
RESEARCH ARTICLE

Molecular evolution of DNMT1 in vertebrates:

Duplications in marsupials followed by

positive selection

David Alvarez-Ponce1*, Marı́a Torres-Sánchez1,2, Felix Feyertag1, Asmita Kulkarni1,

Taylen Nappi1

1 Department of Biology, University of Nevada, Reno, Nevada, United States of America, 2 Department of

Biodiversity, Ecology and Evolution, Complutense University of Madrid, Madrid, Spain

* dap@unr.edu

Abstract

DNA methylation is mediated by a conserved family of DNA methyltransferases (Dnmts).

The human genome encodes three active Dnmts (Dnmt1, Dnmt3a and Dnmt3b), the tRNA

methyltransferase Dnmt2, and the regulatory protein Dnmt3L. Despite their high degree of

conservation among different species, genes encoding Dnmts have been duplicated and/or

lost in multiple lineages throughout evolution, indicating that the DNA methylation machinery

has some potential to undergo evolutionary change. However, little is known about the

extent to which this machinery, or the methylome, varies among vertebrates. Here, we

study the molecular evolution of Dnmt1, the enzyme responsible for maintenance of DNA

methylation patterns after replication, in 79 vertebrate species. Our analyses show that all

studied species exhibit a single copy of the DNMT1 gene, with the exception of tilapia and

marsupials (tammar wallaby, koala, Tasmanian devil and opossum), each of which displays

two apparently functional DNMT1 copies. Our phylogenetic analyses indicate that DNMT1

duplicated before the radiation of major marsupial groups (i.e., at least ~75 million years

ago), thus giving rise to two DNMT1 copies in marsupials (copy 1 and copy 2). In the opos-

sum lineage, copy 2 was lost, and copy 1 recently duplicated again, generating three

DNMT1 copies: two putatively functional genes (copy 1a and 1b) and one pseudogene

(copy 1ψ). Both marsupial copies (DNMT1 copies 1 and 2) are under purifying selection,

and copy 2 exhibits elevated rates of evolution and signatures of positive selection, suggest-

ing a scenario of neofunctionalization. This gene duplication might have resulted in modifica-

tions in marsupial methylomes and their dynamics.

Introduction

In vertebrate genomes, cytosine methylation is widespread (e.g., 60–90% of CpGs are methyl-

ated in mammals [1,2]) and plays pivotal roles in the silencing of gene expression and trans-

posable elements, gene imprinting, and X-chromosome inactivation [3]. DNA methylation is

mediated by a conserved family of DNA methyltransferases (Dnmts). The human genome
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encodes five members of this family: Dnmt1, Dnmt2, Dnmt3a, Dnmt3b and Dnmt3L. Dnmt3a

and Dnmt3b are responsible for de novo DNA methylation in germ cells and early embryos

[4,5]. An additional member of the Dnmt3 group, Dnmt3L, does not exhibit catalytic activity,

but acts as a regulator of Dnmt3a and Dnmt3b. Once established by Dnmt3a and Dnmt3b,

methylation patterns are maintained by Dnmt1, which copies them to the daughter DNA

strand after replication [6]. Despite its sequence and structural similarity to Dnmt1 and

Dnmt3s, Dnmt2 methylates the anticodon loop of aspartic acid transfer RNA, rather than

DNA [7,8].

Prior comparative analyses of distantly related organisms have revealed a number of gene

duplications and losses in the evolutionary history of the genes encoding Dnmts. A number of

organisms lack such genes (and cytosine methylation), including the yeast Saccharomyces cere-
visiae and the nematode Caenorhabditis elegans, and the number of Dnmts of each kind varies

among lineages [2,9–15]. For instance, DNMT3C, a mouse retrogene that evolved by duplica-

tion of DNMT3B, has been recently shown to be responsible for silencing young retrotranspo-

sons in the male germ line [16]. Genes encoding all three Dnmt classes present in animals

(classes 1, 2 and 3) are duplicated in some insect groups and completely absent from others

[13]. Some insects, including Diptera, have lost cytosine methylation (however, evidence in

Drosophila has been controversial [17]), and insects with a methylome include some lacking

Dnmt1s or Dnmt3s, indicating that neither of the enzymes individually is essential for DNA

methylation [13]. A phylogenetic analysis of prokaryotic and eukaryotic Dnmts revealed that

the last universal eukaryotic ancestor contained members of classes 1, 2 and 3, and suggested

that Dnmt2s evolved from DNA-methylating Dnmts, and that eukaryotic Dnmt1s and

Dnmt3s originated independently from prokaryotic Dnmts [18].

Little is known about the extent to which the DNA methylation machinery, or the methy-

lome, may vary among vertebrates. All jawed vertebrates characterized so far share a number

of features, including global hypermethylation, a negative correlation between methylation lev-

els at transcription start sites and gene expression levels, and widespread methylation of trans-

posable elements and gene bodies, which results in repression of transposable elements and

spurious gene transcription and exon splicing [19,20]. In contrast, in invertebrates methylation

is sparse and shows a mosaic distribution, with unmethylated regions being interspersed with

hypermethylated regions, there is no correlation between methylation at transcription start

sites and expression levels, and methylation does not necessarily correlate with the position of

genes or transposable elements [20]. Interestingly, the genome of the sea lamprey Petromyzon
marinus, a basal jawless vertebrate, is intermediately methylated, with a methylome displaying

intermediate characteristics between those of jawed vertebrates and invertebrates [21]. Verte-

brates also differ in the link between X chromosome inactivation and methylation: in euthe-

rian females, one of the X female chromosomes is inactivated thanks to methylation of

promoter-associated CpG islands [22–24]; in marsupials, transcription start sites are equally

methylated in active and inactive X chromosomes, but the flanking regions are hypomethy-

lated in the inactive X chromosome [24,25]; in birds and monotremes, active and inactive X/Z

chromosomes do not differ in their methylation levels [24,25].

