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Abstract

Karyotype, including the chromosome and arm numbers, is a fundamental genetic charac-

teristic of all organisms and has long been used as a species-diagnostic character. Addition-

ally, karyotype evolution plays an important role in divergent adaptation and speciation.

Centric fusion and fission change chromosome numbers, whereas the intra-chromosomal

movement of the centromere, such as pericentric inversion, changes arm numbers. A prob-

abilistic model simultaneously incorporating both chromosome and arm numbers has not

been established. Here, we built a probabilistic model of karyotype evolution based on the

“karyograph”, which treats karyotype evolution as a walk on the two-dimensional space rep-

resenting the chromosome and arm numbers. This model enables analysis of the stationary

distribution with a stable karyotype for any given parameter. After evaluating their perfor-

mance using simulated data, we applied our model to two large taxonomic groups of fish,

Eurypterygii and series Otophysi, to perform maximum likelihood estimation of the transition

rates and reconstruct the evolutionary history of karyotypes. The two taxa significantly dif-

fered in the evolution of arm number. The inclusion of speciation and extinction rates dem-

onstrated possibly high extinction rates in species with karyotypes other than the most

typical karyotype in both groups. Finally, we made a model including polyploidization rates

and applied it to a small plant group. Thus, the use of this probabilistic model can contribute

to a better understanding of tempo and mode in karyotype evolution and its possible role in

speciation and extinction.

Author summary

Karyotype, including chromosome number and morphology, has been observed even

before DNA was identified as the primary genetic material. Although chromosomal

changes are thought to play an important role in speciation, we have not reached a con-

sensus on how rapidly karyotype can evolve and whether a particular karyotype is favored.

This can be attributed partly to the lack of good probabilistic models for karyotype
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evolution. This contrasts with DNA sequence evolution, for which many established prob-

abilistic models are available. Such probabilistic models have contributed to the under-

standing of rates and driving forces of DNA sequence evolution. Here, we built a

probabilistic model including both chromosome and arm numbers. Using this model, we

could demonstrate differences in the tempo and mode in karyotype evolution between

two fish taxonomic groups and possible roles of karyotype in speciation and extinction.

The use of our model in diverse taxa will lead to a better understanding of the evolution-

ary trends and functional roles of karyotypes.

Introduction

The karyotype is a fundamental characteristic of all organisms [1–3]. For over a hundred

years, the karyotype data, especially chromosome number and arm number (or fundamental

number), has been collected from diverse taxa well before the beginning of the genomic era.

Typically, karyotypes of closely related species often differ. Hence, it has long been used as a

representative taxonomic character. Furthermore, karyotype evolution can play important

roles in speciation. For instance, interbreeding of individuals with different karyotypes results

in heterokaryotypic hybrids with impaired fertility, although there are cases that heterokaryo-

types have normal fertility [4]. Therefore, karyotypic changes can contribute to genomic

incompatibility [3,5]. Furthermore, divergence in karyotype can reduce recombination rates at

rearranged regions in heterokaryotypes and contribute to the maintenance of divergent alleles

involved in reproductive isolation between populations despite the presence of gene flow [6,7].

Therefore, elucidating the patterns of karyotype evolution and its association with speciation

and extinction is essential for a better understanding of the evolution of biodiversity.

Analysis of the evolution of chromosome number has been conducted extensively. For

example, the evolutionary rates of chromosome numbers were estimated by dividing the dif-

ference in chromosome number by species divergence time [8–10]. However, this calculation

does not take into account reversible evolution such as fission followed by fusion and vice
versa. More recently, model-based estimation using phylogenetic trees has been applied to

evaluate chromosome number evolution [11–15]. These studies have demonstrated taxonomic

differences in the rates of chromosome number evolution and a possible link between chromo-

some number evolution and speciation rate [14,15].

The majority of these previous studies, however, do not take chromosome morphology (i.e.,

the position of the centromere) into account. Changes in chromosome morphology can be

attributed to several mechanisms. First, a centric fusion of two acrocentric chromosomes, in

which the centromeres are positioned at the periphery, leads to the formation of one metacen-

tric chromosome, in which the centromere is positioned in the middle [16,17]. Second, the

centric fission of a metacentric chromosome leads to the formation of two acrocentric chro-

mosomes. Both of these translocations change the chromosome number, but not the arm

number. Third, the movement of centromere within a chromosome can occur, for example,

by pericentric inversion [18] and centromere repositioning [19,20]. In contrast to centric

fusions and fissions, centromere movement modifies only the arm number and not the chro-

mosome number.

Analysis of the evolutionary rate of chromosome morphology is important for several rea-

sons. First, such analysis can provide insights into the evolution of female meiotic drive,

because chromosome morphology is thought to be under female meiotic drive [2,3]. This idea

is supported by the fact that chromosomes of particular morphology are preferentially
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transmitted to the egg rather than the polar bodies in heterokaryotypes, and many mammalian

species have karyotypes with all metacentric chromosomes or all acrocentric chromosomes

[21]. Second, as chromosome morphology influences the evolution of chromosome numbers,

we need to evaluate chromosome and arm numbers simultaneously for a better model of chro-

mosome evolution. This can be attributed to the fact that acrocentric and metacentric chromo-

somes are materials for centric fusion and fission, respectively. Therefore, the number of

acrocentric and metacentric chromosomes can affect the occurrence of centric fusion and fis-

sion, respectively. For instance, once all metacentric chromosomes undergo fission, the chro-

mosome number does not increase in the absence of centromere movement. Centromere

movement can generate metacentric chromosomes from acrocentric chromosomes to provide

the opportunities for fission.

Here, we propose a probabilistic model incorporating both chromosome and arm numbers.

Imai and Crozier proposed the use of “karyograph” to visualize a karyotype by plotting haploid

arm number (AN) and haploid chromosome number (n) on the x-axis and y-axis, respectively

[18]. Karyotype evolution can be simulated by a walk on the grids in the karyograph. Centric

fission and fusion can be simulated by walking up and down, respectively, along the y-axis in

the karyograph (Fig 1A and 1C). Centromere movement can be simulated by a horizontal

walk along the x-axis in the karyograph (Fig 1B and 1C). Although Imai and colleagues

summed up the difference in chromosome and arm numbers between the species being evalu-

ated and used it as a karyotypic distance [22], they did not build any probabilistic model based

on the karyograph. In the present study, we built a probabilistic model of karyotype evolution,

based on a stochastic continuous time Markov process with the karyograph.

Fig 1. Model of karyotype evolution based on the karyograph. (A) Change in chromosome number by centric fusion

or fission. The transition rates are also shown. (B) Change in arm number by centromere movement. Transition rates

from acrocentric to metacentric chromosomes (A-M transition) and from metacentric to acrocentric chromosomes

(M-A transition) are shown. (C) Markov process in the space of karyograph with the X-axis showing the haploid arm

number (x) and the Y-axis showing the haploid chromosome number (y). k1, fusion rate for a pair of acrocentric

chromosomes; k2, fission rate for a metacentric chromosome; k3, A-M rate for an acrocentric chromosome; k4, M-A

rate for a metacentric chromosome; nA, the number of acrocentric chromosomes; nM, the number of metacentric

chromosomes.

https://doi.org/10.1371/journal.pgen.1009502.g001
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Furthermore, we applied our model to phylogenetic comparative methods using the data-

sets of two large groups of fish, Eurypterygii and Series Otophysi, which comprise 57% and

31% of fish species, respectively [23], for investigating differences in the trends of karyotype

evolution and examining the history of karyotype evolution. Fish karyotypes are relatively con-

served with 24 haploid chromosomes as the mode [24,25], although there are variations in the

chromosome number among taxa. As these two monophyletic fish groups differed in the

mode of chromosome number (see below), we selected these two taxa for the subsequent anal-

ysis. First, we estimated evolutionary parameters of these two groups using maximum likeli-

hood methods based on our established model and compared the evolutionary parameters

between lineages using a likelihood ratio test. Second, we reconstructed the history of the kar-

yotype evolution of these two groups based on the estimated parameters. Third, we tested

whether species with different karyotypes have different speciation and extinction rates using

multi-state speciation and extinction model [26]. Finally, we made a model including polyploi-

dization rates and applied that model to a plant group Brassicaceae.

Results

A probabilistic model of karyograph

To develop our model of karyotype evolution, karyotype evolution was simulated as a continu-

ous time Markov process in the karyograph represented by a two-dimensional space of haploid

arm number (x) and haploid chromosome number (y). As the arm number is not less than the

chromosome number and not more than twice the chromosome number, any karyotype is

within the range denoted by the following inequality (Fig 1C):

y � x � 2y:

Karyotype transitions occur via four types of chromosomal rearrangements: centric fusions,

centric fissions, and two types of centromere movement (Fig 1): centromere movement from

the middle to the periphery transforms metacentric chromosomes into acrocentric chromo-

somes and is designated as M-A transition, whereas centromere movement from the periphery

to the middle transforms acrocentric chromosomes into metacentric chromosomes and is des-

ignated as A-M transition. We assumed constant probabilities of centric fusion (k1) for any

pair of acrocentric chromosomes and A-M transition (k3) for each acrocentric chromosome.

