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Abstract. The structure and function of the intergenic noncoding genome (repeatome) whether “selfish” 
and “junk” or “biochemically functional and regulatory” is still hotly debated, despite the mounting em-
pirical and theoretical evidence supporting the regulatory role, provided by transposable elements, and 
the ENCODE results. In our studies in Israel on sympatric speciation (SS) in two evolutionary speciation 
models of abutting divergent ecologies, microclimatic at “Evolution Canyon” and geologic-edaphic at 
“Evolution Plateau”, we showed genomically that SS is a common speciation model across life from 
bacteria to mammals. Since such contrasting and abutting ecologies, climatic, geologic, edaphic, abiotic 
and biotic abound globally, SS might be a common speciation model across the planet. During our SS 
studies we discovered an additional remarkable result supporting the regulatory role of the repeatome. 
We found that the noncoding genome, in both subterranean mammals and wild barley at “Evolution 
Plateau” present a genomic mirror image of the coding genome supporting the regulatory hypothesis of 
the repeatome. Moreover, the repeatome also succeeded to identify the four subterranean chromosomal 
climatically adaptive mole rat species in Israel. This genomic mirror imaging and repeatome function is 
now open to genomic exploration across life. 

Key words. Blind subterranean mammals, Spalax ehrenbergi, wild barley.

The structure and function of the genome have been and are still hotly debated (Shapiro 
2022). McClintock (1956) first discovered the moving, transposable elements in her paper 
“controlling elements and the gene”. The (re)discovery of Britten & Khone (1968) of 
repetitive DNA distributed inter-genically in hundreds of thousands copies of DNA sequences 
that have been incorporated across the genomes of higher organisms revealed that most of 
the genome involves repeats interpreted by Orgel & Crick (1980), and many others, as 
“selfish” and “junk”. Remarkably, the idea that most of the genome is “selfish” and “junk” was 
transferred with the ENCODE (Encyclopedia of DNA Elements) results in humans (Dunham 
& Kundaje 2012). ENCODE revealed that the human genome is copied into RNA, functioning 
as interactive regulatory proteins, and are compacted into chromatin, organizing the genome 
for cellular divergence. Remarkably, ENCODE revealed that 80% of the human genome 
contained biochemically functional elements invalidating the view that the human genome 
consists mostly of “junk DNA” and “selfish genes”. By contrast, intergenic spaces are filled 
with DNA regulatory elements, like enhancers, promoters, and RNA transcripts that are not 
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translated into proteins but might have a regulatory role (Jacob & Monod 1961). Regulation, 
rather than ”junk” and “selfishness” is the role of the noncoding and repetitive DNA. The early 
discovery of McClintock (1956) of mobile elements, jumping genes, that affect the genome 
structure and function in maize, may be “controlling elements”, substantially transforming the 
“junk” genome hypothesis by the ENCODE results. The debate between “junk DNA” and the 
regulatory noncoding genome is still ongoing, but seems to be gradually challenged by the view 
that most of the genome is biochemically functional, though functionality has been challenged 
(see discussion). Noteworthy,  Shapiro (1979) had a great interest in the repeatome since up to 
two-thirds of the human genome is composed of mobile genetic elements, and he first discovered 

Fig. 1. The ecogeographic distribution and the genomic divergence among Spalax species in Israel. (A) 
Blind mole rat, Spalax. (B) Geological map of east Upper Galilee including the Evolution plateau and the 
two sympatric species, the ancestor on Senonian chalk marked in yellow and blue circle; the derivative 
sympatric new species on basalt marked in pink and red circle across a geological fault marked by a black 
line. (C) Ecogeographic map of species distribution (from north to south marked in different colors) and 
sampling sites (red dots) of the four climatic and chromosomal peripatric species from which one species, 
S. galili (2n=52) marked in green, diverged indo geologically-edaphically and genically sympatric spe-
cies derivative S. galili basalt (2n=52) marked with a brown smaller circle and its ancestor S. galili chalk 
(2n=52) marked with a bigger gray circle; the four chromosomal species forming a southward climatic 
cline of increasing aridity starting from S. golani (2n=54) marked in blue, and S. galili marked in green, 
S. carmeli (2n=58) marked in violet, and S. judaei (2n=60) marked in brown. (D) A neighbor-joining 
tree was reconstructed with the allele shared matrix of SNPs of the five blind mole rat species populati-
ons, and the scale bar represents the p distance. (E) Genetic clusters of the five species showed by PCA 
based on SNPs, only principal component 1 (26.95%) and principal component 2 (9.03%) are displayed. 
(F) Neighbor-joining tree based on the SNPs located in the mirroring coding and noncoding genomes, 
respectively (G) Structure: genetic bar plots of the five Spalax species. The number of putatively genetic 
populations (K) was defined from K=2 to K=5, each column denotes one individual (from Li et al. 2020a, 
b; all figures are copied by permission).
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them in bacteria. They were also discovered by Bukhari et al. (1977), in a volume describing 
DNA insertion elements, plasmids, and episomes in the genomes. Shapiro & von Sternberg 
(2005) anticipated the recent ENCODE results by Dunham & Kundaje (2012). Its basic idea 
was that the genome is a highly sophisticated information storage organelle, greatly formatted 
by generic (i.e. repeated) signals enabling it to access the stored information, when and where it 
will be useful (see also elaborated discussion in Shapiro 2022). The main message indicates that 
there are clear theoretical reasons and examples showing that repetitive DNA acts as essential 
genome functional elements. Our recent work on blind mole rats and wild barley described 
below, supports the important functionality of the repeatome, the ensemble of divergent repeats 
in the genome. We show that the repeatome is selected by ecological stresses precisely like 
the coding genome region as indicated by their mirror image in the phylogenetic trees of blind 
subterranean mole rats and wild barley genomes (Figs. 1–12). 

