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Differentiation of bird taxa at the level of transition-transversion bias in the СYTB gene se-
quencies. Mezhzherin, S. V., Morozov-Leonov & S. Yu., Holodryha, S. Ye. — The study of DNA 
marker variability provides robust insights into historical relationships, evolutionary rates, and 
the magnitude of genetic differentiation among taxa. This is particularly relevant for the youngest 
and most diverse group of vertebrates, traditionally classified as the class Aves. One of the core 
principles of molecular evolution theory is the transition–transversion bias, i. e., the paradoxi-
cal predominance of homotypic nucleotide substitutions (transitions) over heterotypic substi-
tutions (transversions) during spontaneous mutational processes and speciation, a pattern that 
becomes progressively attenuated with increasing genetic divergence. This phenomenon exhibits 
group-specific features at higher taxonomic levels, allowing the identification of evolutionary 
characteristics unique to each lineage. The present study investigates patterns of evolutionary 
transition–transversion bias in birds using the mitochondrial CYTB gene as a model. The re-
sults demonstrate that the magnitude of the bias varies both along the evolutionary hierarchy 
depending on taxonomic level and among avian families. A predominance of transitions over 
transversions is observed at the population, species, genus, and family levels, whereas a slight 
predominance of transversions is detected at the order level. Temporal variation in transition–
transversion ratios is driven by saltatory accumulation of transitions at the population, species, 
and genus levels against a background of relatively stable transversion frequencies. This pattern 
may be explained by genetic saturation effects or the peculiarities of the mutation process at 
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different levels of divergence. Within Aves, nucleotide substitution patterns are characterized by 
an increase in transversion frequency and a decrease in transition frequency, accompanied by a 
reduction in the overall transition–transversion bias in small-bodied species from evolutionarily 
young families, compared with more ancient, large-bodied lineages with lower metabolic rates. 
The increase in transversion frequency in small-bodied, evolutionarily progressive bird groups 
is associated with elevated metabolic rates, leading to increased cellular oxygen availability and, 
consequently, higher levels of oxidative DNA damage. Metabolic intensification in birds thus 
represents not only a driver of enhanced genetic diversity and evolutionary advancement, but 
also evidently results in an increased mutational load, which may ultimately contribute to the 
evolutionary extinction of historically young, small-bodied taxonomic groups.
Ke y  words : molecular evolution, birds, transition-transversion bias, body size, metabolic rate.

Introduction
The class Aves represents the evolutionarily youngest group of vertebrates which has 
achieved remarkable biological success, one indicator of which is its exceptional species 
richness — the highest among extant tetrapods (more than 11, 000 species) (https://
www.birdlife.org/birds/). A characteristic feature of the genetic divergence within avian 
taxa is the comparatively reduced magnitude of genetic differences relative to taxa of the 
same rank in comparison to other vertebrate groups. This unusual pattern was first iden-
tified through multilocus allozyme analysis (Avise et al., 1980; Avise & Aquadro, 1982) 
and was later confirmed using DNA markers (Kessler & Avise, 1985; Johns & Avise, 1998 
Kartavtsev & Lee, 2006). Nevertheless, the scale of genetic divergence observed in birds 
is not unprecedented (Mezhzherin & Piontkovskaya, 1998), as it corresponds to that of 
macromammals, whose level of differentiation is generally lower than that of micromam-
mals (Mezhzherin & Morozov-Leonov, 1995).

The genetic mechanisms underlying bird evolution remain an active area of re-
search and ongoing debate (Zhang et al., 2014; Duchеne et al., 2025). Their relatively 
low genetic differentiation may be attributed to two main factors: the paleontological 
youth of the class Aves and specific features of their molecular evolution. The first 
explanation appears plausible, given that from the perspective of modern phyloge-
netics, birds represent a clade equivalent to an order-level grouping within reptiles 
(Benton, 2015), which in theory should constrain the number of taxonomic subdivi-
sions. Nevertheless, within Aves, taxonomic levels equivalent to those found within 
Theria are naturally distinguished, and the number of bird species much greater.