We also assumed constant probabilities of centric fission (k2) and M-A transition (k4) for each

metacentric chromosome.

Transition rates of karyotypes can be calculated by summing the probabilities of each tran-

sition for all acrocentric and metacentric chromosomes in the karyotype. A-M transition rate

(q(x,y),(x+1,y)) is proportional to the number of the acrocentric chromosomes, nA, while the tran-

sition rate of centric fission (q(x,y),(x,y+1)) and M-A transition (q(x,y),(x−1,y)) are proportional to

the number of the metacentric chromosomes, nM. The transition rate of centric fusion (q(x,y),(x,

y−1)) is proportional to the number of all combinations of acrocentric chromosomes, nAC2.

Then, transition rates from a karyotype (x, y) to a neighboring karyotype (x’, y’), q(x, y),(x’, y’),

can be expressed as

qðx;yÞ;ðx;y� 1Þ ¼ k1nA
C2 ¼ k1ð2y � xÞð2y � x � 1Þ=2;

qðx;yÞ;ðx;yþ1Þ ¼ k2nM ¼ k2ðx � yÞ;

qðx;yÞ;ðxþ1;yÞ ¼ k3nA ¼ k3ð2y � xÞ;
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qðx;yÞ;ðx� 1;yÞ ¼ k4nM ¼ k4ðx � yÞ

(Fig 1C). We used the following formulas denoting the association of nA and nM with chromo-

some number (y) and arm number (x):

nA ¼ 2y � x;

nM ¼ x � y:

We assumed that transition to non-adjacent karyotypes is 0 (i.e., haploid chromosome and

arm numbers do not change by more than one): when x’> x + 1, y’> y + 1, x’< x −1 or y’< y
−1, transition rates q(x,y),(x’,y’) were assumed to be 0.

Although this Markov process has infinite states, we could analytically find the stationary

distribution of the karyotypes (S1 Appendix). The probability for the karyotype (x, y) in the

stationary distribution is expressed as

pðx;yÞ ¼
2yKy

f

ðeL � 1ÞKx
i ðx � yÞ!ð2y � xÞ!

;

where L ¼
2Kf ðKi � 1Þ

K2
i

; Kf ¼ k2=k1 and Ki = k4/k3. Here, Kf indicates the preferential occurrence

of centric fission as compared to centric fusion, while Ki indicates the preferential occurrence

of M-A transition as compared to A-M transition. The expectation, variance, and mode of x
and y in the stationary distribution could be also analytically calculated (S1 Appendix).

Performance of phylogenetic comparative analysis of karyotype evolution

To implement the phylogenetic comparative method for karyotype evolution, we built an R-

script pipeline based on Mk-n or MuSSE analysis in the diversitree R package [26]. This method

estimates four evolutionary parameters (k1, k2, k3, and k4) using maximum likelihood estima-

tion. With MuSSE analysis, speciation (λ) and extinction rates (μ) can also be incorporated. To

evaluate the performance of the methods, we conducted the following two simulation analyses.

First, we created a simulated dataset of karyotypes using four evolutionary parameters ran-

domly selected on a logarithmic scale (from 10−4 to 10−1) and then estimated the parameters

from the simulated dataset to test how the predicted parameters matched the parameters used

to generate the dataset. For the simulation, a tree of 815 species of Eurypterygii that was used

in the following analyses was used. In this simulation, we set the maximum number of chro-

mosomes to 8 (ymax = 8) to reduce the processing time. The center of the space in the karyo-

graph, karyotype (6, 4), was set as the ancestral state. We performed 100 trials and compared

the estimates with the “true” values used for the simulations. In a wide range of the parameter

space, the estimates were well correlated with the “true” parameter values (Pearson’s correla-

tion coefficient, r for Mk-n method = 0.83–0.91; r for the MuSSE method with M0 model [i.e.,

no difference in speciation and extinction rates between karyotype states] = 0.81–0.95; S1 Fig).

We also confirmed that the Mk-n and MuSSE methods with the M0 model gave rise to similar

results (r between the estimates of the two methods = 0.97–0.99). Because the processing time

was much faster in the MuSSE than in the Mk-n, we used the MuSSE in the subsequent analy-

sis regardless of whether speciation and extinction rates were variable in the model.

Next, we tested the performance using data that was similar to the real karyotype data in

fishes. The aim of this analysis was to compare among three trees with different species num-

bers, which correspond to three different levels of taxonomy (Clade Eurypterygii, N = 815;
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Order Cyprinodontiformes, N = 80; Family Goodeidae, N = 29). In this simulation, we used

the best parameters estimated in the following analysis of Eurypterygii (M0 model, Table 1) as

the “true” values and (24, 24) as the “true” ancestral state of the most recent common ancestor

(MRCA). We repeated the simulation and subsequent estimation 100 times. We found little

deviation in the estimates from the “true” values using the tree of Class Eurypterygii with 815

species (mean absolute value of log10 estimate/”true” value of k1 = 0.065, k2 = 0.11, k3 = 0.040,

and k4 = 0.036). The deviation was much higher when smaller numbers of species were used

(Order Cyprinodontiformes, mean absolute value of log10 estimate/”true” value of k1 = 0.21, k2

= 0.61, k3 = 0.14, and k4 = 0.12; Family Godeidae, mean absolute value of log10 estimate/”true”

value of k1 = 0.62, that of k2 = 2.3, that of k3 = 0.68, that of k4 = 1.1; S2 Fig). Among the four

parameters, k2 had the highest error rate in all the cases.

Furthermore, ancestral state reconstruction at the MRCA was conducted in 100 simulations

for each tree. Analysis using the Eurypterygii tree with the age of MRCA = 156.3 million years

ago showed that the range of the estimated ancestral chromosome number was narrow (aver-

age 95% range = 20.7–24.6; see Materials and Methods), whereas that of the estimated ances-

tral arm number was broad (average 95% range = 23.9–41.8, S3 and S4 Figs). This uncertainty

of the ancestral arm number was greatly reduced when the MRCA was younger (Cyprinodon-

tiformes with the age of MRCA = 66.7 million years ago, average 95% range of arm num-

ber = 23.8–32.6; Godeidae with the age of MRCA = 19.4 million years ago, average 95% range

of arm number = 24.0–25.4).

Fish karyograph

We chose fish species to apply our model for the analysis of empirical data. Karyotypes of 2,587

species of teleost fish were first plotted on the karyograph (S5 and S6 Figs). The mode was at the

karyotype (24, 24): here, the first letter indicated the arm number and the latter indicated the chro-

mosome number. This mode represents a karyotype with 24 acrocentric chromosomes and no

metacentric chromosomes. Two local maxima were also observed at the karyotypes (47, 25) and

(54, 27), which are similar to the karyotype (24, 24) in chromosome number, but largely differ in

arm number. In these two local maxima, the majority of chromosomes are metacentric. Reflecting

this, a bimodal frequency distribution of the acrocentric chromosomes was observed when plotted

Table 1. Results of maximum likelihood estimates with models with constant speciation and extinction rates.

Fish group Eurypterygii Otophysi

Model M0 M1 M0 M1

No. of parameters 6 5 6 5

log likelihood −8967 −9187 −5240 -5291

Estimates1 k1 1.48×10−4 8.32×10−5 7.49×10−4 1.22×10−3

k2 2.45×10−3 2.29×10−2 9.31×10−4 4.47×10−4

k3 4.13×10−3 6.03×10−3 2.73×10−2 1.51×10−2

k4 2.68×10−2 (6.03×10−3) 1.60×10−2 (1.51×10−2)

λ 3.83×10−2 3.83×10−2 5.53×10−2 5.53×10−2

μ 1.93×10−3 1.96×10−3 2.28×10−7 1.47×10−6

Kf 16.5 275.2 1.2 0.4

Ki 6.5 (1) 0.6 (1)

The results with ymax = 35 are shown here.
1k1, fusion rate coefficient; k2, fission rate coefficient; k3, A-M transition rate coefficient; k4, M-A transition rate coefficient; λ, speciation rate; μ, extinction rate. Kf = k2/

k1, fission/fusion bias; Ki = k4/k3, M-A/A-M transition bias. Parentheses indicate constrained parameters used for the null model (Ki = 1).

https://doi.org/10.1371/journal.pgen.1009502.t001
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for all teleosts (S7A Fig). Difference between the karyotype (24, 24) and two local maxima reflected

phylogenetic groups (Fig 2). Most fishes belonging to the monophyletic Eurypterygii (N = 1,368)

group exhibited karyotype (24, 24) or similar karyotypes (Figs 2A and S8A), whereas most fishes

belonging to other large monophyletic group, series Otophysi (N = 1,030), exhibited karyotypes

(47, 25), (54, 27), or similar karyotypes (Figs 2B and S8B). Hence, the two groups differed in the

frequency distribution of the acrocentric chromosomes (S7B and S7C Fig). Within each group,

the karyotype was relatively conserved even among different orders (S1 Table).