Our last 30 years’ studies on the role of sympatric speciation (SS) in evolution (Nevo 2021) 
reinforced the idea that human genome results may be true in other eukaryotes besides humans. 
Our results demonstrated that SS appears to be a common speciation model in nature since there 
are numerous “Evolution Canyons”, “Evolution Plateaus”, and “Evolution Slopes” microsites 
divergent ecologically across the planet with reproductive isolation in taxa sharing opposite 
slopes or abutting divergent ecologies. They involve climatic, geologic, edaphic, abiotic, and 
biotic ecological contrasts causing SS involving viruses, bacteria, fungi, plants, and animals 
(Nevo 2021). Our genomic studies on SS revealed dramatic results concerning the coding and 
noncoding genomes in two of our model SS organisms, blind subterranean mole rats, Spalax 
ehrenbergi superspecies in Israel (Li et al. 2020a), and wild barley, Hordeum spontaneum (Li 
et al. 2020b), the progenitor of cultivated barley, both in eastern Upper Galilee, Israel in the 
“Evolution Plateau” microsite (Figs. 1–12).

Fig. 2. The genomic divergence among Spalax ehrenbergi superspecies five species in Israel. Neighbor- 
joining tree based on the SNPs in coding (genes, right side) and noncoding (left side) genomic regions. 
Note the remarkable mirror image of both genome regions (from Li et al. 2020a, b).
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Speciation mechanisms remain controversial since two speciation models occur in Israeli 
subterranean mole rats of the genus Spalax: a regional speciation cline southward of four pe-
ripatric, climatically adaptive, chromosomal species and a local, geologic-edaphic, genic, and 
sympatric speciation (Fig. 1A–G). Li et al. (2020a) highlighted their genome evolution. The five 
blind mole rat species we discovered in Israel and studied genomically were separated into five 
genetic clusters by single nucleotide polymorphisms, copy number variations (CNVs), repeato-
me, and methylome in sympatry (Fig. 1A–E, Figs. 2–10). The regional interspecific divergence 
corresponds to Pleistocene climatic cycles. Climate warmings caused chromosomal speciation in 
four species: Spalax golani, 2n=54; S. galili, 2n=52; S. carmeli, 2n=58; S. judaei, 2n=60, and in 
one sympatric species in the S. galili complex, where both sympatric species are 2n=52 and are 
divergent geologically by abutting Senonian chalk and Pleistocene basalt (Hadid et al. 2013, Li 
et al. 2015, 2016, Lövy et al. 2015, 2017, Šklíba et al. 2016, Zhao et al. 2016). Triple effective 
population size, Ne, declines match glacial cold cycles. Adaptive genes evolved under positive 
selection to underground stresses and to divergent climates, involving interspecies reproductive 
isolation. Genomic islands evolved mainly due to adaptive evolution involving ancient poly-
morphisms. Repeatome, including both CNV and LINE1 repetitive elements, separated signifi-

Fig. 3. The two-dimensional plot of five Spalax species in Israel shows the projection of abundance data of 
well-annotated 300 RepBase repetitive elements on the first two PCs. The samples are colored according 
to Spalax ehrenbergi superspecies (from Li et al. 2020a: Fig. S15A).
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cantly the five Spalax species (Figs. 1–10, 12). Methylation in sympatry identified geologically 
chalk-basalt Spalax galili two sympatric species that differentially affect thermoregulation, 
hypoxia tolerance, DNA repair, P53, and other pathways. Genome adaptive evolution highlights 
speciation across climatic aridity cline southwards, and geologic-edaphic stress unfolding, thus 
the two speciation models, peripatric and sympatric. Remarkably, noncoding genome mirrors 
completely the coding genome in subterranean mole rats in the four chromosomal species of 
the subterranean mole rats of the genus Spalax (Figs. 2–10, 12; all figures are from Li et al. 
2020a) and in wild barley from the same microsite of “Evolution Plateau” (Figs. 11 and 12). 
The mirror image of the coding and noncoding genomes (Fig. 1F) clearly indicates that both 
genome regions are selected equally by the same ecological stresses, hence their biochemical 
functionality is demonstrated not only in humans but first also in other eukaryotes.

Incipient sympatric speciation in wild barley, Hordeum spontaneum, caused by geological- 
edaphic divergence, highlights mirroring image of the coding and noncoding genome. Sympatric 
speciation has been contentious since the idea was suggested by Darwin. We proposed SS in wild 
barley due to geologic and edaphic divergence in “Evolution Plateau”, Upper Galilee, Israel, 
at the same microsite where Spalax galili basalt speciated sympatrically (Li et al. 2020a). Our 

Fig. 4. The two-dimensional plot shows the projection of k-Chain abundance data on the first two PCs. 
The samples are colored according to Spalax ehrenbergi superspecies. Note that the Spalax galili chalk 
and S. galili basalt are still overlapping (from Li et al. 2020a: Fig. S15B).



38

whole-genome resequencing data in wild barley showed SS separating between the progenitor 
old Senonian chalk and abutting derivative young Pleistocene basalt wild barley populations. 
The basalt wild barley species unfolds larger effective population size, lower recombination 
rates, and larger genetic diversity. Both species populations show a similar descending trend 
∼200,000 yaers ago associated with the last glacial maximum. Coalescent demography ana-
lysis indicates that SS was local, primary, in situ, and not due to a secondary contact from an 
ex-situ allopatric population. Adaptive divergent putatively selected genes were identified in 
both the chalk and basalt populations. Remarkably, disease-resistant genes were selected in the 
wet basalt population, and genes related to flowering time, leading to temporal reproductive 
isolation, were selected in the chalk population. The evidence substantiates adaptive ecological 
SS in wild barley, highlighting the genome landscape during SS with gene flow, due to geolo-

Fig. 5. Unrooted phylogenetic tree of Spalax ehrenbergi superspecies based on the abundance of RepBase 
annotated repetitive elements. The tree was prepared with Ape package with neighbor-joining method. 
Note that the sympatric species pair of Spalax galili chalk-basalt sympatric pair is largely mixed (from 
Li et al. 2020a: Fig. S15C).
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gic-edaphic divergence. The dramatic discovery is that in both Spalax five species (Figs. 1F, 
2) and the taxonomically distant wild barley, Hordeum spontaneum, the noncoding genome 
(repeatome) mirrored the coding genome (Figs. 2 and 11; Fig. 12 for comparison between 
Spalax and Hordeum) suggesting that both genomes responded to, and were selected by, the 
same ecological stresses. 