Molecular evolution studies of the DNA methylation machinery in vertebrates include

some comparative analyses of members of the Dnmt3 group [26,27], but less is known about

the evolution of the DNMT1 gene. The human DNMT1 gene has 40 exons and encodes a full,

1616-amino acid somatic isoform (named Dnmt1s) and a truncated isoform expressed in

oocytes (Dnmt1o), which lacks the first 118 amino acids. Dnmt1 proteins contain an N-termi-

nal regulatory region and a C-terminal catalytic domain, separated by a KG repeat. In the

Dnmt1s isoform, the regulatory region comprises a DNA methyltransferase associated protein

(DMAP) binding domain, a nuclear localization signal (NLS), a replication foci targeting
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sequence (RFTS), a cysteine-rich DNA binding domain (CXXC), an autoinhibitory linker that

prevents de novo methylation, and two bromo-adjacent homology domains (BAH1 and

BAH2), among other protein-interaction domains (Fig 1; for a comprehensive review, see ref.

[28]). A direct interaction between the N-terminal and the C-terminal domains seems to be

necessary for enzyme activation [29]. Activated Dnmt1 shows high preference for the methyla-

tion of hemimethylated CpG sites, which allows it to maintain methylation states after replica-

tion [30,31]. DNMT1-null mouse embryos die soon after implantation and display delayed

development and structural abnormalities [32], and overexpression of DNMT1 has been

observed in multiple cancer tissues [33–36].

Here, with the aim of identifying potential differences among the methylation machineries

of vertebrates, we study the molecular evolution of DNMT1 in 79 vertebrate species. Our anal-

yses reveal that all studied species have a single DNMT1 copy, with the only exception of tilapia

and marsupials (tammar wallaby, koala, Tasmanian devil and opossum), each of which exhibit

two putatively functional DNMT1 copies. Our phylogenetic analyses indicate that DNMT1
duplicated before the radiation of major marsupial groups (at least ~75 million years ago),

thus giving rise to two DNMT1 copies (copies 1 and 2) in marsupials. Copy 2 was subsequently

lost in the opossum lineage, whereas copy 1 recently duplicated again twice in the opossum

lineage, to generate three genes in this species: two putatively functional ones (copies 1a and

1b) and one pseudogene (copy 1ψ). Both marsupial copies (DNMT1 copies 1 and 2) are under

purifying selection, and copy 2 displays signatures of positive selection, suggesting a scenario
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RFTS CXXC BAH1 BAH2

Cataly�c domainRegulatory domain

Human Dnmt1

Wallaby copy 1
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Tasmanian devil copy 1
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Fig 1. Structure of Dnmt1 proteins in human and in marsupials. The human Dnmt1s isoform is represented. Sites under positive selection specific to one of the

sequences are represented in black. Sites under positive selection shared across multiple sequences (due to positive selection in an internal branch) are represented in

green, and their coordinates are only indicated for the last sequence. Amino acid coordinates refer to the human protein. Dashed lines represent missing parts. DMAP,

DNA methyltransferase associated protein-binding domain; PCNA, proliferating cell nuclear antigen-binding domain; NLS, nuclear localization signal; RFTS,

replication foci targeting sequence; CXXC, cysteine-rich DNA binding domain; BAH, bromo-adjacent homology domains.

https://doi.org/10.1371/journal.pone.0195162.g001
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of neofunctionalization. We discuss how the presence of two DNMT1 copies in marsupials

might have affected their methylome.

Results

DNMT1 duplicated in a marsupial ancestor and one of the resulting copies

further duplicated in an opossum ancestor

We searched the complete genomes of 58 mammals, 5 birds, 2 reptiles, one amphibian and 13

fish for orthologs of the human DNMT1 gene. The studied mammalian species included 53

eutherians, four marsupials (tammar wallaby [37], koala [38], Tasmanian devil [39] and opos-

sum [40]) and one monotreme (platypus [41]) (S1 Table). All studied genomes exhibit a single

DNMT1 copy, with the exception of tilapia and the four marsupials, each of which displays

two putatively functional copies. In addition, 8 of the studied genomes (dog, lesser Egyptian

jerboa, marmoset, opossum, alpaca, hyrax, mouse lemur, and Northern American deer

mouse) contain pseudogenes maintaining homology to a substantial length of human

DNMT1.

According to the annotations of the Ensembl database [42], the tilapia genome contains

two DNMT1 copies (Ensembl gene IDs: ENSONIG00000001574 and ENSONIG00000007221).

The first copy encodes a full Dnmt1 protein (1505 amino acids). The second copy is located in

a very small scaffold (AERX01074151.1, 3084 nucleotides), which only covers exons 36–40

(184 amino acids; throughout this manuscript, exons for non-human DNMT1 genes are num-

bered based on the homologous exons in the human DNMT1, using the transcript encoding

the Dnmt1s isoform). These exons are identical between both copies, but many differences

(single-point mutations and indels) are observed in the introns. These observations indicate a

very recent duplication of DNMT1 in tilapia, but the fact that only a small portion of one of the

copies is available prevents further analysis. Thus, the evidence cannot exclude the possibility

that one of the copies is a pseudogene, or in the process of pseudogenization.

Some of the DNMT1 copies identified were unannotated, or their exon/intron structure

was incorrectly annotated in the Ensembl [42] and nr databases. Where necessary, marsupial

and platypus sequences were re-annotated manually using the human DNMT1 as reference

(see Methods), and incomplete sequences (due to their location in partially sequenced geno-

mic regions) were completed using available RNA-seq data [43–45]. The resulting protein

sequences are shown in S1 and S2 Figs.

In the case of opossum, the three DNMT1 copies (two putatively functional genes and one

pseudogene) are located in tandem in chromosome 3 (Fig 2), suggesting two recent duplica-

tion events. The two koala sequences are also located in the same scaffold (NW_018344010.1,

26.8 Kb apart; Fig 2). Tasmanian devil’s scaffold GL841404.1 contains copy 1 and part (exons

37–39) of the copy 2, 4.6 Kb apart; the other exons of the second copy are located in another

two scaffolds (GL841374.1 contains exons 16–24 and GL843446.1 contains exons 25–36), most

likely due to assembly errors (see Methods; S3 Fig). The wallaby copies are located on different

scaffolds (copy 1 is located in GeneScaffold_10206 and copy 2 in GeneScaffold_8347); how-

ever, these scaffolds are small (45.9 and 90.7 Kb, respectively; Fig 2), and therefore we cannot

discard the possibility that both wallaby copies are also closely linked.

A high degree of synteny was observed when comparing the genomic regions surrounding

DNMT1s in human, koala, opossum and chicken (Fig 2). Tasmanian devil’s scaffold

GL841404.1 and wallaby’s GeneScaffold_8347 also exhibit a similar gene order (Fig 2). In con-

trast, Tasmanian devil’s scaffold GL841374.1 is devoid of such syntenic structure (S3 Fig).

