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Abstract

Pervasive hybridization and whole-genome duplications (WGDs) influenced genome evolution in several eukaryotic
lineages. Although frequent and recurrent hybridizations may result in reticulate phylogenies, the evolutionary events
underlying these reticulations, including detailed structure of the ancestral diploid and polyploid genomes, were only
rarely reconstructed. Here, we elucidate the complex genomic history of a monophyletic clade from the mustard family
(Brassicaceae), showing contentious relationships to the early-diverging clades of this model plant family. Genome
evolution in the crucifer tribe Biscutelleae (~60 species, 5 genera) was dominated by pervasive hybridizations and
subsequent genome duplications. Diversification of an ancestral diploid genome into several divergent but crossable
genomes was followed by hybridizations between these genomes. Whereas a single genus (Megadenia) remained diploid,
the four remaining genera originated by allopolyploidy (Biscutella, Lunaria, Ricotia) or autopolyploidy (Heldreichia). The
contentious relationships among the Biscutelleae genera, and between the tribe and other early diverged crucifer
lineages, are best explained by close genomic relatedness among the recurrently hybridizing ancestral genomes. By using
complementary cytogenomics and phylogenomics approaches, we demonstrate that the origin of a monophyletic plant
clade can be more complex than a parsimonious assumption of a single WGD spurring postpolyploid cladogenesis.
Instead, recurrent hybridization among the same and/or closely related parental genomes may phylogenetically interlink
diploid and polyploid genomes despite the incidence of multiple independent WGDs. Our results provide new insights
into evolution of early-diverging Brassicaceae lineages and elucidate challenges in resolving the contentious relationships
within and between land plant lineages with pervasive hybridization and WGDs.

Key words: hybridization, polyploidy, whole-genome duplication, reticulate evolution, diploidization, dysploidy,
chromosome rearrangements, phylogenetics.

Introduction frequently between species in sympatry than between allo-
patric ones and more easily between congeners than between
members of disparate genera or tribes; and within a genus,
more frequently among closely related species. However,
close genetic relatedness between the parental genomes
may lead to homeologous pairing (i.e, formation of multi-
valents) and reduced fertility or sterility of the newly formed
allopolyploids (e.g, Darlington 1937). Conversely, parental
genomes genetically divergent to avoid homeologous chro-
mosome pairing may more likely form a new allopolyploid
genome (Darlington 1937; Grant 1981; the paradigm often
called “Darlington’s rule,” Buggs et al. 2011). To what an ex-
tent the genetic or phylogenetic divergence between hybrid-

Polyploidy or whole-genome duplication (WGD) followed by
diploidization acts as an important evolutionary force pro-
moting diversification of eukaryotes, including land plants
(Soltis et al. 2015; Lohaus and Van de Peer 2016; One
Thousand Plant Transcriptomes Initiative 2019; Qiao et al.
2019). Whereas autopolyploids originate by crossing between
genetically (nearly) identical individuals or by somatic ge-
nome doubling (e.g, Spoelhof et al. 2017), allopolyploid
genomes are formed by duplication of chromosomes in in-
terspecies hybrids (e.g, Mallet 2007). Thus, hybridization is
the first and essential step of an allopolyploid formation, po-

tentially regultipg in an allopolyploiq spe.ciation event. izing species influences the hybridization frequency and
Eukaryotic lineages and clades differ in the frequency of allopolyploid speciation is still debated (Chapman and

“at“raLr hyb”d‘za}:'on', W'thh hybr'd-"b I‘:i Solzne |§r?uPS being  Burke 2007; Paun et al. 2009; Buggs et al. 2011; Levin 2013;
more frequent than in others. Hybrids should form more Wagner et al. 2019) and further studies are required to
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elucidate the role of genetic, chromosomal, and phylogenetic
distance in hybrid formation (Soltis and Soltis 2009).

The advent of phylogenetic analyses based on molecular
markers has revealed that phylogenetic trees may show a
reticulate, rather than a bifurcate structure. This reticulation
reflects hybridization and polyploidization events, and it is
further amplified by the recurrence of these processes
(reviewed by Soltis and Soltis [1999, 2009]; Levin and Soltis
[2018]). Polyploids may originate repeatedly at multiple sites
by hybridization between the same parental species which,
however, may be genetically variable. For instance, multiple
individuals of Arabidopsis halleri and A. lyrata were involved
in the origin of the allotetraploid A. kamchatica (Brassicaceae;
Shimizu-Inatsugi et al. 2009), and at least 46 and 31 indepen-
dent autotetraploid and triploid origins have occurred in
Galax urceolata (Diapensiaceae; Servick et al. 2015).
Reciprocal hybrids (i.e, with two species being reciprocally
maternal and paternal genomes) may result in morphologi-
cally and reproductively distinct allopolyploids, as in
Tragopogon  (Asteraceae; Soltis and  Soltis  2009).
Furthermore, if parental genomes will coexist for hundreds
or thousands of years, genetically similar but not identical
allopolyploids may originate continuously. As reproductive
barriers between polyploid and diploid species do not need
to be complete, higher level polyploids, such as triploids,
hexaploids, and octoploids, may be formed (Levin and
Soltis 2018). This reticulate evolution is further promoted
by postpolyploid genome diploidization (e.g, differential sub-
genome fractionation, different chromosomal rearrange-
ments) acting on similar genomes with different intensities
and enforcing speciation/cladogenesis (Dodsworth et al. 2016;
Mandakova and Lysak 2018). Altogether recurrent hybridiza-
tion and polyploidization on timescales in the order of million
years formed polyploid complexes comprised diploidizing
polyploids of different age, with reticulate relationships in
phylogenetic trees (e.g, Estep et al. 2014; Triplett et al. 2014;
Glemin et al. 2019; Guo et al. 2019; Huynh et al. 2019;
Mandakova et al. 2019; Martin et al. 2020).

Crucifers (Brassicaceae) belong to one of the 15 largest
angiosperm families and comprise almost 4,000 species in
351 genera (Koch et al. 2018). The family is well known for
high frequency of hybridization (Marhold and Lihova 2006),
with more than 43% neopolyploid species (Hohmann et al.
2015). However, this proportion is grossly underestimated by
not accounting for older, clade-specificc, WGD events
(Mandakova et al. 2017a) concealed by postpolyploid diploid-
ization (Mandakova and Lysak 2018). Actually, all crucifers
have descended from a paleotetraploid ancestor formed by
the At-o WGD dated to ~35Ma (Vision et al. 2000; Edger
et al. 2015; Hohmann et al. 2015; Walden et al. 2020a). The
paleopolyploid genome has then diverged into four or more
major lineages (Franzke et al. 2011; Hohmann et al. 2015;
Huang et al. 2016; Nikolov et al. 2019; Walden et al. 2020b)
consisting of monophyletic clades, classified as tribes (Al-
Shehbaz 2012). Whereas genomes of some lineages and tribes
essentially retained their paleotetraploid character (Vision
et al. 2000; Mandakova and Lysak 2008; Mandakova et al.
2017b; Mandakova et al. 2020), younger WGDs preceded
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the origin of several genera and tribes, such as Brassiceae,
Heliophileae, Leavenworthia, Microlepidieae (eg,
Mandakova et al. 2010, 2012; Haudry et al. 2013; Hohmann
et al. 2015 Lysak et al. 2016, Mandakova et al. 20173
Mandéikova et al. 2017¢; Walden et al. 2020a). It was esti-
mated that about a quarter of crucifer tribes have diversified
following post-At-o. genome duplications (Mandakova et al.
2017a). These younger, mesopolyploid genomes (Mandakova
et al. 2010), exhibit different phylogenomic features than
paleopolyploid ones. Due to their younger age, mesopolyploid
clades are karyologically variable, having multiple base chro-
mosome numbers due to independent diploidizations
(Mandakova and Lysak 2018). Their internal phylogenetic
structure, as well as the position in the family are contentious
(e.g, Mandakova et al. 2017a; Nikolov et al. 2019; Walden et al.
2020a) due to problematic distinction between homeologous
and orthologous sequences (Hénocq L, Gallina S, Schmitt E,
Castric V, Vekemans X, Poux C, unpublished data).

Complex phylogenomic history of mesopolyploid crucifer
clades is perhaps illustrated at its best by long unknown and
puzzling genome evolution in the small tribe Biscutelleae.
Tribe Biscutelleae (~60 species in five genera, see supplemen-
tary file 1, Supplementary Material online) was re-established
by German and Al-Shehbaz (2008), including Biscutella and
Megadenia due to their phylogenetic (German et al. 2009)
and morphological affinities. Other three Biscutelleae genera
have remained unassigned in several molecular phylogenetic
studies, until Oziidogru et al. (2015, 2017) expanded
Biscutelleae by the inclusion of Heldreichia, Lunaria, and
Ricotia. This treatment was confirmed by a recent family-
wide phylogenomic studies (Walden et al. 2020a). However,
the contentious phylogenetic placement of Biscutelleae
within the family tree remained unresolved even with
genome-scale data and improved sampling (supplementary
fig. 1, Supplementary Material online). Although Biscutelleae
were tentatively retrieved as sister to the crucifer Lineage | in a
1,421-exon tree (Nikolov et al. 2019), it had a basal position in
the broadly delimited Lineage Il of the whole-family chloro-
plast tree (Mandakova et al. 2018; Nikolov et al. 2019; Walden
et al. 2020a).