It was exciting to find cases of SS and the mirroring image of coding and noncoding geno-
mes in two dramatically distant eukaryote taxa as blind subterranean mammals of the Spalax 
ehrenbergi superspecies and wild barley, Hordeum spontaneum, the progenitor of cultivated 
barley. Both SS events and the nature of the noncoding genome are still contentious, but are 
gradually realized by both empirical and theoretical studies to be realistic adaptive phenomena 
(for SS see Nevo 2021; for the noncoding genome see McClintock 1956, Britten & Kohne 
1968, Shapiro 2022). The repeatome is spread intergenically across the genome in hundreds 
of thousands divergent repeats (Britten & Kohne 1968), many of them jumping within and 
between chromosomes hence called transposable elements, first described by McClintock 
(1956), who dubbed them “controlling” elements of genes and considered them important in 
adaptive evolution. Sympatric speciation, the origin of new species in the same population or 
meta-population, where interbreeding and gene flow are operating, and seemingly preventing 

Fig. 6. Unrooted phylogenetic tree of Spalax ehrenbergi superspecies based on the abundance of k-Chains. 
The tree was prepared with Ape package with neighbor-joining method. Note that the sympatric complex 
pair of Spalax galili is largely mixed (from Li et al. 2020a: Fig. S15D).
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speciation, is highly debated since hypothesized by Darwin (1859). The SS model contrasts 
the allopatric model of speciation, based on geographic isolation that safeguards organisms 
from interbreeding and gene flow, hence preventing mixture, and leads to speciation, the origin 
of biodiversity. By contrast, the sympatric model is seemingly preventing speciation, and in-
creasing homogeneity by gene flow. Darwin (1859), hypothesized that SS may be a common 
speciation model (though he phrased it differently) basing his hypothesis on one species with 
multiple persistent variants. The Appendix presents 72 cases of SS supported both theoretically 
and empirically. However, even the citations in Appendix restrict SS to one or several species 
in a site. Our two speciation models, first “Evolution Canyon” (EC), unfolding microclimatic 
ecologically divergent microsites; and second, “Evolution Plateau” (EP), consisting of abutting 
geologic-edaphic ecologically divergent microsites, demonstrate SS, across life, from viruses 
and bacteria to mammals, including human domestication (Nevo 2014, 2021). The EC model 
(Fig.  14) comprises four ecogeographic repeats of tropical hot-dry savannoid “African” vs 
temperate cool-humid forested “European” abutting slopes in Carmel, Upper Galilee, Negev, 
and Golan Mountains (EC I-IV). The distance between the opposite slopes is between 0 m to 

Fig. 7. The two-dimensional plot shows the projection of mutability data of Spalax ehrenbergi superspe-
cies of well annotated 300 RepBase repetitive elements on the first two PCs. The samples are colored 
according to Spalax ehrenbergi superspecies. Note that the Spalax galili sympatric complex is largely 
mixed (from Li et al. 2020a: Fig. S16A).
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hundreds of meters (Figs. 13 and 14). Fig. 13 shows EC I, in Mount Carmel, with the 7 distant 
taxa from bacteria to mammals that speciated sympatrically. Fig. 14 shows the four Evolution 
Canyons. Since ecologically divergent microsites abound globally (climatic, geologic, edaphic, 
abiotic, and biotic), we suggested that SS is a common speciation model (Nevo 2021). 

Our second finding in both species that speciated sympatrically at “Evolution Plateau”, blind 
subterranean mole rats, the genus Spalax, plus all additional four chromosomal species that spe-
ciated climatically across Israel (Li et al. 2020a), and wild barley, the genus Hordeum (Li et al. 
2020b), highlight the nature of the noncoding genome, or repeatome, the complement of repeated 
sequences in a genome (e.g., Meneveri et al. 1985). Hundreds of thousands of repeated elements 
are distributed intergenically across the genomes of living organisms (Britten & Kohne 
1968). The non-coding genome has been described as “junk” and “selfish” genome (Orgel 
& Crick 1980). By contrast, McClintock (1956), who first discovered the jumping repeated 
genes or transposable elements, suggested that they are “controlling elements”, regulating the 

Fig. 8. The two-dimensional plot of Spalax ehrenbergi superspecies shows the projection of k-Chain 
mutability data on the first two PCs. The samples are colored according to Spalax ehrenbergi super-
species in Israel. Note that Spalax galili sympatric complex of chalk-basalt is mixed (from Li et al. 
2020a: Fig. S16B).
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genes (McClintock 1956), later discovered in bacteria (Shapiro 1979) and other organisms 
(Bukhari et al. 1977). Moreover, the ENCODE results (Dunham & Kundaje 2012) revealed 
in humans that 80% of the genome is biochemically functional. The nature of the noncoding 
genome, whether “junk” and “selfish” or biochemically functional and regulatory, is still hotly 
debated (e.g., Ponting & Hardison 2011, Graur et al. 2013, Kellis et al. 2014, Rands et al. 
2014, Giudicelli & Roest Crollius 2021). Similar findings in two distant eukaryotic taxa, 
one animal, the blind subterranean mole rat Spalax, representing five species of the Spalax 
ehrenbergi superspecies in Israel, the second plant, wild barley, Hordeum spontaneum, stu-
died genomically demonstrate the stunning figure of mirror image between their coding and  
non-coding genomes. This pattern (Figs. 1, 11, and 12) strongly suggests that both are challenged 
by the same ecological stresses and are equally selected adaptively across the genome. This 
result strongly supports the view that the noncoding genome, or repeatome, is significant 
evolutionarily (Shapiro & von Sternberg 2005, Dunham & Kundaje 2012, Laukien 2022, 
Shapiro 2022). The big mystery of the noncoding genome and its regulatory functions are now 
open to intensive and extensive investigations. 