Phylogenetic comparative analysis with constant speciation and extinction

rates

We estimated four evolutionary parameters (k1, fusion rate coefficient; k2, fission rate coeffi-

cient; k3, A-M transition rate coefficient; k4, M-A transition rate coefficient) for Eurypterygii
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Fig 2. Karyograph of Eurypterygii and Otophysi. Karyotypes of 1360 species of Eurypterygii (A) and 1026 species of

Otophysi (B) were plotted on the karyograph. The sizes of the circle indicate log10 of the species number plus one.

Eight outlier species of Eurypterygii and four outlier species of Otophysi are not shown here (see the text).

https://doi.org/10.1371/journal.pgen.1009502.g002
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(N = 815) and Otophysi (N = 503) using the MuSSE method with constant speciation and

extinction rates among karyotypes (M0 model). Here, we set the maximum limit of the chro-

mosome number (ymax) to 35 (i.e., diploid chromosome number = 70): for validation of the

use of ymax = 35, see the Materials and Methods and S1 Appendix. Table 1 shows the estimated

parameters. Eurypterygii demonstrated a high M-A/A-M transition bias (Ki = 6.5), whereas

Otophysi demonstrated a low M-A/A-M transition bias (Ki = 0.6). We calculated the likeli-

hood of the model with Ki = 1 (M1 model) and found that the M-A/A-M transition bias was

significantly higher than 1 in Eurypterygii and lower than 1 in Otophysi (likelihood ratio test,

P< 2.2 × 10−16 in both). This suggests that the differences in the bias of intra-chromosomal

centromere movement are likely to be responsible for different karyotype distributions

between these two groups.

Next, we reconstructed ancestral states at each node using maximum likelihood estimation

(Figs 3A and 3B, and 4A and 4B). In both Eurypterygii and Otophysi, the ancestral state recon-

struction of the MRCA had a narrow range for the estimated chromosome number (Eurypter-

ygii, 95% range = 23–27; Otophysi, 95% range = 25–32) but a broad range for the estimated

arm number (Eurypterygii, 95% range = 26–46; Otophysi, 95% range = 30–51; S9 and S10

Figs). The ancestral state reconstruction of the MRCA of Order Cyprinodontiformes and Fam-

ily Goodeidae, which are nested within Eurypterygii, have a narrower range of arm numbers

(Cyprinodontiformes, 95% range of arm number = 23–27; Goodeidae, 95% range of arm num-

ber = 24–25; S9 Fig). These results are in concordance with the simulation analysis, which also

showed that the range of the reconstructed state of the MRCA became narrower when the

MRCA was younger (S3 and S4 Figs).

Phylogenetic comparative analysis with variable speciation and extinction

rates among karyotypes

One of the unique characteristics of the fish karyotype is the predominance of species at the

distribution mode. In Eutypterygii, 29% (233/815) of the species has the same karyotype as

(24, 24). We simulated karyotype evolution using the estimated parameters, the reconstructed

ancestral state, and the Eurypterygii tree (10,000 times) to investigate how many percentages

of species have the karyotype (24, 24). The mean percentage of species located at (24, 24) was

only 0.28% (S11A Fig). None of the 10,000 simulations exceeded more than 2.7%. Further-

more, the peak of the distribution was distant from (24, 24) (the mode of mean proportion =

(26, 23), S11B Fig).

High speciation rates and/or low extinction rates may be able to account for the prevalence

of certain traits. To investigate this possibility, we tested whether species with the karyotype

(24, 24) have a different speciation and extinction rate than species with other karyotypes in

Eutypterygii by incorporating the different speciation and extinction rates among karyotypic

states into our model (M2 model). The parameter estimation suggested that species with the

karyotype (24, 24) had a slightly higher speciation rate and a much lower extinction rate than

those with the other karyotypes (speciation rate of (24, 24), λm = 1.56 × 10−1, speciation rate of

the other karyotypes, λother = 1.25 × 10−1, extinction rate of (24, 24), μm = 2.63×10−7; extinc-

tion rate of the other karyotypes, μother = 1.56×10−1; Table 2). A particularly striking difference

was observed in the extinction rates, which differed by over five orders of magnitude between

the karyotypes. Karyotypes other than (24, 24) had even higher extinction rates than their spe-

ciation rates, indicating that these karyotypes would likely go extinct. Comparison with the

model with constant speciation and extinction rates (M0’ model) showed that the model with

variable speciation and extinction rates was more highly supported (likelihood ratio test, p-

value < 2.2×10−16; S2 Table).
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As three species of Eurypterygii were filtered out in our analysis due to the large chromo-

some number (y> 35) or polyploidy, we examined whether this filtering biased our results. A

subgroup of Eurypterygii, series Eupercaria, included no species that were filtered out. The

results of the analysis using only Eurpercaria showed that the extinction rate was much lower
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Fig 3. Phylogenetic tree of Eurypterygii with the ancestral state reconstruction of karyotypes. The circles at the nodes indicate heat maps of mean values of

chromosome numbers (A, C) or arm numbers (B, D) in the marginal ancestral reconstruction of karyotypes of Eurypterygii with M0 model (A, B) and M2 model

(C, D). The colored points on the tips indicate the karyotype of extant species.

https://doi.org/10.1371/journal.pgen.1009502.g003
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in the karyotype (24, 24), although the speciation rate was also slightly lower in the karyotype

(24, 24) than in other karyotypes (S2 Table). The model with variable speciation and extinc-

tion rates was again more highly supported than the model with constant speciation and

extinction rates (likelihood ratio test, p-value< 2.2×10−16, S2 Table).
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Fig 4. Phylogenetic tree of Otophysi with the ancestral state reconstruction of karyotypes. The circles at the nodes indicate heat maps of mean values of

chromosome numbers (A, C) or arm numbers (B, D) in the marginal ancestral reconstruction of karyotypes of Otophysi with M0 model (A, B) and M2 model (C,

D). The colored points on the tips indicate the karyotype of extant species.

https://doi.org/10.1371/journal.pgen.1009502.g004
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We also applied the model with variable speciation and extinction rates to Otophysi: we

allowed the speciation and extinction rates at the two local maxima of the karyotypes, (47,25)

and (54,27), to differ from those of the other karyotypes. Species at the two local maxima were

estimated to have a much lower extinction rate and a slightly higher speciation rate than spe-

cies with other karyotypes (Table 2). This model with variable speciation and extinction rates

was more statistically supported than the model with constant speciation and extinction rates

(likelihood ratio test, p-value = 3.7×10−11; S2 Table).

It should be noted that in the model with variable speciation and extinction rates (M2

model), the directions of fission/fusion bias or M-A/A-M transitions were qualitatively similar

to those estimated in the model with constant speciation and extinction rates (M0 model). Fur-

thermore, the likelihood ratio test comparing the M2 model with a model with a constraint of

Ki = 1 and variable rates of speciation and extinction (M3 model) suggested that Ki is higher

than 1 in Euryptergii and lower than 1 in Otophysi (likelihood ratio test, p-value< 2.2×10−16

in both; Table 2).

Next, we reconstructed the ancestral states of nodes using the models with variable specia-

tion and extinction rates (M2 model) (Figs 3C and 3D, and 4C and 4D). The ancestral state of

Eurypterygii was estimated to be (24, 24) (Fig 3C and 3D) with very small error rates (MRCA

of Eurypterygii, 95% ranges of both chromosome and arm numbers were within 24; S12 Fig).

In contrast, the ancestral state reconstruction in Otophysi still has large uncertainty (MRCA of

Otophysi, 95% range of chromosome number = 25–31, that of arm number = 30–52; S13 Fig).

Reconstructed evolutionary trajectories were overall similar between the M0 and M2 models

(Fig 4).

Characterization of tree branches

To characterize evolutionary rates on tree branches, we determined the branch length fitted to

the reconstructed karyotype transitions using a maximum likelihood method with a likelihood

Table 2. Results of maximum likelihood estimates with models with variable speciation and extinction rates.