A very first insight into genome evolution of Biscutelleae
provided Geiser et al. (2016) by revealing that the genome of
Biscutella laevigata has undergone a WGD followed by biased
fractionation, extensive structural diploidization, and reduc-
tion of chromosome number (descending dysploidy). The
authors assumed that the mesotetraploid ancestral genome
of Biscutella (n = 16 chromosomes) originated by a merger of
two structurally very similar ancestral genomes named
ancPCK (n = 8). Stucturally, the ancPCK genome resembled
the eight-chromosome Ancestral Crucifer Karyotype (ACK,
Schranz et al. 2006), with a single reciprocal translocation
differentiating the two genomes. A later study (Mandakova
et al. 2018) demonstrated that another Biscutelleae genus,
Ricotia, had also a polyploid origin, however here the meso-
tetraploid genome originated through a more distant hybrid-
ization between the maternal ancPCK-like genome (n=8)
and paternal genome with seven chromosomes (n = 7). The
latter genome structurally corresponds to the previously
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described Proto-Calepineae Karyotype (PCK; Mandakova and
Lysak 2008) which originated presumably from the ancPCK
through descending dysploidy (n =8 — n=7, Mandakova
et al. 2018).

Here, we aimed to reconstruct the origin and genome
evolution of all five Biscutelleae genera by combining com-
parative cytogenetics and transcriptome-based phylogenom-
ics. In addition to the earlier reports on genome evolution in
Biscutella (Geiser et al. 2016) and Ricotia (Mandakova et al.
2018), we expanded our investigation by including remaining
three Biscutelleae genera (Heldreichia, Lunaria, and
Megadenia). Based on what was known about phylogenetic
relationships and genome evolution in Biscutelleae
(Oziidogru et al. 2015, 2017; Geiser et al. 2016; Mandéakova
et al. 2017a; Mandakova et al. 2018), we aimed to answer the
following questions. 1) What causes the repeatedly retrieved
incongruences between phylogenetic placements of
Biscutelleae?, 2) What are the phylogenetic relationships be-
tween Biscutelleae genera, and between the tribe and other
Brassicaceae tribes?, 3) Do all Biscutelleae genera have a mes-
otetraploid origin?, and 4) What genome structure the ances-
tral parental diploid and polyploid genomes had? By using
complementary cytogenomic and phylogenomic approaches,
we paint a comprehensive picture of the reticulate evolution
in a Brassicaceae tribe. We show that multiple hybridizations
and WGDs involving the same or closely related diploid
genomes may become obscured by disparate rates of post-
polyploid diploidization, and that diploid, autopolyploid, and
allopolyploid genomes may constitute a monophyletic clade
due to a common ancestral genome. Our results provide new
insights into evolution of early-diverging Brassicaceae lineages
and elucidate challenges in resolving the contentious relation-
ships within and between land plant lineages with pervasive
hybridization and genome duplications.

Results

Comparative Cytogenetic Analysis in Biscutelleae

To analyze genome structure of 11 accessions representing
four species of three Biscutelleae genera—Heldreichia,
Lunaria, and Megadenia (supplementary table 1,
Supplementary Material online)—we employed comparative
chromosome painting (CCP) based on localization of contigs
of chromosome-specific Bacterial Artificial Clones (BACs) of
A. thaliana on pachytene chromosomes of target species (see
supplementary figs. 2—4, Supplementary Material online, for
examples of CCP). The painting probes were designed to
reflect the system of 22 ancestral genomic blocks (GBs) of
crucifer genomes (Schranz et al. 2006; Lysak et al. 2016). All 22
GBs were unambiguously identified in one or two copies
within meiotic chromosome complements of the analyzed
Biscutelleae species.

Diploid Megadenia Genome Originated through

Descending Dysploidy from an ancPCK-Like Genome
The analyzed population of Megadenia pygmaea had six chro-
mosome pairs (2n = 12). All painting probes hybridizing to
only one homeologous region confirmed the diploid status of

the Megadenia genome (supplementary fig. 2, Supplementary
Material online).

Three chromosomes of M. pygmaea (Mp1, Mp3, and Mp4)
mirror three ancestral chromosomes (AK1, AK4, and AK7) of
the ancestral genome ancPCK (n = 8, Mandakova et al. 2018)
(fig. 1A). Chromosome Mp5 is homeologous to chromosome
AKG6/8 (GB association O+P+Wb+-R), whereas chromosome
Mp2 was formed by a Megadenia-specific end-to-end trans-
location (EET) between chromosomes AK2 and AK3 (supple-
mentary fig. 2, Supplementary Material online), reducing the
chromosome number by one.

As chromosome Mp6 resembles the PCK-specific chromo-
some AK5/8/6 (GBs M-N, V, X, Q, Wa, and K-L; Mandikova
and Lysak 2008), Yang et al. (2020) inferred the origin of the
Megadenia genome from the PCK genome based on the fact
that chromosome Mp6 in Megadenia and AK5/8/6 in PCK
differ only by a single paracentric inversion. However, given
that the previously published phylogenetic studies
(Oziidogru et al. 2017; Mandékova et al. 2018), as well as
the present phylogenetic data (see below), unequivocally con-
firm the monophyletic origin of Biscutelleae, Megadenia ge-
nome must have originated from an ancPCK-like (n=8)
genome shared by all Biscutelleae genera (fig. 1A). Thus, the
formation of chromosome AK5/8/6 must have occurred in-
dependently in the PCK and Megadenia genomes (supple-
mentary fig. 2, Supplementary Material online). Although the
AKS5/8/6 chromosome in the PCK and Megadenia originated
from the same ancestral chromosomes, they were formed by
different dysploidal rearrangements. In the PCK, chromosome
AK5/8/6 originated by an EET followed by a paracentric in-
version (Mandakova et al. 2018). In Megadenia, a structurally
similar chromosome was formed by a nested chromosome
insertion (NCI) followed by peri- and paracentric inversions
(supplementary fig. 2, Supplementary Material online).

The Five-Chromosome Heldreichia Genome Was
Duplicated by Autopolyploidy
Heldreichia bupleurifolia has ten chromosome pairs (2n = 20).
All 22 GBs were found duplicated (fig. 1B and supplementary
fig. 3, Supplementary Material online). The presence of two
structurally identical haploid chromosome sets (Hb1-Hb5
and Hb1'-Hb5'), and comparable sizes and fluorescence in-
tensity of all painting probes strongly suggest an autotetra-
ploid origin (2n = 4x = 20) of the genome (supplementary
fig. 3, Supplementary Material online). As the five chromo-
somes of both subgenomes are identical structurally, only five
Heldreichia chromosomes (Hb1-Hb5) are further described.
Among the five Heldreichia chromosomes, chromosome
Hb3 has the conserved structure of ancestral chromosome
AK3, whereas the remaining chromosomes are composed of
GBs originated from three (Hb1, Hb2, and Hb5) or four (Hb4)
ancestral chromosomes (fig. 1B and supplementary fig. 3,
Supplementary Material online). Origin of chromosomes
Hb1  (GBs  Rb+T+S+V+Xb+B+A) and  Hbs
(U+Ob+P+Wb+Ra+0a) was most likely initiated by a
10.25-Mb pericentric inversion on ancestral chromosome
AK6/8 (O-+P+Wb+-R — Rb+0Ob+-P4-Wb--Ra+-Oa; supple-
mentary fig. 3, Supplementary Material online). The
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Fic. 1. Genome structure of Megadenia pygmaea and Heldreichia bupleurifolia based on CCP analysis. (A) Comparative cytogenomic map of
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M. pygmaea (n = 6; Mp1-Mp6) and the purported origin of the Megadenia genome from the ancestral Proto-Calepineae Karyotype (ancPCK,
n = 8; see supplementary fig. 2, Supplementary Material online, for more details). (B) The extant autotetraploid Heldreichia genome (n = 5; Hb1-

Hb5") originated by a WGD of an ancestral n = 5 genome derived from ancPCK-like genome (n = 8) by descending dysploidy (see supplementary
fig. 3, Supplementary Material online, for more details). The different colors correspond to the eight chromosomes of Ancestral Crucifer Karyotype
(ACK), whereas capital letters refer to 22 genomic blocks (A—X). Bacterial artificial chromosome (BAC) clones of Arabidopsis thaliana defining

each genomic block are listed along the chromosomes. Centromeres are indicated by black hourglass symbols.

“Rb+Ob+P+Wb+Ra+0a” chromosome lost block Rb
through an unequal translocation with the “V+Xb+B+A"
telocentric, formed from chromosomes AK1 and AK8/6 (see

4

the origin of Hb4 below). Finally, the “Ob+P+Wb+-Ra+0a”
chromosome received block U through an unequal translo-
cation with chromosome AK7; the resulting Heldreichia
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chromosome Hb5 contains the AK6/8 centromere. The
remaining centric part of AK7 (S+T) participated in an NCl
event “inserting” blocks S and T into the “recipient chromo-
some Rb+-V-+Xb+B+-A.” The resulting structure of chromo-
some Hb1 consists of blocks Rb+T+S+V+Xb+B+A and
the AK7 centromere (fig. 1B and supplementary fig. 3,
Supplementary Material online).

