in the genome of Ae. arabicum
revealed the duplicated regions originating from gene and ancient
whole genome duplications. In reciprocal analyses (self–self
comparisons), Ks values of around 0.8 are generally indicative
of duplicates retained from At-α (Schranz et al., 2012). Higher
Ks values are characteristic for duplicated genes originating
from the At-β and older WGDs (Tang and Lyons, 2012). In
pairwise analyses, like we conducted here, these characteristic
Ks values are increased relative to the divergence of the selected
species, as each lineage accumulates their own mutations after
divergence, thus median Ks for orthologs was between 0.58 and
0.94 (Figures 2A,C).

Notably, in Ks histograms of Aethionema vs. other
Brassicaceae the peak from orthologs is almost indistinguishable
from that resulting from At-α duplicates. However, the
origin of syntenic regions can clearly be distinguished in the
syntenic dotplots (Figure 2A and Supplementary Figures 1–3).
Median Ks in all histograms of pairwise comparisons involving
Aethionema is around 0.8 (Supplementary Figure 4). This is not
the case when comparing other Brassicaceae species, where Ks
values are between 0.44 and 0.52. The similar Ks values between
orthologs and paralogs (At-α derived) in Aethionema are
consistent with only a relatively short time passing between At-α
and divergence of Aethionema from the rest of Brassicaceae, but
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FIGURE 2 | Aethionema arabicum genomic blocks. (A) Syntenic dotplot of Ae. arabicum and Arabidopsis lyrata, which closely resembles the ACK. The dotplot was
generated using SynMap implemented in CoGe. Syntenic genes are colored by Ks values to help differentiate between orthologs and At-α, At-β or segmental
duplication derived paralogs. Assignment to genomic blocks is given on the left for Aethionema and below for Arabidopsis. Red boxes highlight At-α derived blocks
syntenic to contiguous blocks detected in the Aethionema/Arabis comparison, blue boxes their orthologous counterparts. (B) Genomic blocks on the eleven linkage
groups of Ae. arabicum. Up to eight sub-blocks were detected and blocks are ordered relative to the ACK. Inversions are indicated by upside-down block names.
For reasons of consistency, genomic block G is shown despite its size below our chosen 20 genes threshold. (C) Histogram of synonymous substitution rate Ks.
Color scheme corresponds to that used in panel (A).

diversification of the crown group having occurred with some
delay. Nevertheless, the small differences between orthologs
and paralogs in Aethionema are sufficient to differentiate
between the two in the syntenic dotplots (Figure 2A), as well as
using median Ks of syntenic blocks. In addition, gene content
between orthologs is more similar compared to paralogs, due
to unequal fractionation, with paralogs generally containing
more syntenic genes.

Conserved Blocks and Boundaries
Within Brassicaceae
Most GBs in crown group diploid Brassicaceae species are
conserved, i.e., they are not broken into sub-blocks. Interestingly,
when within-block breaks and rearrangements are observed,
this most often involved AK6 and AK8 [PCK; (Mandáková and
Lysak, 2008)] and additionally AK4 [Arabideae; (Mandáková
et al., 2020)], with a maximum number of three sub-blocks.
This is, however, not the case in Aethionema. GBs from all
eight chromosomes of the ACK show multiple within-block
breakpoints, with the exception of three GBs (G, H, and K–L).
The three GBs that did not break into sub-blocks in Aethionema

are also conserved as a unit throughout most Brassicaceae
lineages. Both G and H are present as a single block each on
AK3 of the ACK, and they are also conserved in the PCK,
CEK, Arabis and in the more rearranged A. thaliana genome.
K-L is conserved as a unit in most lineages of Brassicaceae, but
split into K and L in A. thaliana, and bioinformatic analysis
also detected a small segment (35 genes) of K-L on A. alpina
chromosome 3, while the largest part of this GB was detected
on chromosome 5.