At the same time, although the genetic distances among corresponding taxonomic 
categories in birds are smaller than in mammals, the differences are not reduced strictly 
to one taxonomic rank. This apparent discrepancy could be explained by proposing that 
birds exhibit high mutation rates than mammals (Bergeron et al., 2023), enabling them 
to accumulate substantial genetic divergence over a shorter evolutionary timescale. 

Birds represent a young and thus rapidly evolving lineage, characterized by the high-
est and most constant body temperature among vertebrates, accompanied by an excep-
tionally high metabolic rate (Clarke & Rothery, 2008). It is well established that elevated 
environmental temperatures accelerate the rate of spontaneous mutations, a phenomenon 
demonstrated in poikilothermic organisms (Lindgren, 1972; Chu et al., 2018). However, 
the notion that higher body temperatures and intensified metabolism in homeothermic 
animals lead to increased mutation rates (Martin & Palumbi, 1993) remains largely intui-
tive and has yet to be empirically confirmed.
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One of the fundamental principles of molecular evolution theory is the phenom-
enon of transition-transversion bias (Li & Graur, 1991). This principle reflects the 
consistently higher frequency of transitions — homotypic nucleotide substitutions  
(A G, T C) compared to transversions — heterotypic substitutions (A T,  
A C, G T, G C) at the level of spontaneous mutations (Brown et al., 1982; Jukes, 
1987; Collins et al., 1994; Duchene et al., 2025). However, as the phylogenetic distance 
between diverging lineages increases, there is a gradual shift from transition bias to-
ward the accumulation of random nucleotide substitutions (Rosenberg et al., 2003; 
Mezhzherin et al., 2024 a). This shift is associated with differential rates of change in 
the frequencies of transitions and transversions along evolutionary lineages.

A comparative study has demonstrated that birds exhibit significantly higher 
rates of transversion accumulation and display smaller magnitudes of transition–
transversion (ts/tv) bias compared to mammals (Mezhzherin & Morozov-Leonov, 
2024). Furthermore, the extent of ts/tv bias is considerably lower in families com-
posed of small-bodied species than in those including large-bodied species. Consid-
ering that birds have higher metabolic rates than mammals and that, within homeo-
thermic species, smaller-bodied animals exhibit higher metabolic rates than larg-
er-bodied ones (Kleiber, 1932; Schmidt-Nielsen, 1983; Clarke & Rothery, 2008). 
There is strong reason to suggest a positive correlation between metabolic rate and 
mutation rate in homeothermic vertebrates. This correlation may reflect distinct mo-
lecular mechanisms underlying transitions and transversions.

The relationship between energy flux, mutation rates, and the degree of evo-
lutionary radiation has been a central focus in biology over recent decades (Mar-
tin & Palumbi, 1993; Allen et al., 2006; Gillooly et al., 2004; Gillooly & McCoy, 
2007; Chu et al., 2018). In this context, the molecular evolution of birds is of 
particular interest, especially with regard to assessing the ratio of transition to 
transversion frequencies across major taxonomic levels in connection with two 
key factors: the paleontological age and body size. To explore these evolutionary 
patterns, a study was conducted on the CYTB gene, one of the most widely used 
genetic markers in vertebrate evolutionary genetics (Irwin et al., 1991; Johns & 
Avise, 1998; Kartavtsev, 2011).

Material and Methods
The study was based primarily on complete sequences of the CYTB gene obtained from 
the NCBI Nucleotide database (https://www.ncbi.nlm.nih.gov/nucleotide/). Sequences 
shorter than 1000 base pairs were excluded. In total the study used sequences from 5,100 
species representing 1,500 genera, 120 families, and 40 orders within the class Aves.

The analysis of evolutionary transition–transversion patterns was conducted 
across five levels of divergence. Their primary analysis and generalization were con-
ducted according to the following algorithms.

Population level (with nucleotide substitution frequency ranging from 0 to 0.02) was 
assessed through pairwise comparisons of specimens from different localities. A total of 
92 taxonomic groups of family rank were analyzed (Table S1) (https://doi.org/10.6084/
m9.figshare.30022558). 
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Transition and transversion frequency analysis at the species and genera lev-
els was performed in two ways, based on pairwise comparisons of nucleotide 
sequences (Table S2) (https://doi.org/10.6084/m9.figshare.30022558). The first 
approach is based on generalizing the results of pairwise comparisons of nucle-
otide sequences of species within the same genus and different genera within the 
same family, respectively. The second approach is based on average transition 
and transversion frequencies for each family at the species and genera levels of 
divergence. Cases of false taxonomic status, when substitution frequencies did 
not exceed 0.02, were generally not included in the calculations.