The origin of chromosome Hb2 was most likely initiated by
an NCI event “inserting” chromosome AK2 into the
“recipient” chromosome AK4. The NCI event was followed
by a 3-Mb pericentric inversion and an unequal translocation
which added the entire top (short) arm of AK5 (K-L) to the
chromosome terminus distally from block I (fig. 1B and sup-
plementary fig. 3, Supplementary Material online). The bot-
tom (long) arm of AK5 (M-N) participated in the origin of
chromosome Hb4 (see below).

Chromosome Hb4 has originated from ancestral chromo-
somes AK1, AK5, and AK8/6. The structure of AK8/6 was
initially modified by a 7-Mb pericentric inversion changing
the original block composition to Xa-+Q+Wa+V+Xb. A
whole-arm translocation between the inversion-bearing chro-
mosome AK8/6 and chromosome AK1 resulted in the origin
of a telocentric (GBs V+Xb+B+A) and submetacentric
(Wa+Q+Xa+C) chromosome, respectively. Finally, the sub-
metracentric chromosome received the bottom (long) arm of
AK5 (M-N, see above) to form the Heldreicha chromosome
Hb4 (fig. 1B and supplementary fig. 3, Supplementary
Material online).

In Heldreichia, no GB associations specific for chromosome
AK5/8/6 in PCK were identified. By contrast, both ancPCK-
specific chromosomes AK6/8 and AKS8/5 were inferred to
participate in the origin of the extant Heldreichia chromo-
somes. This strongly suggests that the five Heldreichia chro-
mosomes were derived from the eight chromosomes of the
ancPCK  genome  through  descending  dysploidy
(n=8—n=5). Later, the five-chromosome genome was
duplicated by autopolyploidy (n =5— n =10; fig. 1B), with
no large-scale chromosomal rearrangements differentiating
both subgenomes.

Lunaria Genome Originated through Hybridization
between Ancestral Diploids, Followed by Descending
Dysploidy

A uniform chromosome number of 2n = 28 was identified in
six different populations of Lunaria rediviva, three popula-
tions of L. annua, and one population of L. telekiana.
Several, presumably erroneous, chromosome counts of
2n =130 (e.g, (Sharma 1970; Uhrikova 1976; Harriman 1978)
can be most likely attributed to the fragility of the large in-
terstitial nucleolus organizer region (NOR) at the pericentro-
mere of chromosome Lul4. The resulting broken-off
chromosome arms of Lu14 were mistaken for an extra chro-
mosome pair (supplementary fig. 4, Supplementary Material
online). As all 22 GBs were found in duplicates within the
haploid chromosome complement of all Lunaria accessions,
the genus had a tetraploid origin. Slightly different sizes and
fluorescence intensities of the duplicated GBs suggest an

allopolyploid origin of Lunaria (supplementary fig. 4,
Supplementary Material online).

Among the 14 Lunaria chromosome pairs, eight chromo-
somes (Lul-Lu3, Lu5, and Lu7-Lu10) are shared with ACK,
ancPCK, and PCK ancestral genomes. The Lunaria genome
contains also homeologs of ancPCK-specific chromosomes
AK6/8 (chromosome Lu11) and AK8/6 (Lui13), and PCK-
like chromosomes AK6/8 and AK5/8/6 (Lu12 and Lu14).
Finally, two Lunaria chromosomes (Lu4 and Lu6) were
formed by a complex dysploidal rearrangement involving an-
cestral chromosomes AK2, AK3, and AKS5 (fig. 2 and supple-
mentary fig. 4, Supplementary Material online). The origin of
chromosomes Lu4 and Lu6 was most likely initiated by a
whole-arm reciprocal translocation between AK3 and AKGS.
The larger translocation chromosome (GBs F+G+M-N) has
become Lunaria’s chromosome Lu6. The smaller transloca-
tion chromosome (H+K-L) was subsequently involved in an
NCI event as a “recipient chromosome” with “insertion” of
AK2. The NCl was followed by a 3-Mb pericentric inversion to
form chromosome Lu4 (fig. 2 and supplementary fig. 4,
Supplementary Material online).

The presence of both ancPCK- and PCK-specific chromo-
somal rearrangements in Lunaria genomes strongly suggests
an allopolyploid origin of the genus. The ancestral tetraploid
genome originated through hybridization between ancestral
diploid genomes of ancPCK (n=8) and PCK (n=7). The
genome merger was followed by descending dysploidy
(n=15— n=14) mediated by a whole-arm translocation
and NCI event (figz 2 and supplementary fig. 4,
Supplementary Material online).

Large-Scale Gene Duplications Corroborated Four
Genus-Specific WGDs in Biscutelleae

Bursts of gene duplications that are consistent with WGDs
were observed in the distribution of synonymous substitu-
tions on synonymous sites (Ks; fig. 3 and supplementary fig. 5,
Supplementary Material online). The mean Ks values for the
o-WGD event shared by all Brassicaceae species were esti-
mated to be between 0.616 and 0.770, with an average of
0.670 (supplementary table 2, Supplementary Material on-
line). The presence of additional Ks peaks suggested that
younger WGDs have occurred in four Biscutelleae genera,
whereas no recent WGD was detected in Megadenia.
Ks < 0.05 inferred for Heldreichia points to a young age of
the autopolyploidization event identified by cytogenetic anal-
yses. The estimated mean Ks values between 0.248 and 0.435
suggested mesotetraploid events (m-WGDs) in Biscutella,
Lunaria, and Ricotia (supplementary table 2, Supplementary
Material online). Distribution of the ortholog divergence be-
tween species of different genera revealed mean Ks values
that are slightly larger than those of the paralog divergence
in at least one species (supplementary figs. 5 and 6,
Supplementary Material online). Phylogenomic analysis using
the Multi-tAxon Paleopolyploidy Search (MAPS) algorithm
(Li et al. 2015) found no evidence for bursts of gene duplica-
tions being shared by these m-WGDs (supplementary fig. 7,
Supplementary Material online). In addition, clustering of an-
notated GO terms revealed divergent gene retention/loss
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Fic. 2. Comparative cytogenomic map and genome origin of Lunaria annua and L. rediviva (n = 14; Lu1-Lu14) based on CCP analysis. The
ancestral allotetraploid Lunaria genome (n = 15) originated through hybridization between ancPCK (n = 8) and PCK (n = 7) genomes followed by
descending dysploidy (see supplementary fig. 4, Supplementary Material online, for more details). The different colors correspond to the eight
chromosomes of ACK, whereas capital letters refer to 22 genomic blocks (A-X). Bacterial artificial chromosome (BAC) clones of Arabidopsis
thaliana defining each genomic block are listed along the chromosomes. Centromeres are indicated by black hourglass symbols.
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Fic. 3. Comparison of paralog divergence using distribution of syn-
onymous substitutions per synonymous site (Ks). Paralogous gene
pairs were identified in transcriptomes of seven Biscutelleae species.
An arrow indicates the recent n-WGD in Heldreichia. The three mes-
opolyploid WGD events in Biscutella, Lunaria, and Ricotia are indi-
cated as m-WGDs, whereas a-WGD refers to the ancient duplication
shared by all Brassicaceae.

following the m-WGDs, in sharp contrast with the conver-
gent pattern after the o-WGD (supplementary fig. 8,
Supplementary Material online). Collectively, multiple lines
of evidence suggest four genus-specific WGDs in Biscutelleae.

6

Nuclear Multigene Phylogeny Corroborated
Biscutelleae as a Monophyletic Clade

To study the genome evolution in tribe Biscutelleae
within a phylogenetic framework, we generated two
sets of CDS alignments from 12,046 nuclear-encoded
homologous gene clusters for 25 Brassicaceae species
plus outgroup (Tarenaya hassleriana): 1) 1,545 single-
copy genes (SCG) that are shared by all species without
missing data, and 2) 8,607 “rooted ingroup” (RT) homo-
logs including more than 20 species for each gene clus-
ter. We recovered the same topology with both data
sets, hereafter referred to as T1. In T1 (fig. 4A), the
Biscutelleae species formed a monophyletic clade sister
to Lineage | species; the four tetraploid Biscutelleae gen-
era were separated into two distinct subclades: 1)
Biscutella + Heldreichia and 2) Lunaria + Ricotia, whereas
the diploid Megadenia was sister to the Biscutella/
Heldreichia subclade. Selective exclusion of Biscutella,
Lunaria, and Ricotia species has not affected the phylo-
genetic placement of Biscutelleae (supplementary fig. 9,
Supplementary Material online). In addition, T1 was re-
peatedly recovered by multiple tree estimation
approaches.
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FiG. 4. Species tree inference and phylogenetic signal analyses based on 1,545 single-copy orthologs. (A) Species phylogeny of Brassicaceae, or
topology T1. All branches were supported by posterior probabilities of 1.0. Branch lengths indicate numbers of substitution per site estimated from
concatenation method. Pie chart at each node indicates ASTRAL quartet scores for the three possible arrangements (q1-g3) for the respective
branch leading to the node, with q1 representing the displayed topology. Numbers indicate concordance factors (CF) estimated from Bayesian
concordance analysis (BUCKy). Nodes receiving inconclusive support were labeled with lowercase letters. (B) Alternative phylogenetic hypotheses
(T2-T5) used to test distribution of phylogenetic signals together with the species tree obtained in this study (referred to as T1). T2 and T5 were
recovered by Nikolov et al. (2019) and Mandakova et al. (2018), respectively. T3 and T4 were adapted from Huang et al. (2016) by placing Arabis
alpina to two possible positions due to the lacking information in the original paper. (C) Number of genes supporting each hypothesis. Colors
indicate the range of AGSL scores. (D) Number of sites supporting each hypothesis within the single-copy genes. Strong sites were defined as those

having ASSL scores larger than 0.5.