Fig. 9. Unrooted phylogenetic tree of Spalax ehrenbergi superspecies prepared with Ape package based 
on mutability of k-Chains. Note that the Spalax galili sympatric complex of chalk-basalt is still not fully 
separated (from Li et al. 2020a: Fig. S16B). 
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A c k n o w l e d g e m e n t s
This review paper is warmly dedicated to the 70th birthday anniversary of my dear friend and colleague 
Hynek Burda co-researching with me the underground life mysteries of subterranean mammals.

Fig. 10A. Putative repetitive elements (k-Chains) identified as differentiating between Spalax ehrenbergi 
superspecies four chromosomal species (S. galili is not divided in this diagram to the sympatric complex 
of chalk-basalt (from Li et al. 2020a: Fig. S17A).
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Fig. 10B. The two-dimensional plot (A) above shows the LD1-LD2-LD3 projections of abundances of 
300 k-Chains identified as differentiating between four chromosomal species of Spalax ehrenbergi super-
species by Random Forest analysis. The two-dimensional plot (B) shows that the LD1-LD2 projection of 
abundance of 150 k-Chains differentiated between two Spalax galili species sympatric complex (basalt 
and chalk) indicating that the Random Forest analysis can separate the chalk progenitor and the basalt 
derivative sympatric new species (from Li et al. 2020a: Fig. S17B).

Fig. 11. Neighbor-joining tree based on the SNPs from coding and non-coding genomic regions in wild 
barley, Hordeum spontaneum, the progenitor of cultivated barley, at “Evolution Plateau”(right coding 
region and left the noncoding region or repeatome) in the same microsite of Spalax galili basalt. The 
mirroring effect of the coding and noncoding genomes demonstrates that both are subjected to the same 
ecological stresses and are selected accordingly (from Li et al. 2020b: Fig. S2). 

Fig. 12. Phylogenetic tree based on SNPs from coding and the mirroring noncoding genome regions. Five 
species of the Spalax ehrenbergi superspecies (left) and wild barley on the right. The mirroring image in 
subterranean Spalax mole rats and plants suggests the commonality of the phenomenon of functionality 
of both genomes due to the same ecological stresses.
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Fig. 13. “Evolution Canyon” I (EC I) at Mount Carmel, Israel. (A) The model of Evolution Canyon I (EC 
I): Microclimatic interslope divergence: stations (populations) #1–3 are on the tropical, savannoid, South 
facing slope (SFS), also dubbed the “African” slope (AS; red triangles in A and B, and red numbers in 
C, SFS=AS), characterized by high solar radiation, temperature, and drought; station 4, in the crick (gray 
triangle), and stations # 5–7 (blue triangles in B, NSF, and blue numbers in C NSF) are on the temperate, 
forested, North Facing Slope (NFS), also dubbed the “European” slope (ES, blue triangles in B, and blue 
numbers in C), characterized by low solar radiation and temperature, high humidity, and forested. AS is 
distant 250 m from ES. (B) Cross section of Evolution Canyon I (EC I), covered, on the left hand side, 
by a green forest with live oaks, Alon in Hebrew, Quercus calliprinos, and Pistacia palaestina, elah in 
Hebrew, on the “European” slope (ES=NFS), versus the savannoid “African” slope (AS=SFS). The blue 
triangles represent experimental stations (populations) colored as in A. (C) Air view of Evolution Canyon 
I (EC I), Mount Carmel, showing the forested slope (ES=NFS) versus the savannoid African slope, with 
open park forest (AS=SFS), with carob trees, Ceratonia silqua and Pistacia lentiscus bushes, and African 
grasses, Hyparrhenia hirta, Andropogon distachion, and Pennisetum asperifolium. (D) Cross section of 
Evolution Canyon I (EC I), Mount Carmel, with the forested slope (ES=NFS), and opposite, abutting 
savannoid, park-forest (AS=SFS), with five distant organisms from bacteria to mammals, that represent 
incipient adaptive sympatric ecological speciation across life: soil bacterium, Bacillus simplex; wild bar-
ley, Hordeum spontaneum; fruit-flies, Drosophila melanogaster, saw-toothed grain beetle, Oryzaephilus 
surinamensis; and spiny mouse, Acomys cahirinus.

REFERENCES
Britten R. J. & Kohne D. E., 1968: Repeated Sequences in DNA: Hundreds of thousands of copies of 

DNA sequences have been incorporated into the genomes of higher organisms. Science, 161: 529–540.
Bukhari A. I.,  Shapiro J. A., & Sankar L. A. (eds.), 1977: DNA Insertion Elements, Plasmids, and 

Episomes. Cold Spring Harbor, New York, 782 pp.



46

Darwin C., 1859: On the Origin of Species by Means of Natural Selection, or the Preservation of Favoured 
Races in the Struggle for Life. John Murray, London, x+502 pp.

Dunham I. & Kundaje A. (eds.), 2012: The ENCODE Project Consortium. An integrated encyclopedia 
of DNA elements in the human genome. Nature, 489: 57–74.

Giudicelli F. & Roest Crollius H., 2021: On the importance of evolutionary constraint for regulatory 
sequence identification. Briefings in Functional Genomics, 20: 361–369.

