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Chapter 1.5. Generalizations Emerging from Past Evolution 

 

 Chapter 1.5 treats evolution of life from a perspecive complementary to that 

adopted in Chapters 1.3 and 1.4. Instead of presenting data on past events and processes 

in the chronological order, here we will consider timeless generalizations that summarize 

patterns  which occurred again and again in the course of past evolution. In the absence 

of a comprehensive theory of Macroevolution, such generalizations are of key 

importance. Evolutionary generalizations will be treated from the three complementary 

perspectives (Table 1.5a). 

 Section 1.5.1 presents generalizations specific to different levels of organization 

of life - sequences, molecules, cells, organisms, populations, and ecosystems. Of course, 

in reality all these levels evolve simultaneously. Still, a particular phenomenon can often 

be attributed primarily to one of these levels. Here, we will concentrate on properties of 

life that demand an evolutionary explanation. 

 Section 1.5.2 considers generalizations concerned with evolution of the diversity 

of life. These generalizations describe patterns in diversity at a particular moment of time 

and processes which generates such diversity, i. e. anagenesis, cladogenesis and 

extinction, independent and dependent evolution of different lineages, and evolution in 

space. We will encounter fundamental similarity of patterns in evolution of diversity in 

different clades. 

 Section 1.5.3 treats generalizations concerned with evolution of the complexity of 

life, which occurs as a result of natural selection. Origin of complex adaptations is the 

most fascinating and enigmatic facet of evolution. The corresponding generalizations 

deal with the genotypical and phenotypical aspects of adaptive evolution, origin of 

substantially novel phenotypes, optimality of the outcomes of evolution, and dynamics of 

complexity. Plausible explanations can often be proposed even for some of these 

generalizations, although their deep understanding can only be based on theory. 

 Chapter 1.5 is a crux of our treatment of Macroevolution. Chapter 1.5 uses 

indirect and direct methods of studying past evolution, introduced in Chapters 1.1 and 

1.2, and connects the descriptive approach to the history of life, covered in Chapters 1.3 

and 1.4, to attempts to develop theories of different facets of Macroevolution, the subject 

of Part 3. 
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Table 1.5a. Summary of generalizations emerging from past evolution of life 

Kinds of generalizations 

Level-specific Concerned with diversity Concerned with complexity 

1. Sequences 

 a) Complex organisms have 

more of noncoding DNA       

 b) Mutation is important 

 c) Negative selection is 

common 

1. Diversity of extant life 

 a) Life consists of populations of 

>1000 individuals 

 b) Different enough genotypes are 

incompatible and disconnected 

 c) Hiatuses between forms of life are 

of different widths 

1. Genetics of adaptation 

 a) The target for strong positive 

selection is always small 

 b) A small number of allele 

replacements may be enough for 

adaptation 

2. Molecules 

 a) Selection at a site changes 

when a molecule evolves 

 b) Profound non-neutral 

changes are consistent with 

retaining the same function 

 

2. Anagenesis 

 a) Evolution is mostly gradual 

 b) Rate of evolution of sequences is 

more uniform than that of phenotypes 

 c) Evolution is irreversible 

2. Adaptation of phenotypes 

a) Adaptations vary widely in their 

generality and conservatism 

b) Adaptive phenotypes are 

modular 

3. Cells 

 a) Networks within cells 

contain common motifs 

3. Cladogenesis and extinction 

a) Geographic isolation is not 

necessary for cladogenesis 

 b) Cladogenesis and extinction are 

unfair 

 c) Overall diversity of life tends to 

increase 

3. Origin of novelties 

a) Origin of novelties is 

opportunistic and can be fast. 

b) Non-coding functional 

sequences often evolve de novo 

 
 

4. Organisms 

 a) Cell differentiation is based 

on combinatorics 

 

4. Independent anageneses 

 a) Evolution is mostly divergent, but 

homoplasy may be common 

 b) Independent evolution 

 eventually leads to incompatibility 

and disconnection 

4. Optimality of phenotypes 

a) Simple phenotypes are often 

optimal 

b) Perhaps, all complex 

adaptations are suboptimal  

c) There are two modes of 
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mutational suboptimality 

