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Abstract

The ChromEvol software was the first to implement a likelihood-based approach, using probabilistic
models that depict the pattern of chromosome number change along a specified phylogeny. The initial
models have been completed and expanded during the last years. New parameters that model polyploid
chromosome evolution have been implemented in ChromEvol v.2. In recent years, new and more complex
models have been developed. The BiChrom model is able to implement two distinct chromosome models
for the two possible trait states of a binary character of interest. ChromoSSE jointly implements chromo-
some evolution, speciation, and extinction. In the near future, we will be able to study chromosome
evolution with increasingly complex models.

Key words BiChrom, Dysploidy, ChromEvol, ChromoSSE, Chromosome count, ChromoPlus, Phy-
logeny, Polyploidy, Probabilistic model

1 Introduction

1.1 Background: The = Chromosome rearrangements foster speciation by intensifying

Importance of reproductive isolation during the speciation process; thus, chromo-
Chromosomal some evolution is a major driver of diversification in eukaryotes
Evolution [1]. Among the main clades of eukaryotes, chromosome numbers

are extraordinarily diverse in plants, especially in ferns (z = 4 to
n = 720, [2]) and angiosperms (z = 2 to » = 320, [3]). This
suggests the importance of chromosome number evolution in
plants. There are two main kinds of chromosome number transi-
tions: the multiplication of a whole chromosome set which entails a
whole-genome duplication, WGD [4], and gains and losses of
single chromosomes which encompass different phenomena with
various expected outcomes: (i) aneuploidy: duplication or loss of a
chromosome including its DNA content (this has been thought to
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1.2 Before
ChromEvol Modeling:
The Limitations of
Parsimony

1.3 A New
Probabilistic Model to
Infer Chromosome
Number Evolution:
ChromEvol v.1.0

have little evolutionary success), and (ii) dysploidy: chromosome
fusion/fission that do not result in changes in DNA content
[5]. The topic of chromosome number evolution and ancestral
chromosome number in angiosperms has received much attention
since the second half of the twentieth century to the present
[6-13].

Starting from the last quarter of the twentieth century and
continuing today, the sequencing revolution has dramatically
increased the availability of molecular phylogenies throughout the
tree of life. In light of these inferred phylogenetic relationships,
biologists attempted to infer the evolution of chromosome num-
bers in their clades of interest. Initially, researchers were making
these inferences based on the parsimony principle—either by eye-
balling [14-16] or via the use of computer software that imple-
mented established maximum parsimony algorithms for general
character state evolution [17-23]. Although maximum parsimony
has been widely used to infer chromosome number evolution, there
are several problems with using this approach [24]. (i) In parsi-
mony, all types of transitions have the same weight, which is not
realistic for chromosome number transitions (for example, chro-
mosome number increase by polyploidy may have a different prob-
ability than an increase by a single chromosome number via
ascending dysploidy). Although it is possible to set up different
weights for each kind of transition in parsimony, a specific a priori
weighting would be always subjective and unjustified. (ii) The
maximum parsimony approach does not take into account the
possibility of multiple or back transitions along a single branch,
thus tending to underestimate the number of transitions. (iii) Max-
imum parsimony ignores any uncertainty in the assignments of
ancestral states (reconstructed character states on internal nodes
are treated in exactly the same way as observed chromosome num-
bers in extant species). (iv) There are often a number of equally
parsimonious reconstructions which may be incongruent.
(v) There is no way to objectively determine the accuracy of the
reconstruction. Finally, (vi) maximum parsimony analysis ignores
any information contained with the branch lengths of the tree,
assuming that transitions are equally likely to occur along very
long or very short branches.