Features of accumulation of frequencies of transitions and transversions at 
the level of divergence of families and orders were evaluated through the com-
parisons between selected species of different families within the same order; 
and between species from different orders (Table S3) (https://doi.org/10.6084/
m9.figshare.30022558).

The evaluation of transition–transversion bias (ts/tv bias) was based on a 
standard measure — the ratio of transition to transversion frequencies (ts/tv ratio).

The fossil record of birds was sourced from a widely accepted reference. We 
identified phyletic stages (clades) corresponding to the periods of establishment 
of the major avian orders (Benton, 2015): (i) divergence of Palaeognathae from 
Neognathae; (ii) divergence of Galloanserae from Neoaves; (iii) formation of the 
main groups within Neoaves excluding Passeriformes — such as the “Waterbird 
assemblage,” “Swifts, pigeons, and parrots, …” and “Woodpeckers, tookans, tro-
gons, …”; (iv) the emergence of the order Passeriformes. The distribution of or-
ders among clades is presented in Table S4 (https://doi.org/10.6084/m9.
figshare.30022558). 

The paleontological histories of families, genera, and species were derived 
from G. Mayr (Mayr, 2009, 2017), with particular emphasis on the Corvidae 
family as a model taxon. The paleontological age of the bird families, genera and 
species was determined based on data taken from the Paleobiology Database 
(https://paleobiodb.org/). The paleontological age of these taxa was the age of 
the oldest series of finds identified in the database.

Body size was estimated at the family level by calculating the common loga-
rithm of the geometric mean body mass (in grams), based on the minimum and 
maximum known species values within family presented in Table S4. The source 
of primary data was the free Avonet database (https://opentraits.org/datasets/
avonet.html).

Sequence alignment was performed using BioEdit (v7.2.5) and the ClustalW 
algorithm (Abbott Laboratories, Green Oaks, Illinois, USA, 1999) (Hall, 1999). 
Pairwise genetic distances, individual distance matrices, and phenograms (based 
on the UPGMA algorithm), as well as sequence verification, were generated us-
ing MEGA software (v11.0.11) (Institute of Molecular Evolutionary Genetics, 
The Pennsylvania State University, University Park, Pennsylvania, USA, 2021) 
(Tamura et al., 2021). Nucleotide substitution frequencies were calculated di-
rectly by analyzing all possible pairwise sequence comparisons.

Statistical processing of the data was carried out using the software packages 
STATISTICA 12.0 and PAST (Hammer et al., 2001).
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Results
Transit ion-transversson bias in evolutionar y row. Transition and trans-
version frequencies, as well as the ts/tv index vary within the class Aves depending 
on the taxonomic level of divergence (Tables S5–S6). At the population, species and 
generic levels transitions accumulate preferentially relative to transversions, which 
leads to a obvious transition-transversion bias, the degree of which decreases as the 
taxonomic level increases. At the family level, transition and transversion frequen-
cies tend to equalize. Finally, at the order level, transversions predominate. These 
patterns in nucleotide substitution frequencies are accompanied by a decreasing 
transition-transversion bias with increasing taxonomic rank. Specifically, the mean 
ts/tv ratio decreases from 9.43 at the population level to 4.1 at the species level, 2.1 at 
the generic level, 1.1 at the family level, and 0.96 at the order level.

The distributions of transition frequencies across taxonomic divergence levels 
have a broad transgressions with close modal values excluding species level (Fig. 1). 
Consequently, the ratio of average transition frequencies across these four taxonomic 
levels is approximately 1 : 1.3 : 1.3 : 1.4. In contrast, the distributions of transversion 
frequencies are clearly distinct at all four divergence levels, uniformly spanning a 
wide range and displaying sharply different means in the ratio 1 : 2.5 : 4.8 : 5.9 (Fig. 2). 