Apart from conserved blocks, also conserved shared GB
associations can be observed across the family. While in crown
group species only few new GB associations were created through
rearrangements (e.g., translocations, inversions), this is the case
for almost all blocks in Aethionema. Only four GB associations
are shared between ACK, PCK, CEK, Arabideae, andAethionema.
The A-B association on AK1 can be found on LG-7 (A4-B1), the
F-G association on AK3 on LG-8 (F4-G), the G–H association
on AK3 is located on LG-8 as well, and the I–J association on
AK4 is located on LG-5 (I2–J1). Notably, the I–J association is not
found in Arabis, but a recent analysis of Arabideae revealed that
this association is conserved in Pseudoturritis turrita, the sister
to all other Arabideae, while it is not retained in later diverging
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Arabideae genera (Mandáková et al., 2020) and therefore the
lack of this association can be considered the derived state
in Arabis.

Shared Sub-Block Associations Between
Aethionema and Arabis
To explore whether genomic features could help resolve the
deeper nodes of the Brassicaceae phylogeny, we searched for
shared breakpoints and boundaries between blocks and sub-
blocks in the genome sequences of Aethionema and Arabis that
are not present in the ACK. As no chromosome-level assembly
from any species of lineage III/E are yet available, we could
not extend our analysis to this lineage. Instead, we searched the
E. syriacum genome for the syntenic regions of interest identified
in the Aethionema–Arabis analysis. Three regions of interest were
identified that represent shared block and sub-block boundaries
or similar breakpoints.

We identified three shared unique boundaries between
Aethionema and Arabis: J1-V2-O; U3-B5; and V1-O2-P. First,
the association J1-V2-O1 from LG-5 (Figure 3A) corresponds
to the Ja-V-O association on chromosome Ar6 across Arabideae
(Willing et al., 2015; Mandáková et al., 2020). In Euclidium, the
genome segment containing the J-V-O segment is assembled in
one fragment, but contains only partial and inverted V and O
orthologs. Comparative chromosome painting did not detect V
on chromosome Es3 in E. syriacum (Mandáková et al., 2017a).
Interestingly, on chromosome Ct6 in Chorispora tenella (also
lineage III/E), V and a small fragment of neighboring block W
have inserted between Ja and Oa (Mandáková et al., 2017a).
However, the genome sequence of the species would be required
to determine if the breakpoints are identical with those identified
in Aethionema and Arabideae genomes. Second, the boundary
U3-B5 on LG-6 (Figure 3B) is found on chromosome 7 of
the Arabis genome. The B segment was not detected using
chromosome painting on this chromosome in Arabis (Willing
et al., 2015; Mandáková et al., 2020), but could be detected
using SynMap (Supplementary Figure 1A). In Euclidium, this
fragment of the genome was not assembled contiguously,
therefore no conclusions on lineage III/E can be drawn until
a chromosome-level assembly becomes available. Finally, the
association V1-O2-P1 on LG-9 (Figure 3C) is also detected
on chromosome 6 in the Arabis genome using bioinformatic
methods. In contrast to the other three regions, this association
is also shared with Euclidium according to our analysis of its
genome sequence. However, cytogenetic analyses did not show
evidence of block V in vicinity of O in the Euclidium genome
(Mandáková et al., 2017a), potentially due to the small size of the
respective blocks (in Arabis, the V sub-block was only 73 syntenic
genes long). Detailed figures of the three genomic regions in all
pairwise comparisons are shown in Supplementary Figures 5–7.

In support of the potential “ancestral state” of the three
aforementioned shared breakpoints between Aethionema and
Arabis, the older At-α derived paralogous blocks are highly
syntenic to all three regions (highlighted in red boxes in
Figure 2A and Supplementary Figures 1–3; the respective
orthologs are highlighted in blue). The J1-V2-O1 block detected

in Aethionema and Arabis is syntenic to a part of A on the
AK1, the U3-B5 block is syntenic to a part of O on AK6, and
the V1-O2-P1 block from Aethionema, Arabis and Euclidium is
syntenic to a part of U on AK7. This similarity of At-α blocks
and continuous blocks in Aethionema and Arabis can be seen as
strong evidence for the ancestral status of these genomic regions
in the two species, with subsequent rearrangements leading to the
blocks building up the ACK.