The ChromEvol software v.1.0 [24] was the first to implement a
likelihood-based approach, using a probabilistic model that depicts
the pattern of chromosome number change along a specified phy-
logeny. The basic ChromEvol model accounts for three possible
events: an increase by a single chromosome number (ascending
dysploidy), a decrease by a single chromosome number (descend-
ing dysploidy), and duplications of the chromosome number (i.e.,
whole-genome duplication, or polyploidy). The model is
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Aj=itl,
Sj=i-1,
pJj=2i

0 otherwise,

Qij:

Fig. 1 ChromEvol model. The model is formulated as a continuous time Markov
process, described by the instantaneous matrix Q, that specifies the transition
rates from a genome with / haploid chromosomes to a genome with j haploid
chromosomes. 4, &, and p define the rates of ascending dysploidy, descending
dysploidy, and genome duplications, respectively. The two additional rate
parameters 4, and &, allow the ascending and descending dysploidy rates to
depend linearly on the current number of chromosomes (accounting for the
possibility that a species with very small chromosome number has a lower
probability for descending dysploidy than a species with a high chromosome
number)

formulated as a continuous time Markov process, described by the
instantaneous matrix Q, that specifies the transition rates from a
genome with 7 haploid chromosomes to a genome with j haploid
chromosomes, as shown in Fig. 1. 4, §, and p define the rates of
ascending dysploidy, descending dysploidy, and genome duplica-
tions, respectively. The two additional rate parameters 4; and &
allow the ascending and descending dysploidy rates to depend
linearly on the current number of chromosomes (accounting for
the possibility that a species with very small chromosome number
has a lower probability for descending dysploidy than a species with
a high chromosome number). This basic model allows for poly-
ploidy events that are exact duplications of the chromosome num-
ber (example: » = 10 - » = 20 — » = 40). However, a more
complex model in ChromEvol v.1.0 allows for an additional param-
eter, defined as demi-duplication or demi-polyploidy (p), which
permits multiplications of the number of chromosomes by 1.5
(example: # = 10 — » = 15). The use of this parameter allows
modeling events such as the generation of hexaploid from a tetra-
ploid lineage via the fusion of reduced and unreduced gametes.
Notably, demi-polyploidization has been commonly inferred in
lineages with frequent allopolyploidy in which the two parental
species usually have different basic numbers. In ChromEvol v.1.0,
it is possible to define models of two parameters (descending and
ascending dysploidy) to six parameters (polyploidy, demi-
polyploidy, and setting the dysploidy rates to linearly depend on
the current chromosome number) representing chromosome tran-
sitions (Table 1). The best model is chosen by maximizing the
likelihood of each examined model to the data and using a model
selection criterion, such as the Akaike information criterion (AIC).
Based on the best fitting model, ChromEvol allows us to infer the
ancestral chromosome numbers using two different likelihood
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Table 1

Models for chromosome number evolution implemented in ChromEvol v.1.0 (Dys, DysD,y, DysDupDem*,
DysDypDems Dys™"®", Dys""*2'D,,p, Dys ™ DypDepy , Dys "**'DypDer) and new models in ChromEvol
v.2.0. (Dyanumu IJysDuanum)

Number of
free

Model parameters  Parameters Possible transitions

Dy, 2 A, 6 Gains and losses of single chromosomes (dysploidy)

DyDy, 3 A6, p Gains and losses of single chromosomes (dysploidy)
and duplications (polyploidy)

DysDupDem* 3 A, 8,p =pu  Gains and losses of single chromosomes (dysploidy)
and duplications and demi-duplications (same rates
p = u; polyploidy)

DyDypDem 4 Ay 6y Py 1 Gains and losses of single chromosomes (dysploidy)
and duplications and demi-duplications (polyploidy)

D, linear 4 A, 6, 4,8  Gains and losses of single chromosomes (dysploidy)
that may depend linearly on the current
chromosome number

DySLm“‘rDup 5 A, 8, A1, 81, p Gains and losses of single chromosomes (dysploidy)
that may depend linearly on the current
chromosome number and duplication (polyploidy)

DysLi“C""DupDcm* 5 A, 6, A1, 6,  Gains and losses of single chromosomes (dysploidy)

p=u that may depend linearly on the current

chromosome number and duplication and demi-
duplication (same rates p = u; polyploidy)