Contentious Phylogenetic Placement of Biscutelleae
In contrast to the seemingly robust T1 topology, the ASTRAL
quartet scores, which represent the proportions of three al-
ternative topologies around an internal branch, provided in-
conclusive support for multiple nodes corresponding to the
early diverging branches within the Brassicaceae (fig. 4A). We
observed strong phylogenetic conflicts in two nodes: node b,
representing the split between Lineage | and Biscutelleae, and
node ¢, that is, the split of Lineage Il and Arabideae (fig. 4A).
We further confirmed the discordance by implementing
Bayesian concordance analysis (BUCKYy), whereby concor-
dance factors (i.e, proportion of gene trees supporting a par-
ticular node) for nodes b and c received very low scores of
0.130 and 0.166, respectively (fig. 4A).

To investigate phylogenetic signals underlying the discor-
dance, we focused on the SCG data set and compared the
delta gene- and site-wise log-likelihood scores (AGSL and
ASSL) among five species-tree hypotheses (T1-T5) (fig. 4A
and B). Analysis of AGSL indicated that T1 was favored by
448 out of 1,545 genes (29%), whereas the remaining topol-
ogies were supported by 11-22% of genes (fig. 4C). In addi-
tion, we failed to recover topologies other than T1 after
excluding genes with outlier AGSL values. We next asked
whether T1 is robust at site-level by comparing ASSL values
of these genes. Interestingly, the number of sites supporting
T1 was only slightly higher than that of T4 but lower than
those of the remaining topologies. More than 99% of sites
were essentially “weak” sites, with ASSL value less than 0.5

7
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(fig. 4D). After 1% of sites with the highest ASSL values in
each gene was removed, Biscutelleae species coalesced to a
deeper node outside Lineages |, I, and IIl (supplementary fig.
10, Supplementary Material online). Thus, the species tree
was not fully resolved, with contentious branches being af-
fected by a few sites widely distributed among the genomes
rather than by several outlier genes.

Divergence Time Estimates Revealed Reticulate
Evolution of Biscutelleae

Acknowledging that the species phylogeny remained unre-
solved, we performed molecular dating analyses separately
with genes supporting the alternative topologies (supplemen-
tary fig. 11, Supplementary Material online), using a single
fossil calibration point for the Brassicaceae/Cleomaceae split
(Cardinal-McTeague et al. 2016). The estimated divergence
times of Lineage I/Biscutelleae and Lineage Il/Biscutelleae
ranged from 21 and 24.3 Ma, largely overlapping with each
other (supplementary fig. 11, Supplementary Material online).
To accommodate the conflicts among loci, we used gene
trees to estimate divergence times of the most recent com-
mon ancestor (MRCA) for species pairs, which do not rely on
fixed species trees. The estimated divergence times between
Lineage | and the subclade including Biscutella, Heldreichia,
and Megadenia were ~1My younger than those between
Lineages | and Il (fig. 5A). However, this was not the case
for the other subclade (Lunaria and Ricotia), suggesting that
the two genera diverged from Lineage Il more recently than
from Lineage | (fig. 5A).

Network analysis using estimated mean divergence times
as the distance showed a large cuboid structure connecting
two Biscutelleae subclades to alternative branches with con-
flicting signals in the center (fig. 5B). HyDe four-taxon tests
revealed 1,642 (out of 6,900) triplets that showed significant
levels of hybridization (corrected P =7.246 x 10" %
Bonferroni correction). Among these, Biscutelleae species
were frequently detected as hybrids (fig. 5C), although the
results varied in different species (fig. 5D). Phylogenetic net-
work analyses revealed complex relationships between
Biscutelleae and other early diverged Brassicaceae clades (sup-
plementary fig. 12, Supplementary Material online) and in-
ferred at least three ancient hybridizations (supplementary
fig. 13, Supplementary Material online).

Subgenome Divergence Was Impacted by
Heterogeneity in Molecular Evolutionary Rates

To estimate the time of subgenome divergence in tetraploid
Biscutelleae genomes, we performed molecular dating based
on gene tree topologies, using the same calibration point as
described above. Clustering analysis of 8,485 nonsingle-copy
homologous gene groups revealed 3,132 genes that are du-
plicated in more than 14 (out of 21) diploid species (supple-
mentary fig. 14, Supplementary Material online), which were
likely related to a-WGD and thus removed from further
analyses. From the remaining gene groups, we retrieved
799-1,022 pairs of gene duplicates in Biscutella, Lunaria,
and Ricotia species, whereas only 44 pairs were retrieved in
Heldreichia. Due to the low number of retrieved gene pairs,
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Heldreichia was excluded from age distribution analysis. The
mean time of the subgenome divergence in Biscutella was
estimated to be between 14 and 15Ma, whereas the esti-
mated subgenome divergence time in Lunaria and Ricotia
was ~19 and 20 Ma, respectively (table 1 and supplementary
fig. 15, Supplementary Material online). These estimates were
in sharp contrast with Ks analyses, where Lunaria had the
lowest level of subgenome divergence after m-WGD (fig. 3
and supplementary table 2, Supplementary Material online).
By using the same gene pairs for Ks analyses, we confirmed
the difference in estimating subgenome divergence between
the two approaches (table 1 and supplementary fig. 15,
Supplementary Material online).

We next asked if the incongruent estimates of subgenome
divergence were caused by different methods. When con-
ducting the same analyses with triplicated genes of Brassica
genomes, congruent subgenome divergence estimates were
obtained (supplementary fig. 16, Supplementary Material on-
line). Thus, the differences observed for the m-WGDs in
Biscutelleae likely suggest heterogeneity in molecular evolu-
tionary rates. To test this hypothesis, we calculated ortholog
divergence between all Biscutelleae species and A. thaliana.
The results showed that synonymous substitution rates in
Biscutella and Ricotia genomes (mean Ks=0.381-0.435)
were 11% to 39% higher than those in Heldreichia, Lunaria,
and Megadenia (mean Ks = 0.314-0.342), indicating different
speed of genome evolution among Biscutelleae species (sup-
plementary fig. 17 and table 2, Supplementary Material on-
line). Higher mean Ks values in Biscutella and Ricotia species
were likely caused by higher mutation rates in these genomes.
Consequently, the ratio between nonsynonymous substitu-
tions on nonsynonymous site (Ka) and Ks was generally lower
in Biscutella and Ricotia than in other genera (supplementary
fig. 18, Supplementary Material online).

Phylogenetic Reconciliation Provides Congruent
Estimates of Subgenome Origins in Allotetraploid
Species

Phylogenetic reconciliation with singly-labeled Brassicaceae
phylogeny revealed accumulation of gene duplication signals
mainly around two nodes (supplementary fig. 19,
Supplementary Material online): one represents the last com-
mon ancestor (LCA) of core Brassicaceae species (i.e, all
Brassicaceae species except Aethionema), whereas the other
one was the LCA of Biscutella species. Given the diploid status
of most ingroup species, we asked if the unexpected signal at
the former node was contributed by m-WGDs in Biscutelleae.
To this end, we inferred the mode of WGD in Biscutella,
Lunaria, and Ricotia species separately using the recently de-
veloped approach based on multilabeled (MUL) species rela-
tionships (Thomas et al. 2017), and the results corroborated
the allopolyploid origin of these genera (supplementary fig.
20, Supplementary Material online). In Biscutella species, both
subgenomes were placed within Biscutelleae and represented
successive sister lineages to Heldreichia (supplementary fig. 20,
Supplementary Material online). In Lunaria and Ricotia, one
subgenome was within Biscutelleae, whereas the other was
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Fic. 5. Reticulate species divergence revealed by molecular dating and HyDe analyses. (A) Matrix of mean age estimates for the most recent
common ancestor (MRCA) between a pair of species pairs. Only divergence times between 21.5 and 23.5 Ma are shown. (B) Network analysis using
MRCA estimates between species pairs as distances. (C) Summary of significant four-taxon tests for interclade hybridizations involving the
Biscutelleae tribe. (D) Summary of significant four-taxon tests in each of the Biscutelleae species. Branches representing different clades were
colored following figure 4A. L1, L2, and L3 indicate species of Lineages |, I, and IlI, respectively. Aal, Arabis alpina. Aar, Aethionema arabicum. Bis,

Biscutelleae.

sister to Lineage Il 4 Arabis alpina, thus providing evidence
for a distant interclade hybridization (supplementary fig. 20,
Supplementary Material online).

