Chapter 15



SPECIES
The diversity of organisms is the consequence of cladogenesis, the branching or multiplication of lineages, each of which the evolved by anagenesis along it own path. 
Each branching in the phylogenetic tree marks a speciation event: the origin of two species from one. 
WHAT ARE SPECIES?
The word species in Latin means “kind”.

There are many definitions of species. 
PHYLOGENETIC SPECIES CONCEPTS - PSC
"An irreducible (basal) cluster of organisms diagnosably different from other such cluster, and within which there is a parental pattern of ancestry and descent.” Cracraft, 1989)

Phylogenetic species concepts emphasize the phylogenetic history of organisms: common ancestry. 
A species is the smallest lineage that can be united by synapomorphic characters.
· Synapomorphies are characters shared by two or more taxa that are derived from a common ancestor. 

The members of the species should share characteristics that other groups lack; these characteristics are “diagnostic.”
This definition makes no reference to reproductive boundaries. 

BIOLOGICAL SPECIES CONCEPT- BSC
It was defined by Ernest Mayr in 1942: “Species are groups of actually or potentially interbreeding populations, which are reproductively isolated from other such groups.” 
Populations of similar organisms that interbreed in the wild and produce viable and fertile offspring.

· Based on Buffon's ideas.

· Reproductive isolation (no genetic exchange) is a key element of this definition.

· Based on sexual reproduction.
· Reproduction without human interference.
Morphological similarities and differences do no not suffice to define species. 
Variation within populations: characteristics vary among the members of a single population of interbreeding individuals. 
Geographic variation: populations of a species differ; there exists a spectrum from slight to great difference, e.g. human populations.

Sibling species: these are reproductively isolated populations that are difficult or impossible to distinguish by morphological features, but which are often recognized by differences in ecology, behavior, chromosomes and other characters.

DOMAIN AND APPLICATION OF THE BIOLOGICAL SPECIES CONCEPT
All concepts have limitations
Difficulties in…

1. Testing allopatric populations.

2. Evaluating differences in fertility of offspring.

3. Fossils cannot be tested.

4. Asexual reproducing organisms are genetically isolated because they cannot reproduce 

sexually.

5. Self-pollinated plants.

6. Plasmid-mediated horizontal gene exchange between different species.

DOMAIN
The domain of the BSC is restricted to sexual, outcrossing organisms, and to short intervals of time.

E. g. Fossils cannot be tested; asexual reproducing organisms are genetically isolated because they cannot reproduce sexually; self-pollinated plants
A second meaning of “species” is a taxonomic category, just like genus or family. 

BORDERLINE CASES

Interbreeding versus reproductive isolation is not an either/or, all or none situation. 

Narrow hybrid zones exist where genetically distinct populations meet and interbreed to a limited extent, but in which there exist partial barriers to gene exchange. 
The hybridizing entities are often recognized as species but may be called semispecies.
A collection of semispecies is a superspecies.

The biological species concept is sometimes difficult to apply in botany. 

Geographic variation in status occurs when genetically different populations appear to be conspecific in certain geographic regions, but to be different species elsewhere. 

PRACTICAL DIFFICULTIES
E. g. Testing allopatric populations; evaluating differences in fertility of offspring.
The greatest practical limitation of the BSC lies in determining whether or not geographically segregated (allopatric) populations belong to the same species. 
Populations with intrinsic barriers to gene exchange can undergo independent evolutionary change, even if they should become sympatric. 

Range extension or colonization could well bring presently isolated populations in contact, so the evolutionary future of the populations depends on whether or not they have evolved reproductive isolation.

Allopatric populations have been classified as species if their differences in phenotype or in DNA sequence are as great as those usually displayed by sympatric species in the same group. 
WHEN SPECIES CONCEPTS CONFLICT
Allopatric populations that can be distinguished by fixed characters are species according to the PSC, but if the diagnostic differences are slight, advocates of the BSC may recognize the populations as geographic variants of a single species. 
In some cases, a local population of widespread species evolves reproductive isolation from other populations, which remain reproductively compatible with one another. Under the BSC, two species would be recognized; under the PSC, the various distinguishable populations of the paraphyletic group might be named as distinct species. 
BARRIERS TO GENE FLOW
Gene flow between biological species is largely or entirely prevented by biological differences that have often been called isolating mechanisms.
Other terms are isolating barriers or barriers to gene flow. 

Under BSC, speciation consists of the evolution of biological barriers to gene flow. 
Premating barriers
A. Ecological isolation: potential mates do not meet.
1. Temporal isolation: reproductive period occurs at different time of the year.

2. Habitat isolation: live in the same locality but in different habitats, e.g. primarily aquatic while the other mostly terrestrial.