The average growth rate of the frequencies of transitions and transversions at the 
different taxonomical levels is 
not accompanied by a slow-
down in the rate of accumula-
tion of nucleotide substitutions 
in general (Fig. 3). This situa-
tion can be considered as evi-
dence of the autonomy and 
non-substitute nature of transi-
tion and transversion in the 
evolutionary row of birds.

Rates of  nucleotide 
subst itut ions within an 
evolut ionar y row.  The aver-
age nucleotide substitution fre-
quency per million years in the 
evolutionary lineages of birds 
increases with decreasing pale-
ontological age, reaching its 
maximum values at the species 
and intraspecific levels (Fig. 4). 
Generally, the rate of increase in 
transition substitution frequen-
cies exceeds that of transver-
sions; however, this trend is ap-
parent only during the later stag-
es of avian phylogeny. The aver-

Fig. 1. Distributions of transition frequencies obtained 
from pairwise comparisons at four taxonomic levels of 
the birds: 1 — species; 2 — generic; 3 — family; 4 — order 

Fig. 2. Distributions of transversion frequencies obtained 
from pairwise comparisons at four taxonomic levels of 
the birds: 1 — species; 2 — generic; 3 — family; 4 — order 
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age nucleotide substitution fre-
quency per million years for 
both transitions and transver-
sions during the formation of 
the major orders Palaeognathae, 
Galloanserae, and Neoaves (50 
to 107 million years ago) ranges 
from 0.1% to 0.2%. During the 
evolutionary radiation of Pas-
seriformes (25 to 50 million 
years ago), the substitution rate 
increases to 0.2–0.4%. At the 
family level (10 to 20 million 
years ago), substitution fre-
quencies fluctuate between 
0.4% and 0.8%. At the genus 
level (3.5 to 7 million years ago), 
the transition rate rises sharply 
to 1.3–2.6%, while the transver-
sion rate increases more 
modestly to 0.6–1.2%. For spe-
cies-level divergence, with an 
average age of about 2 million 
years, the averaged transition 

rate reaches 3.5% per million 
years, compared to 0.9% for 
transversions. At the intraspecif-
ic level, these values reach ap-
proximately 7% and 1%, respec-
tively. Thus, over a span of ap-
proximately 60 million years, 
the rate of transition accumula-

tion increases approximately 35-
fold when comparing the order 
and species levels, and up to 70-
fold relative to the population 
level. In contrast, transversion 
rates increase only about 9 to 10 
times over the same periods.

C omparison of  t ransi-
t ion-transvers ion bias  of 
orders  and fami l ies. Mean fre-
quencies of transitions and trans-
version at the family level vary de-
pending on the order and family 
identities (Table S4). Factors deter-

Fig. 3. Changes of transition and transversion mean frequen-
cies against the background of the rates of accumulation of 
nucleotide substitutions at different levels of taxonomic dif-
ferentiation: 1 — transition frequencies; 2  — transversion 
frequencies; 3 — summarized substitutions

Fig. 4. Changes in the average frequencies of transitions 
and transversions, calculated for one million years, in the 
evolutionary series of birds: 1 — formation of Palaeog-
nathae, 2 — formation of Galloanserae, 3 — formation 
of Neoaves order groups without Passeriformes, 4 — for-
mation of Passeriformes, 5 — average age of families, 
6 — average age of genera, 7 — average age of species, 
8 — supposed maximum age of intraspecific divergence

Fig. 5. Scatterplot of the effect of the body weight  
(log 10 G (g)) on mean ts/tv—indices of the species dif-
ferentiation calculated at the families level. The effect is 
significant at the highest level (F = 6.8; df1 = 7; df2 = 137; 
p < 0.001)
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mining this variability are the 
mean family body size and the 
order group paleontological age. 
As shown by the results of rank 
correlation analysis (Table S7), 
there are  a reliable relationships 
between nucleotide frequencies 
and above-mentioned biological 
parameters. At the species level 
negative correlations between 
these parameters and changes in 
frequencies of transversion as 
well as negative correlation be-
tween transitions and body 
weight are observed. At the ge-
neric level, there are positive cor-
relations between age and transi-
tion frequencies and negative be-
tween body weight and transver-
sion frequencies. Correlations of 
transversion frequencies with 
body size and paleontological age 
are clearly stronger than those of 
transitions, and body size varia-
tion correlates more closely with 
variability in transition and trans-
version frequencies than paleon-
tological age. In principle, these 
trends are confirmed by ANOVA 
(Table S8) (https://doi.org/10. 
6084/ m9.figshare. 30022558).

