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Abstract
The author introduces the notion of hybrid and occurrence of hybridization estimates by means of molecular 

markers. In this editorial evidence on possible impact of gene introgression on species integrity, its evolutionary fate 
and consistence with main modern paradigm, Neo-Darwinism are considered. 
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Introduction
Nowadays, we meet a contradiction in the field of evolutionary 

biology between the Biological Species Concept (BSC), or in wider 
sense the Neo-Darwinism, which are accepted by most scientists as 
basic modern paradigms, and the Phylogenetic Species Concept (PSC). 
There are also some other novel concerns of the Neo-Darwinism 
connected with new data in evolutionary genomics, phylogenetics 
and phylogeography. I will focus on three such sorts of data: (i) gene 
introgression throughout a species border, (ii) reticulation in a gene 
tree (or reticulation in wider sense), and (iii) genome mosaicism. 
While for BSC vs. PSC debates, the contradiction is more apparent than 
actual [1,2], the attack on the BSC from the three points mentioned 
above, looks like a serious challenge for it and for the Neo-Darwinism 
or the Synthetic Theory of Evolution (STE) in general. I will present in 
brief literature data and my own view that are relevant to these three 
points under the angle of STE concerns in a few following editorial. No 
doubt, the STE itself needs development. Strictly speaking, it is even 
not a theory in a quantitative meaning at all [3-8], and so it should be 
reformulated in an appropriate mode. There might be other challenging 
points but I will focus in the current assignment on only the first of 
three above points, on the gene introgression between species. The 
other two points will be considered in subsequent issues.

What are Hybrids and Hyridization?
Let us start with the definition what hybrid is. A hybrid is a mixture, 

an offspring of cross(es) between genetically different organisms. In other 
word, hybrids are individuals with a mixed ancestry. In a limiting case, 
a heterozygote at one or more loci is a hybrid individual. So, the cross 
P1: A1A1 B2B2 × A2A2 B3B3 gives the hybrid F1 = F

H
: A1A2 B2B3.

Hybridization is normally a mating process in bisexual organisms 
by which hybrids occur. This process usually involve small portion 
of individuals of the species. However, if the number of species that 
hybridize in nature is big it may be an important evolutionary force. 
We should recognize the difference between the simple intra-deme 
crosses and crosses between different lines, demes and species. True 
hybrids are normally thought to be the offspring of more distant 
parents. The meaning of distant here is quite conditional, depending 
on the particular organism and its normal system of breeding. Beyond 
F1 hybrids, other types of hybrids may develop: F1 × F1= F2, F1× P1= 
Fb and so on. Hybridization may be either natural or artificial. Here, 
we will deal mostly with the former. Hybrids need not be exactly 
intermediate to the parental types, but depending on the complexity 
of cross can be closer to one of them ([9], Chapter 10). We will look 
for more details on this point later. It is accepted normally that fitness 
is lower in hybrids in comparison to parental forms, but this rule does 

not always hold. Sometimes the reverse is true: hybrid vigor can occur. 
However, these cases are beyond our theme, and belong largely to the 
artificial crosses between inbred lines or brood stock kinds/lines. The 
direct outcome from the definitions given above is that hybrid detection 
could be properly done with nuclear markers, which are able to detect 
both parents’ impact. Thus, mtDNA markers, which in most cases are 
maternally inherited via oocyte cytoplasm, could be used but with this 
reservation. Of course the presence of species A mtDNA (whole mtDNA 
genome) in species B sometimes is evidence of a past hybridization 
event. Evidences of hybrid occurrence by usage of solely mtDNA 
makers; e.g., that may indicate a recombination of an extant gene(s) 
as reported for instance for the cyprinid fish Gila robusta complex [10] 
or from Brachymystax lenok into the investigated genome of Siberian 
taimen, Hucho taimen [11], are only preliminary indicators of possible 
hybridization. In one of the described cases, mtDNA genes from lenok 
should be harbored from a female parent because of the presence of two 
gene sequences from this linage in the taimen genome [11]. However, 
as evidenced from other sources this direction of cross gives hybrid 
incompatibility [12], while the backcross gave even heterosis [13]. So, 
there is certain contradiction in this evidence of hybridization. 