Based on these findings, we tentatively assigned duplicated
genes to subgenomes according to the local topologies within

gene trees (fig. 6A). Among the gene pairs used in subgenome
divergence analyses, 45.1% (404 out of 895) and 52.0% (418
out of 804) fulfilled the required local topology (referred to as
“perfect-copy” gene pairs) in B. baetica and B. lyrata, respec-
tively (fig. 6B). We observed that 46.6% and 38.8% of the gene
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Table 1. Estimated Subgenome Divergences with Ks- and Tree-Based
Methods in Biscutella, Lunaria, and Ricotia.

Species Distance Estimated Age (Ma)
Biscutella baetica 0.359 * 0.009 14.398 * 0.362
Biscutella lyrata 0.398 * 0.009 14.907 = 0.411
Lunaria rediviva 0.265 = 0.007 18.727 = 0.455
Ricotia aucheri 0.389 = 0.009 20.038 * 0.466
Ricotia lunaria 0.360 = 0.007 20.134 * 0.448

pairs in B. baetica and B. lyrata, respectively, showed a sister
relationship (referred to as “sister-copy” gene pairs) and thus
could not be assigned to subgenomes. In Lunaria and Ricotia
species, 55.9% to 61.3% of duplicated genes could be classified
as “perfect-copy,” whereas 12.0% to 15.4% belonged to “sister-
copy” (fig. 6B). Although the mean divergence time between
“sister-copy” gene pairs was much younger than that be-
tween gene pairs of other types in all species, the extent to
which in Biscutella was less pronounced than that in Lunaria
and Ricotia (fig. 6C). ASTRAL analysis of “perfect-copy” gene
trees resulted in a topology that largely corroborated the
results from gene tree reconciliation analyses (fig. 6D and
supplementary fig. 20, Supplementary Material online).
Importantly, Megadenia was recovered as the genus sister
to the remainder of the tribe (fig. 6D).

Discussion

Multiple Hybridization Events Explain Contentious
Phylogenetic Placement of Biscutelleae

The position of Biscutelleae within the Brassicaceae family
tree remained one of the most unsettled phylogenetic issues
(e.g, Al-Shehbaz 2012; Nikolov et al. 2019). A sister relation-
ship between Biscutella and Megadenia within an ITS phylog-
eny was recovered by German et al. (2009) and led to the
formal re-establishment of Biscutelleae as a bigeneric tribe
(German and Al-Shehbaz 2008). Despite expanded taxon
sampling in follow-up studies, the tribe was repeatedly re-
trieved as part of the family’s basal polytomy (Couvreur et al.
2010; Warwick et al. 2010; Koch 2012). More recent phyloge-
netic works expanded the limits of the tribe, to include
Heldreichia, Lunaria, and Ricotia (Oziidogru et al. 2015,
2017), but have not focused on its placement in the family.
Although chloroplast phylogenies supported Biscutelleae as
the basal clade of Lineage Il (Guo et al. 2017; Mandakova et al.
2018; Walden et al. 2020a), family-wide phylogenies based on
single-copy nuclear genes have suggested alternative place-
ments of Biscutelleae (Huang et al. 2016; Kiefer et al. 2019;
Nikolov et al. 2019).

Here, we consistently inferred a topology that places
Biscutelleae as sister to Lineage |, in agreement with the recent
phylogenomic studies (Kiefer et al. 2019; Nikolov et al. 2019).
As we identified considerable proportion of genes or sites
supporting alternative topologies, we reason that the conten-
tious relationships among early diverged Brassicaceae clades,
including Biscutelleae, might be caused by multiple evolution-
ary forces including ancient hybridizations and WGD:s (fig. 7).

Biscutelleae genera were repeatedly recovered as a mono-
phyletic clade (Couvreur et al. 2010; Koch 2012; Huang et al.
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2016; Oziidogru et al. 2017, Mandakova et al. 2018; Kiefer
et al. 2019; Nikolov et al. 2019), although the number of
sampled genera varied among the studies. Here, we con-
firmed the monophyly of Biscutelleae based on nuclear tran-
scriptome data representing all its five genera. In the light of
their now-known genome structures, the monophyly of
Biscutelleae is reflecting the shared ancestry through
ancPCK-like (n = 8) genome (fig. 7). Indeed, our phylogenetic
analyses with genes assigned to subgenomes suggested
monophyly of ancPCK-derived (sub)genomes and recovered
Megadenia as being the most ancestral Biscutelleae genus
(fig. 6E), congruently with the plastome phylogeny
(Mandakova et al. 2018). The fact that ancPCK genome
was most likely an ancestral genome of both Lineage |
(ancPKC — ACK) and expanded Lineage I
(ancPCK — PCK) (Geiser et al. 2016; Walden et al. 2020b),
and that ancPCK x PCK recurrent hybridization preceded
the origin of Lunaria and Ricotia genomes, explains not only
the incongruence between phylogenetic trees, inferred with
plastid (Mandakova et al. 2018) and nuclear genes (this study)
but also occasionally recovered polyphyletic relationships of
Biscutelleae (Warwick et al. 2010).

The Origin of the Biscutelleae Diploid—Polyploid
Complex

Geiser et al. (2016) and Mandakova et al. (2017a) were first to
reveal that diploid-like Biscutella genomes have descended
from a mesotetraploid ancestor. A similar but independent
origin was inferred for the mesotetraploid genus Ricotia
(Mandakova et al. 2018). Here, we demonstrated that another
mesotetraploidy preceded the origin of Lunaria, whereas the
other two Biscutelleae genera (Heldreichia and Megadenia)
retained a diploid genome structure, despite the recent au-
topolyploidy in Heldreichia.

Based on complementary cytogenomic and phylogenomic
analyses, we propose that the Biscutelleae clade represents an
assemblage of paleotetraploid, mesotetraploid, and neotetra-
ploid genera, all descending from a single ancestral (At-o)
paleotetraploid genome (fig. 7). The paleotetraploid genome
diverged into ancPCK (n = 8) and more derived PCK (n =7)
genome presumbly representing the ancient progenitor of
Lineage | and expanded Lineage lI, respectively. During diver-
sification of the Biscutelleae clade the ancient ancPCK-like
genome diversified into several n = 8 genomes, some further
altered by dysploidal rearrangements to n =6 (Megadenia)
and n =5 (ancestral diploid genome of Heldreichia). The al-
lotetraploid Biscutelleae genomes originated independently,
either by hybridization between very similar ancPCK-like
(n = 8) genomes (8 x 8; Biscutella) or between more distantly
related ancPCK (n=28) and PCK (n=7) genomes (8 X 7;
Lunaria and Ricotia). As the chloroplast phylogeny does not
suggest a sister relationship between Lunaria and Ricotia
(Mandakova et al. 2018), these two similar allotetraploid
genomes were most likely formed by recurrent hybridization
between genomically very similar parental genomes.
Interestingly, the two trajectories of genome evolution differ-
entiated by the absence/presence of the ancestral PCK-like
genome are congruent with fruit morphology of Biscutelleae
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Fic. 7. The origin and evolution of the Biscutelleae diploid—polyploid genome complex. (A) A simplified phylogenetic scheme showing the position
of the Biscutelleae in the family Brassicaceae (based on Nikolov et al. 2019). Red- and blue-labeled branches indicate evolutionary trajectory of
ancestral ancPCK (n = 8) and PCK (n = 7) genomes, respectively. Star symbols indicate the genus-specific WGDs. (B) Reconstructed origin and
genome evolution for individual genera of Biscutelleae. All extant Biscutelleae genomes have descended from the ancestral ancPCK-like genome
(red contours and arrows). Its divergence led to the origin of ancestral diploid genomes of Heldreichia (n = 5) and Megadenia (n = 6). The extant
Heldreichia genome originated via autopolyploidization. An ancestral Biscutella genome (n = 16) was formed by hybridization between two
ancPCK-like genomes followed by a WGD. Allotetraploid genomes of Lunaria and Ricotia (n = 15) originated through recurrent hybridizations
between ancPCK (n = 8) and PCK genome (n = 7; blue contours and arrows). WGDs in Biscutella, Lunaria, and Ricotia were followed by genus- and
species-specific descending dysploidies mediated by nested chromosome insertions (NCI) and end-to-end translocations (EET). Nondysploidal
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chromosomes and genomic blocks in ancPCK and PCK genomes, centromeres are indicated by black hourglass symbols (see figs. 2 and 3 for
details).
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genera (Ozidogru et al. 2017). Whereas three genera
(Biscutella, Heldreichia, and Megadenia) containing only
ancPCK genome(s) have angustiseptate fruits (flattened per-
pendicular to septum), Lunaria and Ricotia, containing both
ancPCK and PCK genomes, possess latiseptate fruits (flat-
tened parallel to septum) (fig. 7).