Graur D., Zheng Y., Price N., Azevedo R. B. R., Zufall R. A. & Elhaik E., 2013: On the immortality 
of Television sets: “function” in the human genome according to the evolution-free gospel of ENCODE. 
Genome Biology and Evolution, 5, 578–590.

Hadid Y., Tzur S., Pavlíček T., Šumbera R., Šklíba J., Lövy M., Fragman-Sapir O., Beiles A., Arieli R., 
Raz S. & Nevo E., 2013: Possible incipient sympatric ecological speciation in blind mole rats (Spalax). 
Proceedings of the National Academy of Sciences of the United States of America, 110: 2587–2592.

Fig. 14. The four “Evolution Canyons” studied in Israel: lower Nahal Oren (Mount Carmel) – EC I; Keziv 
(Galilee) – EC II; Shaharut (south Negev desert) – EC III, and Metzar (Golan) – IV. Note that in ECs 
I, II, IV, the North Facing Slope (NFS), also dubbed the European slope (ES), is on the left-hand-side, 
representing temperate, cool, humid, and forested biome. The opposite, abutting slope, on the right-hand 
side, is tropical, hot, dry, and savannoid. By contrast, in Shaharut – EC III, the slope orientation in the 
picture is reversed: the SFS is on the left, covered by cyanobacteria, and the NFS is on the right, darker 
in color, covered by lichens, with angiosperm bushes only in the creek.



47

Jacob F. & Monod J., 1961: Genetic regulatory mechanisms in the synthesis of proteins. Journal of 
Molecular Biology, 3: 318–356.

Kellis M., Wold B., Snyder M. P., Bernstein B. E., Kundaje A., Marinov G. K., Ward L. D., Birney 
E., Crawford G. E. & Dekker J., 2014: Defining functional DNA elements in the human genome. 
Proceedings of the National Academy of Sciences of the United States of America, 111: 6131–6138.

Laukien F. H., 2022: Active Biological Evolution: Feedback Driven, Actively Accelerated Organismal 
and Cancer Evolution. Frank H. Laukien, Boston, 585 pp.

Li K., Hong W., Jiao H., Wang G.-D., Rodriguez K. A., Buffenstein R., Zhao Y., Nevo E. & Zhao 
H., 2015: Sympatric speciation revealed by genome-wide divergence in the blind mole rat Spalax. 
Proceedings of the National Academy of Sciences of the United States of America, 112: 11905–11910.

Li K., Wang L., Knisbacher B. A., Xu Q., Levanon E. Y., Wang H., Frenkel-Morgenstern M., Tagore 
S., Fang X., Bazak L., Buchumenski I., Zhao Y., Lövy M., Li X., Han L., Frenkel Z., Beiles A., 
Cao Y. B., Wang Z. L. & Nevo E., 2016: Transcriptome, genetic editing, and microRNA divergence 
substantiate sympatric speciation of blind mole rat, Spalax. Proceedings of the National Academy of 
Sciences of the United States of America, 113: 7584–7589.

Li K., Zhang S., Song X. & Nevo E., 2020a: Genome evolution of blind subterranean mole rats: Adaptive 
peripatric versus sympatric speciation. Proceedings of the National Academy of Sciences of the United 
States of America, 117: 32499–32508.

Li K., Ren X., Song X., Li X., Zhou Y., Harlev E., Sun D. & Nevo E., 2020b: Incipient sympatric 
speciation in wild barley caused by geological-edaphic divergence. Life Science Alliance, 3(12; 
e202000827): 1–12.

Lövy M., Šklíba J., Hrouzková E., Dvořáková V., Nevo E. & Šumbera R., 2015: Habitat and burrow 
system characteristics of the blind mole rat Spalax galili in an area of supposed sympatric speciation. 
Public Library of Science One, 10(7; e0133157): 1–18.

Lövy M., Šklíba J., Šumbera R. & Nevo E., 2017: Soil preference in blind mole rats in an area of supposed 
sympatric speciation: do they choose the fertile or the familiar? Journal of Zoology, 303: 291–300.

McClintock B., 1956: Controlling elements and the gene. Pp. 197–216. In: Anonymous (ed.): Cold 
Spring Harbor Symposia on Quantitative Biology. Cold Spring Harbor Laboratory Press, New York.

Meneveri R. et al., 1985: Identification of a human clustered G+ C-rich DNA family of repeats (Sau3A 
family). Journal of Molecular Biology, 186: 483–489.

Nevo E., 2014: Evolution of wild emmer wheat and crop improvement. Journal of Systematics and 
Evolution, 52: 673–696.

Nevo E., 2021: Evolution Canyons model: biodiversity, adaptation, and incipient sympatric ecological 
speciation across life: a revisit. Pp. 291–348. In: Wasser S. P. & Frenkel-Morgenstern M. (ed.): New 
Horizons in Evolution. Elsevier, Academic Press, London.

Orgel L. E. & Crick F. H., 1980: Selfish DNA: the ultimate parasite. Nature, 284: 604–607.
Ponting C. P. & Hardison R. C., 2011: What fraction of the human genome is functional? Genome 

Research, 21: 1769–1776.
Rands C. M., Meader S., Ponting C. P. & Lunter G., 2014: 8.2% of the human genome is constrained: 

variation in rates of turnover across functional element classes in the human lineage. Public Library of 
Science Genetics, 10(7; e1004525): 1–12.

Shapiro J. A., 1979: Molecular model for the transposition and replication of bacteriophage Mu and 
other transposable elements. Proceedings of the National Academy of Sciences of the United States of 
America, 76: 1933–1937.

Shapiro J. A., 2022: Evolution. A View from the 21st Century. Fortified. Second Edition. Cognition Press, 
Illinois, 702 pp.

Shapiro J. A. & von Sternberg R., 2005: Why repetitive DNA is essential to genome function. Biological 
Review, 80: 227–250.

