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Abstract

In this research, we focused on the following question: What element can be used for phy-
logeography and phylogenetic studies for all species using results of the genome-wide analysis
(GWA) of numerous model organisms (e.g., Homo sapiens, Mus musculus, Drosophila melano-
gaster)? We especially paid attention to the average mutation rate variation in the DNA fragment
size across alleles from diverse loci (i.e., related to length-dependent mutation processes). Over
the past 30 years, all molecular markers have been developed from the fundamentally different
mechanisms of four mutations: single-nucleotide polymorphisms (SNPs), simple sequence re-
peats (SSRs), insertions—deletions (INDELs), and chromosome aberrations. The challenge is
to accurately fix the molecular clock for size-variant DNA marker data to uncover the phylogeo-
graphic histories of many plants and animals. In this paper, we provided a lot of examples from
a Homo sapience to a forest tree from Pinus genus, illustrating the importance of differentiating
between molecular markers, their origins, and the locus molecular size to better calibrate the
molecular clock for back-in-time simulation analyses.

Key words: genome analysis, length-dependent mutation processes, molecular clock, phy-
logeography.
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Introduction

Over the past 20-25 years, genome-wide
analysis (GWA) has enabled the collec-
tion of high-quality genome assemblies
of diverse species (Rhie et al. 2021). The
millions of sequences of nucleotide data
obtained with overall good, effective depth
and high resolution have been object of
intensive investigations related to the prin-
cipal, fundamentally different mechanisms
underlying four mutations: single-nucle-
otide polymorphisms (SNPs), simple se-
quence repeats (SSRs), insertions—dele-
tions (INDELs), and chromosome aberra-
tions. This has, to some extent, changed
the definition, models, meaning, and
mutation significance for species evolu-
tion. These molecular markers have been
used for numerous practical applications,
such as forensics (Ruitberg et al. 2001),
paternity testing (Thomson et al. 1999),
personal medicine (Sturzeneker et al.
2000), and determination of the time of
divergence between populations (Gold-
stein and Clark 1995, Stumpf and Gold-
stein 2001). The initial traits of genomic
data of scientific and practical interest
are the density, frequency, allele size,
and mutation rate of molecular markers.
DNA sequence changes are often stud-
ied using their chromosome position and
length-dependent frequency. The aver-
age mutation rate per base pair (u,) is
observed to be reciprocally proportional
to the genome size (G) in the base pair
(bp), as reported by Drake (1991), Drake
et al. (1998), Lynch (2010), Sanjuan et al.
(2010), and Sung et al. (2012). In addition,
the between-species genomic differences
in all mechanisms underlying principal
mutations have been confirmed (Krug-
lyak et al. 1998, Dieringer and Schlétter-
er 2003). The results show the following
differences and similarities: a significant

difference in the molecular marker density
and mutation rate between species; and
a significant observable similarity related
to length-dependent mutation processes
among species. Often, genomic studies
focus on SNPs and from two different
mutation mechanisms, microsatellites
and short INDELs. For SNPs, due to the
nature of DNA change, length-dependent
mutation processes are not directly appli-
cable. We decided to focus on the similari-
ties between genomic sequence data with
free access. Next, we present the results
obtained by different researchers.