The values of the transi-
tion–transversion index clearly 
depend both on mean body size 
at the family level (Figs 5–6) 
and on the paleontological age 
of the order-level group (Figs 
7–8). These relationships repre-
sent positive correlations and 
are expressed at both the spe-
cies and genus levels (Table S7).

Given the high correlation 
between body size and paleonto-
logical age (r = 0.76; p = 2.9E-28), 
it can be assumed that the corre-
lation of paleontological age with 

Fig. 6. Scatterplot of the effect of the body weight on 
mean ts/tv indices of the genus differentiation calculated 
at the families level. The effect is significant at the highest 
level  (F = 11.3; df1 = 6; df2 = 115; p < 0.001)
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Fig. 7. Scatterplot of the effect of the order’s paleontologi-
cal age on mean ts/tv-indices of the species differentiation 
calculated at the families level. The effect is significant at 
the significant level (F = 3.5; df1 = 3; df2 = 141; p = 0.016)

Fig. 8. Scatterplot of the effect of the order’s palaeontolog-
ical age on mean ts/tv-indices of the genus differentiation 
calculated at the families level. The effect is significant at 
the highest level (F = 9.9; df1 = 3; df2 = 141; p < 0.001)
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nucleotide substitution frequen-
cies is mediated by body size. 
However, the quite probable 
combined effect of these two 
factors on the variation of nucle-
otide substitutions was con-
firmed by two-way ANOVA 
(Table S9) (Zenodo. doi.org) in 
all six possible comparisons in 
contrast to the one-way ANO-
VA, under which the effect of 

body size is significant in five 
cases, whereas the effect of pale-
ontological age is significant in 
four cases (Table S8).

Differences in the rates of 
nucleotide substitution accu-
mulation and the magnitude of 
transition–transversion bias at 
the species and genus levels are 
also evident within the evolu-
tionary lineage of recent birds. 

First, representatives of 
the ancient groups Palaeog-
nathae and Galloanserae, 
which generally include the 
largest bird species, exhibit the 
lowest nucleotide substitution 

frequencies (Fig. 9) and the 
highest ts/tv ratios. Conversely, 
the youngest clade of small 
body sized birds, the order 
Passeriformes, shows the high-
est nucleotide substitution 
rates and the lowest ts/tv ra-
tios. The average values calcu-
lated for families within the 
Neoaves clade, excluding Pas-
seriformes, occupy an inter-
mediate position.

Second, correlations be-
tween transversion frequencies 
and body weight are observed 

Neoaves without Passeriformes, 
which is attributable to the low-
er body weight and correspond-

Fig. 9. Mean frequencies of ts/tv indices at the spe-
cies and generic levels against the background mean 
body weight (log10 G (g)) in the four main evolutionary 
clades of recent birds. Note: calculations within Neo-
aves are implemented without Passeriformes. Bars rep-
resent standard errors

Fig. 10. Mean values of ts/tv indices at the species and ge-
nus levels and mean body weight (log10 G (g) at the family 
level of three Neoaves clades (after Benton, 2015) without 
Passeriformes. Note: bars represent standard errors

Fig. 11. Mean values of ts/tv indices at the species and 
generic levels and mean body weight (log10 G (g)) at the 
family level within Passeriformes. Note: bars represent 
standard errors
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ingly lower ts/tv index values in families belonging to the “Woodpekcers, toucans, 
trogons, …” clade (Fig. 10).

Nevertheless the trend of correlation between transversion frequencies and 
body weight has exclusions. The pattern within Passeriformes is less straightforward. 
Families within the suborder Tyranni exhibit the highest ts/tv index values among 
Passeriformes, despite having similar body sizes to those in the suborder Passeri 
(Fig. 11). The clade Corvides encompasses the largest species in this order; their ts/
tv indices have a larger value than those of the smaller Passerides but comparable to 
those of Tyranni (Fig. 11).