Mode and Tempo of Postpolyploid Diploidization
Although the levels of descending dysploidy in Megadenia
(8 —6) and Heldreichia (8 —5) are comparable, both
genomes differ dramatically in structure. The Megadenia ge-
nome originated through recombination involving four an-
cestral chromosomes, whereas the five Heldreichia
chromosomes were formed by complex chromosomal rear-
rangements involving seven ancestral chromosomes. In mes-
otetraploid genomes with a comparable number of linkage
groups (n=15 and 16), the structural diploidization also
proceeded with a contrasting intensity. Whereas chromo-
some numbers were reduced considerably in Biscutella
(16 — 9, 8 and 6; 1.6- to 2.6-fold reduction), only moderate
reduction occurred in Lunaria and Ricotia (15 — 14, 13; 1.07-
and 1.15-fold reduction). Because our taxon sampling
(B. baetica/B. lyrata and Ricotia aucheri/R. lunaria) covered
the deepest split in these genera, the estimated divergence
time of species pairs in Biscutella (~7-8 Ma) and Ricotia
(~12-13 Ma) suggested that Biscutella might have originated
much later than Ricotia (supplementary fig. 15,
Supplementary Material online). When taking the
A. thaliana genome as a reference, genomes of Biscutella
and Ricotia species are evolving more than 30% and 20%
faster than that of Lunaria (supplementary fig. 17,
Supplementary Material online), whereas the mutation rates
of Megadenia and Heldreichia are comparable. Thus, the rate
of differential structural diploidization is not necessarily cor-
related with mutation rates and the age of WGDs
(Mandakova et al. 2017c). In addition, our results suggest
that inferring shared WGDs from Ks values can be misleading,
particularly if genome evolution rates differ among the com-
pared species.

As the Biscutella mesotetraploid genome originated by
hybridization between two very similar ancPCK-like genomes
(fig. 7), structurally more similar Biscutella subgenomes may
have exhibited higher levels of homeologous exchange than
between more differentiated subgenomes of the allotetra-
ploid Lunaria and Ricotia genomes. This hypothesis was sup-
ported by the ratio of different gene tree topologies, where in
Biscutella species putative homeologous genes were more
likely found to be sister to each other (fig. 6D). Our phyloge-
netic reconciliation results also suggested that considerable
signals of ancient allopolyploidization could be identified in
extant paleo/mesopolyploid genomes. However, characteriz-
ing these ancient hybridization events requires sufficient
taxon sampling as well as knowledge of genome evolution
in closely related lineages or species (Mabry et al. 2020). For
instance, the absence of duplication signals near the LCA of
Lunaria/Ricotia could be interpreted as the absence of m-
WGDs, whereas the gene duplications near LCA of the core
Brassicaceae as a shared WGD postdating the «-WGD

(supplementary fig. 19, Supplementary Material online).
This suggests that the inference of ancient WGDs using
such methods needs to be complemented by additional ev-
idence, including patterns of gene retention/loss and age dis-
tribution of gene duplicates.

Three Independent Origins of a “Fusion”
Chromosome

Two independent origins of the AK5/8/6 fusion chromosome
were reported for the diploid PCK genome (Mandakova and
Lysak 2008) and mesotetraploid Ricotia genome (Mandakova
et al. 2018). Here, we documented another independent or-
igin of AK5/8/6 chromosome in the diploid Megadenia. These
chromosomes originated from the same precursors, two
ancPCK chromosomes (AK5 and AK8/6), and thus have
the same GB composition. However, in each case, the fusion
chromosome was formed through different dysploidal rear-
rangements: an EET followed by paracentric inversion in PCK,
and two independent NClIs followed by a pericentric and
paracentric inversion in Ricotia and Megadenia, respectively.
We can hypothesize that the recurrent origin of the AK5/8/6
chromosome was due to the increased recombination rates
between the ancestral chromosomes AK5 and AK8/6 and/or
a reuse of chromosomal breakpoints (fig. 1). Although NCI
has been considered to be a rare type of dysploidal chromo-
somal rearrangements in Brassicaceae (Mandakova and Lysak
2018), our data suggest that NCl represents a dominant path-
way of descending dysploidy in Biscutelleae. In addition to
multiple NCls in Ricotia (Mandakova et al. 2018), we docu-
mented two in Heldreichia, and one NCl event in Lunaria and
Megadenia, respectively.

Reticulate Genome Evolution in Brassicaceae and
Implication for Other Land Plants

The causes of phylogenetic incongruence during rapid radia-
tions have become a major focus of contemporary evolution-
ary biology. Here, we have provided clear cyto-phylogenomic
evidence for reticulate genome evolution during the early
divergence of Brassicaceae lineages. Given the previously in-
ferred hybridogenous origin of tribes Shehbazieae (German
and Friesen 2014) and Microlepidieae (Mandakova et al.
2017c), the hitherto documented reticulation in Biscutelleae
might be only the tip of the proverbial iceberg, as at least 13
out of the 52 Brassicaceae tribes have been shown to have a
mesopolyploid origin (Mandakova et al. 2017a). Phylogenetic
placement of many mesopolyploid crucifer clades was con-
tentious, as shown, for example, in a recent large-scale nuclear
gene phylogeny (Nikolov et al. 2019). Even for the well-
studied whole-genome triplication in Brassica/Brassiceae,
the relationship between the subgenomes and closely related
diploid genomes remained unresolved (Hénocq L, Gallina S,
Schmitt E, Castric V, Vekemans X, Poux C, unpublished data).
Based on analysis of six publicly available genomes, Forsythe
et al. (2020) proposed that species relationships in
Brassicaceae might be obscured by massive nuclear introgres-
sion, and population genomic analyses have revealed inter-
ploid gene flows in Arabidopsis (Monnahan et al. 2019) and
Capsella (Han et al. 2015) species. Here, we show that the

13

120z Adenuep Jz uo Jesn enzieAiun eaoyAiese Aq 220109/ 2Seesw/ASqIow/S60 L "0 /I0p/ajoiie-aduBApE/aquI/Wod dno-olWwspeoe//:sdny WwoJj papeojumoq



Guo et al. - doi:10.1093/molbev/msaa327

MBE

origin of a monophyletic clade can be more complex than a
parsimonious assumption of a single WGD spurring postpo-
lyploid diversification and cladogenesis. Instead, recurrent hy-
bridization among the same and/or closely related parental
genomes may phylogenetically interlink diploid and polyploid
genomes despite the incidence of multiple independent ge-
nome duplications.

Although the relationship between polyploidy and diver-
sification has been under debate (Mayrose et al. 2011; Levin
and Soltis 2018; Ren et al. 2018; Han et al. 2020), many im-
portant plant radiations were preceded by ancient allopoly-
ploidization events (e.g, Estep et al. 2014; Akoz and Nordborg
2019; Wang et al. 2019). In addition, some polyploid species
represent complex genome mosaics due to multiple hybrid-
izations (Glemin et al. 2019; Martin et al. 2020) followed by
homeologous exchanges between subgenomes (Edger et al.
2018). Despite efforts to study allopolyploidization using low-
copy nuclear genes (e.g, Estep et al. 2014; Triplett et al. 2014;
Huynh et al. 2019) or partial data from a genome (Kamneva
et al. 2017), our results, together with several others (Edger
et al. 2019; Guo et al. 2019; Mandakova et al. 2019), suggest
that comparing genome structures of related species can be
powerful in deconvoluting the reticulate relationships. As in-
creasing number of tools for analyzing hybridization and allo-
polyploidization become available (e.g, Jones et al. 2013; Jones
G, unpublished data; Thomas et al. 2017; Blischak et al. 2018),
we suggest that combining multiple approaches may offer
more comprehensive understanding of reticulate plant ge-
nome evolution.

Materials and Methods

Plant Material

A list of the investigated accessions and their origins is pro-
vided as supplementary table 1, Supplementary Material on-
line. Whole young inflorescences from different individuals
were fixed in freshly prepared ethanol:acetic acid (3:1) fixative
overnight, transferred to 70% ethanol, and stored at —20°C
until further use. Fresh leaves of H. bupleurifolia, M. pygmaea,
and R. aucheri were collected and used for RNA isolation.

Chromosome Preparations

Mitotic and meiotic chromosome spreads from fixed young
flower buds containing immature anthers were prepared as
described previously (Mandakova and Lysak 2016a). Briefly,
selected flower buds were rinsed in distilled water (twice for
5 min) and citrate buffer (10 mM sodium citrate, pH 4.8; twice
for 5min), and digested in 0.3% cellulase, cytohelicase, and
pectolyase (all Sigma—-Aldrich) in citrate buffer at 37°C for
3 h. After digestion, individual anthers were dissected and
spread (20 ul of 60% acetic acid, ~30s) on a microscope slide
placed on a metal hot plate (50 °C). The preparation was then
fixed in freshly prepared fixative (ethanol:acetic acid, 3:1) by
dropping the fixative around the remaining drop of acetic
acid and into it. Chromosome spreads were dried using a hair
dryer and checked under a phase contrast for suitable chro-
mosome figures, largely free of cytoplasm. Suitable slides were
postfixed in freshly prepared 4% formaldehyde in distilled
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water for 10 min and air-dried. Preparations were kept in a
dust-free box at room temperature until used.