B. Potential mates meet but do not mate.

3. Behavioral isolation: differences in courtship or life style.

4. Pollinator isolation: different pollinators respond to different colors, scent or form of flowers.

Postmating, prezygotic barriers: Mating between species occurs but the fertilization of ova does not occur.
5. Mechanical isolation: copulation occurs, but no transfer of male gametes takes place because of failure of mechanical fit of reproductive structures. 
6. Copulatory isolation: failure of fertilization because of behavior during copulation or because genitalia fail to stimulate properly.

7. Gametic isolation: gamete recognition is based on the presence of specific molecules on the coats around the egg, which adhere only to complementary molecules in the sperm.

Postzygotic barriers prevent the hybrid zygote to develop into a viable, fertile adult.

Extrinsic: hybrid fitness depends on context.

1. Ecological inviability: hybrids do not have ecological niche in which they are competitively equal to parent species. 

2. Behavioral sterility: hybrids are less successful than parent species in obtaining mates. 

Intrinsic: hybrid fitness is low because of problems that are relatively independent of environmental 


   context.

1. Reduced hybrid viability: hybrid zygote dies in the early stages of development or fails to 

reach sexual maturity.

2. Reduced hybrid fertility: hybrid does not produce functional gametes.

3. Hybrid breakdown: offspring of hybrids fail to produce functional gametes or do not reach 

sexual maturity.

Possible causes of hybrid sterility

1. Reduced fertility of hybrids can be caused by structural differences between the chromosomes that cause segregation of some aneuploid gametes during meiosis: unbalanced number of chromosomes.
2. Differences between genes from the two parents interact disharmoniously. 
Haldane’s Rule: 

Hybrid sterility and inviability is often reduced to the heterogametic sex: male in mammals and most insects; female in birds and butterflies. 

When in the offspring of two different animal races one sex is absent, rare, or sterile, that sex is the heterozygous (heterogametic) sex.
Haldane, J. B. S. (1922): Sex ratio and unisexual sterility in hybrid animals. J. Genet. 12: 101-109.
Hybrid breakdown occurs in the F2 generation and backcross offspring, between species and among different geographic populations of the same species 

The common interpretation of this phenomenon is that the F1 generation produced various combinations of alleles that were disharmonious. 

Alleles at different loci within the same population have presumably been selected to from harmonious combinations. They are coadapted and the population is said to have a coadapted gene pool.

HOW SPECIES ARE DIAGNOSED

Morphological and other phenotypic characters, serve as markers for reproductive isolation.
If a sample of sympatric organisms falls into two discrete clusters that differ in two or more character, it is likely to represent two species. 
DIFFERENCES AMONG SPECIES

· Reproductive isolation. 
· Adaptive differences to different ecological factors.

· Neutral differences that have arisen by genetic drift and mutation. 

Character differences may have evolved during the process of speciation, and partly after the reproductive barriers evolve.
1. The strength of both prezygotic and post zygotic isolation increases gradually with the time since the separation of the populations. 

2. The time required for full reproductive isolation to evolve is very variable, but both average, it is achieved when the genetic distance (D) is about 0.30 - 0.53, based on a molecular clock for Drosophila.
· Genetic distance is a measure of the dissimilarity of genetic material between different species or individuals of the same species.

· Genetic distance between humans and chimps is 1.6% and it suggests that the last common ancestor existed about 5 million years ago.

3. Among recently diverge populations or species, premating isolation is, overall, a stronger barrier to gene exchange that postzygotic isolation (hybrid sterility or inviability). 

4. In the early stages of speciation, hybrid sterility or inviability is almost always seen in males only; female sterility or inviability appears only when taxa are older. Postzygotic isolation evolves more rapidly in males than in females. 

Because differences continue to accumulate long after two species achieve complete reproductive isolation.
Some of the genes and traits that now cause reproductive isolation may not have been the ones that were instrumental in forming the species in the first place. 
THE GENETIC BASIS OF REPRODUCTIVE BARRIERS
GENES AFFECTING REPRODUCTIVE ISOLATION
The most extensive information on genetic reproductive barriers has been obtained from studies conducted on certain Drosophila species. 

Wu and his coworkers (1998) have suggested that as many as 40 gene differences on the X chromosome and 120 in the genome as a whole might cause hybrid male sterility among closely related species studied. 
A similar study conducted by Presgraves (2003) suggested that about 200 genes can contribute to hybrid inviability. 
Orr and Irving (2001) found that male hybrids between two populations of Drosophila pseudoobscura, one from the US and the other form near Bogota, Colombia, appears to be based on differences in about five gene regions of which four are required for sterility. 