Fish group Eurypterygii Otophysi

Model M2 M3 M2 M3

No. of parameters 8 7 8 7

log likelihood −8727 −9086 −5230 -5293

Estimates1 k1 1.73×10−4 1.03×10−4 7.78×10−4 1.19×10−3

k2 3.36×10−3 2.10×10−2 1.04×10−3 4.69×10−4

k3 5.41×10−3 5.85×10−3 3.07×10−2 1.51×10−2

k4 1.94×10−2 (5.85×10−3) 1.75×10−2 (1.51×10−2)

λm 1.56×10−1 1.01×10−1 2.25×10−1 1.53×10−1

μm 2.63×10−7 3.86×10−6 6.06×10−9 7.34×10−6

λother 1.25×10−1 6.48×10−2 5.20×10−2 5.62×10−2

μother 1.56×10−1 4.65×10−2 1.21×10−2 1.09×10−2

Kf 19.4 203.9 1.3 0.4

Ki 3.6 (1) 0.6 (1)

The results with ymax = 35 are shown here.
1k1, fusion rate coefficient; k2, fission rate coefficient; k3, A-M transition rate coefficient; k4, M-A transition rate coefficient; λm, speciation rate of the karyotype at the

local maxima; μm, extinction rate of the karyotype at the local maxima; λother, speciation rate of the other karyotypes; μother, extinction rate of the other karyotypes. The

local maximum of Eurypterygii is only (24, 24), while the local maxima of Otophysi are (47,25) and (54,27). Kf = k2/k1, fission/fusion bias; Ki = k4/k3, M-A/A-M

transition bias. Parentheses indicate constrained parameters used for the null hypotheses (Ki = 1).

https://doi.org/10.1371/journal.pgen.1009502.t002
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function composed of the estimated evolutionary parameters with the M2 model; the branch

length reflected the relative difference in karyotypes between nodes. The fitted branch lengths

are shown in Fig 5. To classify the branches, we categorized them into four categories:
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Fig 5. Phylogenetic tree with fitted branches of Eurypterygii (A) and Otophysi (B). The branch length represents the relative difference of karyotypes between

nodes calculated by maximum likelihood estimation with the estimated parameters (see Materials and Methods). The color of the branches indicates the classification

of branches (black, “Expected”; blue, “Conservative”; yellow, “Rapid”; red, “Unusual”). The top 10 longest branches were numbered. The numbers on the branches

correspond to the branches in Table 2. The scale bar indicates 200 million years (my).

https://doi.org/10.1371/journal.pgen.1009502.g005
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"Expected," "Conservative," "Rapid," and "Unusual" (see Materials and Methods and S14 Fig).

When transitions were within the range expected from the actual branch length in the ultra-

metric phylogenetic tree, the transitions were categorized as "Expected." When transitions

were out of the range expected from the actual branch length but within the range expected

from the fitted branch length calculated using the estimated parameters, the transitions were

categorized as either "Conservative" or "Rapid." In cases where the fitted branch length was

longer than the actual branch length, the transitions were categorized as "Rapid;" otherwise,

they were categorized as "Conservative." When transitions were out of the range expected

from both the actual and fitted branch lengths, the transitions were categorized as "Unusual."

A total of 89% and 82% of branches were categorized into the “Expected” category for Eur-

ypterygii and Otophysi, respectively (S3 Table). "Rapid" and "Unusual" categories were signifi-

cantly enriched in terminal nodes in Eurypterygii (S3 Table; Fisher’s exact test: p-

value = 8.10 × 10−6 in "Rapid," p-value = 8.97 × 10−14 in "Unusual") and in Otophysi (Fisher’s

exact test: p-value = 2.07 × 10−2 in "Rapid," p-value = 1.63 × 10−8 in "Unusual"). The top ten

longest branches of each group are listed in S4 Table. The Eurypterygii tree had long terminal

branches in different groups (red branches in Fig 5A), which contrasted with Otophysi with

long branches relatively clustered in the internal and terminal branches of the genus Liobagrus
(Fig 5B).

Inclusion of polyploidization in the model

Polyploidization is another path of karyotype evolution that was not assumed in our model

above. In particular, plant species have undergone frequent polyploidization [1]. We incorpo-

rated a constant polyploidization rate (k5) into our model (M4 model) and applied it to the

Brassicaceae plant species, where both arm and chromosome numbers are available for 39 spe-

cies (S5 Table and S15 Fig). Although we could not find maximum likelihood with the model

without polyploidization (k5 = 0) because of excessive processing time, we could find maxi-

mum likelihood in the model with polyploidization (M4 model) with k5 = 9.31 × 10−3 (/million

years; S6 Table). Using this model, we constructed ancestral states at each node and found

seven possible events of polyploidization (Figs 6 and S16). Although the ancestral state recon-

struction at the oldest node (i.e., MRCA) indicated a broad range of the inferred chromosome

number (95% range of chromosome number = 8–16; S17 Fig), that of the second oldest node

indicated a narrow range of the inferred chromosome number around 8 (95% range of chro-

mosome number = 7–10; S17 Fig). We also performed the same analysis using the dataset

where species reported to be polyploid were removed, and 29 species remained. The analysis

detected two additional cases of polyploidization that have not been reported in the literature

(S16C and S16D Fig). Both evolutionary parameters (i. e., Kf and Ki) and reconstructed ances-

tral states were similar to the former estimates using all 39 species (S6 Table and S16 Fig).

Discussion

We established a probabilistic model of karyotype evolution involving both chromosome and

arm numbers, evaluated their performance using simulated data, and applied our model to

two large groups of fish and one small group of plant to understand the evolutionary trajecto-

ries of karyotype evolution in these taxa. The majority of previous studies on karyotype evolu-

tion considered only chromosome number and ignored the chromosome morphology

[8,9,11–13,27,28]. These models would be enough for taxa whose chromosomes are holo-

centric [13] or for taxa in which the centromere movement is rare [29]. In monocentric taxa,

however, the chromosome number evolution is tightly linked to the evolution of chromosome

morphology. Without centromere movement, haploid chromosome number, y, would be
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limited within the range of x/2� y� x; here, x is the ancestral haploid arm number. This

model would be unrealistic for many taxa [18]. Additionally, the rate of centric fusion/fission

would depend on the number of source chromosomes, acrocentric chromosomes for fusion

and metacentric chromosomes for fission, indicating that the evolution of chromosome and

arm numbers is not independent. Furthermore, our estimation of parameters indicates that

the rates of centromere movement are even higher than the rates of fusion/fission for several

taxa (Table 1). A recent study reported a two-state model of chromosome morphology evolu-

tion, which assumes that karyotype morphology is either a “matched” state with the proportion

of acrocentric chromosomes pA = 0% or 100% or an “unmatched” state with 0%< pA< 100%

[30]. This previous model also assumes that the transition of chromosome morphology is inde-

pendent of chromosome number. As our model does not make these assumptions, our model

may be able to evaluate the actual karyotype evolution better.

Comparison of whole genome sequences of multiple taxa is another approach for inferring

past karyotype evolution. Such synteny-based analysis proposed that the ancestral karyotype of

teleosts may be similar to that of Oryzias latipes [31,32], which has a chromosome number of

24. The chromosome number of the MRCA karyotype inferred in the M2 Model was also 24,

suggesting that our estimate of ancestral state reconstruction is consistent with that inferred in

the synteny-based inference. In Brassicaceae, synteny analyses suggested that the ancestral

chromosome number is 8 [33], and species with smaller numbers of chromosomes, including

Arabidopsis thaliana (haploid chromosome number = 5), are derived from chromosomal

fusions [34,35]. Our analysis also indicates a trend of reduction in chromosome number,

which is consistent with this prediction. Synteny analysis of whole genome sequence data can

even provide information about the evolution of gene order at a fine scale, whereas the posi-

tion of the centromere is still difficult to identify using only the next generation sequence data.
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Fig 6. Phylogenetic tree of Brassicaceae with the ancestral state reconstruction of karyotypes. The circles at the nodes

indicate heat maps of mean values of chromosome numbers (A) and arm numbers (B) in the marginal ancestral reconstruction

of karyotypes inferred with the M4 model. The colored points on the tips indicate the karyotype of extant species. Black

triangles show possible polyploidization events.

https://doi.org/10.1371/journal.pgen.1009502.g006
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Once complete genome assembly of diverse taxa becomes feasible and the positions of centro-

meres can be easily mapped to the genome sequences, our model could be integrated with the

synteny-based analysis to make the inference of karyotype evolution more precise.

Our method still has several limitations. First, the number of species affects the precision of

the estimation. Our simulation analysis showed that the estimation was quite precise with 815

species, whereas the uncertainty increased with lower numbers of species. Even if one is inter-

ested only in a small taxon group, a wider sampling of taxa would be better for this method.