To remove RNA and the remaining cytoplasm, the prep-
arations were treated with 100 pig/ml RNase (AppliChem) in
2% sodium saline citrate (SSC; 20x SSC: 3 M sodium chloride,
300 mM trisodium citrate, pH 7.0) for 60 min and 0.1 mg/ml
pepsin (Sigma) in 0.01 M HCl at 37 °C for 5 min, then post-
fixed in 4% formaldehyde in 2x SSC for 10 min, washed in 2
SSC twice for 5min, dehydrated in an ethanol series (70%,
90%, and 100%, 2 min each) and air-dried.

DNA Probes

For comparative chromosome painting (CCP), in total 674
chromosome-specific BAC clones of Arabidopsis thaliana
grouped into contigs according to eight chromosomes and
22 GBs of the Ancestral Crucifer Karyotype (Lysak et al. 2016)
were used. To determine and characterize species-specific
chromosome arrangements, after initial CCP experiments,
some BAC contigs were split into smaller subcontigs. The
A. thaliana BAC clone T15P10 (AF167571) containing 35S
rRNA genes was used for in situ localization of nucleolar or-
ganizer regions (NORs), and the A. thaliana clone pCT4.2
(M65137), corresponding to a 500-bp 5S rDNA repeat, was
used for localization of 5S rDNA loci.

All DNA probes were labeled by nick translation with
biotin-dUTP, digoxigenin-dUTP, or Cy3-dUTP according to
Mandakova and Lysak (2016b) as follows: 1 g DNA diluted
in distilled water to 29 pl, 5 ul nucleotide mix (2 mM dATP,
dCTP, dGTP, 400 uM dTTP, all Roche), 5 ul 10x NT-buffer
(0.5 M Tris—=HCl, pH 7.5; 50 mM MgCl,, 0.05% bovine serum
albumin), 4 ul 1TmM X-dUTP (in which X was either biotin,
digoxigenin, or Cy3), 5ul 0.1M f-mercaptoethanol, 1 ul
DNase | (Roche), and 1ul DNA polymerase | (Fermentas).
The nick translation mixture was incubated at 15°C for
90 min (or longer) to obtain a fragment length of ~200-
500 bp. The nick translation reaction was stopped by adding
1ul 0.5 M EDTA, pH 80, and incubation at 65 °C for 10 min.
Individual labeled probes were stored at —20 °C until use.

In Situ Hybridization and Microscopy
Selected labeled probes were pooled to follow the design of a
given experiment and precipitated by adding 1/10 volume of
3 M sodium acetate, pH 5.2, and 2.5 volume of ice-cold 96%
ethanol and kept at —20°C for 30 min, and centrifuged at
13,000 g at 4°C for 30 min. The pellet was resuspended in
20 pl of hybridization mix (50% formamide and 10% dextran
sulfate in 2x SSC) per slide. 20 L of the probe were pipetted
on a chromosome-containing slide. Cover slips were framed
by rubber cement. The probe and chromosomes were dena-
tured together on a hot plate at 80 °C for 2 min and incu-
bated in a moist chamber at 37 °C overnight.
Posthybridization washing was performed in 20% formam-
ide in 2x SSC at 42°C. The immunodetection of hapten-
labeled probes was performed according to Mandakova and
Lysak (2016b) as follows: biotin-dUTP was detected by avi-
din-Texas Red (Vector Laboratories) and amplified by goat
anti-avidin-biotin (Vector Laboratories) and avidin—Texas
Red; digoxigenin-dUTP  was detected by mouse

120z Adenuep Jz uo Jesn enzieAiun eaoyAiese Aq 220109/ 2Seesw/ASqIow/S60 L "0 /I0p/ajoiie-aduBApE/aquI/Wod dno-olWwspeoe//:sdny WwoJj papeojumoq



Reticulate Evolution in Biscutelleae - doi:10.1093/molbev/msaa327

MBE

antidigoxigenin (Jackson Immuno Research) and goat anti-
mouse—Alexa Fluor 488 (Invitrogen). Cy3-dUTP labeled
probes were observed directly. After immunodetection, chro-
mosomes were counterstained with 4,6-diamidino-2-phenyl-
indole (DAPI, 2 ug/ml) in Vectashield (Vector Laboratories).

Inference of Genome Structure

Painted chromosome figures were photographed using an
Axioimager Z2 epifluorescence microscope (Zeiss) equipped
with CoolCube CCD camera (MetaSystems). Images were
acquired separately for the four fluorochromes using appro-
priate excitation and emission filters (AHF Analysentechnik).
The four monochromatic images were pseudocolored,
merged, and cropped using Photoshop CS (Adobe Systems)
and Image ) (National Institutes of Health) software. CCP data
were interpreted in the context of 22 ancestral GBs (Schranz
et al. 2006; Lysak et al. 2016) and the revealed genome struc-
tures compared with some of the known ancestral
Brassicaceae genomes, namely with ACK (n=8), ancestral
Proto-Calepineae Karyotype (ancPCK, n=8; Geiser et al.
2016), Proto-Calepineae Karyotype (PCK, n = 7; Mandakova
and Lysak 2008) and translocation Proto-Calepineae
Karyotype (tPCK, n =7; Cheng et al. 2013). Similarly, the an-
alyzed genomes were further compared with the known mes-
otetraploid Biscutelleae genomes, that is, Biscutella laevigata
subsp. varia (n=9; Geiser et al. 2016) and seven Ricotia
genomes (n =13 or 14; Mandakova et al. 2018).

Transcriptome Assembly and Data Processing

Total RNA was isolated from fresh leaves using RNeasy Plant
Mini Kit (Qaigen). Sequencing was performed on an lllumina
NextSeq500 platform. Raw reads were first corrected with
Rcorrector v1.04 (Song and Florea 2015) and trimmed by
TrimGalore (http:/ /www.bioinformatics.babraham.ac.uk/
projects/trim_galore/, last accessed July 7, 2019) with default
parameters. We also retrieved RNA-seq data of additional
three species (Chorispora bungeana, Descurainia bourgaeana,
and Ricotia lunaria; SRX155036, SRX1834918, and
SRX4225392) from SRA database. All transcriptomes were
assembled using Trinity-v2.8.1 (Grabherr et al. 2011) with
“~KMER_SIZE 32" Coding regions were predicted with
TransDecoder v5.3.0 (http://transdecoder.sourceforge.net/,
last accessed July 7, 2019). Sequence redundancy was reduced
by cd-hit-est v4.6.1 software (Li and Godzik 2006) with
parameters “-c 0.99 -n 10 -r 0.” Gene completeness of each
transcriptome was accessed by BUSCO v3 (Simao et al. 2015)
with embryophyta_odb9 database. Summary statistics of
RNA-seq and transcriptome assemblies are reported in sup-
plementary tables 3 and 4, Supplementary Material online.
The newly generated RNA-seq data have been deposited in
NCBI's SRA database under BioProject number PRJNA634714.

Orthology Inference

Our taxon sampling included 25 species from all major
Brassicaceae lineages and one outgroup species (Tarenaya
hassleriana). Information on newly sequenced species, as
well as publically available genomic data, can be found in
supplementary table 1, Supplementary Material online. All-

versus-all homology search was performed for amino acid
sequences with “BlastP” function in DIAMOND v0.8.29 soft-
ware (Buchfink et al. 2015). The resulting sequence pairs were
filtered with a hit fraction cutoff of 0.4 and clustered by MCL
v14.137 (Enright et al. 2002) with parameters “-tf ‘gq(5)’ -1 1.4.”
The resulting 12,046 sequence clusters were aligned by
MAFFT v 7.427 (Katoh and Standley 2013) with parameters
“—genafpair —-maxiterate 1,000.” Alignments were trimmed by
trimAl v1.4 (Capella-Gutiérrez et al. 2009) with parameters “-
automated1 -splitbystopcodon” and back-translated into
aligned nucleotide sequences. Gene trees were inferred by
IQ-TREE v1.6.10 (Nguyen et al. 2015) and trimmed with
TreeShrink v1.3.1 (Mai and Mirarab 2018). Following Yang
and Smith (2014), ambiguous and deep-paralogous tips
were trimmed if the internal branch length was longer than
0.4. The process of sequence alignment, tree estimation, and
branch-cutting was repeated three times. Finally, we applied
both the “monophyletic outgroup” (MO) and the “rooted
ingroup” (RT) approaches (Yang and Smith 2014) to recover
single-copy orthologous groups that include at least 20 spe-
cies for each locus.

Inference of WGDs with Large-Scale Gene
Duplications

Coding sequences of each Biscutelleae species were
searched against themselves in MegaBLAST mode with
the BlastN program in BLAST+ suite v2.7.1 (Camacho
et al. 2009). We removed sequence pairs that belong to
the same gene as identified by Trinity. We further applied
a hit fraction cutoff of 0.4 and required the matched re-
gion to be larger than 150 bp with identity less than 99.5%.
Sequence alignment was performed as described above
(see Orthology Inference). In total, 1,687-5,545 dupli-
cated gene pairs were retrieved from each of the tran-
scriptomes, which could be assigned to 8,485 previously
identified homologous gene clusters (supplementary fig.
14, Supplementary Material online). Ks values for pairwise
comparisons were calculated with codeml program in the
PAML v 4.9e package (Yang 2007). Mean Ks values were
determined by Gaussian mixture modeling with “mclust”
R package (Scrucca et al. 2016).