In genomes of lineage III/E and Arabis, blocks from AK4,
AK6, AK7, and AK8 are subject to extensive rearrangements and
within-block breaks. The association of GBs P and V in particular
is observed in Arabis on chromosome Ar6 and conserved across
Arabideae (Mandáková et al., 2020). Interestingly, the association
V3-P2 on LG-9 is also detected inAethionema. However, different
block borders are associated, suggesting multiple independent
origins. In Euclidium, this genomic region was again not
assembled contiguously, and no conclusion on lineage III/E can
be drawn from genome sequence data. However, cytogenetic
analyses have not shown evidence for an association of blocks V
and P in any species from this lineage (Mandáková et al., 2017a).

DISCUSSION

Here, we analyzed GBs in the genome of Ae arabicum;
comparison with A. alpina and E. syriacum provide evidence
for a new placement of Arabis within the Brassicaceae. The
phylogenetic position of Aethionema as sister of all other
Brassicaceae lineages makes this genus particularly interesting
in the context of crucifer genome evolution. Due to the earlier
availability of genomes and genetic maps of species from
lineages I/A and II/B, comparative genomics in Brassicaceae
was traditionally conducted relative to the ACK (n = 8). The
recent update and improvement of the Ae arabicum genome
sequence (Nguyen et al., 2019) to chromosome-level assembly
of the eleven linkage groups has allowed us to apply the system
of GBs previously used for other Brassicaceae lineages to tribe
Aethionemeae. Compared to other Brassicaceae species, the GBs
of the ACK are broken into multiple sub-blocks in Aethionema.
Interestingly, the genomes of tribe Arabideae (Mandáková et al.,
2020) and lineage III/E (Mandáková et al., 2017a) also contain
a higher number of sub-blocks than “diploid” genomes from
lineage I/A and II/B. A high number of within-block breaks is
also observed in diploidized mesopolyploid genomes (e.g., Lysak
et al., 2016; Mandáková et al., 2017b) or meso-neopolyploid ones,
such as allohexaploid genomes of Camelina sativa (Mandáková
et al., 2019) and B. rapa (Cheng et al., 2013) from lineage I/A
and II/B, respectively. However, mesopolyploidization has not
been observed in any tribe belonging to lineage III/E (Mandáková
et al., 2017a,b), and the Arabideae have also not undergone a
WGD post-dating the At-alpha (Willing et al., 2015; Mandáková
et al., 2020). Thus, there seem to be two different reasons for
elevated fractionation of GBs. While homeologous and ectopic
recombination between the duplicated GBs, accompanying post-
polyploid diploidization of the mesopolyploid genomes, explains
the high number of within-block breakpoints in these genomes,
the very definition of ACK and 22 building blocks (Schranz et al.,
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FIGURE 3 | Three syntenic regions in Aethionema and Arabis. (A) Sub-blocks O1, V2 and J1 are present as a unit on LG5 of Aethionema and chromosome 6 of
Arabis, but not contiguous in A. lyrata. In Euclidium, large parts of O and parts of V and J are missing, and the O-V fragment is inverted relative to Aethionema and
Arabis. (B) U3 and B5 are contiguous in Aethionema on LG6 and Arabis on chromosome 7, but not in A. lyrata. (C) V1 and O2 on LG9 of Aethionema and
chromosome 6 of Arabis are associated, which is also detected in Euclidium, but not in Arabidopsis. More detailed figures of the three genomic regions in all pairwise
comparisons are shown in Supplementary Figures 5–7.

2006; Lysak et al., 2016) does not reflect the structure of more
ancestral genomes of lineage III/E, Arabideae and Aethionema.
The ACK represents a diploidized genome derived from a more
ancestral paleotetraploid genome most likely resembling that
of Ae. arabicum and to lesser extent those of Arabideae and
lineage III/E tribes. With the caveat that phylogenetic position of
some crucifer genera and clades remains unresolved as evident
by low support values at deeper nodes (Nikolov et al., 2019)
and conflicting topologies between studies (e.g., Beilstein et al.,
2010; Huang et al., 2016; Nikolov et al., 2019), the phylogenetic
placement of ACK is revisited as an ancestral genome of lineage
I/A and lineage II/B (Mandáková et al., 2017a).