Second, we assumed that the karyograph space is within a certain range because of the compu-

tational limit. However, theoretically, a karyotype can move in infinite space. Although our

validation analyses justified the use of karyograph space limit in the present study (see Materi-

als and Methods and S1 Appendix), any user interested in other taxa need to evaluate their spe-

cific chromosome and arm number limits. The limit of karyograph space will matter

particularly in taxa with high polyploidization rates, because polyploidization can multiply

both chromosome and arm numbers and may exceed the limit set by the user. In the present

study on the teleosts, we excluded polyploid species before analysis, because it requires exces-

sive computational time for models including polyploidization rates and with a higher maxi-

mum number of chromosomes (ymax). There is room for improvement in the processing time

with the use of programming systems other than the R language. Third, in the present study,

we assumed that the parameters were constant across the phylogenetic tree analyzed. However,

some taxa may change the parameters very rapidly. For example, mammals shift the direction

of female meiotic drive frequently between the drives favoring fusion and fission [21,36], sug-

gesting that the application of our model to any large mammalian group with constant param-

eters is not recommended. Nevertheless, our model would be applicable for a comparison

between small groups of mammals. If the factors determining the direction of the female mei-

otic drive are demonstrated, it would be possible to include such factors in our model. Finally,

we assumed that the change in chromosome number occurs via centric fusion or fission. How-

ever, chromosome number can change by non-centric mechanisms, such as telomere fusion

and non-centric fission. Telomere fusion can generate a dicentric chromosome, which can be

deleterious [37]. As non-centric fission splits one chromosome into two, with only one having

a centromere and the other lacking a centromere, it can have deleterious effects [38]. There-

fore, we did not consider these types of fusion and fission. When some taxa, however, have

higher rates of this type of karyotype evolution, these rates should also be included as

parameters.

We demonstrated that the patterns of karyotype evolution can differ between taxonomic

groups. M-A transition rate (k4) was higher than the A-M transition rate (k3) in Eurypterygii

and vice versa in Otophysi (Tables 1 and 2). As the transition rates are the products of muta-

tion rates and fixation probabilities, any factors that can bias these two would explain the taxo-

nomic differences. Pericentric inversion is one of the mechanisms of centromere movement

[18,39,40]. The presence of preferential mutation direction of pericentric inversion was sug-

gested previously [18] but still lacks empirical evidence. The bias in fixation probability via

non-random transmission of different karyotypes in heterokaryotypes would be another possi-

ble mechanism leading to the bias of centromere movement [21]. Novitski proposed a hypoth-

esis that recombination within the pericentric inversion results in the production of differently

sized chromosomes with different centromere positions, and female meiotic drive for chromo-

some size, if any, can lead to the segregation distortion of sister chromatids exhibiting centro-

meres at different positions [41]. Supporting this idea, non-mendelian segregation in

heterozygotes of chromosomes with differently positioned centromeres was observed in flow-

ering plant Rumex acetosa [42], onion fly Hylemya antiqua [43], and blowfly Lucilia cupina
[44], although there are cases without any bias of segregation [45].
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We found that karyotype is associated with extinction rates. For example, in Eurypterygii, a

higher extinction rate and a lower speciation rate were observed in species that exhibit karyo-

types other than (24, 24) (Table 2). This observation seems to contradict previous studies dem-

onstrating that speciation is often associated with chromosome evolution in reptiles and

mammals [9,14,15]. Our present study demonstrated that the roles of karyotype in speciation

and extinction may differ between taxa. Currently, we are unsure about the cause of this effect

of karyotypes on extinction rates. One possible cause would be molecular and cellular con-

straints associated with mitosis and meiosis. As far as the genome size remains constant, a neg-

ative correlation would exist between the chromosome number and the size of each

chromosome. Long chromosomes, such as those with the arms longer than half of the spindle

axis, may result in improper segregation [46]. Chromosomes that are smaller than a particular

limit also tend to segregate improperly during meiosis [47]. Therefore, an optimal karyotype

may exist for proper segregation in Eurypterygii, and constraints for proper segregation may

differ between taxa. Further studies on some species with karyotypes other than the optimal

ones that have survived until today (S4 Table) may provide insights into the mechanisms.

Finally, although we found an association between karyotype and speciation/extinction rates

in multiple taxa, it should be noted that binary-state speciation and extinction models can pro-

duce false positive results [48,49], so our results should be interpreted with caution.

In conclusion, the inclusion of chromosome arm number in the karyotype evolution model

can improve our understanding of the tempo and mode in chromosome evolution and possi-

ble roles of karyotype in speciation and extinction. Our model-based inference has the poten-

tial to become complementary to synteny-based approaches for the inference of karyotype

evolution.

Materials and methods

Fish karyotype data

We compiled data on fish karyotypes of teleost fishes from the literature [50]. We used the fun-

damental numbers (NF1) as arm numbers (AN). The complied data contained 2,716 species.

Fishes reported as polyploid (116 species), having odd numbers of chromosomes (9 species),

karyotyped only during meiosis (4 species) were excluded. We used female karyotypes when

sex differences were observed in the karyotypes. B chromosomes, if any, were not counted.

When different karyotypes were reported from a single species (i.e., inter-population varia-

tions), we selected a karyotype using the criteria described below. For the chromosome num-

ber, one was randomly chosen. For the arm number, we chose the median when odd-

numbered cases were observed and chose one randomly from either of the two nearest to the

medians when even-numbered cases were observed. In total, 2,587 species were used for plot-

ting the fish karyotype (S1 Table). We used taxonomic names in accordance with the com-

monly accepted classification system [51], following Arai (2011) [50].

To apply our probabilistic model to empirical data, we used two large monophyletic groups,

Eurypterygii and Otophysi; monophyly of these groups was reported in previous phylogenetic

studies [52,53]. Teleost fishes are composed of four subdivisions, two basal small subdivisions,

Osteoglossomorpha and Elopomorpha, and two large advanced subdivisions, Otocephala and

Euteleostei [51]. Most orders in Euteleostei exhibit similar karyotype distributions [25] with

karyotype (24, 24) as the mode (S1 Table), except for Salmoniformes, which experienced

whole-genome duplication in its ancestor and possesses largely different karyotypes (S1

Table). Therefore, we inferred that Euteleostei, except Salmoniformes, have similar evolution-

ary parameters and determined to use a monophyletic group excluding Salmoniformes and

related sister orders (Argentiniformes, Osmeriformes, Esociformes and Stomiiformes) [52].
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Because no karyotype data was available for Ateleopodifomes, we used Eurypterygii, which is a

monophyletic group composed of the rest of the orders in Euteleostei. Series Otophysi, a sub-

group of Otocephala, includes orders having karyotypes with high arm numbers, which is

largely different from Eurypterygii (Fig 2 and S1 Table). Because Clupeiformes, a basal order

of Otocephala, exhibits karyotypes similar to Euteleostei (S1 Table), we inferred that the evolu-

tionary parameters changed in the ancestors of Otophysi after divergence from Clupeiformes.

Only two karyotyped species were available from an outgroup of Otophysi, Gonorynchi-

formes. Therefore, we decided to use Otophysi for comparison with Eurypterygii. Eurypterygii

and Otophysi include 60% and 32% of teleost species, respectively, and 57% and 31% of fish

species, respectively [23]. Karyotype data used are available from Dryad (https://datadryad.

org/stash/dataset/doi:10.5061/dryad.s4mw6m966) [54].

Maximum likelihood estimation of evolutionary parameters

For the maximum likelihood estimation of evolutionary parameters, we used the Mk-n model

and MuSSE model with a phylogenetic tree and discrete trait data [55] implemented in an R

package, diversitree (https://cran.r-project.org/web/packages/diversitree/) [26]. Karyotypes

were assumed to evolve within a definite space with an arbitrarily assigned maximum number

of chromosomes, ymax (see S1 Appendix). Each karyotype was given a unique number and

treated as different states (e.g. 665 states when ymax = 35). The likelihood function was pre-

pared by make.mkn and make.musse function in the diversitree package for the Mk-n and the

MuSSE analyses, respectively. The constraints of transition rates were designed based on the

transition rates of our probabilistic model. As the constraint function in the diversitree pack-

age is not applicable for large transition matrixes, we wrote a custom script. Maximum likeli-

hoods were estimated using the find.mle function in the diversitree package. All priors were

set to 0.1 for the Mk-n whereas the starting.point.musse function was used to set priors for the

MuSSE analysis.

Simulation analyses

To evaluate the performance of the parameter estimation, we performed two simulation analy-

ses. First, we simulated karyotype evolution with randomly selected parameters and then esti-

mated the parameters using the Mk-n and MuSSE methods (M0 model). The maximum limit

of chromosome number (ymax) was set to eight to reduce the processing time. The ancestral

state was set to the center of the space, (4, 6). The empirical phylogenetic tree of 815 species of

Eurypterygii used for data analysis (see below) was also used in the simulation. In each trial,

we randomly selected logarithm of k1, k2, k3, and k4 to base 10 from −4 to −1 and used them

for making the transition matrix (Q), followed by simulating karyotype evolution using the

sim.character function with the "mkn" model. Using the dataset generated by the simulations,

we estimated four parameters using the Mk-n and MuSSE methods (M0 model). One hundred

trials were performed.