5. Populations 

 a) Genotypes pass through 

unicellular channels 

 b) Amphimixis is pervasive 

5. Coevolution 

a) Ecological associations may be 

long-lasting 

b) Mimicry is common 

5. Dynamics of complexity 

a) Complex adaptations evolve 

 through adaptive intermediates 

 b) There is a trend for increased 

complexity 

 c) Complexity can be rapidly lost 

6. Ecosystems 

 a) Ecosystems are invadable 

6. Diversity in space 

 a) Limited dispersal strongly affects 

ranges of species 

 b) Evolution in different localities 

often produces parallel adaptations 

6. Explainability of evolution 

 a) Nothing in what we know 

about past evolution requies a 

supernatural explanation 

 

 

 

 

 Section 1.5.1. Level-specific generalizations 

 A number of generalizations primarily describe evolution at one particular level 

of organization of life. At the level of sequences, complex organisms have larger 

genomes mostly due to the increased amount of non-coding DNA, evolution is strongly 

affected by mutation, and natural selection acts as a force maintaining status quo much 

more often than an agent of change. At the level of molecules, selection acting on 

individual sites often changes in the course of evolution, and very substantial changes of 

a molecules are consistent with retaining a particular function. At the level of cells, 

evolution is characterized by repeated origin of essentially the same elements in networks 

of interacting genes, proteins, and reactions. At the level of multicellular organisms, 

compexity of gene regulation and cell differentiation evolves through different 

combinations of influences of a relatively small number of regulators. At the level of 

populations, reproduction almost always involves unigenomic channels, and amphimixis 

is pervasive. At the level of ecosystems, evolution does not prevent the existence of 

empty niches. 
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  1.5.1.2. Sequences 

 Any history unfolds in time, and chronology of past events and processes is 

crucial for every field of science with a strong historical component, such as cosmology, 

geology, evolutionary biology, or history of human societies. However, any history also 

has an equally important timeless aspect because, as long as laws of nature do not 

change, key characteristics of events do not depent on when they occurred (Section 

1.1.1.1). In particular, the immense body of data on the history of life can be distilled into 

a number of generalizations, each of which describes a pattern that appeared again and 

again in the course of past evolution. 

 In a sense, every common feature of living beings, both extant and extinct, is a 

generalization about evolution of their ancestors. We will emphasize generalizations that 

cannot be explained simply through adaptation of organisms to their current 

environments and, instead, must be understood in the light of evolution (Section 1.1.1). 

Also, in this Chapter we will concentrate on the most basic generalizations. For each 

generalization, an attempt to provide a simple, proximal explanation will be made. In 

some cases such explanations are all what is needed, although for many other 

generalizations they are clearly insufficient. More advanced generalizations, whose 

importance can be appreciated only after a theory-inspired question is asked, will be 

considered, together with the corresponding partial theories of Macroevolution, in Part 3. 

 Different facets of the evolution of life are tightly connected to each other. Thus, 

any attempt to carve separate generalizations out of what have actually happened in the 

past is bound to be imperfect. Often, it makes sense to allow for some overlaps, and to 

separately consider different aspects of the same phenomenon. Also, attributing a 

generalization to a particular category may be to some extent arbitrary. Still, it is 

convenient to classify evolutionary generalizations into those concerned with evolution at 

different levels or organization of life, evolution of diversity of life, and evolution of 

complex adaptations. 

 Generalizations concerned with evolution of DNA sequences are particularly far-

reaching. This is not surprising: evolution of one-dimensional genetic texts is much 

simpler than evolution of higher-level functional phenotypes. Unfortunately, sequence-

level generalizations are of only limited help for understanding evolution at these higher 

levels. We will consider three sequence-level generalizations. 
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 A. Complex organisms have larger genomes, mostly due to noncoding sequences 

 Genomes of multicellular eukaryotes are 30-1000 times longer than genomes of 

prokaryotes, but carry only 3-5 times more protein-coding genes (Table 1.5.1.1a). In fact, 

in many clades there are species with genomes that are even longer than what this table 

indicates. For example, corn genome length is 5,000, and lungfish genomes length is 

100,000 (the world record). Because the average protein is only ~1.5 times longer in 

eukaryotes than in prokaryotes (500 vs. 330 amino acids), the increased length of 

eukaryotic genomes is mostly due to non-coding DNA. Non-coding DNA in genomes of 

complex organisms contain many functionally important segments (Section 1.5.3.3), but 

also a lot of functionally mute junk segments, such as long introns, pseudogenes, TEs, 

etc. In particular, anomalously long genomes mostly consist of junk DNA. 