The backbone phylogeny of Brassicaceae has been a subject
of debate in recent years, with conflicting signals from plastome
and nuclear genome data, and low resolution at deeper nodes
despite large data sets. The use of non-nucleotide genomic
data, such as patterns of synteny, may thus help in resolving
these nodes. Tools to reconstruct phylogenetic trees based on
genome rearrangement patterns have been developed recently
(Drillon et al., 2020; Zhao et al., 2020), and first angiosperm-
wide phylogenetic reconstructions based on synteny data have
shown that these methods may provide alternative phylogenetic
evidence for controversial nodes (Zhao et al., 2020). Our analysis
of the genome structure of Aethionema and Arabis in the
context of the entire Brassicaceae family was aimed at identifying
evidence for the phylogenetic position of Arabideae relative to
lineage II/B, where the tribe is consistently placed using plastome
(Franzke et al., 2011; Hohmann et al., 2015; Guo et al., 2017;
Figure 3A), but not nuclear genome data (Nikolov et al., 2019;
Figure 3B), and lineage III/E. Comparative cytogenomic analyses
of lineage III/E and Arabideae genera have revealed extensive
chromosome reshuffling in these potentially earlier diverging
branches of Brassicaceae (Willing et al., 2015; Mandáková et al.,
2017a). Our analysis of GBs in Ae. arabicum shows that four

block associations are shared between Aethionema and Arabis,
indicating that these associations may have been the ancestral
state. The breakpoints of these blocks and sub-blocks coincided
with assembly borders in the genome sequence of Euclidium in
one case, and thus we had to rely on evidence from cytogenetic
data to infer the status of synteny at this region in lineage III/E.
One shared association was observed in Aethionema, Arabis and
Euclidium. This boundary notably does not involve any within-
block borders, but the outer borders of blocks O and V (from AK
6 and AK7, respectively). Two further associations were shared
between Aethionema and Arabis on LG5 of the Aethionema
genome. The three sub-blocks (O1-V2-J1) were detected in the
same order in Aethionema and Arabis, but the genome assembly
of Euclidium indicated two gaps and an inversion at this location.
Interestingly, here the V2 sub-block was not located at the edge of
GB V from ACK, thus only internal breakpoints were involved.

The presence of identical characters in different lineages can,
in short, be explained by two different processes: Either they are
derived and originated independently in the respective lineages,
or they are ancestral and were lost sometime in the past in the
lineages that do not contain them. Two possible explanations and
evolutionary scenarios may thus be invoked for the interpretation
of our results. The first scenario follows previous interpretations
of the ACK as the ancestral genome of Brassicaceae. In this
case, the rearranged genomes of lineage III/E, A. alpina and
Ae arabicum are derived from an ancestral Brassicaceae genome
similar to the ACK. Their apparent similarity could be the
result of frequent reuse of breakpoints. In the second scenario,
the blocks from the ACK are the derived state and originated
from an ancestral Brassicaceae genome somewhat resembling the
genomes of Aethionema, Arabis and lineage III/E. Having a lower
number of required changes, this seems to be the slightly more
parsimonious scenario given our current data, and synteny with
continuous At-α derived blocks additionally supports our claim.
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Altogether, our results suggest that the Arabis clade diverged first
within the Brassicaceae crown group, followed by lineage III/E
and finally the most species-rich groups of lineages I/A and II/B
(see Figure 1C).

To further advance our understanding of genome evolution in
Brassicaceae, genome reconstruction of the family’s most recent
common ancestor, the post At-α genome, before divergence
of Aethionema, is needed. This would allow for a redefinition
of GBs relative to this presumed ancestral genome and for
analysis of genome evolution in all lineages of the family.
Whereas multiple high-quality genomes from lineages I/A
and II/B are available, comparable genome sequences are
not available yet for other crucifer clades. Chromosome-
level assemblies from lineage III/E would allow us to test
hypotheses regarding the backbone phylogeny and placement
of lineage III/E as well as tribe Arabideae in more detail.
In particular, the similarity of lineage III/E genomes with
the ACK should be studied further. Additionally, the genome
sequences of other Aethionema species, preferably some that
diverged from Ae. arabicum early in the evolution of the
tribe, would allow us to determine an ancestral karyotype
of tribe Aethionemeae and to conclude whether the eleven
Aethionema linkage groups represent the relic At-α genome
frozen in time or a reshuffled paleotetraploid genome. This
would also give us the opportunity to study the genome
evolution of this species-poor sister clade, and could shed some
light on why Aethionemeae did not diversify like the rest
of Brassicaceae.