Short tandem repeats (STRs) or
SSRs, known as microsatellites, are re-
peats of 1-6-nucleotide motifs. These
could be mono-, di-, tri-, tetra-, penta-, and
hexa-nucleotides. A microsatellite can be
perfect (or uninterrupted), imperfect (or
interrupted), or isolated (Calabrese and
Durrett 2003). Strong evidence suggests
that the mutation rates of SSR/STR loci
depend on the length of a repeat unit (We-
ber and Wong 1993; Chakraborty et al.
1997; Schug et al. 1997; Kruglyak et al.
1998, 2000; Sibly et al. 2001, 2003; Ca-
labrese and Durrett 2003; Dieringer and
Schlétterer 2003; Lai and Sun 2003; Whit-
taker et al. 2003; Verbiest et al. 2023). This
dependency has been confirmed in differ-
ent organisms, such as humans, mice, the
fruit fly, and yeast. The length-dependent
density of SSRs is often related to point
mutations, which break up long repeats;
long microsatellite repeats are the result
of mutation robustness at the genomic
level (Kruglyak et al. 1998). Additional fea-
tures of this DNA change include: (1) the
number of repeat motifs is more abundant
in noncoding DNA (i.e., non-genic region)
than in coding DNA (i.e., genic region), (2)
the microsatellite density differs between
chromosome pairs, (3) between intergen-
ic versus intronic sequences (Toth et al.
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2000, Morgante et al. 2002), and (4) be-
tween sex chromosomes and autosomes
(Bachtrog et al. 2000), and (5) the micro-
satellite frequency decreases from short
to large repeat motifs (Calabrese and
Durrett 2003, Dieringer and Schlotterer
2003). Another particularity of microsatel-
lites is that mutation robustness depends
on the nucleotide repeat motif composition
(Schlotterer and Tautz 1992, Chakraborty
et al. 1997, Bachtrog et al. 2000). Fur-
thermore, SSR interrupted alleles mutate
less than perfect alleles at the same frag-
ment/allele size (Brinkmann et al. 1998).
In human paternity testing (pedigree
analysis), Brinkmann et al. (1998) and
Makova et al. (2024) also demonstrated
statistically significant sex differences in
mutations on the X and Y chromosomes
for nine loci. Similar results have been re-
ported for humans and other animals by
Weber and Wong (1993), Ellegran and
Fridolfsson (1997), and McVean (2000).
Regarding locus evolution, Garza et al.
(1995) showed that microsatellites have
a ‘target length’, that is, short microsat-
ellites have a mutation bias-up, whereas
longer ones have a mutation bias-down.
This finding was later supported by Wierdl
et al. (1997), Harr and Schlétterer (2000),
and Bhargava and Fuentes (2010). Addi-
tionally, for genome species evolution, in
silico analysis have shown that microsat-
ellites of a minimum threshed size exist
for slippage mutations (Rose and Falush
1998). Some of the more popular micro-
satellite mutation mechanisms include:
(1) the stepwise mutation model (SMM;
Ohta and Kimura 1973); (2) the continu-
ous-time Markov chain, which incorpo-
rates length-dependent slippage events,
also known as proportional slippage (PS;
Kruglyak et al. 1998); (3) the constant ex-
ponential model (ConExp; Xu et al. 2000);
and (4) slippage occurs only when the

length exceeds some threshold K (PSwK;
Calabrese et al. 2001). In addition, Cal-
abrese and Durrett (2003) proposed four
additional mutation models: (5) piecewise
linear bias (PLBias), (6) the asymmetric
quadratic model (AsyQuad), (7) the asym-
metric linear model (AsyLin), and (8) the
multinomial model. It is widely accepted
that the SSR/STR mutation mechanism is
complex (Lai and Sun 2003).

The second more popular mutation
mechanism studied in genomic data is
INDELs. This DNA change consists of
specific insertions or deletions of ge-
nome bases, from 1 to 10,000 nucleo-
tides. Short INDELSs include single bases,
monometric bases, and multi-bp expan-
sions of 2—-15 bp repeat units (i.e., di-
metric, trimetric, tetrametric, pentramet-
ric, hexametric, heptametric, octametric,
nonametric, and decametric), as shown
by Mills et al. (2006). INDELs containing
random DNA sequences of more than 50
bases are classified as structural variants
(SVs; Mahmoud et al. 2019, Ebert et al.
2021). Short INDELs can be compared to
point mutations and microsatellites. The
three mutations SNPs, SSRs/STRs, and
INDELs result from fundamentally differ-
ent mechanisms (Buettner et al. 1999, Hill
et al. 2003, Yan et al. 2014). Generally,
genomic data indicate that for all spe-
cies, long INDELs (SVs) are less abun-
dant than short INDELs, microsatellites,
and SNPs. Studies on genetic variation in
Homo sapiens, Drosophila melanogaster,
and Caenorhabditis elegans have shown
that SVs and chromosome aberrations
are formed by strong length-dependent
mutation processes, similar to the afore-
mentioned microsatellites (Berger et al.
2001, Wicks et al. 2001, Mills et al. 2006,
Rhie et al. 2023, Hallast et al. 2023).

