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Abstract

Flowering plants (angiosperms) dominate our planet and sustain all life on Earth. However, evolutionary
relationships among the angiosperm lineages that diverged early — Amborellales, Nymphaeales,
Austrobaileyales and Mesangiospermae, which further comprises monocots and other four clades — have
remained highly disputed likely because of their rapid diversification promoted by an ancestral
polyploidization event. Here, we present high-quality chromosomal-level genome assemblies of two
species — star anise (lllicium verum: 12.5 Gb with a large size) in the Austrobaileyales and calamus
(Acorus gramineus) representing the sister lineage to all other extant monocots. These two genomes
filled the final gaps of all genomic representatives for major angiosperm lineages. Our phylogenetic
analyses of collinear genes support Amborellales and Nymphaeales as sister lineages and they, together
with Austrobaileyales and monocots are successively sister to other Mesangiospermae clades. Based on
chromosome-like synteny blocks shared between extant genomes, we constructed the ancestral
angiosperm karyotype to be x=16. We independently established evolutionary relationships for all
sampled species based on shared polyploidizations and chromosomal fusions from the common
ancestral karyotype. This phylogenetic relationship is congruent with that from collinear genes, especially
the finding that Amborellales and Nymphaeales shared a rare chromosomal fusion not seen in other
angiosperms. These results advance our understanding and shed new lights on early diversification and
karyotype evolution of flowering plants.

Full Text

Flowering plants (angiosperms) dominate our planet and comprise more than 350,000 extant species’.
They support terrestrial ecosystems through cycling of oxygen, water and carbon and further provide
nearly all necessities for human survivals, including foods, building materials, clothing and medicines.
However, the rapid rise and early diversification of angiosperms has remained “an abominable

mystery” since the time of Darwin?! and estimates of the ancestral chromosome base number for
angiosperms vary from x=>5 to x=9, although x=7 is mostly likely?2. Increasing molecular phylogenetic
analyses of extant angiosperms have identified four major lineages: Amborellales,

Nymphaeales and Austrobaileyales as the ANA grade and a core angiosperm lineage (Mesangiospermae)
that includes the vast majority of the remaining flowering plant diversity®'°. Mesangiospermae

is further comprised of five well-circumscribed clades: monocots, eudicots, magnoliids, Chloranthales,
and Ceratophyllales?. However, evolutionary relationships between these lineages

and Mesangiospermae clades remain highly debated or inconsistent based on different lines of
evidence®'8. For example, Amborellales alone® or Amborellales and Nymphaeales together'® have been
identified as a sister to other angiosperms. In addition, within Mesangiospermae, monocots have been
identified to be sister to eudicots, magnoliids or the remaining four clades'?"°. These conflicting results
may have been the result of the rapid diversification of early angiosperms promoted by one ancestral
whole-genome duplication (WGD) (tetraploidization)?°. Both incomplete lineage sorting (ILS) and
hybridization may have been involved in radiative divergences between ancestors of these lineages and
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clades within a short timescale'®. In addition, further independent polyploidization including both WGD
and whole-genome triplication (WGT, hexaploidization) for each lineage or clade during their later long
evolutionary histories may have complicated such evolutionary relationships'®. However, chromosome-
level genome sequences undoubtedly outweigh other evidence for resolving these uncertainties in two
ways. First, the highly collinear and orthologous genes with all copies retained after WGD or WGT can be
extracted across representative genomes for phylogenetic analyses. These genes may be superior to
other homologs for phylogenetic constructions, for example, the single-copy or clustering-identified
homologous genes'# 1712, for which paralogs with heterogeneous evolution after polyploidization may be
randomly retained and ILS was modeled to occur more frequently during such phylogenetic analyses?2.
Second, the key and large genomic variations?4, which rarely occur but may be evolutionarily conserved,
for example, chromosomal fusions following the ancestral polyploidization, may be retained in the extant
genomes and can be used to reflect phylogenetic relationships. In the past decade, chromosome-level
genomes have been published for most early-diverged angiosperm lineages and clades®'4161° To date,
however, no high-quality genome is available for Austrobaileyales in which most extant species have
especially large genomes. There is also a lack of any chromosome-level genome for Acorales, a sister
lineage to all other monocots'"12. The genomic gaps with respect to these two key representative nodes
hamper our understanding of phylogenetic relationships and karyotype evolution of the early-diverged
angiosperms.