MATERIALS AND METHODS

Genomic Block Identification
We identified syntenic blocks in the updated reference genome
of Ae. arabicum v.3 (Nguyen et al., 2019) relative to the 22
GBs in ACK (Schranz et al., 2006; Lysak et al., 2016). Note
that throughout the manuscript, we refer to bioinformatically
or cytogenomically detected syntenic blocks in extant species
as “syntenic blocks” or simply “blocks” and to those of the
ACK as “genomic blocks” or “GBs.” The CoGe platform2

(Lyons et al., 2008) was used to detect syntenic regions
between Ae. arabicum and A. thaliana, as GBs in the ACK
are defined using the A. thaliana gene IDs as start and end
coordinates. Orthologous genes were identified using the BlastZ
algorithm, and synteny was identified using DAGchainer (Haas
et al., 2004). To obtain larger syntenic regions, we set the
maximum distance between two matches in DAGchainer to
25, and only retained blocks with a minimum number of
20 retained pairs. For reasons of consistency, an exception
was made for block G, which could only be identified with
default settings, as it only contained six genes. We merged
syntenic regions using QuotaAlign (Tang et al., 2011) with
a maximum distance of 50 genes. In order to differentiate
between syntenic blocks representing the GBs and those retained
from At-α, we calculated the synonymous substitution rate

2https://genomevolution.org/coge/

(Ks) using CodeML (Yang, 2007) as implemented in CoGe.
For values <2, Ks is relatively linear with time (Vanneste
et al., 2013) and can be used to distinguish between orthologs
between species, At-α derived genes or blocks with a Ks
value around 0.8 (Schranz et al., 2012), recently duplicated
genes, and duplicated genes with an even older origin, for
example from the At-β WGD. Blocks with median Ks values
corresponding to a WGD were discarded. Note that due to
the additive effect of lineage-specific substitutions, Ks values for
pairwise comparisons are higher with longer divergence time.
In the Aethionema-Arabidopsis comparison, orthologs had a
mean Ks of 0.77, while it was 0.42 in the Arabis-Arabidopsis
comparison; mean Ks values of At-α derived paralogs were 1.37
and 1.01, respectively. Additionally, we checked each syntenic
block for redundancy, i.e., if a block spanning the same part
of the ACK was present more than once; the block with
lower Ks was retained. The Aethionema blocks were generated
from the remaining syntenic blocks; in the few cases where
neighboring blocks from the same GB were not merged by
QuotaAlign because of their distance, we merged them manually.
Note that while gene names from A. thaliana define the
borders, direction of blocks is given relative to the ACK. For
visualization, we generated a syntenic dotplot and Ks plot using
Ae. arabicum andArabidopsis lyrata, a species with high similarity
to the ACK. In this case, default parameters were set for
DAGchainer and syntenic regions were not merged. Minimum
length of chromosomes was set to 5,000,000 bp to retain only
chromosomes from the genomes.

Comparison With Other Species
We compared the GBs from Aethionema with those from
other species by running similar CoGe analyses with the
following three species pairs: Ae. arabicum – A. lyrata
(representative of lineage I/A and close to ACK), Ae.
arabicum – A. alpina (unclear phylogenetic position), Ae.
arabicum – E. syriacum (representative of lineage III/E) and
A. alpina – A. thaliana. Blocks were only reconstructed for
A. alpina (using the same parameters as above) and used
to identify boundaries between (sub-)blocks shared between
Aethionema and Arabis. Syntenic dotplots of these regions
were finally compared between all species. Minimum length
of chromosomes was again set to 5,000,000 bp to retain
only chromosomes from the genomes, except for Euclidium,
where shorter chromosomal length of 500,000 bp was allowed.
The genome sequence of Euclidium is not quite assembled
on a chromosomal-level, and block boundaries sometimes
coincided with assembly borders. As we could not determine
whether this was an artefact of assembly or the syntenic
block boundary was located at the chromosome (arm) edge,
we also used cytogenetic evidence from the literature for
interpretation of our results.
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