A database from a large geographic
region comprises more than 6000 gene
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disorders and chromosome aberrations
in humans. Known also as abnormalities,
on average, a frequency of 7.4 per 10,000
births is responsible for the large numbers
of phenotypic and congenital anomalies
(Wellesley et al. 2012). The frequency
of gene disorders is significantly lower
compared to INDELs, SSRs, and SNPs.
Here, the mutation load of gene disorders
is higher than the mutation changes for
INDELs, SSRs, and SNPs. The high mu-
tation load in this example of gene disor-
ders is the result of a large DNA fragment
size with affected coding sequences. For
example, Zuberi (2013) reported the fol-
lowing chromosome aberrations related
to length-dependent mutation processes:
partial terminal zone deletion chromo-
some (1p36), whose frequency is 2 per
10,000 live births, followed by partial chro-
mosome arm deletion with a frequency of
1.86 per 10,000 live births; a duplication
rate with a frequency of 0.70 per 10,000
live births; a marker chromosome with a
frequency of 0.43 per 10,000 live births;
Wolf-Hirschhorn syndrome (4p-) with a
frequency of 0.20 per 10,000 live births;
and, if the mutation is in a high-density
coding DNA region, a frequency of 0.03
per 10,000 live births, as observed for
Miller-Dieker syndrome (del 17p13.3). In
this example, a gradual decline of surviv-
ing frequency is observed for partial chro-
mosome aberration, which results from a
combination of coding sequencing density
and chromosome arm fragment size DNA.
The mutation load’s lethal effect in this
example is proportional to the affected
chromosome fragment size and its coding
DNA density.

Another example of length dependent
mutation process are aneuploidy and poly-
ploidy. Aneuploidy is an abnormal number
of chromosomes in a cell, that is, cells
have one or more chromosomes missing

or present in surplus. A good example of
aneuploidy (a karyology phenomenon in
humans) is the trisomy of chromosome
13 (Patau syndrome), with a frequency of
1 per 10,000-20,000 live births, followed
by chromosome 18 (Edwards syndrome),
with a frequency of 1 per 3600-8500 live
births, and chromosome 21 (Down syn-
drome), with a frequency of 1 per 800 live
births (Greene and Benjamin 2023). In
aneuploidy example here, the total extra
chromosome size gradually decreases
from chromosomes N13 through N18 up
to N21, while the lethal effect decreases.
When extra complete sets of chromo-
somes are found, the condition is called
polyploidy (high mutation charge). In hu-
mans, polyploidy is dangerous; embryo
development is observed for a few days or
weeks, but finally, pregnancy is terminated
by abortion or chirurgical intervention to
protect the woman from dangerous com-
plications. The condition is also known as
a partial molar pregnancy or a partial hy-
datidiform mole, with a frequency of 1 per
1000-1200 births at the zygote stage and
zero chances of survival (Mahdieh and
Rabbani 2013, De Franciscis et al. 2019,
Al Ghadeer et al. 2022). The mutation
load is high, with a lethal effect. Polyploidy
is found in amphibians, such as salaman-
ders, frogs, and leeches, and in inverte-
brates, such as clams. In more developed
animals, only sterile ftriploid fish, nonster-
ile tetraploid Salmonidae fish, and only
one tetraploid mammal, the plains visca-
cha rat (Tympanoctomys barrerae), have
survived. In contrast to humans and other
animals, plants support aneuploidy and
polyploidy relatively better. For example,
some successful cultivars in agriculture
and forest practice are ftriploid (seedless
watermelon, banana, and some Populus
cultivars). In reality, the initial random mu-
tation pattern is under constant selection
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pressure from day 1 to reproductive age
and death. The change in the genetic/ge-
nomic structure follows important steps:
prezygotic, prenatal, natal, and classes
of ages. For example, in support of con-
stant selection pressure in the population,
Korf et al. (2019) reported that in human
gametes, abnormality rates of 4-5 % in
sperm and 12-15 % in oocytes have been
observed, in significant contrast with an
abnormality rate of 0.07 % in new births.
The postnatal survival rates in humans
are inversely related to the affected chro-
mosome fragment. Selection pressure is
proportional to the DNA fragment size un-
der mutation and explains part of mutation
robustness at the population level.