Chromosome-level genomes of two key
angiosperms

We report here the chromosome-level genome assemblies of /llicium verum representing
Austrobaileyales and Acorus gramineus representing the earliest-diverged monocot family

(Acoraceae), derived using the PacBio HiFi technologies and Hi-C approaches. The assembled /. verum
genome is 12.5 Gb (contig N50 of 10.68 Mb) and 46.6% could be anchored onto 14 pseudo-
chromosomes (Extended Data Fig. 1 and Extended Data Table 1). The genome size of this species is
obviously higher than that of any other species from the early-diverged angiosperm lineages®'4161% The
extensive amplification of repetitive elements in the recent past has resulted in the extreme increase in
genome size of this species (Supplementary Note 1). For A. gramineus, the assembled genome was 381
Mb (contig N50 of 35.6 Mb) and 100% could be anchored onto 12 pseudo-chromosomes (Extended Data
Fig. 1 and Extended Data Table 1). Both genomes showed high contiguity, completeness and accuracy
(Supplementary Note 2). We further predicted 47,041 and 23,942 protein-coding genes in /. verum and A.
gramineus, respectively, and both showed a high BUSCO score (> 92.9%).

Polyploidization and phylogenetic analyses
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We used chromosome-level genomes from three ANA-grade lineages and five Mesangiospermae clades
for further analyses. A total of 17 species were selected, three ANA-grade species, seven monocots, two
eudicots, three magnoliids, Ceratophyllum demersum, Chloranthus sessilifolius, and five species used as

outgroups (Supplementary Table 2). As polyploidization events are common in angiosperms, in particular
20 we first examined the respective
polyploidization histories of each selected angiosperm species based on gene collinearity analyses. Both
I. verum and A. gramineus experienced an independent WGD event (Extended Data Figs. 2f and
Supplementary Note 4.1). The distribution of synonymous substitutions per synonymous site (Ks) was
further employed to date the occurrence of these two evolutionary events. Two obvious Ks peaks at 0.57
and 0.54 represent 62-70 and 59-67 million years ago (Ma) based on the evolutionary rate correction in /.
verum and A. gramineus, respectively, close to the mass extinction of the Cretaceous-Paleogene stage

(Supplemental Note 4.2). Further independent or shared WGDs or WGTs were confirmed for every other

one common WGD occurred before the origin of angiosperms

species except Am. trichopoda® and Ar. fimbriata'”.

We used the Am. trichopoda genome without extra WGD as a reference to assign the different copies of
each species originating from polyploidy as different subgenomes based on synteny analyses. We used
all collinear genes that were still retained after WGD or WGT for phylogenetic analyses. Only genes that
had a collinear relationship in all three ANA species and at least one eudicot, one monocot, one magnoliid
ortholog, and a best hit in at least one outgroup species were retained. A total of 1235 collinear genes
were retrieved to construct the species tree based on the coalescent method, and the results supported
that Amborellales and Nymphaeales were sisters and together were a sister group to the other species,
including Austrobaileyales and Mesangiospermae. Gene trees also showed largely discordant topologies
(Supplemental Note 5.1), as found previously based on the other single-copy or clustering-identified
homologous genes'4"71?_ Internal branch lengths between three ANA-grade species were very short,
especially between Am. trichopoda and N. colorata on both coalescent species tree (Fig. 1) and
concatenated tree (Supplemental Note 5.1). These findings together reflect rapid radiation of three early-
diverged angiosperm lineages (the ANA grade). Within Mesangiospermae, coalescent analyses (Fig. 1)
suggested that monocots were sister to the other four clades, which comprised two respective sister
groups, magnoliids+Chloranthales and Ceratophyllales+eudicots. However, tree topologies of these five
clades were also discordant based on different collinear genes and internal branch lengths between them
were short (Fig. 1, Supplemental Note 5.1) because of the radiative diversification’*7:1°. However, within
the monocots, two species, A. gramineus (Acoraceae) and S. polyrhiza (Alismataceae), are always
successively sister to other monocots. In addition, this synteny-based tree also clearly mirrored the shared
or independent polyploidization histories of these species, for example, the T event was shared by most
monocots except for Acorales and Alismatales. Within magnoliids, Magnoliales and Laurales shared one
WGD. Finally, we also recovered internal branch lengths and discordant topologies for three early-diverged
lineages and five Mesangiospermae clades by single-copy gene datasets, similarly indicating rapid
radiation of these lineages and clades (Supplementary Note 5.2).
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Ancestral angiosperm karyotype, chromosomal
fusion, and evolutionary relationship