Some uncertainty is also observed in certain interorder comparisons. The group 
of orders “Woodpekcers, toucans, trogons, …” includes birds with an average greater 
body weight (M = 1.88 ± 0.12) than in the order Passeriformes (M = 1.47 ± 0.04; tst = 
3.36, p < 0.01), however, both clades do not differ at the mean ts/tv index values at 
the species and genus levels (Figs 10–11).

Discussion
The analysis of nucleotide substitutions in the cytb gene across different taxo-
nomic levels within the class Aves reveals several evolutionary trends related to 
differential rates of accumulation of transition and transversion frequencies as 
well as ts/tv indices. Notably, there is a pronounced evolutionary transition-trans-
version bias, manifested as a tenfold decrease in the ts/tv index values with in-
creasing taxonomic rank. This pattern is driven by a marked acceleration in the 
accumulation rate of transitions relative to transversions at the genus and species 
levels. This trend is expected based on the results of previous studies (Mezhzher-
in & Morozov-Leonov, 2024).

Of particular interest is the sharp increase in the rate of accumulation of 
transversion frequencies at the genus divergence level and above, occurring 
against a background of a relatively stable rate of transition accumulation. A 
similar pattern has been reported for the evolutionary lineage of mammals 
(Mezhzherin et al., 2024), suggesting that this phenomenon should be inter-
preted more broadly than as a taxon-specific phenomenon. The underlying 
causes of this pattern can be interpreted by examining two alternative concep-
tual approaches.

The gradualistic approach treats this pattern as a consequence of genetic satura-
tion (Philippe et al., 2011), whereby, with increasing levels of divergence, rare trans-
versions progressively replace easily reversible transitions. The second one is punc-
tuational in nature. It is based on the conceptually aligned theory of systemic muta-
tions (Goldschmidt, 1940). It suggests that the formation of species- and genus-level 
taxa in birds is largely driven by spontaneous mutational processes, whereas taxo-
nomic levels above the family are shaped by saltatory genome transformations, par-
ticularly affecting non-coding regions (Mezhzherin et al., 2024 a). The theoretical 
basis for this assumption lies in the fact that macroevolutionary stages leading to the 
emergence of orders, classes, and phyla involve transformations of embryogenesis, 
which can only be fixed through abrupt genomic reorganizations rather than through 
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the gradual accumulation of nucleotide substitutions. In contrast, at the species and 
genus levels, morphogenetic differences among taxa are determined by divergent 
trajectories of postnatal ontogeny.

In addition, there are several purely empirical arguments supporting this in-
terpretation: (1) the rate of increase in transition frequencies exhibits a nonlinear 
pattern, which would not be expected under a strictly gradual process; (2) the in-
creases in transition and transversion frequencies along evolutionary lineages oc-
cur independently, as the transversion shift observed at the genus and family levels 
in birds (Fig. 3) is not accompanied by a reduction in the total number of nucleo-
tide substitutions, i. e., no decrease is observed in the number of sites undergoing 
substitution; (3) the ultimate outcome—characterized by saturation and relative 
stabilization of transition and transversion frequencies at the divergence levels 
corresponding to classes and phyla—is the attainment of an equilibrium state con-
sistent with the model of random nucleotide substitutions (Rosenberg et al., 2003; 
Mezhzherin & Morozov-Leonov, 2024), rather than the displacement of transi-
tions by transversions.

This latter approach is consistent with current studies of avian macroevolution. 
For example, the loss of flight capability in birds is evidently associated with changes 
in regulatory regions of genes involved in flight, rather than in protein-coding re-
gions of the genome (Sackton et al., 2019). Moreover, genes located in close proxim-
ity to non-coding regions are enriched for signaling pathways involved in embryon-
ic development (Yusuf et al., 2020). These observations support the idea that associ-
ations between genotype and phenotype exist at the genome-wide scale, and that 
changes in these associations occur over macroevolutionary timescales.