Due to their small size, Tasmanian devil’s scaffold GL843446.1, wallaby’s GeneScaffold_10206,

and platypus’ Contig12710 and Contig19880 only contain one DNNMT1 copy (or part of a
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DNMT1 copy; see Methods), and thus synteny could not be assessed in the corresponding

genomic regions.

The three opossum copies display high sequence similarity (copy 1a vs. copy 1b: dN = 0.022;

dS = 0.047; copy 1a vs. copy 1ψ: dN = 0.081; dS = 0.201; copy 1b vs. copy 1ψ: dN = 0.091; dS =

0.205; measures of divergence calculated using the Nei-Gojobori method [47] and the Jukes-

Cantor correction [48] as implemented in DnaSP version 5.10.01 [49]; analyses were restricted

to the 826 codons present and available in all sequences), whereas the wallaby, koala and Tas-

manian devil copies are much more divergent (wallaby’s copy 1 vs. copy 2: dN = 0.114; dS =

0.440; koala’s copy 1 vs. copy 2: dN = 0.120; dS = 0.395; Tasmanian devil’s copy 1 vs. copy 2:

dN = 0.146; dS = 0.521) (S1 and S2 Figs). These observations, combined with the results of our

phylogenetic analysis (Fig 3), and the known marsupial phylogeny (among the studied species,

wallaby and koala are the most closely related, followed by Tasmanian devil and opossum [50–

Human chromosome 9

Koala scaffold NW_018344010

Opossum chromosome 3

Tasmanian devil scaffold GL841404.1

Chicken Scaffold KQ759557.1

Wallaby GeneScaffold_8347

Fig 2. Synteny analysis of the genomic regions including DNMT1 copies in human, koala, wallaby, Tasmanian devil, opossum and

chicken. Wallaby’s GeneScaffold_10206, Tasmanian devil’s scaffold GL843446.1 and platypus’ Contig12710 and Contig19880 are not shown,

as they only contain a single DNMT1 gene, or part of the gene. For unnamed non-human genes, the name of the human ortholog (according

to Ensembl’s annotations) is shown. Gene coordinates were extracted from the Ensembl database, except for marsupial DNMT1 genes, for

which we used our manually refined annotations. Genome visualizations were generated using GenomeTools [46].

https://doi.org/10.1371/journal.pone.0195162.g002
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52]), suggest a scenario in which: (a) DNMT1 duplicated in a common ancestor of marsupials,

giving rise to copies 1 and 2; (b) copy 2 was lost from the opossum lineage; and (c) copy 1 was

recently duplicated twice in the opossum lineage, giving rise to two putatively functional cop-

ies and one pseudogene. The relative order of the latter two events is unclear. Based on this

inferred scenario, we named the three opossum copies as copy 1a (chromosome 3, positions

431,108,118–431,161,113), copy 1b (positions 431,298,625–431,342,040) and copy 1ψ (pseudo-

gene, positions 431,228,446–431,291,545). Copy 1a was already reported by Ding et al. [53],

and the presence of a second copy in opossum was noted by Mikkelsen et al. [40].

All marsupial and monotreme sequences lack exons 7–12, consistent with the opossum

sequence reported by Ding et al. [53] (Fig 1). A BLASTP search (E-value< 10−3) against all

proteomes available in the Ensembl database failed to find any significant hit in non-eutheri-

ans, indicating that these exons, which encode amino acids 201–320, were acquired in eutheri-

ans. These amino acids overlap with the following regions: region of interaction with the

PRC2/EED-EZH2 complex (amino acids 1–606), region of interaction with Dnmt3b (posi-

tions 149–217), NLS (positions 177–205) and homodimerization region (positions 310–502).

In addition, koala’s copy 2 lacks exons 1–14 (first 347 amino acids), and Tasmanian devil’s

copy 2 lacks exons 1–15 (amino acids 1–374). Thus, the encoded proteins lack the regions of
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Fig 3. Phylogenetic tree showing the duplication of DNMT1 in marsupials. Numbers in black represent bootstrap values. Numbers in

blue or red above each branch represent dN/dS values according to the free-ratios model. For branches under positive selection according

to the branch-site test, dN/dS ratios are represented in red and are followed by an asterisk. Internal branches are labelled with capitals

letters.

https://doi.org/10.1371/journal.pone.0195162.g003
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interaction with DMAP (positions 18–103), Dnmt3a (positions 1–148), Dnmt3b (positions

149–217), and PCNA (positions 163–174), the NLS (positions 177–205), part of the homodi-

merization (positions 310–502) and RFTS (positions 331–550) regions, and the region of inter-

action with the PRC2/EED-EZH2 complex (positions 1–606). Nonetheless, all marsupial and

monotreme Dnmt1s appear to include a complete CXXC domain, an autoinhibitory linker,

the BAH1 and BAH2 domains, and the catalytic domain (Fig 1), thus being potentially func-

tional. The opossum pseudogene (copy 1ψ) lacks exons 1–16, 20, and 30–31, and contains five

stop codons (two in exon 21, one in exon 23, one in exon 28, and one in the codon shared

between exons 39 and 40) and two frameshift mutations (exons 18 and 26).

Marsupial DNMT1 copies are differentially expressed

We next attempted to determine in which tissues, and to what extent, each copy is expressed.

First, we searched the transcriptomes of a number of koala tissues [54] for transcripts corre-

sponding to copy 1 and copy 2, finding only transcripts for copy 1. Second, we searched two

Tasmanian devil transcriptomic datasets (lymph and spleen) for sequences similar to DNMT1,

finding only reads for copy 1. Third, we mined RNA-seq data for 5 wallaby tissues (testes, male

liver, female liver, male blood and female blood; ref. [44]), and identified 11,267 reads specific

to copy 1 and only 5 reads specific to copy 2 (another 735 reads matched both copies; Table 1).

Finally, we mined RNA-seq data for 11 opossum tissues (testis and male and female brain,

cerebral cortex, heart, kidney and liver; ref. [43]). A total of 3831, 194 and 290 reads matched

opossum’s copies 1a, 1b and 1ψ, respectively (Table 2).