The protochromosomes and ancestral karyotype for a single lineage can be reconstructed for both plants
and animals and the resultant chromosomal evolution is widely used for inferring or confirming
phylogenetic relationships?42°. The accuracy of such a karyotype reconstruction relies critically on the
representative chromosome-level genomes3. In addition, diploidization diversification after an ancestral
polyploidization event usually involves chromosomal fusions?’28. Such a genomic signature may be
retained in the diploidized species for a long time?*. The protochromosomes can be entirely nested within
one fused chromosome of the extant genomes as one ‘intact block’ or retained as one independent
chromosome even after species-specific WGD or WGT2* (Supplementary Table 20). The chromosomal
fusions involve three basic patterns: reciprocally translocated chromosome arms (RTA), end-end joining
(EEJ) and nested chromosome fusion (NCF)2°2831 (Fig. 2, Extended Data Fig. 2 and Fig. 3a) (Extended
Data Fig. 3a). We extracted protochromosomes and constructed the ancestral angiosperm karyotype
(AAK) based on the shared chromosome-like ‘intact blocks’ or independent chromosomes between
multiple species. We selected extant chromosome-level genomes of 17 representative species from the
early-diverged lineages and identified 16 intact protochromosomes (Fig.3), each of which was retained as
the independent chromosomes or chromosome-like ‘synteny blocks’ across at least three species
(Supplementary Note 6.3). The chromosomes of all extant genomes were composed of these
protochromosomes through repeated chromosomal fusions of the three types (Fig.2) and further fissures
with syntenic alignments. This AAK, constituting 16 protochromosomes, differs from the one derived
previously®Y mainly because of adding high-quality genomes for more representative lineages and clades
and adopting a different method for reconstructing the ancestral karyotype.

We determined evolutionary relationships of extant genomes based on three principles: (1) the shared
WGD or WGT, (2) the shared chromosomal fusion types from the AAK and (3) the shortest evolutionary
pathway from the AAK. We independently and tentatively established evolutionary relationships for 17
genomes and illustrated chromosomal fusions in each node (Fig. 3). This relationship is basically
consistent with that inferred from collinear genes, especially between Amborellales, Nymphaeales,
Austrobaileyales, monocots and four other Mesangiospermae clades (Fig. 1). For example, from the AAK
for all angiosperms after the common polyploidization event, we found that one chromosome
(Chr1=AAK1+2) of Am. trichopoda (Amborellales) was formed by AAK1T and AAK2 through NCF. This NCF
event, or the resultant AAK1+2 chromosome at the same genomic location and breaking point, was only
shared by two species (N. colorata and Euryale ferox) of Nymphaeales (Extended Data Figs. 4). Such a
chromosomal event is probably derived from the common ancestor, therefore supporting the sister
relationship of these two lineages as inferred previously (Fig.1). In their ancestral node, 16
protochromosomes of AAK were therefore reduced to 15 through this fusion. Two species of
Nymphaeales retained more because of the later species-specific polyploidizations.
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In the other direction, we identified that the fusion of AAK7 and AAK16 through the end-end joining (EEJ),
formed one chromosome (AAK7+16) before the divergence of Austrobaileyales and Mesangiospermae,
with a similar reduction of x=16 to x=15 chromosomes. In /. verum (Austrobaileyales), this chromosome
became two (Chrs 5 and 13) because of specific WGD (Extended Data Figs. 5). In the common ancestor
of Mesangiospermae, we identified that two AAK chromosomes (AAK1 and AAK9) further fused into one
more chromosome through RTA. However, both AAK1+9 and AAK7+16 chromosomes were fragmented at
the same positions in the remaining Mesangiospermae species, with the exception of the monocots (Fig.
3 and Extended Data Figs. 6). In addition, these fragmented chromosomes were able to further fuse with
other protochromosomes during the following karyotype evolution in these Mesangiospermae clades. For
instance, a part of the ancestral AAK7+16 was found to be connected with a part of AAK14 in one
chromosome of Ar. fimbriata (Extended Data Fig. 7 and Supplementary Note 6.4).