Second, we conducted simulations using four parameters, k1, k2, k3, and k4, inferred from

the MuSSE analysis (M0 model) of Eurypterygii with ymax = 35 (Table 1). The ancestral state

was set as (24, 24), which is the mode of the distribution of karyotypes of Eurypterygii. To

investigate how the number of species influences the inference of the parameters and the

ancestral state, we selected three clades: Clade Eurypterygii; Order Cyprinodontiformes, which

is within Eurypterygii; Family Goodeidei, which is within Cyprinodontiformes. In each trial of

each group, we generated a karyotype dataset using the sim.character function and estimated

four parameters using the simulated data with the MuSSE method (M0 model). We also con-

ducted marginal ancestral state reconstruction (ASR) of the most recent common ancestor
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(MRCA) of each clade using the asr.marginal function. For ASR, we used the parameters

inferred from the true (not simulated) dataset (Table 1).

To test the enrichment of species with the karyotype (24, 24) in Eurypterygii, we simulated

karyotype evolution using the Eurypterygii tree with the ancestral karyotype set to (28, 26),

which is the mode of the ancestral state reconstruction of MRCA of Eurypterygii using the

MuSSE method (M0 model).

Phylogenetic comparative analysis using fish phylogeny

To apply our phylogenetic comparative method to fish phylogeny, we downloaded an ultra-

metric phylogeny of 7,822 fish species, including all teleost orders, from Dryad (https://doi.

org/10.5061/dryad.j4802) [56]. We used species or subspecies with identical names between

the phylogenetic tree and the karyotype data. Maximum likelihood estimation of the parame-

ters was conducted for two taxonomic groups, Eurypterygii and series Otophysi. We first esti-

mated the parameters with two values of ymax (35 and 40) in the M0 model (see below). More

than 96% of species in each taxonomic group were included in the defined spaces (815/817

and 503/517 species of Eurypterygii and Otophysi, respectively, when ymax = 35). We con-

firmed that the results with ymax = 35 and ymax = 40 were not substantially different (S7 Table),

indicating that the choice of ymax did not substantially affect the results. Therefore, we used

ymax = 35 for subsequent analysis, which required much less computational time.

We conducted MuSSE analysis with four different models, M0-M3 models for the analysis

of fish phylogeny. The M0 model is a model with six free parameters including four evolutionary

parameters (k1, k2, k3, and k4) and speciation (λ) and extinction rates (μ), which are constant

between karyotypes. The M1 model is a model with five free parameters including the three

parameters, k1, k2, and k3, with a fixed constraint Ki = k4/k3 = 1 and constant speciation (λ) and

extinction (μ) rates. The M2 model is a model with eight free parameters including the four

parameters, k1, k2, k3, and k4, and two different speciation and extinction rates between two dif-

ferent karyotype groups, the local maxima of karyotypes (karyotype (24, 24) in Eurypterygii and

karyotypes (47,25) and (54,27) in Otophysi) (λm and μm) rate and other karyotypes (λother and

μother). The M3 model is a model with seven free parameters including three parameters, k1, k2,

and k3, with a fixed constraint Ki = k4/k3 = 1 and two speciation (λm and λother) and extinction

rates (μm and μother) that are different between two different karyotype groups as M2 model.

Mapping karyotype data on phylogeny can have a sampling bias that can affect the distribu-

tion of species and, hence, speciation or extinction rates between karyotypes. To correct this

bias in the M2 and M3 models, we used a correction method in make.musse with inclusion of

the sampling fraction, which represents the number of species mapped on the phylogeny

divided by the number of species karyotyped. Because we are concerned about the effect of

sampling bias on speciation and extinction rates, the average of the sampling fraction for each

karyotype state with the same extinction and speciation rate in the model was used as an input

value for the sampling fraction. This correction method was not used for the M0, M1, or M4

models. However, for only the likelihood ratio test, which required nested models, we used the

same sampling fraction for the M0 model as that used for the M2 model. This M0 model is

denoted as the M0’ model.

Reconstruction of ancestral states and statistics of tree branches

Marginal reconstruction of ancestral karyotypes in each node was conducted using asr.mar-

ginal function in the diversitree package. To characterize karyotype evolution on each tree

branch, we fitted branch length to a given transition of karyotypes using maximized likelihood

estimation of the branch length using a likelihood function formulated with the estimated
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parameters with the MuSSE method using the M2 model. The transition at each branch was

set to the transition from the mode of reconstructed states of the ancestral node of the branch

to the mode of reconstructed states of the descendent node of the branch. If the modes of the

two nodes are identical, the branch length was set to 0. For each unique transition of all

branches, the branch length was estimated by a maximum likelihood method using the mle

function in the R package stats4 with the likelihood function described below. Prior for the

maximum likelihood estimation was given as 10. To make the likelihood function, we con-

structed a transition matrix, Q, with the parameters k1, k2, k3, and k4 estimated in the M2

model (Table 2). Likelihood of a branch length (t) is given by the entry of the matrix exponen-

tial, eQt. To reduce the processing time, we used the approximation of likelihood function to

170th-degree polynomial of branch length with the coefficients of the Taylor series of the expo-

nential. This approximation is inaccurate when the branch lengths is too long. Therefore, we

designed the likelihood function as follows: if 0� t< 10, the approximation was used; if 10 <

t� 15,000, the matrix exponential was calculated via expm function in an R package, expm

(https://cran.r-project.org/web/packages/expm/index.html); if t< 0 or t> 15,000, "NA" was

produced. To confirm the accuracy of the approximation, the estimated maximum likelihood

by the approximation was recalculated with the expm function, and we confirmed that the dif-

ference of log-likelihood was less than 3.43 × 10−11 in the maximum likelihoods.

To classify the karyotype evolution on tree branches statistically, we categorized tree

branches into four categories; "Expected," "Conservative," "Rapid," and "Unusual" (S7 Fig).

When transitions were within the range expected from the actual branch length (tg) in the

ultrametric phylogeny, the transitions were categorized as "Expected." When transitions were

out of the range expected from the actual branch length but within the range expected from

the fitted branch length calculated above (tf), the transitions were categorized as either "Con-

servative" or "Rapid." In the case when the fitted branch length was longer than the actual

branch length (tf> tg), the transitions were categorized as "Rapid." When tg> tf, they were cat-

egorized as "Conservative." When transitions were out of the range expected from both the

actual and the fitted branch lengths, the transitions were categorized as "Unusual."

To determine whether transitions were within the expected range, we first calculated proba-

bilities of all states calculated in ith row of the matrix exponential, eQt, where i is the number of

a given initial state. The actual branch length (tg) or the fitted blanch length (tf) were used to

calculate the probabilities as explained above. Next, to define the range out of the expected, we

calculated the probability of each state and summed all the probabilities from the state with the

smallest probability until the cumulative probability (i. e. p-value) reached 1%. Any region

with a cumulative probability of less than 1% was defined as the unexpected range.

Phylogenetic comparative analysis of Brassicaceae karyotype evolution

with polyploidization being taken into consideration

We generated the data of an ultrametric Brassicaceae phylogenetic tree according to a chrono-

gram report based on the combined data of ndhF/PHYA genes (Supplementary Figure S4 in

[57]). We searched for karyotype data of each species on this phylogenetic tree and obtained

the karyotype data of 39 species with both chromosome and arm numbers being reported or

countable from the figures (S5 Table). For 10 species, possible polyploidization was reported

in the original literature (S5 Table). We conducted analyses using either all 39 species or 29

species, in which the 10 reported polyploid species were excluded. We set the limit of the chro-

mosome number ymax to 25, which included all the species analyzed. We constructed a new

model including polyploidization, which is denoted as the M4 model. The M4 model includes

seven free parameters; four evolutionary parameters, k1, k2, k3, and k4, constant speciation and
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extinction rates, and an additional parameter for polyploidization, k5. Polyploidization was

considered to bring a karyotype from (x, y) to (2x, 2y) at a constant transition rate (k5). The

same transition rate was applied for all karyotypes with chromosome number� ymax/2. We

also attempted to use the M0 model in Brassicaceae species, but the find.mle function could

not complete maximum likelihood estimation within one week. Ancestral state reconstruction

was performed using the asr.marginal function. Branches that increased both chromosome

number and arm number more than 1.4 fold were considered to have experienced polyploidi-

zation in this study.

Supporting information

S1 Appendix. Derivation of stationary distribution.