DYSI“i"e"‘rDupDCm 6 A, 8, A, 81, p, Gains and losses of single chromosomes (dysploidy)

u that may depend linearly on the current

chromosome number and duplication and demi-
duplication (polyploidy)

IS T 34 A6, v, B Gains and losses of single chromosomes (dysploidy)
and multiplication of base chromosome number
(polyploidy). Base number (/) can be estimated or
fixed

DyDupBrum 4-5 A, 6, p, v, f Gains and losses of single chromosomes (dysploidy)

and duplication and multiplication of base
chromosome number (polyploidy). Base number ()
can be estimated or fixed

approaches: the marginal ancestral reconstruction [25] and the
joint ancestral reconstruction [26]. The expected number of events
for each type of transition (ascending dysploidy, descending dys-
ploidy, polyploidy, and demi-polyploidy) along each branch is cal-
culated over a large number of simulated evolutionary paths that
are generated based on the best fitting model, and weighted
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according to the joint probability of the two terminal nodes of each
branch [24]. ChromEvol v.1.0 models have been implemented in
the RevBayes platform [27] that allows for estimation of posterior
distributions for these same parameters and ancestral state recon-
struction based on marginal posterior probabilities at the nodes of
the tree.

Since the publication of ChromEvol, evolutionary biologists
have inferred patterns of chromosome evolution in different
lineages (Mayrose et al.’s publication [24] has been cited
ca. 200 times up to date January 24, 2022). One important study
of diversification linked to polyploidy [28] used ChromEvol as a
first step to (i) classify taxa in tips of a phylogeny as diploid and
polyploid, effectively overcoming one of the major challenges in the
study of polyploidy, the classification of ploidy using chromosome
number and (ii) test whether or not those polyploid event happens
before cladogenesis (internal branches) or after cladogenesis (exter-
nal branches; see comments in [29, 30]). Other important exam-
ples of chromosomal evolution have been done in fungi [31] or fish
[32]. These models have helped also to understand the evolution-
ary importance of dysploidy in angiosperms where, traditionally,
polyploidy has received much more attention [5].

A new version of CromEvol (v.2.0) was published in 2014
[33]. This new version included, among other new features (see
[33] for details), a new type of polyploid transition that accounts
for general multiplication events of a base number (or monoploid
number). Thus, for example, assuming a base number of n = 7,
additions of 7, 14, or 21 chromosomes are allowed in a single step.
This alleviates unrealistic scenarios where, for example, transitions
from # =21 to n = 28 are forced to include many dysploidy events.
Base-number transitions are incorporated into the ChromEvol
model using two additional parameters: f, the monoploid (base)
number and v, its respective transition rate (Table 1). The § param-
eter of a group of interest can be either inferred in the statistical
framework via maximum likelihood or be fixed to a specified value
by the user. Notably, base-number transitions can be included in
the probabilistic model with or without other parameters that allow
for simple multiplication events (i.e., by 2 or 1.5), thus leading to a
rather complex model that better deals with clades that include
polyploid series and many allopolyploidizations. Recently, chromo-
some evolution has been studied in the context of a mega phylog-
eny (10,000 tips) of angiosperms using the ChromEvol v.2.0
models along with an analysis of genome size evolution, which
have shed more light on the evolutionary history of chromosome
number in the whole clade of angiosperms [12].
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1.5 Gomplex Models:
Multiple Chromosome
Number Evolution
Models in the
Phylogeny

Table 2

The models described above assumed that the evolution of chro-
mosome numbers is time-homogeneous, such that there are no
changes in the mode and tempo of chromosome evolution
throughout the entire clade under study. However, the potential
influence of other traits linked to chromosome number change
might modify rates of chromosome number change across time.
Therefore, aside from inaccurate description of the evolutionary
process, the simplification made by time-homogeneous models
could result in inaccurate parameter estimations and erroneous
inferences. Two modeling extensions allow for the possibility that
rates of chromosome number change are associated with a binary
organismal trait. The BiChrom model, incorporated within the
Chromploid R package [34, 35], contains ten free parameters
(Table 2): genome duplications, descending dysploidy and ascend-
ing dysploidy for each of the two binary states, transition rates
between the two states, and two ancillary parameters to model
chromosome transition for high and also rare haploid chromosome
numbers in the dataset under study. Using this model, Zenil-
Ferguson et al. [34] demonstrated that, in eudicots, rates of
genome duplications are six times higher in herbaceous than in
woody lineages. The model of Blackmon et al. [36], implemented
in the chromePlus R package, similarly allows a binary trait to affect
rates of chromosome number change and additionally allows for
the binary trait to affect rates of speciation and extinction, follow-
ing the BiSSE modeling framework [37].