Regular changes in the patterns of nucleotide substitutions are observed within 
the evolutionary lineages of recent birds, associated with two main aspects. The first 
aspect concerns the relationship between the order paleontological age and nucleo-
tide substitution parameters. At the species and genus levels, there are positive cor-
relations between paleontological age and the magnitude of transition-transversion 
bias. At the species level, this is achieved through a decrease in transversion frequen-
cies, whereas at the genus level, conversely, it is driven by an increase in transition 
frequencies in older taxonomic groups.

The second aspect is the relationship between body size and nucleotide substitu-
tion parameters. In this case, strictly trends are observed at two taxonomic levels: 
positive correlations between body size and substitution rates, driven primarily by a 
decrease in transversion frequencies.

The observed tendency for the increased rates of transversion accumulation in 
younger and smaller-sized avian evolutionary groups, accompanied by a corre-
sponding decrease in the magnitude of the ts/tv bias, can be plausibly explained by 
elevated mutation rates associated with intensive metabolism. This is especially rele-
vant for small bird species, which maintain the highest body temperatures among 
vertebrates (Clarke & Rothery, 2008).

While transitions largely arise from tautomeric shifts and thus represent predomi-
nantly spontaneous DNA changes (Löwdin, 1966), transversions are primarily caused by 
more specific mechanisms, notably DNA oxidation (Shigenaga et al., 1989). The extent of 
such oxidative damage correlates directly with the intracellular concentration of reactive 
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oxygen species, which is elevated in organisms with high metabolic rates (Martin & 
Palumbi, 1993). Therefore, this phenomenon should be particularly pronounced in small, 
evolutionarily advanced bird species, which is indeed the case.

Current perspectives on the relationship between metabolic rate and evolu-
tionary variability of genetic parameters in birds remain contradictory (Nabholz 
et al., 2009; Wright et al., 2014). However, a pronounced positive correlation 
between body size and transversion frequency has been demonstrated not only 
in birds but also in mammals (Mezhzherin et al., 2024 b; Mezhzherin, Moro-
zov-Leonov, 2024). These findings, together with the generally lower transi-
tion-transversion bias rates observed in birds compared to mammals (Mezhzher-
in, Morozov-Leonov, 2024), support the hypothesis of a direct link between met-
abolic rate and mutation rate in homeothermic organisms.

This situation leads to an intriguing conclusion: metabolic intensification in 
birds acts as a catalyst for evolutionary advancement, yet is simultaneously asso-
ciated with an elevated mutation rate. This increase in mutation frequency sug-
gests that point mutations may be largely neutral. Alternatively, the progressive 
metabolic intensification could impose constraints on the long-term persistence 
of small body-sized evolutionary young and rich in species groups. 

This rather paradoxical hypothesis — that avian taxonomic groups with 
high speciation rates may also be prone to higher extinction risk — was previ-
ously proposed (Owens et al., 1999). Our results, based on an assessment of 
transition-transversion bias, which demonstrate an increased rate of mutational 
processes in young, evolutionarily progressive groups, provide support for this 
idea. Nevertheless, an alternative explanation remains quite plausible: nucleo-
tide substitutions in lineages simply have little effect on fitness.

Сonclusion
Therefore, analysis of transition and transversion accumulation across avian lineages 
reveals the following patterns.

The transition-transversion bias attenuates with ascending taxonomic rank.
This attenuation is driven by a marked increase in transition frequencies at the 

species and genus levels, while transversion rates remain relatively constant.
Evolutionarily recent, small-bodied bird families exhibit accelerated transver-

sion accumulation, leading to a weaker bias. This is likely a consequence of elevated 
individual metabolic rates associated with rapid evolutionary diversification.

These observations raise important questions regarding the comparability of ge-
netic differentiation estimates developed for different vertebrate classes and the fea-
sibility of establishing a universal molecular clock scale even within a relatively nar-
row taxonomic group. Furthermore, comparisons of differentiation scales across 
taxonomic levels within a single large phylum may be more reliably conducted by 
examining transversion frequencies. However, the development of a universal scale 
for genetic differentiation among homologous taxa with varying metabolic rates re-
mains challenging, given that increased metabolic rates may influence not only 
transversion frequencies but potentially transition frequencies as well.
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