(DOCX)

S1 Fig. Comparison between true values and estimates using a karyotype dataset simulated

with randomly selected parameters. In each of the 100 simulation trials, logarithms of k1, k2,

k3, and k4 to base 10 were randomly selected from −4 to −1 and used to generate the simulated

karyotype dataset. Next, using the simulated datasets, the parameters were estimated using two

methods, the MuSSE (M0 model) and Mk-n methods. The first two columns show plots for a

true value versus an estimate of each parameter in 100 trials. The third column shows the cor-

relations between two estimates using MuSSE and Mk-n. Pearson’s correlation coefficients (r)
are shown for each panel.

(EPS)

S2 Fig. Accuracy of parameter estimation using simulated karyotypes and fixed parame-

ters. Simulations of karyotype evolution were performed separately using three different trees:

Eurypterygii, N = 815 species; Cyprinodontiformes, N = 80 species; Goodeidae, N = 29 species.

For each tree, 100 simulation trials were performed using four fixed parameters estimated in

the following analysis of Eurypterygii. The boxplots show quartiles of log10 fold difference of

estimates from the given parameters. The means are shown by the lines in the boxes. The whis-

kers indicate 1.5 times the interquartile range.

(EPS)

S3 Fig. The probabilities of the ancestral states of the most recent common ancestors

(MRCA) estimated in the simulations: representative results. Three randomly chosen

results for each of the simulations using the three trees (Eurypterygii, Cyprinodontiformes,

and Goodeidae) are shown. Plot sizes reflect the probabilities. Plot colors indicate the areas

where the top 50%, 70%, 90%, and 100% are included. The 50% and 70% areas overlapped in

the first case of Goodeidae.

(EPS)

S4 Fig. The probabilities of the ancestral states of the most recent common ancestors

(MRCA) estimated in the simulations: means of 100 simulations. The mean probabilities of

the ancestral states of the MRCA across 100 simulations are indicated in plot sizes. The plot

colors show the areas where the top 50%, 70%, 90%, and 100% are included.

(EPS)

S5 Fig. Karyograph of all teleost fishes. Karyotypes of 2,557 species of teleost fish were plot-

ted on the karyograph. The size of the circle indicates log10 of the species number plus one.

Thirty outlier species are not plotted here.

(EPS)
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S6 Fig. Karyograph of all teleost fishes with species numbers. Karyotypes of 2,557 species of

teleost fish were plotted on the karyograph. The species number is shown without the log-

transformation. Thirty outlier species are not plotted here.

(EPS)

S7 Fig. Histogram of the frequency of acrocentric chromosomes of teleost fish. Data of (A)

all teleost species (N = 2,587), (B) Eurypterygii only (N = 1,368) and, (C) Otophysi only

(N = 1,030) are shown separately.

(EPS)

S8 Fig. Karyograph of Eurypterygii and Otophysi. Karyotypes of 1,360 species of Euryptery-

gii (A) and 1,026 species of Otophysi (B) are plotted on the karyograph. The species number is

shown within the dot. Eight outlier species of Eurypterygii and four outlier species of Otophysi

are not plotted here.

(EPS)

S9 Fig. Karyograph showing the probability of ancestral states at three nodes of Euryptery-

gii inferred with the M0 model. The ancestral state reconstruction of the MRCA of three

clades (Eurypterygii, Cyprinodontiformes, and Goodeidae) is shown. The probability of the

ancestral states is indicated by the plot. Plot colors show the areas where the top 50%, 70%,

90%, and 100% are included. The 50% and 70% areas overlapped in Goodeidae.

(EPS)

S10 Fig. Karyograph showing the probability of ancestral states of the MRCA of Otophysi in-

ferred with the M0 model. The probability of the ancestral states of MRCA of Otophysi is indicated

by the plot sizes. Plot colors show the areas where the top 50%, 70%, 90%, and 100% are included.

(EPS)

S11 Fig. Simulation analysis to test the enrichment of Eurypterygii with the karyotype (24,

24). A. Histogram of the percentage of species with karyotype (24, 24). The bin width is 0.12%

(1/815). Probability was calculated by 10,000 simulations of karyotype evolution with the esti-

mated parameters in Eurypterygii with the M0 model. B. Karyograph showing the mean pro-

portion of karyotype states. The mean proportion of karyotype states across 10,000

simulations is indicated by the plot sizes. Plot colors show the areas where the top 50%, 70%,

90%, and 100% are included.

(EPS)

S12 Fig. Karyograph showing the probability of ancestral states at three nodes of Eurypter-

ygii inferred with M2 model. The ancestral state reconstruction of the MRCA of three clades

(Eurypterygii, Cyprinodontiformes, and Goodeidae) is shown. The probability of ancestral

states is indicated by plot sizes. Plot colors show the areas where the top 50%, 70%, 90%, and

100% are included. All 50%, 70%, and 90% of the areas overlapped in the three panels.

(EPS)

S13 Fig. Karyograph showing the probability of ancestral states of the MRCA of Otophysi

with the M2 model. The probability of the ancestral states of the MRCA of Otophysi is indi-

cated by the plot sizes. Plot colors show the areas where the top 50%, 70%, 90%, and 100% are

included.

(EPS)

S14 Fig. Classification of karyotype transitions based on branch length. The filled circles

indicate expected ranges (99%). When the karyotype after the transition is within the range

expected from tg, the branch is categorized as "Expected." When the karyotype after the
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transition is out of the range expected from tg but within the range expected from tf, the branch

is categorized as "Conservative" (tg> tf) or "Rapid" (tg< tf). When the karyotype after the tran-

sition is out of the range expected from both tg and tf, the branch is categorized as "Unusual."

tg, actual time estimated from the phylogenetic tree; tf, fitted time of the branch.

(TIF)

S15 Fig. Karyograph of Brassicaceae species. Karyotypes of 39 species of Brassicaceae species

were plotted on a karyograph. The species number is shown without log transformation.

(EPS)

S16 Fig. Phylogenetic tree of Brassicaceae with ancestral state reconstruction of the karyo-

types. The circles at the nodes indicate heat maps of mean values of chromosome numbers (A,

C) and arm numbers (B, D) in the marginal ancestral reconstruction of karyotypes inferred

with the M4 model. The colored points on the tips indicate the karyotypes of the extant species.

Black triangles indicate possible polyploidization events. In C and D, analysis was performed

after excluding species that were inferred to be polyploid in the original literature.

(EPS)

S17 Fig. Karyograph showing the probability of ancestral states at the two oldest nodes of

the Brassicaceae. The ancestral state reconstruction of the two oldest nodes of Brassicaceae is

shown. The probability of ancestral states is indicated by the plot sizes. Plot colors show the

areas where the top 50%, 70%, 90%, and 100% are included.

(EPS)

S1 Table. Species numbers and karyotype distributions in teleosts shown for each order.

(XLSX)

S2 Table. Comparison of maximum likelihood estimates of evolutionary parameters

between the model with and without variation of speciation and extinction rates.

(XLSX)

S3 Table. Category of karyotype evolution on branches of fish phylogeny.

(XLSX)

S4 Table. Top 10 branches with the longest fitted branch length.

(XLSX)

S5 Table. Karyotypes of Brassicaceae species.

(XLSX)

S6 Table. Maximum likelihood estimates of evolutionary parameters of Brassicaceae.

(XLSX)

S7 Table. Maximum likelihood estimates of evolutionary parameters using different limits

of chromosome number in fishes.

(XLSX)
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33. Lysak MA, Mandáková T, Schranz ME. Comparative paleogenomics of crucifers: ancestral genomic

blocks revisited. Current Opinion in Plant Biology. 2016; 30:108–15. https://doi.org/10.1016/j.pbi.2016.

02.001 PMID: 26945766

34. Lysak MA, Berr A, Pecinka A, Schmidt R, McBreen K, Schubert I. Mechanisms of chromosome number

reduction in Arabidopsis thaliana and related Brassicaceae species. Proceedings of the National Acad-

emy of Sciences of the United States of America. 2006; 103(13):5224. https://doi.org/10.1073/pnas.