Both marsupial DNMT1 copies are under purifying selection

We used PAML [55] to estimate the non-synonymous to synonymous divergence ratio (dN/

dS) in each of the branches of the gene tree. We restricted this analysis to human and the four

marsupials, as incomplete genomic data and annotation errors in many of the other species

would have hindered our analyses. This ratio was substantially below one in all branches of the

phylogeny, except in the internal branch leading to the most recent common ancestor

(MRCA) of wallaby’s and koala’s copy 2 (Fig 3). This indicates that nonsynonymous changes

are under substantial purifying selection in all the sequences studied, suggesting that all copies

are functional, or that they pseudogenized only recently–which is the case for opossum’s copy

1ψ (dN/dS = 0.618).

The dN/dS ratios varied substantially among the different branches (Fig 3). Indeed, the free-

ratios model fit the data significantly better than the one-ratio model M0 (2Δℓ = 438.07,

P = 3.71×10−83), indicating significant heterogeneity in the dN/dS ratios. Remarkably, dN/dS

was substantially higher in copy 2 than in copy 1 (Fig 3). In addition, dN/dS was 0.0019 in the

branch leading to opossum’s copy 1a, and 0.7708 in the branch leading to opossum’s copy 1b.

This increase in the dN/dS ratios of copy 2 (wallaby, koala and Tasmanian devil) and copy 1b

Table 1. Number of RNA-seq reads matching wallaby’s copies 1 and 2.

Tissue Run accession number Copy 1 Copy 2

Male liver SRR1041778 502 0

Female liver SRR1552212 1340 1

Male blood SRR1552202 371 0

Female blood SRR1552210 233 2

Testis SRR1041779 8821 2

Total: 11267 5

https://doi.org/10.1371/journal.pone.0195162.t001
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(opossum) could be explained by a relaxation of purifying selection acting on protein

sequences and/or by positive selection in these copies.

Marsupials’ copy 2 of DNMT1 is under positive selection

We then used PAML to test for signatures of positive selection. The M8 vs. M7 test was signifi-

cant (2Δℓ = 8.36, P = 0.015), indicating that a fraction of codons were under positive selection.

We then used a branch-site test (model A vs. null model A1; refs. [56,57]) to infer the action of

positive selection at each of the branches of the phylogeny, except the branch leading to the

opossum pseudogene. The test was significant for the external branches leading to koala’s copy

2, Tasmanian devil’s copy 2, and opossum’s copy 1b, and for the internal branch leading to the

MRCA of the copy 2 of wallaby, koala and Tasmanian devil. The dN/dS values for these

branches are represented in red and marked with an asterisk in Fig 3, and more detailed results

are provided in Table 3.

A total of 9 codons were detected to be under positive selection: one in the opossum’s copy

1b, three in koala’s copy 2, three in Tasmanian devil’s copy 2, and 2 in the internal branch lead-

ing to the MRCA of copy 2 of wallaby, koala and Tasmanian devil. Sites under positive selec-

tion were different in each branch, and affected the catalytic domain (4 codons), the site of

interaction with the PRC2/EED-EZH2 complex (6 codons), the BAH2 domain (2 codons) and

the homodimerization domain (1 codon; Fig 1; Table 3).

Reanalysis removing incomplete sequences

The marsupial DNMT1 coding sequences (CDSs) used in this study are complete or almost

complete (S1 and S2 Figs). The only notable exceptions are wallaby’s copy 2, for which 409

codons (in exons 5–6, 13–17 and 19–24) remain unsequenced due to limited genome coverage

(2×; ref. [37]), and the opossum pseudogene, which lacks exons 1–14, 20 and 30–31. This

means that our natural selection analyses were limited to only 826 codons. We repeated our

analysis after removing these sequences, rendering 1172 codons analyzable (present in all

sequences). We obtained similar results: First, the dN/dS ratio was substantially higher in

copy 2 than in copy 1, and in opossum’s copy 1b (dN/dS = 0.808) than in opossum’s copy 1a

(dN/dS = 0.000; Fig 4). Second, positive selection was detected in the external branches leading

to opossum’s copy 1b, koala’s copy 2 and Tasmanian devil’s copy 2, and in the internal branch

leading to the MRCA of koala’s copy 2 and Tasmanian devil’s copy 2 (Fig 4; S2 Table). This

Table 2. Number of RNA-seq reads matching opossum’s copies 1a, 1b and 1ψ.

Tissue Run accession number Copy 1a Copy 1b Copy 1ψ
Male brain SRR306744 158 4 11

Male cerebral cortex SRR306746 279 9 37

Male heart SRR306750 318 8 14

Male kidney SRR306752 190 40 40

Male liver SRR306754 87 1 8

Testis SRR306756 1739 52 24

Female brain SRR306743 106 5 11

Female cerebral cortex SRR306745 265 20 51

Female heart SRR306748 142 5 3

Female kidney SRR306751 344 45 83

Female liver SRR306753 203 5 8

Total: 3831 194 290

https://doi.org/10.1371/journal.pone.0195162.t002
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analysis detected a total of 21 codons under positive selection (including the 9 ones detected

before), which affected the catalytic domain (4 codons), the site of interaction with the PRC2/

EED-EZH2 complex (10 codons), the BAH2 domain (3 codons), the homodimerization

domain (2 codons), the autoinhibiroty linker (1 codon), and the KG linker (1 codon; Fig 1;

S2 Table).

Reanalysis using 44 outgroup sequences

We repeated our tests of positive selection using as outgroup not only human, but a total of 44

species, including 33 eutherians (bushbaby, cat, chimpanzee, Chinese hamster, cow, degu, ele-

phant, ferret, gibbon, golden hamster, gorilla, guinea pig, horse, human, kangaroo rat, long-

tailed chinchilla, macaque, marmoset, microbat, mouse, mouse lemur, naked mole-rat, North-

ern American deer mouse, panda, pig, prairie vole, rat, Ryukyu mouse, sheep, shrew mouse,

tarsier, Upper Galilee Mountains blind mole rat and vervet), platypus, anole lizard, Xenopus,

and 8 fish (Amazon molly, fugu, medaka, platyfish, spotted gar, stickleback, tetraodon, and

zebrafish). These were the species for which exons 16–39 of DNMT1 (the ones included in our

positive selection analyses) were correctly annotated in the Ensembl database. In agreement

with our results using only human as outgroup (Fig 3; Table 3), signatures of positive selection

were detected in the external branches leading to koala’s copy 2, Tasmanian devil’s copy 2, and

opossum’s copy 1b, and in the internal branch leading to the MRCA of the copy 2 of wallaby,

koala and Tasmanian devil. In addition, positive selection was detected in the branch leading

to the MRCA of the copy 2 of wallaby and koala. A total of 59 codons were detected to be

under positive selection (S3 Table).

