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Cryptic Speciation and Characteristics of the Transition Bias Following an Example of the cytb 
Gene in Palearctic Mammals. Mezhzherin, S. V., Morozov-Leonov, S. Yu., Rostovska, O. V., 
Tereshchenko, V. O., Zhalay, E. I. — A study of taxonomic differentiation and transition bias of the cytb 
gene, focusing on the early stages of speciation, was carried out in 15 subfamilies/families of five orders 
of Palearctic mammals. It was confirmed that the genetic differentiation among taxa of small and large 
mammals is shifted by the same taxonomic level, in which connection the period of cryptic speciation 
of Micromammalia (semi- and allospecific levels) corresponds to the divergence of type species in their 
genus within Macromammalia. In all cases, both transition bias and its evolutionary compensation took 
place. The novelty of the study also lies in the proof that the alignment of the transitions and transversion 
rates in evolutionary lineages has the pattern of a phase transition, and the frequency of transversions in 
short-cycle species of the orders Insectivora and Rodentia is higher than in long-cycle orders Artiodactyla, 
Carnivora and Chiroptera while with relative equality of transitions. The latter circumstance might be 
associated with the traits of metabolism and determines the characteristics of the molecular evolution of 
mammalian groups with short and long life cycles.
Key words: genetic differentiation, transition bias, Micromammalia, Macromammalia, cytb, Palearctic, 
life cycles.
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Early, as a rule, cryptic stages of speciation are a subject of particular interest in evolutionary biology and 
a problematic area of taxonomy. The latter circumstance is due to the fact that studies of the early stages of evo-
lution are associated with genetic research. Whereas in taxonomic practice, generally, a standard typological ap-
proach is used applying morphological features that do not have high resolution in the early stages of evolution. 
Taxonomic levels correspond to the early stages of evolutionary divergence, which are interpreted as semispe-
cies or allospecies (Anderson, 1977; Mezhzherin, 1994; Mallet, 2007). Semispecies are parapatric organisms that 
easily hybridize with each other in overlaping zones and with a level of genetic distances slightly exceeding the 
standard interpopulation differences. Trinominal names are used to designate them. A semispecies criterion is a 
fact of the gene flow restriction. Allospecies are defined as geographically isolated sibling species, their divergence 
is higher than that of semispecies and they are given binomial names. Semispecies and allospecies are character-
ized by the absence of reliable reproductive barriers, crypticity and vicariance. They form superspecies systems 
(Amadon, 1966) with regulated rules for their designation (Code of Zoollogical nomenclature).

The relevance of the studies of the cryptic stage of species formation is not only due to the difficulties 
of practical systematics, but also the need of obtaining an answer to one of the key evolutionary questions: if 
intraspecific and interspecific differentiations are, in essence, the same or something entirely different. The an-
swer allows to present speciation either as a continuous linear process of accumulation of substituted genes, or 
as an abrupt phenomenon. In this regard, molecular and genetic studies are of particular interest.

The universal rule of molecular evolution is a general tendency of the prevalence of a certain type of nu-
cleotide substitutions (Li & Graur, 1991). A special place is taken by a phenomenon of the transition bias — a 
predominance in the number of transitions over transversions (Fitch, 1967; Vogel & Kopun, 1977; Brown et al., 
1982; Kumar, 1996; Belle et al., 2005; Stoltzfus & Norris, 2016), which should be considered as a special case of 
a general regularity. The phenomenon is observed in spontaneous mutations and is due to the relative ease of 
nucleotide substitutions within one class of chemical compounds of purines (A↔G) or pyrimidines (T↔C), 
compared to interclass substitutions of purines for pyrimidines or vice versa (A↔T, A↔C, G↔ T, G↔C). Of 
particular interest is the evolutionary compensation of transition bias (Rosenberg et al., 2003). Its essence is 
that with an increase in the level of divergence, there is a decrease in the scale of the bias, which persists at the 
intraspecific stages of evolution, but is leveled out at the order of interspecific divergence (Fitch, 1967; Brown et 
al., 1982; Collins & Jukes, 1994; Kumar, 1996; Ebersberger et al., 2002; Belle et al., 2005; Duchene et al., 2015). 
At the same time, the rates of evolutionary alignment of the transition bias are specific for different genes and 
parts of DNA (Keller et al., 2007; Mezhzherin & Tereshchenko, 2023). Likewise, there are reasons to believe 
that in different groups of family rank and above, transition bias and its evolutionary alignment have their own 
characteristics (Mezhzherin et al., 2023). The latter aspect remains insufficiently studied. Therefore, the aim of 
this study was to solve two problems: to determine the relationship between the stages of speciation and the 
nature of the compensation of the transition bias and how the nature of the bias is displayed in different groups 
of mammals in the taxonomic rank of family.