It seems that early hybrid sterility requires few gene differences. 

These genes do not affect non-hybrid individuals. 

Sterility and inviability must stem from interactions between genes in the two different species.

Epistatic interactions contribute to postzygotic isolation. 

Evidence of complex epistatic interactions supports the idea that species consist of distinct coadapted gene pools, or systems of genes that interact harmoniously within species but interact disharmoniously if mixed together.
Experiments have shown that the X chromosome has greater effect on causing sterility than autosomes. 
Sterility must be caused by the epistatic interaction of the X chromosome of one species with the autosomal genes of another species. 

It has been suggested that favorable X-linked genes evolve faster than autosomal genes because they are subject to greater natural selection due to the males carrying only one. 
Autosomal genes affecting male sterility have diverged faster than those affecting female sterility, possibly because of sexual selection. 
Premating isolation is frequently based on polygenic traits, although in some cases a few traits are involved. 
Male and female components of communication that result in sexual isolation are usual genetically independent. 

FUNCTIONS OF GENES THAT CAUSE REPRODUCTIVE ISOLATION

There is little understanding of the function of the genes that cause inviability and sterility. 

Presgraves and collaborators (2003) have shown that selection drove the non-synonymous substitutions in one of the 30 or so proteins making the nuclear pore complex that controls the passage of RNA and proteins between the nucleus and the cytoplasm. 
This selection renders the hybrids between Drosophila melanogaster and D. simulans that inherit the Nup96 gene inviable. 
CHROMOSOME DIFFERENCES AND POSTZYGOTIC ISOLATION

Chromosome differences among species include alterations of chromosome structure and differences in the number o chromosome sets (polyploidy). 
Reciprocal translocations can align the arms of a metacentric chromosome of a hybrid individual with two arms of two different chromosomes that came from the other parent causing aneuploid segregation. 
Chromosome fusion causes differences in the number of chromosome pairs in the burrowing mole rat Spalax ehrenbegeri in two populations in Egypt, Turkey, Syria, Israel and Lebanon.
· The species consists of four parapatric groups found in Israel with the following number of chromosomes: 2n = 52, 2n = 54, 2n = 58 and 2n = 60.

· This is called a superspecies. 
· Hybrids are found in a very narrow zone 2.8 to .3 km wide.

· Aneuploidy in hybrids may reduce fertility.
Horses have 64 chromosomes and donkeys 62. Their hybrid, the mule, is viable and has 63 chromosomes. Furthermore, the chromosomes are not homologous. The chromosomes of the parents fail to pair up during meiosis thus causing the sterility of the mule. 
Evidence that chromosome heterozygotes have reduced fertility because of meiotic irregularities is convincing for some plants and mammals, but not for other organisms.
CYTOPLASMIC INCOMPATIBILITY
A possible cause of or contributor to speciation in insects is cytoplasmic incompatibility caused by the endosymbiotic bacteria of the genus Wolbachia. 
Offspring of infected or uninfected males and an infected female develop normally.

Offspring of an infected male and an un-infected female are unviable because the paternal chromosomes are destroyed very early in development. 
Wolbachia modifies the chromosomes of the infected male in such a way that they have to be fixed by the Wolbachia in the egg’s cytoplasm. 

THE SIGNIFICANCE OF GENETIC STUDIES OF REPRODUCTIVE ISOLATION

The Dobzhansky-Muller incompatibility is the result of epistatic incompatible gene interactions between diverging populations/species and is recognized as the basis of post-zygotic reproductive isolation.

Functional mismatch between genes gives rise to hybrid sterility or inviability. 
Reproductive isolation requires that populations diverge by at least two allele substitutions. 

The number of gene differences that suffice for postzygotic isolation may be rather small but more differences are incorporated over time. 

Reproductive isolation eventually becomes irreversible and the evolutionary lineages undergo independent genetic change thereafter. 
Abstract: 

New species arise as reproductive isolation evolves between diverging populations. Here we review recent work in the genetics of postzygotic reproductive isolation - the sterility and inviability of species hybrids. Over the last few years, research has taken two new directions. First, we have begun to learn a good deal about the population genetic forces driving the evolution of postzygotic isolation. It has, for instance, become increasingly clear that conflict-driven processes, like sexual selection and meiotic drive, may contribute to the evolution of hybrid sterility. Second, we have begun to learn something about the identity and molecular characteristics of the actual genes causing hybrid problems. Although molecular genetic data are limited, early findings suggest that 
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speciation genes correspond to loci having normal functions within species and that these loci sometimes diverge as a consequence of evolution in gene regulation. BioEssays 22:1085-1094, 2000. © 2000 John Wiley & Sons, Inc.
Speciation by postzygotic isolation: forces, genes and molecules. H. Allen Orr *, Daven C. Presgraves
MOLECULAR DIVERGENCE AMONG SPECIES
Differences between species in allozymes and DNA sequences are presumably selectively neutral or nearly so.
Not specific level of allozymes or DNA divergence can tell that two populations have become separate species. 