Table 3. Branch-site tests of positive selection.

Brancha Log-likelihood model A Log-likelihood null model A1 2Δℓ P-value ωs
b Selected codonsc

Wallaby 1 −10,537.29 −10,537.29 5.2×10−4 0.497 1.000

Koala 1 −10,537.29 −10,537.29 0.00 0.500 1.000

Tasmanian devil 1 −10,537.29 −10,537.29 0.00 0.500 1.000

Opossum 1a −10,537.29 −10,537.29 0.00 0.500 1.000

Opossum 1b −10,527.28 −10,531.13 7.70 0.003� 11.328 V513W

Wallaby 2 −10,535.71 −10,535.71 0.00 0.500 1.000

Koala 2 −10,526.31 −10,527.99 3.35 0.034� 2.960 T467G, S1342A, G1449N

Tasmanian devil 2 −10,517.81 −10,523.87 12.12 2.5×10−4��� 5.101 E906N, S1076N, A1338S

Human −10,537.12 −10,537.29 0.34 0.279 43.846

A −10,537.29 −10,537.29 0.00 0.500 1.000

B −10,537.29 −10,537.29 0.00 0.500 1.000

C −10,537.13 −10,537.13 0.00 0.500 1.000

D −10,537.29 −10,537.29 0.00 0.500 1.000

E −10,537.13 −10,537.13 0.00 0.500 1.000

F −10,532.75 −10,533.68 1.85 0.087 150.054

G −10,526.76 −10,529.87 6.22 0.006� 3.717 S1034, L1384E

aInternal branches are represented with letters as in Fig 3.
bdN/dS for the class of codons under positive selection.
cFor each mutation, the first letter and the number correspond to the amino acid in human Dnmt1s, and the last letter corresponds to the mutation observed in the

sequence(s) of interest. For the mutation S1034, the final amino acid is not provided because it is not the same in all the descendants of branch G.

�, P< 0.05

���, P< 0.001.

https://doi.org/10.1371/journal.pone.0195162.t003
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Discussion

Our analyses indicate that the DNMT1 gene duplicated in a common ancestor of marsupials,

giving rise to two copies (copies 1 and 2). The opossum lineage and the wallaby/koala/Tasma-

nian devil lineage diverged ~75 million years ago [50,51], implying that the DNMT1 duplica-

tion occurred prior to that time. Copy 2 was subsequently lost in the opossum lineage. Copy 2

is expressed at very low, or even undetectable levels, at least in the wide range of wallaby

(Table 1), koala [54] and Tasmanian devil tissues examined. However, both copies exhibit dN/

dS ratios lower than one (Figs 3 and 4), and none display signatures of pseudogenization (pre-

mature stop codons or frameshift mutations) indicating that they are likely expressed—per-

haps in tissues not included in our analyses, in early developmental stages or under certain

environmental conditions—and functional. Otherwise, signatures of pseudogenization and a

dN/dS close to 1 would be expected. Part of the regulatory region of koala’s and Tasmanian dev-

il’s copy 2 appear to have been lost; however, all DNMT1 copies retain the catalytic domain

and a significant fraction of the regulatory region, suggesting that they are functional—of note,

the human Dnmt1o isoform is functional despite also lacking part of the regulatory region.

Wallaby 1

Koala 1

Tasmanian devil 1

Opossum 1a

Opossum 1b

Koala 2

Tasmanian devil 2

Human

100

100

100

71

88

0.050

0.0653

0.0399

0.0293

D: 0.0470

0.0000

0.8080*

0.6175*

0.3948*

0.0449

A: 0.1258

B: 0.0429

C: 0.1735

E: 0.4568*

Fig 4. Phylogenetic tree showing the duplication of DNMT1 in marsupials, removing wallaby’s copy 2 and opossum’s copy 1ψ.

Numbers in black represent bootstrap values. Numbers in blue or red above each branch represent dN/dS values according to the free-ratios

model. For branches under positive selection according to the branch-site test, dN/dS ratios are represented in red and are followed by an

asterisk. Internal branches are labelled with capitals letters.

https://doi.org/10.1371/journal.pone.0195162.g004
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Remarkably, copy 2 exhibits a high dN/dS ratio compared to copy 1, in addition to signa-

tures of positive selection. These results suggest a scenario of neofunctionalization, in which

copy 1 may have retained the function of the ancestral DNMT1, and copy 2 may have acquired

a new or modified function. Signatures of positive selection can be detected in the branch lead-

ing to the MRCA of wallaby’s, koala’s, and Tasmanian devil’s copy 2, and in the external

branches leading to koala’s and Tasmanian devil’s copy 2 (Figs 3 and 4; Table 3; S2 and S3

Tables). These observations indicate that neofunctionalization occurred both before and after

the divergence of wallaby, koala and Tasmanian devil (i.e., both before and after ~60 million

years ago; refs. [50,51]). Substitutions under positive selection affect different domains, making

it difficult to predict how they may have affected the function of copy 2.

Copy 1 recently underwent another two duplication events in the opossum lineage, which

resulted in three genes (copies 1a, 1b and the pseudogene 1ψ) located in tandem in chromo-

some 3. Their high degree of similarity, along with our phylogenetic analyses (Fig 3), indicate

that these sequences are the result of the duplication of the copy 1 of DNMT1, and that they

are not remnants of the ancestral duplication identified in the other marsupials. Opossum’s

copy 1b also displays an elevated dN/dS (compared to copy 1a) and signatures of positive selec-

tion, which would also suggest neofunctionalization in the copy 1b. However, in this case we

are skeptical about our inference of positive selection, because the only codon inferred to be

under positive selection with high probability (V513 in the human protein, a tryptophan in

opossum’s copy 1b) is located near an unsequenced region of the opossum genome (S1 Fig),

and such regions are prone to sequencing errors. Opossum’s copy 1b is expressed at lower lev-

els than copy 1a in the tissues included in our analyses (Table 2).