Materials and Methods

Subject  of  the  s tudy.  The work uses complete sequences of the cytb gene submitted to GenBank and 
representing 15 families/subfamilies of five Palearctic orders of mammals. In total, the analyses included 2315 
sequences of 577 species. 

Micromammalia. Chiroptera Blumenbach, 1779 — Vespertilionidae Gray, 1821: Barbastella Gray, 1821 
(6 species, 27 sequences), Eptesicus Rafinesque, 1820 (6/10), Hypsugo Kolenati, 1856 (3/7), Murina Gray, 1842 
(6/9), Myotis Kaup, 1829 (38/93), Pipistrellus Schreber, 1774 (5/10), Plecotus Linnaeus, 1758 (7/14).

Insectivora Bowdich, 1821. Soricidae G. Fischer, 1817: Sorex Linnaeus, 1758 (33/69), Neomys Kaup, 1829 
(3/11), Crocidura Wagler, 1832 (21/44), Suncus Ehrenberg, 1832 (2/8). Talpidae G. Fischer, 1817: Talpa Lin-
naeus, 1758 (13/64), Mogera Pomel, 1848 (8/36), Uropsilus Milne-Edwards, 1871 (8/47), Desmana Güldenstädt, 
1777 (1/1), Galemys Kaup, 1829 (1/1); Scaptonyx Milne-Edwards, 1872 (2/2). Erinaceidae G. Fischer, 1817: 
Atelerix Pomel, 1948 (3/3) Erinaceus Linnaeus, 1758 (4/50), Hemiechinus Fitzinger, 1866 (1/10), Mesechinus 
Ognev, 1951 (2/14), Paraechinus Trouessart, 1879 (2/5).

Rodentia Bowdich, 1821. Myomorpha Brandt, 1855. Muroidea Fischer-Waldheim, 1817. Muridae Illi- 
ger, 1811. Murinae Illiger, 1811: Apodemus s. l. Kaup, 1829 (21/116), Micromys Dehne, 1841 (1/11), Mus  Linnaeus, 
1758 (19/127), Rattus Fischer von Waldheim, 1803 (3/20), Tokudaia Kuroda, 1943 (3/5). Gerbillinae Gray, 1825: 
Dipodillus Lataste, 1881 (4/31), Gerbillus Desmarest, 1804 (14/101), Brachiones Thomas, 1925 (1/1), Meriones 
Illiger, 1811 (10/39), Psammomys Cretzschmar, 1828 (1/4), Rhombomys Wagner, 1841 (1/7) Sekeetamys Eller- 
man, 1947 (1/1), Desmodilus Thomas & Schwann, 1904 (1/7), Gerbelliscus Thomas, 1897 (1/13), Tatera Lataste, 
1882 (1/1). Cricetidae J. Fischer, 1817. Arvicolinae Gray, 1821: Arvicola Lacepede, 1799 (3/5), Microtus s. l. 
Schrank, 1798 (57/94), Myodes Pallas, 1811 (7/18), Eothenomys Miller, 1896 (11/16), Alticola Blanford, 1881 
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(11/18), Chionomys Miller, 1908 (3/14), Dicrostonyx Gloger, 1841 (1/1), Dinaromys Kretzoi, 1955 (1/2), Pro-
metheomys Satunin, 1901 (1/2), Myopus Miller, 1910 (1/1), Eolagurus Argyropulo, 1946 (2/5), Lagurus Gloger, 
1841 (1/5), Lemmus Link,1795 (1/1); Ellobius Fischer,1814 (7/14), Ondatra Link, 1795 (1/1). Cricetinae Fischer 
de Waldheim, 1817: Cricetus  Leske, 1779 (1/10), Mesocricetus (Nehring, 1894) (3/22), Cricetulus Milne-Ed-
wards, 1867 (5/40), Phodopus Miller, 1910 (3/15), Allocricetulus Argyropulo, 1933 (2/2), Urocricetus Satunin, 
1903 (1/2), Tscherskia Ognev, 1914 (1/2). Dipodoidea Fischer de Waldheim, 1817. Dipodidae Fischer de Wald-
heim, 1817: Cardiocranius Satunin, 1903 (1/1), Salpingotus Vinogradov, 1922 (1/1), Eremodipus Vinogradov, 
1930 (1/1), Jaculus Erxleben, 1777 (4/32), Stylodipus Allen, 1925 (3/7), Chimaerodipus Shenbrot, 2017 (1/5), 
Euchoreutes Sclater, 1891 (1/21), Allactaga F. Cuvier, 1836 (10/44), Allactodipus Kolesnikov, 1937 (1/3), Py-
geretmus Gloger,1841 (3/11). Sciuromorpha Brandt, 1855. Sciuridae Fischer de Waldheim, 1817: Spermophilus 
F. Cuvier, 1825 (18/113), Urocitellus Obolenskij, 1927 (1/12), Spermophilopsis Blasius, 1884 (1/1), Pteromys 
G. Cuvier, 1800 (2/14), Sciurus Linnaeus, 1758 (2/31) Tamias Illiger, 1811 (1/11), Atlantoxerus Linnaeus, 1758 
(1,1), Marmota Blumenbach, 1779 (9/17).