There have been several attempts to test for a shift in the
pattern of chromosome number change in different clades of a
phylogeny. For example, Marquez-Corro et al. [38] used the

Models and parameter of chromosome evolution in BiChrom and reduced BiChrom models as
implemented in Chromploid R package

Number of

free

Model parameters

BiChrom 10

Reduced 9
BiChrom

Parameters Possible transitions

P05 P1, 405 A1, o,  Duplication and gains and losses of single
H15 Q015 7105 €0, chromosomes for the trait state 0 and 1. Transitions
€1 from 0 to 1 and from 1 to 0. Two ancillary

parameters for chromosome transitions for high
and rare chromosome number in the data set

P5 Ao, A1, Ho, f1,  Duplication, the same for both trait states. Gains and
9015 105 €05 €1 losses of single chromosomes for the trait state
0 and 1. Transitions from 0 to 1 and from 1 to
0. Two ancillary parameters for chromosome
transitions for high and rare chromosome number
in the data set
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“censored approach” for continuous traits from O’Meara et al. [39]
to test for different rates of chromosome evolution in the phylog-
eny of the sedges (Cyperaceae; in the original publication O’Meara
et al. compared a single Brownian Motion model for several clades,
subtrees, of a given phylogeny versus several Brownian Motion
models, one for each subtree of the phylogeny. The branches con-
necting the subtrees of the phylogeny were excluded from the
analyses). The sedges phylogenetic tree was divided into five sub-
trees based on four different shifts in diversification rates that were
previously detected [40, 41 ]. Marquez-Corro et al. [38] compared
the hypothesis that each of the five subtrees is characterized by a
different ChromEvol regime to the null hypothesis that rates of
chromosome number evolution are similar across the phylogeny
(i.e., a single model to the entire tree). The authors found that the
best model was the one using four different regimes (two of the five
subtrees shared the same chromosome model whereas the three
remaining subtrees were each characterized by its own regime). In
another study (this time using the “uncensored approach”
described in [39]), Aparicio et al. [42] also found that the chromo-
some evolution of genus Helianthemum was better described using
two different regimes of chromosome evolution versus using a
single fixed rates model for the whole tree. Notably, in the above
studies the phylogeny was partitioned to subclades prior to analysis,
based on reasoning derived from external evidence. However, there
is not yet an implementation that would allow users to automati-
cally search for shifts in the pattern of chromosome number
change, similar to models of continuous trait evolution, such as in
BAMM, Brownie, Auteur, or Bayou [43-47].

All the previous models assume that the chromosome number
transitions occurred anagenetically, along branches of the phylog-
eny, but that they are not linked to cladogenesis. This is an impor-
tant assumption that implies that chromosome changes do not
affect reproductive isolation and speciation processes. To alleviate
this assumption, Freyman and Hoéhna [48] proposed the Chro-
moSSE model (implemented in RevBayes, [27]) which is based
on a statistical Bayesian approach, and allows for both anagenetic
and cladogenetic chromosome number transitions, effectively link-
ing the process of diversification to chromosome number change.
The ChromoSSE model is a birth and death stochastic model with
up to 13 parameters (Table 3). In the original publication of the
model, Freyman and Ho6hna [48] estimated evidence of cladoge-
netic chromosome transitions in several lineages of angiosperms
like Awistolochin (Aristolochiaceae), Helianthus (Asteraceae),
Carex sect. Spirostachyae (Cyperaceae), Primula sect. Alewritin
(Primulaceae), and Mimulus (Phrymaceae). The ChromoSSE
model is very promising but is computationally complex and
requires long running times, prohibiting its applicability to large
trees.
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Table 3