The ability and propensity of taxonomically distinct fishes to 
interbreed and produce viable hybrid offspring are now well established. 
Schwartz [14,15] compiled nearly four thousand references dealing 
with the natural and artificial hybridization of fishes. Much earlier 
Hubbs [16] reviewed the literature on natural hybridization among 
North American fishes. 

Recently a short discussion on this matter was presented in 
JPGEB [7], so, it is a bit easier to develop these ideas here. Natural 
hybridization is believed to be more common in fishes than in other 
groups of vertebrates. Common hybridization applies also to shellfish. 
One of the most important causes of more frequent hybridization 
in these groups may be weak chromosomal sex determination in 
comparison with more advanced organisms, such as mammals. In 
many fish species sex determination depends upon many factors, 
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and sex chromosomes may be either absent or their effects negligible 
[17]. Several other biological peculiarities of fish and shellfish species 
may also account for this distinction: e.g. external fertilization, weak 
ethological isolating mechanisms, unequal abundance of the two 
parental species, competition for limited spawning habitat, and 
susceptibility to secondary contact between recently evolved forms 
[18]. These peculiarities are affected to varying levels by local habitat. 

Natural and man-induced changes in environmental conditions 
are often cited as causes of hybridization in fishes. For example, 
hybridization is relatively common among temperate freshwater fishes 
in areas where geological and climatic events since the Pleistocene 
have drastically altered aquatic environments. However, hybridization 
appears to be rare in marine and tropical fishes that inhabit more stable 
environments. Man-caused habitat changes in North America and 
other regions have also been correlated with hybridization between 
both previously allopatric and naturally sympatric pairs of species [19-
22]. For salmon, such examples were summarized by Simon, Nobble 
[23] and Altukhov, Salmenkova [24]. It is estimated that hybridization 
could influence the fate of around 25% of plant species and 10% of 
animal species, mostly young, recently diverged species [25]. I will 
mostly focus on animal species that are more easily understandable 
in the framework of the BSC. Recent publications for them involve 
conservation aspect [26], recent historic change [27], and frequency of 
hybrid occurrence in different taxa; e.g., in birds [28] compared with 
other vertebrates [29,30].

For general discussion, we need to define terms of genes exchange 
precisely. First, we will refer to gene flow as the process marked by 
selectively neutral (or nearly neutral) alleles and accept that reproductive 
isolation between biological species means absence of any gene flow (in 
the sense that F1, and especially F2 or Fb are infertile and unviable or low 
in fertility and viability); this is the strict BSC requirement. Second, the 
hybrid zone is an area where natural hybrids occur between supposed 
parental forms. Usually, in such an area, a cline arises. Third, cline is a 
gradual or abrupt allele frequency change in a mode: Species 1 (Deme 
1) → Hybrids → Species 2 (Deme 2) and is maintained by a balance 
between dispersal and selection against hybrids (Modified from [31]). 

Methods of Hybrid Detection
There are at least four methods of hybrid detection [4,9,18]. Most 

efficient is detection by isozyme and nuclear DNA (nDNA) markers 
when parents had different fixed alleles [4,9,18]. Hybrid detection 
when nDNA is used in a combination with mtDNA allows for better 
resolution of a parental cross direction, because of maternal inheritance 
of mtDNA. An example of such successful use of joint markers was 
presented recently for turtles of the genus Mauremys [32].