Over the past 30 years, molecular ge-
neticists’ laboratories have developed nu-
merous molecular markers from the three
principal, fundamentally different mutation
mechanisms (SNPs, SSRs, INDELSs),
which are specific DNA fragments asso-
ciated with certain nucleotide patterns,
fragment size and locations within the ge-
nome (Grover and Sharma 2016). These
molecular markers include restriction frag-
ment length polymorphisms, simple se-
quence length polymorphisms (SSLPs),
amplified fragment length polymorphisms,
random amplifications of polymorphic
DNA (RAPDs), variable number tandem
repeats (VNTRs), SSR microsatellite pol-
ymorphisms, SNPs, STRs, single-feature
polymorphisms, diversity array technolo-
gy, restriction-site-associated (RAD) DNA
markers, allele-specific associated prim-
ers, inverse sequence-tagged repeats,
inter-retrotransposon amplified polymor-
phisms (IRAPs), and sequence-tagged
sites. More popular existing classifications
are: (1) variations at the DNA level, such
as nucleotide changes, including deletion,
duplication, inversion, and/or insertion; (2)
modes of inheritance, that is, dominant/

recessive and codominant; (3) allosomal
and autosomal; and (4) plastids and chro-
mosomes. For example, the four princi-
pal mutation mechanisms in the human
genome include ~10 million SNPs, ~0.5
million SSRs, ~0.5 million short INDELs
(single, mono-metric and multi-bp nucle-
otide repeat expansions), and less than
0.02 million SVs (long INDELs). Chro-
mosome aberrations, full or partial, have
a low frequency. The densities of SNPs,
SSRs, short INDELs, and SVs have been
confirmed for numerous organisms (Mills
et al. 2006, Galindo et al. 2009).

We focused on the question, what ele-
ment can be used for phylogeography and
phylogenetic studies for all species using
WGA results? We especially focused on
the average mutation rate variation in
the DNA fragment size (bp) across al-
leles from diverse loci from SSRs/STRs,
short INDELs, SVs, and chromosome
aberrations. First, we analyzed how the
length-dependent mutation processes
are manifested in real genomic data. Sec-
ond, we focused on where the length-de-
pendent mutation processes could be
used for molecular clock calibration for
size-variant DNA data, such as SSRs,
short INDELs, and SVs, in phylogenetic
and phylogeographic studies. The muta-
tion frequency is a well-known fundamen-
tal factor in evolution studies. However,
the concept of molecular clock calibration
for size-variant DNA is poorly understood.
In this study, we proposed a simple model
for the molecular clock mutation rate list
of universal principles and discussed how
it helps compare different molecular clock
speeds from different molecular markers.
The forest trees have been less studied at
genome level generally do to their huge
total genome size. They have low migra-
tion speed and distance compared to an-
imals. That allows us to make back-time
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phylogeographic simulation more inter-
esting (Naydenov et al. 2016). More ad-
vanced analyses are from deferent spe-
cies of genera Pinus, Picea, and Populus
(Kovach et al. 2010, Nystedt et al. 2013,
Gonzalez-lbeas et al. 2016, Christenhusz
et al. 2024). The obtained results have
shown similar length-dependent mutation
processes. We also presented a short
comparative example of empirical data
with three species: P. nigra Am., P. syl-
vestris L., and P. halepensis Mill. from the
Pinus genus (Fig. 1).