ChromoSSE model parameters

Parameter Parameter symbol
Anagenetic Chromosome gain rate 7a
Chromosome loss rate S,
Polyploidization rate Pa
Demi-polyploidization rate Pa
Linear component of chromosome gain rate Ym
Linear component of chromosome loss rate Om
Cladogenetic No change b
Chromosome gain rate Ve
Chromosome loss rate Oc
Polyploidization rate Pe
Demi-polyploidization rate Pe
Other Root frequencies z
Relative extinction r

2 Experimental Examples

2.1 Using ChromEvol
v.1.0 and ChromEvol
v.2.0 on Genus
Gentaurium
(Gentianaceae)

The genus Centaurium Hill (Gentianaceae Juss.) has approxi-
mately 26 taxa (ca. 18 species and eight subspecies, [49, 50]) and
its center of diversity in the Mediterranean basin, although the
range of the genus includes Asia, Europe, North-Central Africa,
and North America [49]. Polyploidy has been suggested to play an
important role in the evolution of Centaurium, with 60% of the
taxa being polyploids [51-53]. Ploidy levels in the genus seem to
conform to a geographical pattern, with diploid species (27 = 18,
20) around the Mediterranean basin, tetraploids (4x = 36, 40)
mainly in northern Europe and eastern Asia, and hexaploids
(6x = 54, 56, 60) generally distributed in India, the Arabian
Peninsula, and southwestern Mediterranean basin reaching the
Canary Islands [52, 53]. The hexaploids (50% of polyploid taxa)
have been proposed to be allopolyploids, while the tetraploids have
been suggested to be autopolyploids [51, 52].

ChromEvol was used to study the evolution of chromosome
numbers in the genus Centaurium. First, the eight models of
chromosome number evolution implemented in ChromEvol v.1.0
were fitted to the data, which included a reconstructed phylogeny
and chromosome numbers of 26 Centaurium taxa [53]. The best
fitted model was DyDypDem which contains fixed rates for
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Table 4
Akaike’s information criterion (AIC) values of all models of chromosome
evolution tested in ChromEvol v.2.0 for Gentaurium

Model Log Likelihood AIC

DDy, —82.6371 171.274
DyDypDerm” —57.9445 121.889
DyDypDem —56.5147 121.029
Dy, —98.4156 200.831
D,,""*D,, -81.0634 172.127
D" Dy D —57.5882 125.176
D™D, Dem —55.2665 122.533
D, linear -91.7715 191.543
Dy Bum —56.2311 120.462
DyDypBrum —53.4947 116.989

Best fitting model is shown in bold letters. This information was extracted from Maguilla
etal. 2021

chromosome doubling, demi-ploidy, and dysploidy. Two other
models (DysDupDcm* with same rates for chromosome doubling
and demi-ploidy and DySL‘“mDupDcm which assumes linear rates of
dysploidy) were within two AIC units (Table 4), meaning that they
are not significantly inferior to the best model. Using the best
model, two ascending dysploidy events were inferred, zero des-
cending dysploidy, 12 genome duplications, and four demipoly-
ploidizations (Fig. 2). Most of the inferred transitions were
polyploidization or demipolyploidizations occurring along external
branches of the phylogeny (Fig. 2), although up to four polyploi-
dizations were inferred on internal branches (including deep ones).
Under this model, » = 5 was inferred as the most likely ancestral
chromosome number at the root of the phylogeny, with posterior
probability of 0.6 (the second most likely root state was » = 9,
Fig. 2). Notably, this inference (# = 5) is questionable since it was
not observed in any Centaurium species or in related genera and
has not been suggested before for the genus Centaurium or for
tribe Chironieae [52].