Gene Introgression throughout a Species Border
Data and general discussion

Exact scientific solution is not easy to achieve for the above heading 
because there are no exact tools to define which taxon has reached 
species status, or which has not. In this connection, exact delimitation 
of species is a very important challenge for evolutionary genetics and 
evolutionary biology in general [3-6,33]. It is well known that mtDNA 
could spread through species barriers and may exist many generations 
within gene pools of species, whose biological integrity is documented 
by other molecular markers and by phenotypic traits. Despite many 
contradictions, these facts are well documented by data from mice 
[34,35], frogs, fish, mussels, and other organisms [36]. Investigation 
of mtDNA genotypes, in combination with nuclear DNA markers or 

isozyme loci, has sometimes demonstrated the ability of mtDNA to 
introgress from one species to the other species, if the hybrids between 
these species and their progeny are fertile and in this case make an 
impact on the nuclear vs. cytoplasmic background. This introgressive 
hybridization requires successful backcrosses of the ancestral 
hybrid female with males of the parental species or other taxa. Such 
introgression is independent of recombination and segregation events, 
occurring in the nuclear genome, if natural selection, maintaining 
nuclear–cytoplasmic compatibility, is absent [37,38]. However, 
evidence of this kind appears increasingly often, indicating operation 
of subtle selective mechanisms that maintain the interaction of nuclear 
and, for example, mitochondrial genes [39]. However, a number 
of cases of mtDNA introgression (see references below) show that 
possible selection, if it exists at all, is not sufficiently strong to prevent 
hybridization and introgression. Thus, the instances of finding foreign 
mtDNA in species’ hybrids in nature, as identified by other methods, 
may be a proof of hybridization of closely related species (taxa), but 
may not be very influential on the evolutionary fate of the species 
itself. The interspecies mtDNA transfer has been found in species of 
invertebrates (Drosophila) and vertebrates (Mus, Apodenus and Rana) 
[34, 35-43]. Literature on the topic has already considered with the aim 
of comparative analysis [1, 35, 42,18]. Based on an analytical approach 
for the analysis of nuclear–cytoplasmic equilibrium [44,45], an original 
method has been developed for testing the direction of hybridization 
and the intensity of introgression [36]. Here, I can only briefly touch 
upon the issue of mtDNA introgression, to elucidate its relationship 
with the species status in the BSC.