Can length-dependent mutation
processes in population genetics
improve the precision of phylogenetic
and phylogeographic hypotheses?

An overview of empirical data on DNA
mutation frequency, specifically regarding
length-dependent mutation processes in
organisms, reveals that each organism’s
genome contains various mutations with
differing frequencies. These mutations
can be roughly categorized into different
groups at the population level. This cate-
gorization could be used to create a more
accurate molecular clock for each muta-
tional group, significantly enhancing the
accuracy of future predictions in phylo-
genetics and phylogeography. Below are
some suggestions we believe could be
valuable for future research.

Specific molecular markers and
molecular clock calibration

Two principal factors are involved in com-
puter data simulations for forward and
backward molecular clock simulation for
evolution, speciation, and phylogenetic
and phylogeographic questions: (1) muta-
tion frequency (Lynch 2010, Bergeron et
al. 2023, Lynch et al. 2023) and (2) time

mark molecular clock fixing. For more in-
formation, see Rogers and Harpending
(1992), Sanderson (1997, 2003), Ho et al.
(2015), O'Reilly et al. (2015), and Dono-
ghue and Yang (2016).

Mutation frequency

Each of the molecular markers (SNPs,
SSRs, and long INDELs) has specific
strengths and weaknesses, so knowledge
of these molecular markers is necessary
before using them. For phylogenetic and
phylogeographic studies, it is important
to determine the mutation rate () of the
molecular marker used. The mutation
rate depends on multiple factors, some of
which are general, while others are spe-
cifically related to the species biology. The
more important general factors are the
molecular marker’s size (bp; i.e., the mo-
lecular mass of the DNA fragments), the
nucleotide fragment order as the coding
or noncoding DNA mutation mechanism,
and the origin of the molecular marker
(chromosome, mitochondrion, ribosome,
or chloroplast; Schug et al. 1997; Diering-
er and Schldtterer 2003; Sibly et al. 2001,
2003; Verbiest et al. 2023). Based on the
cell structure and morphology, we pro-
posed four universal principles with the
limit of one species and/or one genus:

(1) Long fragments (chromosome,
locus, allele) have a proportionally low-
er mutation rate than short fragments
(Chakraborty et al. 1997, Calabrese and
Durrett 2003, Whittaker et al. 2003, Mako-
va et al. 2024).

(2) Coding DNA fragments have a
lower mutation rate than noncoding DNA
fragments of the same size (Weber and
Wong 1993; Kruglyak et al. 1998, 2000;
Lai and Sun 2003).

(3) Molecular markers with a plastid or-
igin generally have a lower mutation rate
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Fig. 1. An example of the phylogenetic memory of three of the most frequently
used molecular markers from phylogeographic studies on pines.

Note: The horizontal axis for each chart is time by mutation rate. The time units are different
for the different molecular markers, and the average time span for each migration wave shows a
different number of generations for each chart. The results are taken from Naydenov et al. (2014,
2017, 2023); YBP — years before present; MY — millions of years before present. Figure 1 also
shows a comparison of the asymmetric migration patterns of the mitochondrial INDELs, chloro-
plast SSRs, and nuclear SSRs for two Mediterranean pines (P. nigra and P. pinaster Aiton). The
red dashed line connecting the red asterisks is the time mark for the Last Glacial Maximum (LGM
=~ 27,000 YBP). The horizontal, colored bar in the middle of each chart represents the geological
time grid: white — Holocene epoch (up to 0.0117 MY), light blue — Pleistocene epoch (between
0.0117 and 1.806 MY), yellow — Pliocene epoch (between 1.806 and 5.332 MY), and orange
— Miocene epoch (= 5.332 MY). The pine seed radiation molecular markers, INDEL (top) and
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nuSSR (bottom), show a low average migration intensity of approximately 10,000 individuals per
migration wave, but the pollen radiation marker, cpSSR (middle), shows a high average migration
intensity of approximately 50,000 individuals per migration wave. The three molecular markers
used show different phylogenetic memories: that of mt-INDEL is the longest, followed by cpSSR,