In contrast, the AAK1+9 and AAK7+16 chromosomes were retained intact in all extant monocots although
with further fusions with other protochromosomes in more recently diverged species. In addition to these
two chromosomes, the earliest-diverged A. gramineus retained more Mesangiospermae primitive
chromosomes even after species-specific WGD and further chromosomal fusions. However, the common
ancestor of the remaining monocots (ancestral monocot karyotype except for Acoraceae, AMKA)
experienced repeated chromosomal fusions involving 12 primitive Mesangiospermae chromosomes,
reducing the haploid chromosome number from x=14 to x=8 (Fig.2 and Supplementary Note 6.5). For
example, AAK7+16 further fused with AAK14 through EEJ to produce an AAK7+16+14 chromosome. This
connection is similar to that found in Ar. fimbriata'’ but with a totally different evolutionary history
(Extended Data Fig. 7). After the divergence of S. polyrhiza (Alismatales), the T tetraploidization (WGD)
and two further AMKA chromosomal fusions (AMKA1+7 and AMKA1+8) (Extended Data Figs. 9b,c)
resulted in one ancestral karyotype with x=14 for the remaining monocots. Four retained primitive
chromosomes (AMKA2+7 and AMKA2+8) from this karyotype further fused into two chromosomes
respectively before the o hexaploidization (WGT) in the common ancestors of A. comosus and Oryza
sativa (Extended Data Figs. 10b). This genomic signature was obviously retained in the later
polyploidization events, for example, six shares after WGT in O. sativa. Therefore, such strong signatures
within the chromosomal fusions and structural variations could be used as genomic markers to

32

accurately identify the polyploidy levels of the lately evolved monocots including banana®“ and

orchid®? and even correct the wrong genome assembly (Extended Data Figs. 10).

Discussion

Our coalescent phylogenetic analyses of the accurately collinear genes including all paralogs due to
lineage-specific polyploidizations support Amborellales and Nymphaeales are sisters and they together
with Austrobaileyales and monocots are successively sister to other Mesangiospermae clades. This
result differs from most previous phylogenetic analyses that Amborellales is sister to the other
angiosperms based on single-copy or clustering-identified homologous genes®'"1314 However, our
phylogenetic analyses of each collinear gene also suggest the widespread discordant tree topologies and
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short internal branch lengths in differentiating three lineages of the ANA grade, Amborellales,
Nymphaeales and Austrobaileyales and five Mesangiospermae clades (Fig. 1). Therefore, both statistical
errors and ILS could not be totally avoided during reconstructing phylogenetic relationships of these
lineages and clades with rapid radiations based on collinear genes. The evolutionary relationships
between them and alternative divergence patterns remain to be examined based on homologous genes.

It is interesting that we identified a shared chromosomal fusion event by Amborellales and Nymphaeales,
which may further support their sister relationship. Chromosomal fusions, as the major macrostructural
genomic changes, may be homoplasious or reversed during the long evolutionary history of diverse
plants and animals3*3°. However, the rapid radiation of only three early angiosperm lineages within a
very short timescale, as indicated by various analyses, seems to reduce such a probability for the
recovered shared NCF event by Amborellales and Nymphaeales having occurred although we could not
exclude it totally. In addition, this event may have occurred prior to their common ancestral stem with
Austrobaileyales together and have been retained as one ancestral rather than synapomorphic trait for
Amborellales and Nymphaeales. Under this scenario, Amborellales would have diverged first, followed by
Nymphaeales, as found by most phylogenetic analyses'''4, but together with this NCF signature.
However, one reverse evolution and another chromosomal EEJ fusion have to be employed for explaining
chromosomal fusion of Austrobaileyales and Mesangiospermae. Such a non-parsimonious scenario
seems to conflict with the mostly assumed hypothesis for phylogenetic analyses on all morphological
traits and sometimes sequence variations3®. In addition, ancient polymorphisms in macrostructural
genomic variations in the ancestral species may also lead to ILS when using such a trait for phylogenetic
inference. However, chromosomal fusions usually result in rapid speciation with reproductive
isolation?’28:37.38 therefore reducing such a possibility. Despite this, further evidence is needed to exclude
this likeliness during rapid radiation of three ANA lineages.