Macromammalia. Artiodactyla Owen, 1848. Cervidae Goldfuss, 1820: Hydropotes Swinhoe, 1870 (1/10), 
Cervus Linnaeus, 1758 (6/31), Odocoileus Rafinesque, 1832 (2/2), Dama Linnaeus, 1758 (1/5), Rusa C. H. Smith, 
1827 (1/1) Muntiacus Rafinesque, 1815 (9/14), Elaphodus Milne-Edwards, 1872 (1/1), Capreolus, Gray, 1821 
(2/32), Alces Gray, 1821 (1/7), Axis Smith,1827 (3/12). Moschidae Gray, 1821: Moschus Linnaeus, 1758 (4/4). 
Bovidae Gray, 1821: Bos Linnaeus, 1758 (4/27), Bison Smith, 1827 (2/15), Capra Linnaeus, 1758 (8/48), Hemi-
tragus (Hodgson, 1841) (2/6), Pseudois Hodgson, 1846 (2/12), Ammotragus (Blyth, 1840) (1/6), Ovis Linnaeus, 
1758 (7/59), Rupicapra Garsault, 1764 (1/8), Naemorhedus Smith, 1827 (3/21), Capricornis Gray, 1821(4/21), 
Pantholops Hodgson, 1834 (1/3), Oryx Blainville, 1816 (2/14), Saiga Gray, 1843 (1/9), Antilope Linnaeus, 1758 
(1/12), Gazella Blainville, 1816 (6/51), Nanger Lataste, 1885 (1/3).

Carnivora Bowdich, 1821. Mustelidae Fischer von Waldheim: Arctonyx Cuvier, 1825 (1/2), Me-
les Brisson,  1762 (4/31), Gulo Pallas, 1780 (1/12), Martes Pinel, 1792 (5/29), Vormela Blasius, 1884 
(1/8), Enhydra Fleming, 1828 (1/3), Lutra Brisson, 1762 (1/13), Mustela Brisson, 1762 (9/45). Felidae 
Fischer von Waldheim, 1817: Acynonyx Brookes, 1828 (1/1), Catopuma Severtzov, 1858 (1/1), Caracal  
Gray, 1843 (1/1); Felis Linnaeus, 1758 (2/13), Lynx Kerr, 1792 (4/6), Pardofelis Severtzov, 1858 (1/2), 
Neofelis Gray, 1867 (1/1), Prionailurus Severtzov, 1858 (3/7), Otocolobus Brandt, 1841 (1/1), Panthera 
Oken, 1816 (4/15). Canidae Fischer von Waldheim: Canis Linnaeus, 1758 (3/17), Cuon Hodgson, 1838 
(1/1), Nyctereutes Temminck, 1838 (1/6), Vulpes Garsault, 1764 (7/24).

In this work, mostly complete sequences from 1140 to 1143 bp were taken. In some cases, sequences with 
a length of at least 1000 bp were used. In the latter case, alignment was carried out. For this, we used programs 
BioEdit (v7.2.5) and MEGA X (Kumar et al., 2018) using the ClustalW algorithm (Hall, 1999).