and that of nuSSR is the shortest.

than chromosomes of the same size due to
the plastids’ double membranes in plants
and animals (Toth et al. 2000, Morgante
et al. 2002). The principal plastids are mi-
tochondria and chloroplasts for plants and
mitochondria and ribosomes for animals.
In plant and animal genetics, cell plastids
are different organelles in the cytoplasm
and transfer genetic material, which is
known as cytoplasmic inheritance. Some
of the genetic material is strictly maternal
or paternal, but species with mixed sex ex-
ist, too (Reboud and Zeyl 1994, Xu 2005,
Munasinghe and Agren 2023, Sakamoto
and Takami 2023).

(4) Among species from different gen-
era up to a high taxonomic level, spe-
cific fluctuations in the mutation rate of
the same molecular marker are different
(Drake 1991, Drake et al. 1998, Lynch
2010, Sanjuan et al. 2010, Sun and Lind
2022, Lynch et al. 2023). These results
are due to differences in the genome
size and probably karyological specificity
(chromosome number fluctuations and
size difference). Generally, for the same
origins and DNA fragment size, species
with large genome sizes have lower mu-
tation rates than species with small ge-
nomes. The molecular marker ranking
is important for computer simulations for
the aforementioned markers, for high-per-
forming wide genome analysis (WGA)
developed in the past 20 years, and for
future developments.

Time mark molecular clock fixing

For time mark molecular clock calibration,
it is necessary to match the aforemen-

tioned universal principles with a time
mark, such as climatic fluctuations, tecton-
ic history maps, or paleo-records (Rogers
and Harpending 1992; Sanderson 1997,
2003; Ho et al. 2015; O'Reilly et al. 2015;
Donoghue and Yang 2016). Time mark
molecular clock fixing is closely related to
the molecular marker ranking. For exam-
ple, it is impossible for molecular markers
with a high molecular mass difference (bp
difference) and/or different origins to refer
to the same historical period. In this con-
text, postglacial migration routes with mo-
lecular markers with a high mutation rate
difference (i.e., the mutation class, order,
and origin [MCOQ] profile difference) can-
not be described. It is also important to
mention that paleo-records must be used
with precaution (Schoonmaker and Foster
1991, Carrion and Scott 1999, Charles
et al. 2003, Rohde and Muller 2005), as
false-positive  paleo-botanical artifacts
could be pollen (Naydenov et al. 2014,
2017, 2023).

Technically, molecular clock theory is
well developed, and robust computer pro-
grams, such as LAMARC (Kuhner 2006)
and MIGRATE (Beerli 1998), exist for
phylogeographic simulations. These pro-
grams offer numerous hypothetical sce-
narios, often including population sizes,
migration rates, growth rates, recombina-
tion rates, bottlenecks, and isolation-level
fluctuations. Multiple rigorous publications
involving paleo-map projects are avail-
able for tectonic history (Stampfli and
Borel 2002; Stampfli et al. 2002a, 2002b;
Blakey 2008). We used those developed
by Dr. Ron Blakey from Colorado Plateau
Geosystems (USA; Blakey 2008). For
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molecular clock calibration for phyloge-
netic analysis, the BEAUti and BEAST 1.7
(Drummond et al. 2012) and CladeDate
(Claramunt 2022) programs are used
more often.