The ancestral karyotype of all angiosperms with 16 protochromosomes (x=16) that we reconstructed
here seems to suggest that it was derived from the more primitive haploid chromosome number x=8
through the ancestral WGD. Such a chromosome base number differs from previous suggestions x=722.
However, it is consistent with the extant chromosome numbers of three early-diverged lineages
Amborellales (x=15), Nymphaeales (x=15) and Austrobaileyales (x=15) because of the chromosomal
fusions during the subsequent diploidization after the common WGD. As noted before, both Amborellales
and Nymphaeales (x=15) share one rarely evolved chromosomal fusion, suggesting their direct origin
from the ancestral karyotype x=16 and both together as the earliest diverged sister group to the remaining
angiosperms. Our results based on chromosomal evolution further support that the monocot lineage was
sister to the other four Mesangiospermae clades’3, rather than sister to eudicots or magnoliids'21418_ |n
addition, we also found that more protochromosome-like blocks were retained in the calamus genome,
suggesting the early divergence of the calamus family from the other monocots. This finding parallels to
the similar conclusion based on the genome sequence of another congeneric species*? (Supplementary
Note 6.4). These results shed sight into the early evolution of angiosperms and monocots and will, we
hope, inspire future researchers into genome and karyotype evolution in other angiosperm lineages
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through reconstructing ancestral karyotypes. Our results also indicate that it is better to employ both
Amborellales and Nymphaeales together as the earliest diverged lineages to trace the evolution of both
traits and genes in flowering plants.
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Methods
Polyploidization and phylogenetic analysis

In synteny analyses, collinear genes were identified with the parameter -icl’ of WGDI within each genome
and between genomes, and the collinear gene dotplots were used to calculate the syntenic ratios between
different species to confirm the polyploidy level of each species. Frequencies of synonymous
substitutions per synonymous site (Ks values) between collinear genes were estimated using the Nei-
Gojobori approach as implemented in PAML through WGDI (-ks). The median Ks values of each block
were selected to perform Ks peak fitting by WGDI (-pf). We then determined the shared and species-
specific polyploidizations (WGD or WGT). We further divided the synteny blocks into different
subgenomes according to the Ks distribution and the syntenic depth ratios within and between genomes.
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For example, if species A experienced two independent WGDs compared to species O, species A therefore
had four subgenomes, which were named A1, A2, A3, and A4. We adjusted the order of subgenomes
according to the recent WGD to ensure that their phylogenetic relationships matched ((A1, A2), (A3, A4)).
Then, we recorded the subgenome regions on the chromosomes and used WGDI (-pc, -a) to obtain the
hierarchical gene list.

The hierarchical gene lists were used to infer maximum likelihood (ML) trees by IQ-TREE with automatic
selection of the best-fit substitution model (-m MFP) through WGDI (-at). ASTRAL is able to calculate the
frequencies of collinear genes trees that support independent WGD occurring in each paired species. So,
we used ASTRAL-IIl v.5.7.7 with the parameter of “-t 16" to construct the coalescent tree and estimate
branch support.

Identification of all protochromosomes for all
angiosperms and ancestral angiosperm karyotype

(AAK)

Diploidization after polyploidization usually occurs through chromosomal fusions. However,
protochromosomes may be ultimately retained intact in the fused or independent chromosomes in the
diploidized offspring lineages. The chromosomal fusions usually follow three basic patterns (Figs. 3a,
Supplementary Note 6.1): reciprocally translocated chromosome arms (RTA), end-end joining (EEJ) and
nested chromosome fusion (NCF). If one protochromosome nests within the fused chromosome through
such a pattern, it can be still considered as the ‘intact’ protochromosome in the extant genomes. In
addition, repeated fusions and fissions of one protochromosome should produce multiple syntenic
blocks, which could be further identified in the extant genomes. Due to the role of telomeres in protecting
chromosome integrity, chromosomes with telomeres should be firstly considered to be intact. All
chromosomes assembled by default for the extant genomes have telomeres. Therefore, all
protochromosomes comprising the AAK should be present in the extant genomes of the basal
angiosperms and could be extracted across multiple representative species.