Šklíba J., Lövy M., Koeppen S. C. W., Pleštilová L., Vítámvás M., Nevo E. & Šumbera R., 2016: 
Activity of free-living subterranean blind mole rats Spalax galili (Rodentia: Spalacidae) in an area of 
supposed sympatric speciation. Biological Journal of the Linnean Society, 118: 280–291.



48

Zhao Y., Tang J.-W., Yang Z., Cao Y.-B., Ren J.-L., Ben-Abu Y., Li K., Chen X.-Q., Du J.-Z. & Nevo E., 
2016: Adaptive methylation regulation of p53 pathway in sympatric speciation of blind mole rats, Spalax. 
Proceedings of the National Academy of Sciences of the United States of America, 113: 2146–2151.

APPENDIX
Sympatric speciation, by definition, is the origin of new species within a freely interbreeding population. 
Recently, sympatric speciation has received widespread attention in the scientific community and has been 
the subject of heated debate. The following studies focused on sympatric speciation:

Barluenga M., Stölting K. N., Salzburger W., Muschick M. & Meyer A., 2006: Sympatric speciation 
in Nicaraguan crater lake cichlid fish. Nature, 439: 719–723.

Bereczki J., Póliska S., Váradi A. & Tóth J. P., 2020: Incipient sympatric speciation via host race 
formation in Phengaris arion (Lepidoptera: Lycaenidae). Organisms Diversity & Evolution, 20: 63–76.

Berlocher S. H. & Feder J. L., 2002: Sympatric speciation in phytophagous insects: moving beyond 
controversy? Annual Review of Entomology, 47: 773–815.

Bird C. E., Fernandez-Silva I., Skillings D. J. & Toonen R. J., 2012: Sympatric speciation in the post 
“modern synthesis” era of evolutionary biology. Evolutionary Biology, 39: 158–180.

Bolnick D. I., 2011: Sympatric speciation in threespine stickleback: why not? International Journal of 
Ecology, 2011(942847): 1–15.

Bolnick D. I. & Fitzpatrick B. M., 2007: Sympatric speciation: models and empirical evidence. Annual 
Review of Ecology, Evolution and Systematics, 38: 459–487.

Booker W. & Hougen D. F., 2018: Meiotic inheritance and gene dominance in synthetic sympatric 
speciation. Pp. 1–8. In: Anonymous (ed.): 2018 Institute of Electrical and Electronics Engineers 
Congress on Evolutionary Computation (CEC). Institute of Electrical and Electronics Engineers, 
699 pp.

Boomsma J. J. & Nash D. R., 2014: Evolution: sympatric speciation the eusocial way. Current Biology, 
24: R798–R800.

Brock C. D. & Wagner C. E., 2018: The smelly path to sympatric speciation? Molecular Ecology, 27: 
4153–4156.

Caetano R. A., Sanchez S., Costa C. L. & de Aguiar M. A. M., 2020: Sympatric speciation based on 
pure assortative mating. Journal of Physics A: Mathematical and Theoretical, 53(155601): 1–17.

Carleton K. L., Escobar‐Camacho D. & Kocher T. D., 2019: Visual adaptation could aid sympatric 
speciation in a deep crater lake. Molecular Ecology, 28: 5007–5009.

Castro-Souza R. A., Zefa E. & Lopes Ferreira R., 2020: New troglobitic and troglophilic syntopic 
species of Endecous (Orthoptera, Grylloidea, Phalangopsidae) from a Brazilian cave: a case of sympatric 
speciation? Zootaxa, 4810: 271–304.

Coyne J. A., 2007: Sympatric speciation. Current Biology, 17: R787–R788.
Coyne J. A., 2011: Speciation in a small space. Proceedings of the National Academy of Sciences of the 

United States of America, 108: 12975–12976.
Coyne J. A. & Orr H. A., 2004: Speciation. Sinauer Associates, Sunderland, xiii+545 pp.
Crow K. D., Munehara H. & Bernardi G., 2010: Sympatric speciation in a genus of marine reef fishes. 

Molecular Ecology, 19: 2089–2105.
Débarre F., 2012: Refining the conditions for sympatric ecological speciation. Journal of Evolutionary 

Biology, 25: 2651–2660.
Degagne C. & Stone J., 2019: Theoretically exploring the likelihood for sympatric speciation: interactions 

between snail-shell coil-direction and anti-predation morphology. Evolutionary Ecology Research, 20: 
427–436.

Deng J., Auchtung J. M., Konstantinidis K. T., Caro-Quintero A., Brettar I., Höfle M. & Tiedje 
J. M., 2018: Divergence in gene regulation contributes to sympatric speciation of Shewanella baltica 
strains. Applied and Environmental Microbiology, 84(4; e02015-17): 1–13.



49

Dieckmann U. & Doebeli M., 1999: On the origin of species by sympatric speciation. Nature, 400: 354–357.
Doebeli M. & Dieckmann U., 2003: Speciation along environmental gradients. Nature, 421: 259–264.
Feder J. L., Egan S. P. & Nosil P., 2012: The genomics of speciation-with-gene-flow. Trends in Genetics, 

28: 342–350.
Fitzpatrick B. M., Fordyce J. & Gavrilets S., 2008: What, if anything, is sympatric speciation? Journal 

of Evolutionary Biology, 21: 1452–1459.
Foote A. D., 2018: Sympatric speciation in the genomic era. Trends in Ecology & Evolution, 33(2): 85–95.
Forsdyke D. R., 2019: When acting as a reproductive barrier for sympatric speciation, hybrid sterility 

can only be primary. Biological Journal of the Linnean Society, 128: 779–788.
Friedman J., Alm E. J. & Shapiro B. J., 2013: Sympatric speciation: when is it possible in bacteria? 