Example: Forest trees and molecular
markers

Over the past 30 years, many studies have
discussed molecular-based phylogeogra-
phy using numerous molecular markers
and the postglacial colonization routes of
forest trees through the temperate zones
to the boreal and tundra regions (Jaramil-
lo-Correa et al. 2004, Godbout et al. 2005,
Naydenov et al. 2007). The main question
is whether all molecular markers (SNPs,
SSRs, and large INDELs) can describe
postglacial migration. The simple answer
is no. In this paper, we showed that, first,
the mutation rate significantly differs be-
tween molecular markers by locus/allele
length-dependent mutation processes
and that, second, the DNA mutation pro-
cess in plastids versus chromosomes dif-
fers. For example, in the Pinus genus, the
mitochondrial genome is transmitted ma-
ternally, while that of chloroplasts is trans-
mitted paternally, that is, by pollen (Neale
and Sederoff 1989). In addition, based on
our studies on the Pinus genus, we con-
sidered maternally inherited molecular
markers to be more conservative than pa-
ternal ones of the same size (Naydenov et
al. 2014, 2017, 2023). Various interacting
factors directly impact the mutation rate
M. We abbreviated the molecular marker
ranking as MCOO. In short, the molec-
ular mutation-rated difference carries a
different phylogenetic memory; that is, for
different contrasting ranges of molecular
markers, it is impossible to describe the
same historical migration pattern and phy-
logeographic structures.

For molecular clock calibration for for-
est tree phylogeography and phylogenetic
analysis, the time mark we must assume
is that species have a large genome size
and reproductive age. Conifers have a ge-
nome that is more than three times that
of humans, and the reproductive age of
conifers starts from 20 years and reach-
es its maximum effect at 50-60 years for
P. nigra and P. sylvestris (Dobrinov et al.
1982, Alexandrov et al. 1988). Based on
the mutation rate, the time marks to fix
the molecular clock could be well-known
global climate change records and tecton-
ic history events. For example, in some
places in the world, the tectonic history is
more dynamic and has been well studied,
such as the Mediterranean basin, which
allows researchers to try using different
time marks to fix the molecular clock back
in time. For coniferous species, the most
interesting geological period is between
0.01 and 8 million years (Fig. 1). For the
Pinus genus, we proposed that mitochon-
drial SNPs (mtSNPs) and nuclear SSRs
(nuSSRs) should be used for the Pleisto-
cene epoch, chloroplast SSRs (cpSSRs)
for the Pliocene epoch, and mitochondrial
INDELs (mtINDELSs) for the late Miocene
epoch (Burban and Petit 2003; Naydenov
etal. 2014, 2017, 2023). For places where
it is difficult to find a sufficiently credible
time mark, it is possible to use a time mark
comparable to those proposed here for
coniferous species with similar genome
sizes. In the future, an open access data
set must be created with the mutation
rates for each molecular marker by spe-
cies and genus.

Conclusion

The mutation rate ranking, and the prin-
ciples cited before reflecting that different
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genome elements have different speeds
of evolution and phylogeographic memo-
ry, which is important to consider for phy-
logeographic research. Phylogenetic and
phylogeographic memories are valuable
for research in various fields, including
plants, animals, and humans. For exam-
ple, understanding the phylogeography of
forest trees helps identify historical muta-
tion events and their connections to popu-
lation migration dynamics, climate change,
and the conservation and management of
biodiversity. In agriculture and livestock,
these insights can determine the origin
and period of domestication and guide
conservation strategies for important ge-
netic lines, which are crucial for a sustain-
able economy. In personalized medicine
for humans, phylogeographic memory
is important for identifying diseases, un-
derstanding resistance and parasite vec-
tors, tracing evolutionary timelines, and
analyzing their relationships with geo-
graphic distribution and social factors.
This knowledge will aid in supporting fu-
ture health programs and developing new
medicines.
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