Charac ter i s t i c s  o f  the  ana lys i s .  Nucleotide substitutions are classified at the intraspecific, species, 
and genus levels of divergence in accordance with the taxonomy used when entering the cytb gene sequence 
in GenBank. The calculations did not take into account taxonomic incidents, which require revisions for their 
corrections. Moreover, to solve the problems and purposes of this work, taxonomic unambiguity is not a deci-
sive factor.

Genetic differentiation was assessed by pairwise comparisons of nucleotide sequences. To do this, we 
used three indicators: the frequency of transitions (ts), the frequency of transversions (tv) and the substitution 
frequency in total (sub). In accordance with the scaling of the Murinae subfamily differentiation, which is one 
of the most studied molecular taxonomic groups of the Palearctic based on the cytb gene (Michaux et al., 2002; 
Ge et al., 2019), it will be correct to highlight the following ranges of evolutionary divergence (Mezhzherin & 
Tereshchenko, 2023). Individual and interpopulation variability within the species (range 0‒0.02); a zone of 
mixed values of interpopulational differences and divergence of the initial stages of speciation (0.02‒0.04); a 
zone of cryptic species formation (0.04‒0.08) includes the subrange of 0.04‒0.06 of the semispecies level, and 
the subrange of 0.06‒0.08 to a greater extent of the allospecies level; a mixed zone (0.08‒0.1) of allospecies and 
species divergence; a zone of species divergence (0.1‒0.14); a range 0.14‒0.16 — intergradation of species and 
genus levels; above 0.16 — genera differentiation.

The nucleotide sequence of the cytb gene is characterized by fairly stable ratios of nucleotides, which 
makes it possible to use simple, but at the same time, reliable methods for evaluating transition bias. The first 
method is the estimation of the average frequency of transitions and transversions (ts/tv-ratio) within each class 
of nucleotide substitutions.and the second is the ratio of transition and transversion sample deviation frequen-
cies (F-index = SDts/SDtv) as well within each class.

Frequencies of the types of nucleotide substitutions were calculated directly by pairwise comparison of 
studied sequences.

The erroneous data was identified during phylogenetic analysis. Calculation of pairwise values of genetic 
distances was done using the MEGA program (v 11.0.11) (Tamura et al., 2021).
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Results and Discussion

Scales of  divergence.  Frequency distributions of nucleotide substitutions, ob-
tained by pairwise comparisons of cytb gene sequences at three taxonomic levels, represent 
continuous widely transgressive polygons (fig. 1).

The intraspecific level of nucleotide substitutions covers the range from 0 to 0.12  
(fig. 1). Moreover, about 75  % of the cases fall into the class of minimal differentiation 
(0‒0.02). About 16 % prove to be in the zone of 0.02-0.04. About 8 % of pairwise compari-
sons are in the range corresponding to the period of cryptic speciation (0.04‒0.08), and only 
1.5 % of comparisons are located within the range of species values of 0.08‒0.12. In general, 
the average substitution frequency at this level reaches 0.018 with SD = 0.018. Mean values 
for individual families range from 0.005 (Soricidae) to 0.026 (Gerbelinae) (table 1).
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Fig. 1. Variation of summarized nucleotide substitution frequencies within Palearctic mammal subfamilies/
families depending of substitution level. Taxonomic levels: 1 — intraspecies, 2 — species, 3 — genus.

T a b l e  1 .  Average (M), sample deviations (SD) of nucleotide substitution, ts/tv and F indexes of 
different taxonomical levels within 15 Palearctic mammal families/subfamilies 