Public Library of Science One, 8(1; e53539): 1–10.
Friesen V., Smith A. L., Gómez-Díaz E., Bolton M., Furness R. W., González-Solís J. & Monteiro 

L. R., 2007: Sympatric speciation by allochrony in a seabird. Proceedings of the National Academy of 
Sciences of the United States of America, 104: 18589–18594.

Fulgione D., Buglione M., Rippa D., Trapanese M., Petrelli S., Moni D. M., Aria M., Del Giudice 
R. & Maselli V., 2019: Selection for background matching drives sympatric speciation in wall gecko. 
Scientific Reports, 9(1288): 1–13

Gavrilets S., 2004: Fitness Landscapes and the Origin of Species. Princeton University Press, Princeton, 476 pp.
Gavrilets S., 2014: Models of speciation: where are we now? Journal of Heredity, 105: 743–755.
Gavrilets S. & Waxman D., 2002: Sympatric speciation by sexual conflict. Proceedings of the National 

Academy of Sciences of the United States of America, 99: 10533–10538.
Getz W. M., Salter R., Seidel D. P. & Van Hooft P., 2016: Sympatric speciation in structureless 

environments. BioMedCentral Evolutionary Biology, 16(1): 1–12.
Gourbiere S., 2004: How do natural and sexual selection contribute to sympatric speciation? Journal of 

Evolutionary Biology, 17: 1297–1309.
Higashi M., Takimoto G. & Yamamura N., 1999: Sympatric speciation by sexual selection. Nature, 

402: 523–526.
Ho T., Keller K. E., Postman J. D., Martin R. R. & Tzanetakis I. E., 2016: Evidence of sympatric 

speciation of elderberry carlaviruses. Virus Research, 215: 72–75.
Igarashi Y., Zhang H., Tan E., Sekino M., Yoshitake K., Kinoshita S., Mitsuyama S., Yoshinaga T., 

Chow S., Kurogi H., Shinoda A., Han Y.-S., Wakiya R., Mochioka N., Yamamoto T., Kuwada H., 
Kaji Y., Suzuki Y., Gojobori T., Kobayashi T., Saitoh K., Watabe S. & Asakawa S., 2018: Whole-
-genome sequencing of 84 Japanese eels reveals evidence against panmixia and support for sympatric 
speciation. Genes (Basel), 9(10; 474): 1–16.

Jiggins C. D., 2006: Sympatric speciation: why the controversy? Current Biology, 16: R333–R334.
Johannesson K., 2001: Parallel speciation: a key to sympatric divergence. Trends in Ecology & Evolution 

16: 148–153.
Jones A. G., Moore G. I., Kvarnemo C., Walker D. & Avise J. C., 2003: Sympatric speciation as 

a consequence of male pregnancy in seahorses. Proceedings of the National Academy of Sciences of 
the United States of America, 100: 6598–6603.

Kautt A. F., Machado‐Schiaffino G., Torres‐Dowdall J. & Meyer A., 2016: Incipient sympatric 
speciation in Midas cichlid fish from the youngest and one of the smallest crater lakes in Nicaragua 
due to differential use of the benthic and limnetic habitats? Ecology and Evolution, 6: 5342–5357.

Kautt A. F., Machado-Schiaffino G. & Meyer A., 2016: Multispecies outcomes of sympatric speciation 
after admixture with the source population in two radiations of Nicaraguan crater lake cichlids. Public 
Library of Science Genetics, 12(6; e1006157): 1–33.

Kautt A. F., Kratochwil C. F., Nater A., Machado-Schiaffino G., Olave M., Henning F., Torres- 
Dowdall J., Härer A., Hulsey C. D., Franchini P., Pippel M., Myers E. W. & Meyer A., 2020: 
Contrasting signatures of genomic divergence during sympatric speciation. Nature, 588: 106–111.

Kondrashov A. S. & Kondrashov F. A., 1999: Interactions among quantitative traits in the course of 
sympatric speciation. Nature, 400: 351–354.



50

Lemoine M., Barluenga M., Lucek K., Mwaiko S., Haesler M., Chapman L. J., Chapman C. A. & See-
hausen O., 2019: Recent sympatric speciation involving habitat-associated nuptial colour polymorphism 
in a crater lake cichlid. Hydrobiologia, 832: 297–315.

Les D. H., Peredo E. L., King U. M., Benoit L. K., Tippery N. P., Ball C. J. & Shannon R. K., 2015: 
Through thick and thin: Cryptic sympatric speciation in the submersed genus Najas (Hydrocharitaceae). 
Molecular Phylogenetics and Evolution, 82: 15–30.

Li K., Wang H., Cai Z., Wang L., Xu Q., Lövy M., Wang Z. & Nevo E., 2016: Sympatric speciation 
of spiny mice, Acomys, unfolded transcriptomically at Evolution Canyon, Israel. Proceedings of the 
National Academy of Sciences of the United States of America, 113: 8254–8259.

Martin C. H., 2012: Weak disruptive selection and incomplete phenotypic divergence in two classic 
examples of sympatric speciation: Cameroon crater lake cichlids. American Naturalist, 180: E90–E109.

Martin C. H., 2013: Strong assortative mating by diet, color, size, and morphology but limited progress 
toward sympatric speciation in a classic example: Cameroon crater lake cichlids. Evolution, 67: 
2114–2123.

Michel A. P., Sim S., Powell T. H. Q., Taylor M. S., Nosil P. & Feder J. L., 2010: Widespread genomic 
divergence during sympatric speciation. Proceedings of the National Academy of Sciences of the United 
States of America, 107: 9724–9729.

Miles M. C., Goller F. & Fuxjager M. J., 2018: Physiological constraint on acrobatic courtship behavior 
underlies rapid sympatric speciation in bearded manakins. eLife, 7(e40630): 1–19.