Some reproductively isolated populations display little or no divergence in molecular markers, presumably because reproductive isolation has evolved very recently. 

This isolation may be the result of genetic changes in one or a few characters. 

· Two populations that become isolated from each other at first share many of the same gene lineages inherited from their polymorphic common ancestor. 

· With respect to some loci, individuals in each population are genealogically less closely related to one another than they are to some individuals in the other population. 
· Genetic drift or directional selection for a favorable mutation in each population eventually results in the loss of all the ancestral lineages of DNA sequence variants except one. – Coalescent Theory.
· Gene lineages are lost by genetic drift at a rate inversely proportional to the effective population size. 
· At one point one population will become monophyletic for a single gene lineage, while the other population, if it is larger, retains both this and other gene lineages. 

· At this time, the more genetically diverse population will be paraphyletic with respect to this gene, and some gene copies sample from population 2 will be more closely related to some gene copies in population 1. 

· Eventually both populations will become monophyletic for gene lineages and the relation ship among genes will reflect the relationship among populations. 

· This process of sorting of gene lineages into species is called lineage sorting.
Shared polymorphism can be maintained for a long time if natural selection maintains the variation in both species. 

Incomplete lineage sorting between closely related species if possible. 

HYBRIDIZATION
Hybridization occurs when offspring are produced by interbreeding between genetically distinct populations. 
In some cases hybridization may be the source of new adaptations or even of new species. 

PRIMARY AND SECONDARY HYBRID ZONES
A hybrid zone is a region where genetically distinct populations meet and mate, resulting in at leas t some offspring of mixed ancestry. 
A character or locus that changes across a hybrid zone exhibits a cline that may be quite steep. This is called a cline.
Primary hybrid zones originate in situ as natural selection alters allele frequencies in a series of more or less continuously distributed populations. 
· The position of the zone is likely to correspond to a sharp change in one or more environmental factors.
· Natural selection on different loci or characters would result in clines with different geographic positions, and that selectively neutral variation would not display a clinal pattern. 

Secondary hybrid zones are formed when two formerly allopatric populations that have become genetically differentiated expand so that they meet and interbreed. 

· Hybrids between populations that meet at secondary hybrid zones often have low intrinsic fitness due to heterozygote disadvantage or breakdown of coadapted gene complexes – tension zones. 
· The clines in characters that differentiate the populations need not match changes in the environment and are expected to be coincident. 
· Clines in selectively neutral markers should be coincident with the others. 

GENETIC DYNAMICS IN A HYBRID ZONE
Dispersal, selection and linkage all affect the distribution of alleles and phenotypic characters in hybrid zones. 

The geographic position of a tension zone is not determined by ecological factors. 
Dispersal of semispecies into the range of the other, followed by random mating, constitutes gene flow that tends to make the cline in allele frequency broader and shallower.

The alleles of one population cannot increase in frequency within the other population because of heterozygote disadvantage. 

Heterozygotes, hybrids, act as a barrier to gene flow if they have low fitness.

Introgression, in genetics (particularly plant genetics), is the movement of a gene from one species into the gene pool of another by backcrossing an interspecific hybrid with one of its parents. 
· An example of introgression is that of a transgene from a transgenic plant to a wild relative as the result of a successful hybridization.
Unlinked alleles of one population will diffuse into the other population creating the introgression of those genes. These loci will have shallow cline. 
A lowered fitness of hybrids at one locus reduces the flow of neutral or advantageous alleles between populations, but the reduction is greater for alleles at closely linked loci that a t loosely liked or unlinked loci. 
The cline of a gene in the hybrid zone will be steep if the hybrids have reduced fitness or are linked to a locus that is selected against. 
The steepness of a cline depends on the rate of dispersal, the strength of selection  and linkage to selected loci. 

THE FATE OF HYBRID ZONES
Hybrid zones may have several fates:
1. A hybrid zone may persist indefinitely with selection maintaining steep clines at some loci even while the clines in neutral alleles dissipate due to introgression. 

2. Natural selection may favor alleles that enhance prezygotic isolation, resulting ultimately in full reproductive isolation.

3. Alleles that improve the fitness of hybrids may increase in frequency. In the extreme case, the postzygotic barrier to gene exchange may break down, and the semispecies may merge into on species.

4. Some hybrids may become reproductively isolated from the parent forms and become a third species. 