Subfamily/
family

Intraspecies Species Genus
M SD ts/tv F M SD ts/tv F M SD ts/tv F

Vespertilionidae 0.014 0.020 12.8 157.4 0.147 0.024 4.3 4.0 0.194 0.010 1.9 1.3
Soricidae 0.005 0.007 12.9 103.2 0.122 0.026 3.8 2.9 0.205 0.014 1.2 0.4
Talpidae 0.015 0.020 10.5 72.3 0.110 0.030 4.3 3.0 0.191 0.022 1.4 0.3
Erinaceidae 0.007 0.014 6.2 41.1 0.123 0.020 4.4 12.3 0.191 0.020 1.8 0.7
Murinae 0.022 0.017 7.0 24.5 0.142 0.024 2.1 0.5 0.169 0.010 1.4 1.0
Gerbilinae 0.026 0.028 6.3 26.5 0.124 0.030 3.5 3.2 0.168  0.024 1.8 0.4
Cricetinae 0.014 0.017 8.1 24.2 0.106 0.050 2.9 2.2 0.170 0.041 1.5 0.9
Arvicolinae 0.017 0.026 5.9 137.3 0.111 0.022 2.7 1.7 0.144 0.017 1.1 1.9
Dipodidae 0.018 0.017 5.9 29.7 0.136 0.032 2.0 1.1 0.182 0.026 1.4 0.6
Sciuridae 0.024 0.032 12.9 103.2 0.111 0.030 7.0 8.5 0.189 0.032 1.8 0.1
Mustelidae 0.012 0.020 9.2 80.3 0.074 0.030 8.2 22.0 0.151 0.022 3.2 1.1
Canidae 0.012 0.022 13.1 182.9 0.090 0.035 8.7 47.8 0.159 0.010 3.5 1.4
Felidae 0.006 0.007 8.2 45.1 0.067 0.035 27.1 237.3 0.121 0.010 9.0 8.5
Cervidae 0.009 0.010 25.9 135.2 0.068 0.022 17.4 98.4 0.131 0.020 4.9 1.0
Bovidae 0.009 0.014 9.1 77.5 0.049 0.020 15.6 40.3 0.127 0.022 3.3 0.4
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The species level covers the substitutions range from 0 to 0.2. Cases of minimal substi-
tutions, located in the range of 0‒0.02, are a result of a false assignment of species status and 
account for 1 % only. Only 2 % of pairwise comparisons fall into the zone of 0.02‒0.04, 8 % 
fall into the area of cryptic speciation (0.04‒0.08), and 10.1 % fall into the intermediate range 
of 0.08‒0.10. About 48.3 % falls directly into the species range of differentiation (0.1‒0.14), 
and 21.8 % falls in the zone of intergradation of species and genus values (0.14‒0.16). The 
cases of species differentiation at the genus level (over 0.16) account for 7.6 %. The average 
species differentiation calculated from the entire set of pairwise comparisons makes up  
M = 0.120 (SD = 0.033). The fluctuations in mean individual groups ranges from M = 0.047 
(SD = 0.02) in Bovidae to M = 0.146 (SD = 0.024) in Vespertilionidae.

The genus level covers values from 0.02 to 0.24. The reassessment of the genus status 
is a range from 0.02 to 0.14 (30.9 %). The gray zone between species and genera division 
(0.14‒0.16) is 23.4 %. The actual genus level covers the range from 0.16 to 0.24 (45.7 %). 
The mean genera differentiation calculated from the entire set of pairwise comparisons is 
M = 0.159 (SD = 0.034). Maximum differentiation takes place in Soricidae M = 0.205 (SD 
= 0.014), its high level is due to the divergence of subfamilies Soricinae – Crocidurinae. 
Minimal mean intergenera differences are observed in Felidae M = 0.121 (SD = 0.01) and 
Bovidae M = 0.127 (SD = 0.022).

Differences in the genetic differentiation of Micromammalia and Macromammalia are 
manifested at three levels of divergence. Moreover, the average values in the latter in all cases 
are significantly lower (fig. 2), and the species range of genetic differentiation of Macro-
mammalia clearly corresponds to the zone of cryptic speciation of Micromammalia (fig. 3).

Transit ion bias.  It takes place at all three levels of evolutionary divergence (table 1, 
fig. 4). The maximum values of the ts/tv-index fall at the intraspecific level M = 10.6 (SE = 
1.43), the intermediate values at the species level M = 7.68 (SE = 1.89), and the minimum 
values at the genera level M = 2.65 (SE = 0.53). In general, the ts/tv-bias takes place at the 
early stages of speciation, while the frequencies of transitions and transversions are equal-
ized at the later stages.

An analysis of the class average values of the ts/tv-index throughout the scale of nu-
cleotide substitutions (fig. 5) shows the following regularities. First, the maximum values of 
the ts/tv-index fall into the zone of early and cryptic speciation (0.02‒0.08), and only then 
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on the range of intraspecific differentiation (0‒0.02). Second, the increase in the ts/tv-index 
values is caused by an abrupt increase in the frequency of transitions at the stages of mini-
mal divergence, and their stabilization is due to a jump in the frequency of transversions 
and the relative constancy of transversions at the stages of species and genera divergence. 
Third, the change in the values of the ts/tv-index in the phyletic lineages is non-linear.