Nosil P., 2008: Speciation with gene flow could be common. Molecular Ecology, 17: 2103–2106.
Osborne O. G., Kafle T., Brewer T., Dobreva M. P., Hutton I. & Savolainen V., 2020: Sympatric 

speciation in mountain roses (Metrosideros) on an oceanic island. Philosophical Transactions of the 
Royal Society B, 375(20190542): 1–9.

Papadopulos A. S., Baker W. J., Crayn D., Butlin R. K., Kynast R. G., Hutton I. & Savolainen V., 
2011: Speciation with gene flow on Lord Howe Island. Proceedings of the National Academy of Sciences 
of the United States of America, 108: 13188–13193.

Papadopulos A. S., Kaye M., Deveaux C., Hipperson H., Lighten J., Dunning L. T., Hutton I., Baker 
W. J., Butlin R. K. & Savolainen V., 2014: Evaluation of genetic isolation within an island flora reveals 
unusually widespread local adaptation and supports sympatric speciation. Philosophical Transactions 
of the Royal Society B: Biological Sciences, 369(20130342): 1–10.

Pour M. K., Bandehbahman S., Gras R. & Cristescu M. E., 2017: An individual-based modeling 
approach to investigate sympatric speciation via specialized resource usage. Open Journal of Ecology, 
7: 222–269.

Richards E. J., Poelstra J. W. & Martin C. H., 2018: Don’t throw out the sympatric speciation with 
the crater lake water: fine‐scale investigation of introgression provides equivocal support for causal 
role of secondary gene flow in one of the clearest examples of sympatric speciation. Evolution Letters, 
2(5): 524–540.

Richards E. J., Servedio M. R. & Martin C. H., 2019: New criteria for sympatric speciation in the 
genomic era. BioEssays, 41(7: 1900047): 1–10. 

Rodriguez K. A., Li K., Nevo E. & Buffenstein R., 2016: Mechanisms regulating proteostasis are 
involved in sympatric speciation of the blind mole rat, Spalax galili. Autophagy, 12: 703–704.

Rolán-Alvarez E., 2007: Sympatric speciation as a by-product of ecological adaptation in the Galician 
Littorina saxatilis hybrid zone. Journal of Molluscan Studies, 73: 1–10.

Ryšánek D., Holzinger A. & Škaloud P., 2016: Influence of substrate and pH on the diversity of the 
aeroterrestrial alga Klebsormidium (Klebsormidiales, Streptophyta): a potentially important factor for 
sympatric speciation. Phycologia, 55: 347–358.

Savolainen V., Ansett M.-C., Lexer C., Hutton I., Clarkson J. J., Norup M. V., Powell M. P., 
Springate D., Salamin N. & Baker W. J., 2006: Sympatric speciation in palms on an oceanic island. 
Nature, 441: 210–213.

Schliewen U. K., Tautz D. & Pääbo S., 1994: Sympatric speciation suggested by monophyly of crater 
lake cichlids. Nature, 368: 629–632.



51

Shields G. F. & Procunier W. S., 2019: Sympatric speciation in the Simulium arcticum sl complex 
(Diptera: Simuliidae): The Rothfels model updated. Ecology and Evolution, 9: 8265–8278.

Soria-Carrasco V., Gompert Z., Comeault A. A., Farkas T. E., Parchman T. L., Johnston J. S., 
Buerkle C. A., Feder J. L., Bast J., Schwander T., Egan S. P., Crespi B. J. & Nosil P., 2014: Stick 
insect genomes reveal natural selection’s role in parallel speciation. Science, 344: 738–742

Suntsov V., 2016: Sympatric speciation of the plague microbe Yersinia pestis: monohostal specialization 
in the host-parasite marmot-flea (Marmota sibirica – Oropsylla silantiewi) system. Biology Bulletin, 
43(2): 87–96.

Sutra N., Kusumi J., Montenegro J., Kobayashi H., Fujimoto S., Masengi K. W. A., Nagano A. J., 
Toyoda A., Matsunami M., Kimura R. & Yamahira K., 2019: Evidence for sympatric speciation in 
a Wallacean ancient lake. Evolution, 73: 1898–1915.

Titus B. M., Blischak P. D. & Daly M., 2019: Genomic signatures of sympatric speciation with historical 
and contemporary gene flow in a tropical anthozoan (Hexacorallia: Actiniaria). Molecular Ecology, 
28: 3572–3586.

Van Leuven J. T., Meister R. C., Simon C. & McCutcheon J. P., 2014: Sympatric speciation in a bacterial 
endosymbiont results in two genomes with the functionality of one. Cell, 158: 1270–1280.

Via S., 2001: Sympatric speciation in animals: the ugly duckling grows up. Trends in Ecology & Evolution, 
16: 381–390.

Wallace S., Morris-Pocock J., González-Solís J., Quillfeldt P. & Friesen V., 2017: A phylogenetic 
test of sympatric speciation in the Hydrobatinae (Aves: Procellariiformes). Molecular Phylogenetics 
and Evolution, 107: 39–47.

Wang H., Yin H., Jiao C., Fang X., Wang G., Li G., Ni F., Li P., Su P., Ge W., Lyu Z., Xu S., Yang Y., 
Hao Y., Cheng X., Zhao J., Liu C., Xu F., Ma X., Sun S., Zhao Y., Bao Y., Liu C., Zhang J., Pavlicek 
T., Li A., Yang Z., Nevo E. & Kong L., 2020: Sympatric speciation of wild emmer wheat driven by 
ecology and chromosomal rearrangements. Proceedings of the National Academy of Sciences of the 
United States of America, 117: 5955–5963.

Wilson A. B., Noack-Kunnmann K. & Meyer A., 2000: Incipient speciation in sympatric Nicaraguan 
crater lake cichlid fishes: sexual selection versus ecological diversification. Proceedings of the Royal 
Society of London, Series B: Biological Sciences, 267: 2133–2141.