It is currently not possible to infer the functions of marsupial DNMT1 derived duplicates

(copy 2 of wallaby, koala and Tasmanian devil and copy 1b of opossum). We propose three dif-

ferent possible scenarios. First, as both marsupial DNMT1 copies seem to be expressed in dif-

ferent sets of tissues (Tables 1 and 2), positive selection in the derived DNMT1 copies may

simply reflect subtle adjustments to the biochemistry of the tissue or tissues in which they are

expressed. Second, assuming that the function of both marsupial DNMT1 copies is similar to

that of the ancestral DNMT1—maintenance of methylation patterns throughout the life of the

animal after each DNA replication event—it is possible that an increased Dnmt1 abundance

may cause marsupial methylomes to be particularly stable during aging—in other mammals

methylation patterns change during the lifespan of an organism [58]. This, however would

only apply to the unknown tissue or tissues (or developmental stages or environmental condi-

tions) in which the derived copies are expressed at substantial levels. Third, the duplication of

DNMT1 may have caused marsupial genomes to be hypermethylated. Given that methylated

cytosines have an increased mutation rate [59], this scenario might explain the low GC content

of marsupial genomes [37,39,40,60]. However, this scenario would require that the derived

DNMT1 copies would act as de novo Dnmts rather than maintenance Dnmts, which is at odds

with the presence of an autoinhibitory linker in the proteins encoded by both copies. Addi-

tional functional studies of marsupial Dnmt1s, and methylome data for Australian marsupials

—which are currently unavailable—will be required to establish their functions.

Conclusions

Our analyses of 79 vertebrate genomes reveal that all studied species exhibit a single DNMT1
gene, with the exception of tilapia and marsupials (wallaby, koala, Tasmanian devil and opos-

sum), each of which display two apparently functional DNMT1 copies. Our phylogenetic anal-

yses indicate that DNMT1 duplicated before the radiation of major marsupial groups (at least

~75 million years ago), thus giving rise to DNMT1 copies 1 and 2. Copy 2 was lost in the
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opossum lineage, and copy 1 recently duplicated again to generate three opossum genes: two

putatively functional ones and one pseudogene. Both DNMT1 copies are under purifying

selection, and copy 2 is under positive selection. These results suggest a scenario of

neofunctionalization.

Methods

Gene identification and annotation

In order to identify DNMT1 orthologs in the studied vertebrate genomes, we conducted

TBLASTN searches against the Ensembl database (release 90; ref. [42]), using the human

Dnmt1s protein sequence as query and an E-value cut-off of 10−10 and all other parameters set

as default. The koala genome was queried in the nr database, as it is not represented in

Ensembl. Only scaffolds with at least 450 identities (added across the different TBLASTN hits)

were considered. Pseudogenes were inferred from the presence of premature stop codons.

Where necessary, wallaby, koala, Tasmanian devil, opossum and platypus sequences were

manually re-annotated using the intron/exon structure of human DNMT1 as reference. For

that purpose, incorrectly annotated exons (those not showing significant similarity to the

human sequence) were removed, and missing exons were searched for using TBLASTN and

BLASTN searches. Putative stop codons and frameshift mutations were confirmed by visuali-

zation of the corresponding original reads in the trace archive database.

In the case of Tasmanian devil’s DNMT1 copy 2 and platypus’ DNMT1, exons present on

different scaffolds were combined into a single gene annotation. The platypus DNMT1 exons

are distributed along two small contigs: Contig19880 (17.7 Kb; exons 1–13) and Contig12710

(18.1 Kb; exons 19–25 and 27–38) (S1 Table). In the current Tasmanian devil assembly, the

exons of copy 2 are distributed across three different scaffolds: exons 16–24 are located in scaf-

fold GL841374.1 (4.0 Mb), exons 25–36 are located in GL843446.1 (17.2 Kb), and exons 37–39

are located in GL841404.1 (1.6 Mb); this is probably the result of assembly errors.

Some of the exons of wallaby’s copies 1 and 2, opossum’s copy 1b, and the single copy of

platypus, could not be recovered (or completely recovered) from available genome assemblies

because they were located in unsequenced regions. We thus attempted to recover these exons

from available RNA-seq datasets [43–45]. For each unsequenced exon, we retrieved the

sequence of the end of the prior exon or the beginning of the next exon and searched for

RNA-seq reads that exactly matched these sequences. In the case of wallaby’s copy 2, this was

not possible due to the very few reads available (Table 1), and in the case of opossum’s copy 1b

it was not possible either due to the high similarity between copies 1a and 1b.

Gene expression levels in different tissues

We used koala’s copy 2 as query in a TBLASTN search against the koala transcriptome [54]; all

retrieved copies, however, corresponded to copy 1. Similarly, we used Tasmanian devil’s copy

2 as query in a TBLASTN search against all the RNA-seq reads available for two Tasmanian

devil tissues (lymph and spleen; SRA accession numbers: ERR695583 and ERR695584), find-

ing again only reads corresponding to copy 1. Default parameters were used in TBLASTN

searches.

We next mined RNA-seq datasets for a number of tissues of wallaby [44] and opossum

[43], in order to measure expression levels of each of the DNMT1 copies in the different tissues.

For each read, it was determined whether it perfectly matched (it was contained in) one or

more of the copies in the genome of interest, using an in-house PERL script. Reads that

matched more than one copy were not used to compute expression levels.
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Phylogenetic analyses

The CDSs of human, wallaby, koala, Tasmanian devil, opossum and platypus were translated

in silico into protein sequences. The protein sequences were aligned using ProbCons version

1.12 [61], and the resulting sequences were used to guide the alignment of the CDSs. Align-

ments were visualized and, where necessary, manually edited using BioEdit version 7.2.5 [62].

A phylogenetic tree was obtained using the maximum-likelihood method implemented in

MEGA7 [63], using the Tamura-Nei model [64] and 1000 bootstraps.

Natural selection analyses

The codeml program in the PAML package, version 4.4d [55] was used to conduct natural

selection analyses. The free-ratios model was used to calculate a separate dN/dS for each of the

branches of the gene tree. Heterogeneity of dN/dS among branches was tested by comparing

the likelihoods of the free-ratios model and model 0, which assumes a homogeneous dN/dS

across all sites and branches. This comparison was conducted using a likelihood ratio test [65],

assuming that twice the difference between the log-likelihoods of both models, 2Δℓ = 2 × (ℓFR

− ℓM0), where ℓi is the log-likelihood of model i, followed a chi-squared distribution with a

number of degrees of freedom equivalent to the difference between the number of parameters

of both nested models.