A similar situation, but with some specific characteristics, takes place when comparing 
the dispersions of transitions and transversions (table 1, fig. 6). The maximum values of the 
mean values of the F-index fall in the intraspecific level (M = 68.6; SE = 12.6); significantly 
lower in the species (M = 3.95, SE = 1.66) and minimal in the genus (M = 0.66, SE = 0.1).

When analyzing the F-index values along the entire scale of genetic differentiation, the 
range from 0 to 0.08 is clearly distinguished. In this interval, the differences between the 
two variances are significant at the highest level (F = 11.3‒28.5; ν1 = 14, ν2 = 15, p < 0.001). 
Simultaneously, the maximum values are noted in the range of 0‒0.02 (fig. 7). Within the 
frequency range of 0.08‒0.1, the differences in dispersions are not so considerable, but sig-
nificant (F = 3.2; p < 0.05). Above this level, the F-index values levels out and stabilizes  
(F = 1.0‒2.2; p > 0.05). At the same time, the trend of changes in the F-index has an even 
more pronounced curvilinear nature than in the case with ts/tv-index.
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Generalizations of families at the level of orders/suborders show that the pattern of the 
rates of changes in the frequencies of transitions and transversions in all cases is ambigu-
ous. During the early stages of divergence in the range from 0.02 to 0.08, there is a sharp 
increase in the frequency of transitions, while maintaining the level of transversions (fig. 8). 
In the range of species values (from 0.12 and above), the situation is reversed: stabilization 
of the frequency of transitions and an abrupt increase in transversions. As a result of these 
non-linear processes, the ratio of transitions and transversions at the genera level of diver-
gence levels off and the ts/tv-index tends to reach 1.

In Macromammalia, the values of the ts/tv-index, especially at the early stages of spe-
ciation, are higher than in Micromammalia (fig. 9), which is associated with a lag in the rate 
of accumulation of transitions compared to accumulation of transversions. This trend is 
especially pronounced in Macromammalia (Artidactyla, Carnivora) — animals with a long 
life cycle, compared to others with short life cycles (Insectivora, Rodentia). Small-sized bats 
(Chiroptera), as Macromammalia, are characterized by a long life cycle and stand apart 
from both. The mean values of the frequency of transitions at the species and genera levels 
of divergence of Micromammalia (0.097) and Macromammalia (0.103) are relatively equal 

Fig. 8. Variation of transition (upper lines) and transversion (lower lines) frequencies accordingly to substitu-
tion frequencies level. Think lines are empirical data for each subfamily/family, thick ones — polynomial ap-
proximations of averaged data.  
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and clearly lower than in bats (0.124) (table 2). The situation is different for transversions: 
the average values for Micromammalia (0.053) and bats (0.054) are two times higher than 
for Macromammalia (0.021). As a result, in Insectivora and Rodentia orders the ratio be-
tween the mean values of transversions and transitions is 1.8, in Chiroptera it increases to 
2.1, and in Macromammalia Artidactyla and Carnivora reaches 4.9.

Discussion

Comparative studies at the level of the cytb gene nucleotide sequences in the phyletic 
lineages of Palearctic mammals give basis to represent a general pattern of genetic dif-
ferentiation and evolutionary bias. It can be presented as a certain triad of evolutionary 
ambiguity.

The first ambiguity. Homologous taxa of Micromammalia have a level of genetic dif-
ferentiation on a clearly larger scale than that of Macromammalia. Moreover, the discrep-
ancy between the mean values of the frequencies of nucleotide substitutions corresponds 
to a bias by one taxonomic level.

The fact that the taxa of small mammalian orders are genetically more distant from 
each other than large mammalian orders had been previously proven by multilocus al-
lozyme analysis (Baccus et el., 1983; Mezhzherin & Morozov-Leonov, 1995). The reassess-
ment of the taxonomic status of Macromammalia is caused by the presence of pronounced 
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Fig. 9. Variation of summarized tv/ts-index in micro- (1) and macromammals (2) depending on nucleotide 
substitution level. Thick lines illustrate exponential approximation.