To compare the relative timing of speciation and sub-
genome divergence, we estimated Ks values of ortholog
divergence between species pairs of different Biscutelleae
genera with OrthoPipes (Barker et al. 2010). We also ap-
plied the Multi-tAxon Paleopolyploidy Search (MAPS) al-
gorithm (Li et al. 2015) with default settings to infer the
bursts of gene duplication on a simplified topology of
Biscutelleae species according to Walden et al. (2020a).
Following Mandakova et al. (2017a), we further assigned
the identified paralogs to different WGDs based on the Ks
ranges from mixture modeling. Gene ontology enrich-
ment analysis was conducted with topGO R package
(Alexa et al. 2006).

Species Tree Estimation
We employed both maximum likelihood (ML) and coalescent
methods that were based on gene trees to infer species tree.
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ML trees were estimated from both concatenated and indi-
vidual gene alignments by IQ-TREE v1.6.10 (Nguyen et al.
2015), which used ModelFinder (Kalyaanamoorthy et al.
2017) to identify the best-fitted substitution model. Branch
support values were provided by 1,000 replicates of ultrafast
bootstrap approximation (Hoang et al. 2018). For coalescent-
based species tree inference, gene trees were used as input for
ASTRAL v 5.6.3 (Mirarab et al. 2014), MP-EST v2.0 (Liu et al.
2010), and STELLS v2.1.0 (Pei and Wu 2017), respectively.
Given that bootstrap value may be a poor indicator of branch
support in genome-wide data sets (Salichos and Rokas 2013),
we annotated branches with quartet scores and posterior
probabilities from ASTRAL analysis. In addition, we per-
formed Bayesian concordance analysis with BUCKy v1.4.4
(Ané et al. 2006; Larget et al. 2010) to summarize species
tree and calculate concordance factors for each branch.

Phylogenetic Signal Analysis

To compare the support for alternative topologies, we used a
previously proposed method (Shen et al. 2017) to calculate
gene- and site-wise delta log-likelihood scores (AGSL and
ASSL). Log-likelihood values for genes and sites under differ-
ent tree hypotheses were calculated using IQ-TREE v1.6.10
(Nguyen et al. 2015). The topology that received the highest
score was recorded as the most favored hypothesis. We in-
vestigated five topologies recovered in this and previous stud-
ies using both nuclear (Huang et al. 2016; Nikolov et al. 2019)
and chloroplast genomic markers (Mandakova et al. 2018).
Because tribe Arabideae was not included in the study by
Huang et al. (2016), we constrained its representative species
(here Arabis alpina) to be sister either to the clade including
Lineage |, Lineage II, and tribe Biscutelleae (T3) or to Lineage I
alone (T4). Outlier genes with AGSL values that fell outside of
the range between upper and lower whiskers of a boxplot
were identified in R (Ihaka and Gentleman 1996). Outlier sites
were defined as those with the 1% highest ASSL scores within
a given locus. After excluding outlier genes and sites, we
performed phylogenetic analyses with IQ-TREE and
ASTRAL analyses as described above.

Molecular Dating

Molecular dating of gene trees was performed with BEAST
v2.5.0 (Bouckaert et al. 2014) assuming the monophyly of all
crucifer species. The divergence between Brassicaceae and
Cleomaceae was set as a normal-distribution prior (mean
478+ SD 29Ma) according to the fossil record for
Palaeocleome lakensis (Cardinal-McTeague et al. 2016). For
all genes, we applied the nucleotide substitution model
HKY + T, a relaxed log-normal clock model, and a Yule
tree prior. The MCMC chain length was set to 2 x 10" with
a pre-burnin value of 500,000 and sample frequency of 2,000.
The maximum clade credibility tree was summarized with
TreeAnnotator v2.5.0. Pairwise species divergence times
from each time tree were extracted using the “cophenetic”
function in the “ape” package (Paradis and Schliep 2019) in R.
Mean divergence times of species pairs were estimated by
Gaussian mixture modeling with R package “mclust” (Scrucca
et al. 2016). The network based on pairwise mean divergence
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times was visualized with Splitstree v4.15.1 (Huson et al.
1998).

For molecular dating with a fix species tree, we performed
analyses separately for each of the five alternative topologies
mentioned above, using concatenated alignment of genes
that supported the hypothesis. Divergence time was esti-
mated using three codon partitions with MCMCTREE in
the PAML v 4.9e package (Yang 2007), assuming clock model
of independent rates. The root age was fixed at a range be-
tween 40 and 60 Ma according to Guo et al. (2017). The
overall substitution rate (rgene gamma) was set at G (1,
1.42) based on the estimation by BASEML (in PAML). The
rate-drift parameter (sigma2 gamma) was set at G (1, 10).
After a burn-in period of two million generations, the MCMC
run was sampled every 800 generations until a total of 10,000
samples were collected. The analysis was considered to reach
a stationary phase with Tracer v1.7.1 (Rambaut et al. 2018) if
its effective sampling size (ESS) of parameters was over 200.

Species Network and Hybridizations

We applied the NeighborNet algorithm as implemented in
Splitstree v4.15.1 (Huson et al. 1998) to build a phylogenetic
network with uncorrected distances (Bryant and Moulton
2003), with 1,000 bootstrap replicates. Four-taxon tests of
hybridization were conducted with the HyDe software
(Blischak et al. 2018). Putative hybridizations were also inves-
tigated based on gene trees in which more than 75% of nodes
received a high bootstrap value of at least 75. We inferred
phylogenetic networks under zero to five reticulation scenar-
ios with the pseudolikelihood method “InferNetwork MPL”
(Yu and Nakhleh 2015) implemented in PhyloNet v5.7.1
(Wen et al. 2018). Analysis of each scenario was repeated
three times to test the stability of the recovered reticulation
nodes.

Phylogenomic Analysis of Mesopolyploid WGDs
Here, we combined Ks- and phylogeny-based methods to
further investigate the meso-tetraploidization in Biscutella,
Lunaria, and Ricotia. To avoid introducing paralogs derived
from «-WGD, a subset of orthologous groups (4,106 out of
12,046) was selected by requiring that genes should present as
single-copy in diploid species. Thus, the resulting multicopy
genes in mesopolyploid species were most likely derived from
subsequent WGD event(s). Heldreichia was treated as diploid
species here because it represented a recently formed auto-
tetraploid and should not affect the result. To further mitigate
the effect of sequence redundancy, we recalculated distribu-
tion of Ks values for the identified gene groups for each spe-
cies using a node-weighted approach (Zwaenepoel and Van
de Peer 2019).

Phylogenetic reconciliation analyses were performed with
PUG (McKain et al. 2016) and GRAMPA (Thomas et al. 2017).
Because GRAMPA works with multilabeled (MUL) gene trees
but focuses on one WGD event, we separately prepared data
sets for each species by keeping only one pair of duplicates in
the orthologous groups. For each alignment, gene tree infer-
ence and molecular dating were performed simultaneously
with BEAST v2.5.0 (Bouckaert et al. 2014) as described above
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(see Molecular Dating). The topology of T1 was used as the
species tree. Because of the ambiguous placement of Arabis
alpina, we also performed analyses with alternative species
tree hypotheses. Divergence times between duplicated genes
were extracted for Gaussian mixture modeling. To allow di-
rect comparison of estimated subgenome divergence be-
tween different methods, we also calculated Ks values for
the same gene pairs. In addition, we applied our pipeline to
compare the time of subgenome divergence in three Brassica
species, using the well-annotated gene triplicates representing
the three subgenomes (Parkin et al. 2014; Zhang et al. 2018;
Perumal et al. 2020). To evaluate mutation rates heterogene-
ity in Biscutelleae species, we performed Ks analyses with
orthologous gene pairs identified by reciprocal-best BLAST
hit between Biscutelleae species and A. thaliana.

Due to the lack of reference genomes, we used a custom
Perl script to assign the duplicated genes to their correspond-
ing subgenomes based on the reconciliation results. Here, we
aimed to identify “perfect-copy” genes (Guo et al. 2019)
which represented homoeologous genes from different sub-
genomes. According to the results from GRAMPA analyses,
we labeled gene duplicates according to local topologies: in
Biscutella, the copy that is sister to Heldreichia was defined as
representing subgenome A and its counterpart represented
subgenome B; in Lunaria and Ricotia, the copy that forms a
monophyletic Biscutelleae clade with Heldreichia and
Megadenia genes was labeled as subgenome A, and the other
copy was labeled as subgenome B with an additional require-
ment that the gene is not a direct sister to the Biscutelleae
clade containing subgenome A (see fig. 6A). We noticed that
not all duplicated genes can be properly assigned to subge-
nomes. For a pair of genes that are sister to each other, we
referred to as “sister-copy” (fig. 6A) and discarded them in
phylogenetic analysis. The remaining patterns were referred
to as “others” and also discarded. Then, we inferred gene trees
for orthologous groups with subgenome-labeled genes as de-
scribed above. Finally, we summarized a nuclear multigene
phylogeny from gene trees with ASTRAL v5.6.3 (Mirarab et al.
2014).

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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