We then fitted two additional models—implemented in Chro-
mEvol v.2.0 that allow for base-number transitions—to the same
data ([53], Table 4). Both models were superior to all eight previ-
ous models. The best model was DyD B, that contains the
possibility for base-number transitions (inferred as f = 10) along
with dysploidy and genome duplications, and it obtained strong
support compared to all other models (delta AIC larger than 4;
Table 4). Using this model, the inferred transitions and ancestral
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O Centaurium erythraea subsp. rhodense (20)
O c. erythraea subsp. erythraea (20)

O c. littorale subsp. uliginosum (20)

O c. grandiflorum subsp. majus (10)

O c. erythraea subsp. rumelicum (10)
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O c. grandifiorum subsp. grandifiorum (10)
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O c. quadifolium subsp. quadrifolium (10)

O c. quadrifolium subsp. barrelieri (10)
O c. grandifiorum subsp. boissieri (10)
O c (20)

O c. littorale subsp. littorale (20)
O c. scilloides (10)
O c. chioodes (20)

Oc subsp. (10)
C. serpentinicola (20)

O c. tenuiflorum (10, 20)

@ c i (28)

5 m C. maritimum (10)
C. discolor (20)

O c. mairei (27)
@@ O c. capense (18)
9 C. centaurioides (28)
C. pulchellum (9, 18, 27)

Fig. 2 Node charts represent the posterior probability of the inferred haploid chromosome number retrieved by
ChromEvol v.2.0 [33] but only using the models implemented in ChromEvol v.1.0 [24]. Tip labels indicate
species names and haploid chromosome number (n, in parenthesis and colored tip circles). (This information
was extracted from Maguilla et al. [53])

states were markedly different from those inferred using
DyDypDem. Specifically, four descending dysploidy events and no
ascending dysploidy events were inferred (zero and two using
DyDypDenm, respectively) and 13 polyploidy events (either duplica-
tions or base-number transitions), compared to 16 events using
DyDypDem (Fig. 3). Under this model, #» = 10 was inferred as the
most likely ancestral chromosome number at the root of the phy-
logeny. A transition from »# = 10 to #» = 9 was inferred in an internal
branch of the Widespread clade (Fig. 3). The two polyploid (dupli-
cation or base transition) events inferred in internal branches were
located one in the Western clade and other in the Widespread clade
(Fig. 3). Most of the remaining events were polyploidizations
occurring along external branches of the phylogeny (Fig. 3). The
three remaining descending dysploidy were inferred in hexaploid
lineages of the Widespread clade (two in C. malzacianum n = 28
and one in C. mairei n = 27) to deal with the fact that these two
species probably originated as the result of allopolyploidization
between Centaurium species with x = 10 and x = 9 and not by
polyploidization involving a single base chromosome number
(10 or 9). Taken together, it seems that incorporating the possibil-
ity of base-number transitions reconstructs a more realistic scenario
than that inferred using ChromEvol v.1.0 since # = 10 is the most
common chromosome number in the genus Centaunrium and is
also very frequent in species of closely related genera. It is conceiv-
able that a more complex model, which allows for multiple base
numbers (here, 10 and 9) could provide even more realistic
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clade . C. discolor (20)

10 18 I:. C. mairei (27)
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18 . C. centaurioides (28)

W Wl c puicheiium 9, 18, 27)
| | | [ I |

10 8 6 4 2 0
Millions of years ago

Fig. 3 Ancestral area reconstruction under constrained DEC model in Centaurium resulting from BioGeoBEARS
analysis [62]. Node charts represent the probability of the occurrence of the most recent common ancestor
(MRCA) of that node in the area represented by the same color on the map, and combined areas are
represented by colors in the legend. Node numbers indicate the reconstructed haploid chromosome numbers
retrieved by ChromEvol v.2.0 [33] using DysDy,Bnum model. Tip labels indicate species names and the area
where each species occurs following colors in the map. Haploid chromosome number (n, in parenthesis) and
ploidy levels for the species are also indicated. Lower time scale shows Millions of years ago, from the origin
of the genus to the present (Figure from Maguilla et al. [53]. Reproduced with permit from Frontiers editorial)

reconstructions, allowing for allopolyploidy events involving
lineages of two different base numbers.