To infer the presence of codons under positive selection, we first compared the likelihoods

of models M8 and M7. Positive selection was inferred if model M8 (which allows for a class of

codons with dN/dS > 1) fitted the data significantly better than model M7 (which allows dN/dS

to vary between 0 and 1). The statistic 2Δℓ = 2 × (ℓM8 − ℓM7) was assumed to follow a chi-

squared distribution with two degrees of freedom. Next, for each of the branches in the gene

tree, a branch-site test of positive selection (Test 2; refs. [56,57]) was conducted. Positive selec-

tion was inferred if model A fitted the data significantly better than null model A1. The statistic

2Δℓ = 2 × (ℓMA − ℓMA1) was assumed to follow a 50%:50% mixture of a point of mass 0 and a

chi-squared distribution with one degree of freedom. The Bayes Empirical Bayes approach

[56] was used to identify codons under positive selection (posterior probability� 95%).

Supporting information

S1 Fig. Alignment for the N-terminal part of Dnmt1 in human, marsupials and platypus.

The human sequence corresponds to the Dnmt1s isoform. Dashes represent alignment gaps or

missing regions. Stretches of “X” symbols represent unsequenced regions. Single “X” symbols

represent incomplete codons (e.g., due to frameshift mutations).

(PDF)

S2 Fig. Alignment for the C-terminal part of Dnmt1 in human, marsupials and platypus.

The human sequence corresponds to the Dnmt1s isoform. Dashes represent alignment gaps or

missing regions. Stretches of “X” symbols represent unsequenced regions. Single “X” symbols

represent incomplete codons (e.g., due to frameshift mutations).

(PDF)

S3 Fig. Tasmanian devil’s scaffold GL841374.1. The scaffold contains part of DNMT1 copy 2.

For unnamed non-human genes, the name of the human ortholog (according to Ensembl’s

annotations) is shown. Gene coordinates were extracted from the Ensembl database, except

for DNMT1 copy 2, for which we used our manually refined annotations. Genome visualiza-

tions were generated using GenomeTools [46].

(PDF)
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of the platypus reveals unique signatures of evolution. Nature. 2008; 453: 175–183. https://doi.org/10.

1038/nature06936 PMID: 18464734

42. Aken BL, Achuthan P, Akanni W, Amode MR, Bernsdorff F, Bhai J, et al. Ensembl 2017. Nucleic Acids

Res. 2017; 45: D635–D642. https://doi.org/10.1093/nar/gkw1104 PMID: 27899575

43. Brawand D, Soumillon M, Necsulea A, Julien P, Csárdi G, Harrigan P, et al. The evolution of gene

expression levels in mammalian organs. Nature. 2011; 478: 343–348. https://doi.org/10.1038/

nature10532 PMID: 22012392

44. Cortez D, Marin R, Toledo-Flores D, Froidevaux L, Liechti A, Waters PD, et al. Origins and functional

evolution of Y chromosomes across mammals. Nature. 2014; 508: 488–493. https://doi.org/10.1038/

nature13151 PMID: 24759410

45. Necsulea A, Soumillon M, Warnefors M, Liechti A, Daish T, Zeller U, et al. The evolution of lncRNA rep-

ertoires and expression patterns in tetrapods. Nature. 2014; 505: 635–640. https://doi.org/10.1038/

nature12943 PMID: 24463510

46. Gremme G, Steinbiss S, Kurtz S. GenomeTools: a comprehensive software library for efficient process-

ing of structured genome annotations. IEEE/ACM Trans Comput Biol Bioinform. 2013; 10: 645–656.

https://doi.org/10.1109/TCBB.2013.68 PMID: 24091398

47. Nei M, Gojobori T. Simple methods for estimating the numbers of synonymous and nonsynonymous

nucleotide substitutions. Mol Biol Evol. 1986; 3: 418–426. https://doi.org/10.1093/oxfordjournals.

molbev.a040410 PMID: 3444411

48. Jukes TH, Cantor CR, Munro H. Evolution of protein molecules. In: Munro HN, editor. Mammalian pro-

tein metabolism. Academic Press, New York. 1969. 21–132.

49. Librado P, Rozas J. DnaSP v5: a software for comprehensive analysis of DNA polymorphism data. Bio-

informatics. 2009; 25: 1451–1452. https://doi.org/10.1093/bioinformatics/btp187 PMID: 19346325

Molecular evolution of DNMT1 in vertebrates

PLOS ONE | https://doi.org/10.1371/journal.pone.0195162 April 5, 2018 16 / 17

https://doi.org/10.1006/jmbi.2001.4709
http://www.ncbi.nlm.nih.gov/pubmed/11399088
http://www.ncbi.nlm.nih.gov/pubmed/7057921
http://www.ncbi.nlm.nih.gov/pubmed/6577443
http://www.ncbi.nlm.nih.gov/pubmed/1606615
http://www.ncbi.nlm.nih.gov/pubmed/2014266
http://www.ncbi.nlm.nih.gov/pubmed/17549390
http://www.ncbi.nlm.nih.gov/pubmed/10325416
https://doi.org/10.1007/s00018-004-4201-1
http://www.ncbi.nlm.nih.gov/pubmed/15526163
https://doi.org/10.1186/gb-2011-12-8-r81
http://www.ncbi.nlm.nih.gov/pubmed/21854559
https://doi.org/10.1016/j.cell.2011.11.065
https://doi.org/10.1016/j.cell.2011.11.065
http://www.ncbi.nlm.nih.gov/pubmed/22341448
https://doi.org/10.1038/nature05805
http://www.ncbi.nlm.nih.gov/pubmed/17495919
https://doi.org/10.1038/nature06936
https://doi.org/10.1038/nature06936
http://www.ncbi.nlm.nih.gov/pubmed/18464734
https://doi.org/10.1093/nar/gkw1104
http://www.ncbi.nlm.nih.gov/pubmed/27899575
https://doi.org/10.1038/nature10532
https://doi.org/10.1038/nature10532
http://www.ncbi.nlm.nih.gov/pubmed/22012392
https://doi.org/10.1038/nature13151
https://doi.org/10.1038/nature13151
http://www.ncbi.nlm.nih.gov/pubmed/24759410
https://doi.org/10.1038/nature12943
https://doi.org/10.1038/nature12943
http://www.ncbi.nlm.nih.gov/pubmed/24463510
https://doi.org/10.1109/TCBB.2013.68
http://www.ncbi.nlm.nih.gov/pubmed/24091398
https://doi.org/10.1093/oxfordjournals.molbev.a040410
https://doi.org/10.1093/oxfordjournals.molbev.a040410
http://www.ncbi.nlm.nih.gov/pubmed/3444411
https://doi.org/10.1093/bioinformatics/btp187
http://www.ncbi.nlm.nih.gov/pubmed/19346325
https://doi.org/10.1371/journal.pone.0195162


50. Meredith RW, Westerman M, Case JA, Springer MS. A phylogeny and timescale for marsupial evolution

based on sequences for five nuclear genes. J Mammal Evol. 2008; 15: 1–36.