0510791103 PMID: 16549785

35. Murat F, Louis A, Maumus F, Armero A, Cooke R, Quesneville H, et al. Understanding Brassicaceae

evolution through ancestral genome reconstruction. Genome Biology. 2015; 16(1):262. https://doi.org/

10.1186/s13059-015-0814-y PMID: 26653025

36. Yoshida K, Kitano J. The contribution of female meiotic drive to the evolution of neo-sex chromosomes.

Evolution. 2012; 66:3198–208. https://doi.org/10.1111/j.1558-5646.2012.01681.x PMID: 23025609

37. Barra V, Fachinetti D. The dark side of centromeres: types, causes and consequences of structural

abnormalities implicating centromeric DNA. Nature Communications. 2018; 9(1):4340. https://doi.org/

10.1038/s41467-018-06545-y PMID: 30337534

PLOS GENETICS Tempo and mode in karyotype evolution

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009502 April 16, 2021 24 / 25

https://doi.org/10.1186/s12862-016-0628-x
https://doi.org/10.1186/s12862-016-0628-x
http://www.ncbi.nlm.nih.gov/pubmed/27000803
https://doi.org/10.1016/s0169-5347%2800%2989155-7
http://www.ncbi.nlm.nih.gov/pubmed/21237083
https://doi.org/10.1086/283646
http://www.ncbi.nlm.nih.gov/pubmed/29519129
https://doi.org/10.1038/hdy.2011.101
http://www.ncbi.nlm.nih.gov/pubmed/22045381
https://doi.org/10.1007/s00412-018-0672-y
https://doi.org/10.1007/s00412-018-0672-y
http://www.ncbi.nlm.nih.gov/pubmed/29705818
http://www.ncbi.nlm.nih.gov/pubmed/11729161
https://doi.org/10.1007/s10709-005-5248-0
http://www.ncbi.nlm.nih.gov/pubmed/16850236
https://doi.org/10.1038/nature03704
http://www.ncbi.nlm.nih.gov/pubmed/16034417
https://doi.org/10.1016/j.ympev.2010.07.009
http://www.ncbi.nlm.nih.gov/pubmed/20655386
https://doi.org/10.1534/genetics.118.301084
https://doi.org/10.1534/genetics.118.301084
http://www.ncbi.nlm.nih.gov/pubmed/30166445
https://doi.org/10.1111/evo.13682
http://www.ncbi.nlm.nih.gov/pubmed/30690715
https://doi.org/10.1186/1471-2164-15-233
http://www.ncbi.nlm.nih.gov/pubmed/24669946
https://doi.org/10.1038/nature05846
https://doi.org/10.1038/nature05846
http://www.ncbi.nlm.nih.gov/pubmed/17554307
https://doi.org/10.1016/j.pbi.2016.02.001
https://doi.org/10.1016/j.pbi.2016.02.001
http://www.ncbi.nlm.nih.gov/pubmed/26945766
https://doi.org/10.1073/pnas.0510791103
https://doi.org/10.1073/pnas.0510791103
http://www.ncbi.nlm.nih.gov/pubmed/16549785
https://doi.org/10.1186/s13059-015-0814-y
https://doi.org/10.1186/s13059-015-0814-y
http://www.ncbi.nlm.nih.gov/pubmed/26653025
https://doi.org/10.1111/j.1558-5646.2012.01681.x
http://www.ncbi.nlm.nih.gov/pubmed/23025609
https://doi.org/10.1038/s41467-018-06545-y
https://doi.org/10.1038/s41467-018-06545-y
http://www.ncbi.nlm.nih.gov/pubmed/30337534
https://doi.org/10.1371/journal.pgen.1009502


38. Fishman L, Willis JH, Wu CA, Lee YW. Comparative linkage maps suggest that fission, not polyploidy,

underlies near-doubling of chromosome number within monkeyflowers (Mimulus; Phrymaceae). Hered-

ity. 2014; 112(5):562–8. https://doi.org/10.1038/hdy.2013.143 PMID: 24398885

39. Schubert I. Chromosome evolution. Current Opinion in Plant Biology. 2007; 10(109–115). https://doi.

org/10.1016/j.pbi.2007.01.001 PMID: 17289425

40. White MJD. Chromosomal rearrangements and speciation in animals. Annual Review of Genetics.

1969; 3(1):75–98.

41. Novitski E. Non-random disjunction in Drosophila. Annual Review of Genetics. 1967; 1(1):71–86.

42. Wilby AS, Parker JS. The supernumerary segment systems of Rumex acetosa. Heredity. 1988; 60

(1):109–17.

43. van Heemert C. Somatic pairing and meiotic nonrandom disjunction in a pericentric inversion of Hyle-

mya antiqua (Meigen). Chromosoma. 977;59:193–206.

44. Foster GG, Whitten MJ. Meiotic drive in Lucilia cuprina and chromosomal evolution. The American Nat-

uralist. 1991; 137:403–15.

45. Coyne JA. A test of the role of meiotic drive in fixing a pericentric inversion. Genetics. 1989; 123

(1):241–3. PMID: 2806886

46. Schubert I, Oud JL. There is an upper limit of chromosome size for normal development of an organism.

Cell. 1997; 88(4):515–20. https://doi.org/10.1016/s0092-8674(00)81891-7 PMID: 9038342

47. Schubert I. Alteration of chromosome numbers by generation of minichromosomes–is there a lower

limit of chromosome size for stable segregation?. Cytogenetics and Cell Genetics. 2001; 93:175–81.

https://doi.org/10.1159/000056981 PMID: 11528109

48. Rabosky DL, Goldberg EE. Model inadequacy and mistaken inferences of trait-dependent speciation.

Systematic Biology. 2015; 64(2):340–55. https://doi.org/10.1093/sysbio/syu131 PMID: 25601943

49. Louca S, Pennell MW. Extant timetrees are consistent with a myriad of diversification histories. Nature.

2020; 580(7804):502–5. https://doi.org/10.1038/s41586-020-2176-1 PMID: 32322065

50. Arai R. Fish Karyotypes: A Check List. Tokyo: Springer Japan; 2011.

51. Nelson JS. Fishes of the World. New Jersey: Wiley; 2006.

52. Near TJ, Eytan RI, Dornburg A, Kuhn KL, Moore JA, Davis MP, et al. Resolution of ray-finned fish phy-

logeny and timing of diversification. Proceedings of the National Academy of Sciences. 2012; 109

(34):13698. https://doi.org/10.1073/pnas.1206625109 PMID: 22869754

53. Near TJ, Dornburg A, Eytan RI, Keck BP, Smith WL, Kuhn KL, et al. Phylogeny and tempo of diversifica-

tion in the superradiation of spiny-rayed fishes. Proceedings of the National Academy of Sciences.

2013; 110(31):12738. https://doi.org/10.1073/pnas.1304661110 PMID: 23858462

54. Yoshida K, Kitano J. Tempo and mode in karyotype evolution revealed by a probabilistic model incorpo-

rating both chromosome number and morphology [Data set] 2021 https://doi.org/10.5061/dryad.

s4mw6m966

55. Pagel M. Detecting correlated evolution on phylogenies: a general method for the comparative analysis

of discrete characters. Proceedings of the Royal Society of London Series B: Biological Sciences. 1994;

255(1342):37–45.

56. Rabosky DL, Santini F, Eastman J, Smith SA, Sidlauskas B, Chang J, et al. Rates of speciation and

morphological evolution are correlated across the largest vertebrate radiation. Nature Communications.

2013; 4(1):1958. https://doi.org/10.1038/ncomms2958 PMID: 23739623

57. Beilstein MA, Nagalingum NS, Clements MD, Manchester SR, Mathews S. Dated molecular phyloge-

nies indicate a Miocene origin for Arabidopsis thaliana. Proceedings of the National Academy of Sci-

ences. 2010; 107(43):18724. https://doi.org/10.1073/pnas.0909766107 PMID: 20921408

PLOS GENETICS Tempo and mode in karyotype evolution

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009502 April 16, 2021 25 / 25

https://doi.org/10.1038/hdy.2013.143
http://www.ncbi.nlm.nih.gov/pubmed/24398885
https://doi.org/10.1016/j.pbi.2007.01.001
https://doi.org/10.1016/j.pbi.2007.01.001
http://www.ncbi.nlm.nih.gov/pubmed/17289425
http://www.ncbi.nlm.nih.gov/pubmed/2806886
https://doi.org/10.1016/s0092-8674%2800%2981891-7
http://www.ncbi.nlm.nih.gov/pubmed/9038342
https://doi.org/10.1159/000056981
http://www.ncbi.nlm.nih.gov/pubmed/11528109
https://doi.org/10.1093/sysbio/syu131
http://www.ncbi.nlm.nih.gov/pubmed/25601943
https://doi.org/10.1038/s41586-020-2176-1
http://www.ncbi.nlm.nih.gov/pubmed/32322065
https://doi.org/10.1073/pnas.1206625109
http://www.ncbi.nlm.nih.gov/pubmed/22869754
https://doi.org/10.1073/pnas.1304661110
http://www.ncbi.nlm.nih.gov/pubmed/23858462
https://doi.org/10.5061/dryad.s4mw6m966
https://doi.org/10.5061/dryad.s4mw6m966
https://doi.org/10.1038/ncomms2958
http://www.ncbi.nlm.nih.gov/pubmed/23739623
https://doi.org/10.1073/pnas.0909766107
http://www.ncbi.nlm.nih.gov/pubmed/20921408
https://doi.org/10.1371/journal.pgen.1009502