2.2 Experimental The ploidy level in Centaurium is geographically distributed with
Example on Genus diploids in the Mediterranean Basin (the area of origin), tetraploids
Centaurium in temperate areas toward the North, and hexaploids in more arid

(Gentianaceae) Using areas toward the South ([52], see Fig. 2 here). Maguilla et al. [53]
Bichrom Model tested for association between ploidy levels and geographic
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Table 5

Rate parameters of chromosome number evolution inferred by the BiChrom and the reduced BiChrom
models as implemented in the Chromploid R package fitted to Centaurium

Model ),o//?q ,uol/h po/p1 qm/q“) Log Lik AIC AlCc
BiChrom 0.398,/0.000 0.000/0.126 0.001/ 3.668/3.925 —88.2626 196.52 211.19
0.631
Reduced 0.435,/0.000 0.000,/0.095 0.314 0.827/0.950 —88.7244 195.45 206.70
BiChrom

The subscripts 0 and 1 correspond to the two binary states examined (area of origin and colonized areas, respectively).
A = ascending dysploidy, 4 = descending dysploidy, p = duplications, and g = transition rate between the two binary

states

2.3 Experimental
Example on the Genus
Centaurium
(Gentianaceae) Using
ChromoSSE Model

distribution using the correlated evolution model of Pagel
[54]. This analysis indicated that the rate of transition from the
area of origin to colonized areas (North and South regions) is
independent of ploidy level but the rate of transition from diploid
to polyploid was very low in the area of origin and 100 times faster
in colonized areas. This analysis thus suggested that the probability
of colonizing new areas is independent of ploidy level but after
colonization the rate of polyploidization rapidly increases. Based
on this evidence, we have fitted the BiChrom model (with two
polyploidization rates, one for the area of origin and one for the
colonized areas) and compared it to a reduced BiChrom model
with a single polyploidization rate, assuming it is equal in both areas
(Table 5). The fit of the reduced model was better than that of the
BiChrom model (AAICc = 4.49) and is significantly higher than
the AICc of the reduced BiChrom model, indicating that there is
no significant evidence of two rates of chromosomal evolution.
Still, the polyploidy inferred by the two models is markedly differ-
ent, with the BiChrom model inferring a polyploidization rate ca.
600 times higher in colonized areas than in the area of origin, which
is congruent with previous results reported by Maguilla et al.
[53]. Thus, the non-significant support of the BiChrom model
most probably stems from the small dataset size that is insufficient
to support such a complex model.

Polyploidy has been suggested to be a major driver of diversification
in genus Centaurium [52, 53] but, to date, this has not been
statistically tested. To test such hypotheses, we have run a simplified
version of the ChromoSSE model in which only three parameters of
chromosome number transitions are allowed for both anagenetic
and cladogenetic changes (descending and ascending dysploidy and
duplications, in addition to parameters that are not related to
chromosome transitions: relative extinction, root frequencies, and
no change parameters). The ChromoSSE model used here is similar
to the DyD,, ChromEvol model (Table 1) but also allows
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chromosome-number transitions to be associated with cladoge-
netic events. As discussed in Experimental Example 1, we obtained
unlikely reconstructions using a more complex model, DyDy,Deyy,
in comparison with those obtained using the DyDy,B,um model.
Therefore, it is expected that the simplified model we implemented
in ChromoSSE will result in unrealistic reconstructions in the deep
nodes of the phylogeny. Nevertheless, because of the already high
number of parameters under consideration, our simplification of
ChromoSSE helps us to illustrate its applicability to address ques-
tions of diversification linked to chromosome number changes
despite the outcome of the reconstruction.

Based on the estimated model parameters using the reduced
ChromoSSE model, the most frequent type of anagenetic transi-
tion in Centaurium is ascending dysploidy, with rates of duplica-
tions and descending dysploidy being substantially lower (Figs. 4
and 5). However, a markedly different pattern was obtained for
cladogenesis transitions, where both rates of dysploidy transitions
are near 0 while rate of genome duplications being much higher.
This analysis thus indicates that polyploidy is linked to lineage
splitting events in the genus Centaurium.