Asymmetry of the introgression as demonstrated for two species of 
Hyla frogs is especially obvious on the nuclear-cytoplasmic interaction 
data, and it is frequent in nature [36]. For many cases that were analyzed, 
the spread itself through the interspecies borders by mtDNA genes, as 
well as probably by some mobile elements from the “foreign” genomes, 
did not necessarily cause species’ disintegration. Moreover, in some 
cases, as it is supposed by the BSC, new mtDNA genes harbored via 
introgression may take their part in the formation of RIBs (Reproductive 
Isolating Barriers). Action of RIBs depends upon development of the 
nuclear-cytoplasmic relations and on other biotic and abiotic events. 
An example of current contradictive development of RIBs under 
hybridization, urbanization and climate change representing different 
pairs of taxa is the Mytilus ex. group edulis complex [46-51]. Nowadays 
the monitoring of hybridization and introgression is, possibly, one 
of most important goals of evolutionary and general genetics. This is 
especially true taking into account available data on claimed numerous 
examples of reticulate evolution and gene introgression among 
many marine organisms [11,52,53]. Analysis for part of evidences 
for hybrid occurrence provided for animals [52] shows that in many 
cases examples do not really represent the interspecies introgression 
but rather intraspecies introgression, introgression between taxa of an 
uncertain rank or between such taxa as subspecies/semispecies, which 
may not be contradictive to the BSC [7]. Data in [11] as was mentioned 
above are contradictive and at most represent a very rare case of double 
recombination event that may take place due to artificial crossing 
or even came from rare natural hybridization in historical time. In 
the review [52] there is evidence of introgression that indicates the 
presence of hybrids but not introgression itself. It is well known that the 
presence of F1 hybrids, even confirmed genetically, does not necessarily 
mean that gene introgression occurred [18]. For some groups of fish 
hybridization is common [18] but only sporadic introgression occurs 
[54]. Also, it is quite well known that these events are caused by drastic 
past climate changes, as evidenced for instance for char [55, 56]. There 
is in the review some evidence based on morphological traits [52] but 
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this may be only rough information and hardly acceptable as signs of 
gene introgression [28, 18]. Very thorough fish species investigation 
based on mtDNA and nuclear allozyme markers showed that in most 
cases hybrids are only F1, so they suggest no real gene introgression 
had occurred [56]. However, there are estimates of the opposite kind 
that demonstrated presence of advanced backcrosses [57,58]. In the 
first case mtDNA and nuclear microsatellite loci determined presence 
of backcrosses in high frequency (44.9%) have been obtained [57]. In 
the second case also a combination of markers was used, and indicated 
gene flow among four cichlid species in Lake Tanganyika [58]. However 
in most cases, we do not know exact figures on the introgression level or 
gene flow. Cases of introgression that were presented for sea weeds [53] 
are currently rare and generally correspond with facts that are known for 
terrestrial plants; i.e., they support weakness of reproductive barriers in 
many plant “species”. Also, this evidence [53], as well as that presented 
for the Siberian taimen [11], is based on the rare recombination event 
in mtDNA; thus, conclusions on gene introgression by hybridization 
from here may be only provisional suppositions. However, in the 
latter case authors advocated that artificial cross may stimulate and 
increase the recombination rate [11]. Anyway, the real mechanism of 
recombination remains unknown. Certainly, hybridization is the main 
candidate source for introgressed DNA. However, gene introgression 
may be also caused for instance by a bacterial or viral recombinant 
vectors harboring those genes with the subsequent recombination 
event within host fish. Also, no indications are presented in the papers 
cited, which kind of hybrids were presented, F2, F3, etc. Even worse, in 
one of the two cases [11] the recombinant specimen that obtained in 
the research is not the authors’ sequence but have been retrieved from 
GenBank, part of which may have simply result from laboratory errors. 

In conclusion, it seems that claims on a crush of the modern 
BSC paradigm [52,59] due to wide-scale gene introgression are too 
premature, even keeping in mind the long history of many hybrid 
zones [60,61]. Contrary to that, evidence that summarized here and in 
earlier reviews [3,5-6] show that molecular genetic data are concordant 
with the BSC and Neo-Darwinism/STE in general. It is clear that 
introgression exists, although even in a wide zone of Mytilus spp., for 
example, it may be quite restricted [48] or be asymmetric (see above 
and [50,62,63]), so holding intact at least the “source” taxa. Anyway, 
we should be very careful in hybrid detection on mtDANA markers 
data only. Detection of hybrid by solely mtDNA evidence may cause 
even erroneous results. E.g., mussels have double uniparental mtDNA 
inheritance. MtDNA from paternal and maternal lines within same 
species may have nucleotide diversity of about 8.3% at 16s rRNA [64]. 
In an investigation of the interspecies divergence by mtDNA markers, 
make without discrimination of two sexes, many substitutions and 
indels may be easily found and promising speculations on evolutionary 
fate or hidden taxa made. If we accept that the sexually reproducing 
species in marine and terrestrial realms are introgressed, then we should 
recognize that the orthodox biological species concept, as we define it 
earlier in the Introduction in terms of gene flow absence among species, 
is inadequate in a sense that many taxonomic species are not biological 
species yet. However, sooner or later they become to, which conclusion 
supported by genetic distance increase with taxa rank and minimal 
diversity at intraspecies level [5-7].

More details on the theoretic and empiric investigation on 
hybrid occurrence, hybridization and gene introgression are available 
elsewhere [25,31,60,65]. I am aware that many things on hybridization 
are obscure and sophisticated, so the final solution may not be found 
soon. Anyway, in my view, despite consistency or inconsistency of 
current biological concepts, species are able to maintain their integrity 

and authenticity, at least in a testable retrospective or in a provisional 
perspective.
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