Tabl e  2 .  Mean values (M), standard deviations (SD) and maximum class (Max) of values of transitions 
and transversions of the species and genus levels of divergence in the generalized samples

Orders
Transitions Transversions

N
M SD Max M SD Max

Chiroptera 0.124 0.014 0.14‒0.16 0.054 0.019 0.08‒0.10 2485
Artiodactyla. Carnivora 0.103 0.023 0.12‒0.14 0.021 0.013 0.06‒0.08 3792
Insectivorа.  Rodentia 0.097 0.017 0.14‒0.16 0.053 0.036 0.12‒0.14 11582

N — number of pairwise comparisons.
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traits in them, which are a result of prolonged ontogenesis (Mezhzherin & Morozov-Le-
onov, 1996). Small mammals are characterized by external uniformity (unimorphism), 
which leads to the cryptic nature of the early stages of speciation and their disregard during 
taxonomic constructions.

The second ambiguity. The nature of nucleotide substitutions at the early and late 
stages of cytb gene divergence is of an alternative nature. In the frequency range of substi-
tutions from 0 to 0.1 there is a pronounced transition bias. At the late stages of divergence 
(range from 0.12 to 0.24), the frequency of transversions increases abruptly against the 
background of stabilization of the transitions levels. This causes the ts/tv-index values to 
approach 1. Such a ratio of transitions and transversions does not correspond to the model 
of random substitutions, in which the values of the ts/tv-index should be about 0.6. This 
means that, in contrast to the control region (Mezhzherin & Tereshchenko, 2023) repre-
senting the non-coding part of mtDNA, the deficiency of the cytb gene transversions per-
sists even at high levels of divergence.

Directed evolutionary changes in the transition:transversion bias have the form of a 
phase transition caused by an abrupt increase in the frequencies of a certain type of nucle-
otide substitutions. At the early stages of speciation (0.02‒0.08), there is a sharp increase in 
the frequency of transitions against the background of a slight increase in the frequency of 
transversions. At the later stages (0.14‒0.24), on the contrary, there is a saltation in trans-
versions and relative stabilization of transitions. There are two approaches to explain this 
consistent pattern. The first suggests it being a genetic saturation at the stages of divergence 
of species and genera (Philippe et al., 2011), which mechanism is associated with the ac-
cumulation of reverse mutations and their different probabilities in the case of transitions 
and transversions. The second is the ambiguity of the mutation process at different levels 
of evolutionary genetic divergence. It can be assumed that at the stages of latent speciation, 
covering periods of hundreds of thousands of years, a spontaneous mutation process pre-
vails, accompanied by the dominance of transitions. With divergences, estimated in mil-
lions of years, a different pattern of mutation process took place, with the accumulation of 
transitions and transversions occurring more evenly. This means that speciation cannot be 
reduced to genetic processes occurring in modern populations, the idea of which has been 
repeatedly expressed (Altukhov, 1990; Stegnii, 1993).

Despite the similarity of interpretations of the mechanisms of evolutionary bias from 
the point of view of different concepts, the adoption of one of them has different theoreti-
cal consequences. In the first case, it is the recognition of the constancy of rates and the 
independent nature of mutations at early and late stages of evolution. In the second case, it 
is the unevenness of mutations at different stages of divergence and the related formation 
of an idea of the phylum as a holistically evolving system.

The third ambiguity. Long-cycle mammals of the orders Artiodactyla, Carnivora and 
Chiroptera have a lower frequency of transversions compared to short-cycle animals (In-
sectivora, Rodentia) with a relative equality of transitions. This leads to a more pronounced 
transition:transversion bias in them at all levels of divergence. It is logical to associate this 
trend with differences in the rate and nature of mutations in small and large mammals, 
short and long cycle mammals, caused by different rates of biological processes and, above 
all, metabolism. This point of view has not been previously confirmed (Belle et al., 2005). 
However, as this study shows, this hypothesis cannot be ruled out by making more large-
scale comparisons. This explanation is also confirmed by the fact that the level of genetic 
variability in small groups of organisms within classes of vertebrates is significantly higher 
than in large organisms (Wooten & Smith, 1985; Mezhzherin, 2002).
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Thereby, in the evolutionary lineages of Palearctic mammals, which differ in size and 
duration of life cycles, the ambiguity of genetic differentiation is clearly traced at the level 
of the cytb gene. It involves not only the different scale of taxa of the same level, which is 
a consequence of ignoring the stage of cryptic speciation by taxonomists, but also an ob-
jective circumstance — the nature of mutations, which determines the different rates of 
molecular evolution in short and long cycle mammals.
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