3 Future Perspectives

We have seen how the development of ChromEvol models and
their more complex extensions have allowed us to investigate the
mode and tempo of chromosomal evolution in many clades of
cukaryotes using a robust quantitative approach. As with all evolu-
tionary models, the models of chromosome number change we
have discussed are simplifications of the underlying evolutionary
process and there are multiple ways in which such models can be
improved. First, we have discussed how the addition of a new
parameter that allows polyploidy to be modeled as a multiplication
of a base chromosome number can be critical at reconstructing
polyploid series. However, this key parameter has not been taken
into account in more complex models like BiChrom or Chro-
moSSE, perhaps due to the high dimensionality of these models,
and its incorporation into future implementations could improve
predictions. Furthermore, a potential model that allows for multi-
ple base chromosome numbers, rather than one, may also improve
inferences. Second, we still miss an implementation of a “split
model,” in which each subtree would be characterized by its own
set of parameters. Such implementation would further allow an
automatic search of shifting points along the phylogeny, although
progress is being made on this critical issue. Third, it is well known
that SSE models, such as BiSSE [37] and others, typically suffer
elevated type I error rates [55]. To partly overcome this latter issue,
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Fig. 4 Posterior distribution of estimated rate parameters using the ChromoSSE model [48] implemented in
RevBayes [27]. The visualization and plotting of the results were made using RevGadgets [63]
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Fig. 5 Chromosome number and transition reconstructions using the ChromoSSE model [48] implemented in
RevBayes [27]. The posterior probability of the chromosome number reconstruction is shown with the size of
the circles (see legend State posterior). The reconstructed haploid chromosome numbers follow the color
coding, shown at the right side of the phylogeny. The visualization and plotting of the results were made using
RevGadgets [63]

the HiSSE model [56, 57] was introduced to incorporate unmea-
sured (or hidden) factors that could impact diversification rates
aside from the trait of interest. The ChromoSSE model is expected
to be as vulnerable as BiSSE to high false-positive rates. Hence, an
implementation of hidden states in a ChromoSSE framework is
critical to thoroughly test the contribution of chromosome number
change to the diversification process in a clade.

Another important point is the time span in which models of
chromosome numbers could provide reliable inferences. In their
analysis of the entire angiosperm clade, Carta et al. [12] failed to
infer any chromosome number duplications (whole-genome dupli-
cation) deep in the phylogeny, despite over 100 deep polyploid
events inferred through comparative genomics data [58]. The dif-
ficulty of inferring these polyploid transitions based only on chro-
mosome number information is rooted in the wondrous cycles of
polyploidy in plants [13, 59] in which a polyploidization event is
followed by a diploidization process (genome downsizing and
chromosome fusion) that keeps genome size and chromosome
number relatively stable throughout the evolution of angiosperms.
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The use of informed models in which suspected polyploidization
events are forced to occur along pre-specified branches of the
phylogeny could aid with inferences. Finally, a more realistic
model of chromosome number evolution can be achieved by add-
ing to the ChromEvol framework new functions that better
describe the dependencies between rates of polyploidy and dys-
ploidy and the current number of chromosomes. In addition to
the linear model that is implemented in ChromEvol, few other
functions were proposed: a birth-death-like model, where the dys-
ploidy rates are described as a linear function without an intercept
term [60], and an exponential model of dependency on the current
number of chromosomes [48]. All these models, however, ignore
the possible dependency of the polyploidy rate on the current
number of chromosomes, though polyploidy is less likely to occur
in genomes with large numbers of chromosomes [61]. Moreover,
each of the currently implemented functions has its own constraints
and limitations. For example, while the linear models might be too
simple and are largely constrained to keep the instantaneous
O matrix legitimate, the exponential function is less constrained,
but can explode rapidly to unrealistic high values. These certainly
represent fertile ground for future and more complex implementa-
tions that would result in more realistic inferences regarding the
pathways by which the evolution of chromosome number
proceeds.
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