51. Meredith RW, Westerman M, Springer MS. A phylogeny of Diprotodontia (Marsupialia) based on

sequences for five nuclear genes. Mol Phylogenet Evol. 2009; 51: 554–571. https://doi.org/10.1016/j.

ympev.2009.02.009 PMID: 19249373

52. Duchêne DA, Bragg JG, Duchêne S, Neaves LE, Potter S, Moritz C, et al. Analysis of Phylogenomic

Tree Space Resolves Relationships Among Marsupial Families. Syst Biol. 2017; syx076.

53. Ding F, Patel C, Ratnam S, McCarrey JR, Chaillet JR. Conservation of Dnmt1o cytosine methyltransfer-

ase in the marsupial Monodelphis domestica. Genesis. 2003; 36: 209–213. https://doi.org/10.1002/

gene.10215 PMID: 12929092

54. Hobbs M, Pavasovic A, King AG, Prentis PJ, Eldridge MD, Chen Z, et al. A transcriptome resource for

the koala (Phascolarctos cinereus): insights into koala retrovirus transcription and sequence diversity.

BMC genomics. 2014; 15: 786. https://doi.org/10.1186/1471-2164-15-786 PMID: 25214207

55. Yang Z. PAML 4: phylogenetic analysis by maximum likelihood. Mol Biol Evol. 2007; 24: 1586–1591.

https://doi.org/10.1093/molbev/msm088 PMID: 17483113

56. Yang Z, Wong WS, Nielsen R. Bayes empirical bayes inference of amino acid sites under positive

selection. Mol Biol Evol. 2005; 22: 1107–1118. https://doi.org/10.1093/molbev/msi097 PMID:

15689528

57. Zhang J, Nielsen R, Yang Z. Evaluation of an improved branch-site likelihood method for detecting posi-

tive selection at the molecular level. Mol Biol Evol. 2005; 22: 2472–2479. https://doi.org/10.1093/

molbev/msi237 PMID: 16107592

58. Richardson B. Impact of aging on DNA methylation. Ageing Res Rev. 2003; 2: 245–261. PMID:

12726774

59. Mugal CF, Arndt PF, Holm L, Ellegren H. Evolutionary consequences of DNA methylation on the GC

content in vertebrate genomes. G3 (Bethesda). 2015; 5: 441–447.

60. Romiguier J, Ranwez V, Douzery EJ, Galtier N. Contrasting GC-content dynamics across 33 mamma-

lian genomes: relationship with life-history traits and chromosome sizes. Genome Res. 2010; 20:

1001–1009. https://doi.org/10.1101/gr.104372.109 PMID: 20530252

61. Do CB, Mahabhashyam MS, Brudno M, Batzoglou S. ProbCons: Probabilistic consistency-based multi-

ple sequence alignment. Genome Res. 2005; 15: 330–340. https://doi.org/10.1101/gr.2821705 PMID:

15687296

62. Hall TA. BioEdit: A user-friendly biological sequence alignment editor and analysis program for Win-

dows 95/98/NT. Nucl Acids Symp Ser. 1999; 41: 95–98.

63. Kumar S, Stecher G, Tamura K. MEGA7: Molecular Evolutionary Genetics Analysis version 7.0 for big-

ger datasets. Mol Biol Evol. 2016; 33: 1870–1874. https://doi.org/10.1093/molbev/msw054 PMID:

27004904

64. Tamura K, Nei M. Estimation of the number of nucleotide substitutions in the control region of mitochon-

drial DNA in humans and chimpanzees. Mol Biol Evol. 1993; 10: 512–526. https://doi.org/10.1093/

oxfordjournals.molbev.a040023 PMID: 8336541

65. Whelan S, Goldman N. Distributions of Statistics Used for the Comparison of Models of Sequence Evo-

lution in Phylogenetics. Mol Biol Evol. 1999; 16: 1292–1299.

Molecular evolution of DNMT1 in vertebrates

PLOS ONE | https://doi.org/10.1371/journal.pone.0195162 April 5, 2018 17 / 17

https://doi.org/10.1016/j.ympev.2009.02.009
https://doi.org/10.1016/j.ympev.2009.02.009
http://www.ncbi.nlm.nih.gov/pubmed/19249373
https://doi.org/10.1002/gene.10215
https://doi.org/10.1002/gene.10215
http://www.ncbi.nlm.nih.gov/pubmed/12929092
https://doi.org/10.1186/1471-2164-15-786
http://www.ncbi.nlm.nih.gov/pubmed/25214207
https://doi.org/10.1093/molbev/msm088
http://www.ncbi.nlm.nih.gov/pubmed/17483113
https://doi.org/10.1093/molbev/msi097
http://www.ncbi.nlm.nih.gov/pubmed/15689528
https://doi.org/10.1093/molbev/msi237
https://doi.org/10.1093/molbev/msi237
http://www.ncbi.nlm.nih.gov/pubmed/16107592
http://www.ncbi.nlm.nih.gov/pubmed/12726774
https://doi.org/10.1101/gr.104372.109
http://www.ncbi.nlm.nih.gov/pubmed/20530252
https://doi.org/10.1101/gr.2821705
http://www.ncbi.nlm.nih.gov/pubmed/15687296
https://doi.org/10.1093/molbev/msw054
http://www.ncbi.nlm.nih.gov/pubmed/27004904
https://doi.org/10.1093/oxfordjournals.molbev.a040023
https://doi.org/10.1093/oxfordjournals.molbev.a040023
http://www.ncbi.nlm.nih.gov/pubmed/8336541
https://doi.org/10.1371/journal.pone.0195162