We used WGDI with the parameter “-d” to align 17 genomes and plotted homologous dotplots within each
genome and between genomes. We searched for chromosome-like ‘synteny blocks’ with telomeres
(including independent chromosomes) across all genomes using the Am. trichopoda genome without
WGD as a reference. Only one chromosome-like intact ‘synteny block’ (independent chromosome or being
retained as one of three chromosomal fusions) identified for at least three species was assumed as the
protochromosome. We used the most intact one, for example, one independent chromosome in one
species, across all extant genomes to represent this protochromosome. When this ‘synteny block’ was
extracted from one fused chromosome of one extant genome, we connected the other parts together as
one entire chromosome or kept the remaining part as one chromosome if this ‘synteny block’ was at one
end. When such a ‘protochromosome’ was fragmented into multiple ‘syntenic’ parts, which were fully
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deleted and the other parts were further connected together as one ‘integrated’ chromosome for the next
circle of the protochromosome identification. We started the second search cycle for the next
protochromosome using the same approach. All protochromosomes were assumed to have been fully
recovered when no more genomic blocks were found for all species. Ultimately, we extracted 16
protochromosomes, which were together assumed to comprise the AAK, after which no more genomic
blocks were found for each extant genome. We numbered these protochromosomes with different colors.

Karyotype changes from the AAK and construction
of evolutionary relationships

We first compared each of 17 extant genomes with the AAK and determined its karyotype composition
from the protochromosomes based on the collinearity fragments using WGDI with the parameter “-km”.
Then, we compared the permutations and combinations of protochromosome color patches and inferred
all chromosomal fusions and evolutionary patterns.

We clustered the species with the common WGD or WGT as the respective monophyletic groups. We
manually determined evolutionary relationships for all 17 species based on the shared chromosomal
fusion types with the ordered changes from the AAK with the shortest evolutionary steps, as assumed for
most phylogenetic analyses. We illustrated all chromosomal fusions on the ancestral node. We left
unsolved relationships for some species because we could not find shared chromosomal fusion types
due to a lack of sufficient representative chromosome-level genomes.

Extended Data Table 1

Extended Data Table 1 is not available with this version.

Figures
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Figure 2

The methods to identify ancestral karyotypes and construct evolutionary relationships. a, Karyotype and
aneuploidy evolution during diploidization after a common polyploidization event involving three basic
types of chromosomal fusion: reciprocally translocated chromosome arms (RTA), end-end joining (EEJ)
and nested chromosome fusion (NCF). B, Four steps were undertaken to construct the ancestral
karyotype. First, identifying chromosome-like ‘synteny blocks’ and small syntenic blocks across all
sampled genomes. Second, exploring the shared ‘synteny block’ with telomeres (chromosome-like) across
extant genomes and extracting the most intact of these (for example, one chromosome) as one
protochromosome. Third, deleting this shared block and its syntenic small blocks across all extant
genomes and connecting the remaining parts together as ‘entire chromosomes’. Fourth, starting more
rounds of ‘synteny exploration’ to extract all protochromosomes until no genomic block was left for each
extant genome. C. All protochromosomes of the ancestral karyotype are compared with each extant
genome and the karyotypic composition from the protochromosomes is determined. The karyotypic
changes are further inferred and used for constructing evolutionary relationships.
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Figure 3

Evolutionary relationship between early flowering plants, constructed independently based on the shared
polyploidizations and shared chromosomal fusions from the ancestral angiosperm karyotype (AAK). The
reconstructed AAK for all flowering plants comprises 16 protochromosomes (x=16) after the

polyploidy event. The evolutionary relationships were constructed based on the shared polyploidy events
and chromosome fusions from the AAK with the shortest steps. All shared karyotypic changes are
marked on the ancestral tree nodes. Polyploidization events are shown as dots (red, tetraploidization or
whole-genome duplication (WGD); blue, hexaploidization or whole-genome triplication (WGT)). The dotted
lines indicate the unsolved relationships due to the lack of sufficient representative chromosome-level
genomes of the closely related species. AEK ancestral eudicots karyotype. AMKA: ancestral monocot
karyotype except for Acoraceae.
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