 

Table 1.5.1.1a. Basic parameters of genomes of different kinds of organisms. 

Organisms       Minimal Genome      Number of               Maximal coding     Junk 

                        size(millions)            genes (thousands)     fraction                  fraction 

parasitic bacteria            0.5-1.5              0.5-1.5                  85                             0 

free-living bacteria         2.5-7.5              2.5-7.0                  85 

unicellular eukaryotes     10-30                  7-10                50-70 

flowering plants              65-120               20-30                25-40 

most of animals              100-200             15-25                15-20 

fishes                               400-1000          20-30                  5-10 

birds                               1000-1500            20                      2-3              

mammals                        2500-3500           20                     1.5-2                        90 

 

 Explanation for generalization 1.5.1.1A. At least two factors are responsible for 

this pattern. First, more funcional DNA is necessary for a complex organism to describe 

itself. This is not a surprise, and the increase may be primarily due to extra non-coding 

sequences due to their better designability (Section 1.5.3.3). Second, complex organisms 

have "bloated", instead of "lean" genomes, carrying a lot of junk DNA. This correlation 

probably arose because compex organisms are large and, thus, their populations are 

small, which results in reduced efficiency of selection. Inefficient selection is no longer 
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capable to prevent the accumulation of mildly deleterious junk DNA segments (Section 

2.3.5). 

 

 B. Mutation strongly affects sequence evolution 

 This generalization has many facets. First, new long sequence segments that 

appear in the course of evolution almost always arise from pre-existing sequences, 

through one of several modes of within-genome duplication (Fig. 1.5.1.1a) of LGT 

(Section 2.3.1). Often, the source of a particular segment can be identified, but even when 

this is impossible, it very likely existed. In particular, mutation never, or almost never, 

creates long, complex sequence segments de novo. 

 

acagcatcgtgactagctatcgagatca -> acagcatcgtgactagctatagctatcgagatca 

 

Fig. 1.5.1.1a. Tandem duplication, the simplest case of the origin of a new DNA segment 

from a pre-existing sequence. 

 

 Second, relative contributions of changes of different kinds into the evolution of 

sequences often correlate strongly with the rates at which such changes are introduced by 

mutation. Most of mutations are small-scale, and among those single-nuleotide 

substitutions are the most common, while short deletions and insertions are less common 

(Section 2.3.1), and the same is true for sequence changes in evolving lineages, revealed 

by interspecies comparison (Section 1.1.1.8; Fig. 1.5.1.1b). Large-scale mutations are 

much rarer than small-scale mutations, and the gene order, which can only be altered by 

large-scale mutations, is very conservative, with substantial conservation of synteny 

between, for example, mammals and fishes. 

 

Sister 1: caAgccag---cgtctaTcatatacgcagactcggctatttacgCcacgatcagcat 

Sister 2: catgccagcatcgtctagcatatacAcagactc-gctatttacgtcacga-cagcat 

Outgroup: catgccagcatcgtGtagcatataGgcagactc-gctaAttacgtcacgatcagTat 

            s     d     s  s      ss       i    s     s     d   s 

Fig. 1.5.1.1b. A typical alignment of orthologous sequences from similar species. 
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 Third, different segments of the genome evolve at similar rates, reflecting the 

approximate uniformity of mutation rates across the genome. Those segments that mutate 

faster also evolve faster (Fig. 1.5.1.1c). 

 

          

           

Fig. 1.5.1.1c. Human-mouse divergence at synonymous sites of genes on chromosomes 4 

(top) and 22 (bottom). Chromosome 22 evolves and mutates faster, but the difference is 

not large (Castresana, NAR, 2004?). 

 

 Fourth, a number of genomes have rather biased nucleotide compositions, being 

either AT-rich or GC-rich (Table 1.5.1.1b). It seems that the main force behind this 

phenomenon is biased mutation. Occasionally, genomes of species that are not too distant 

phylogenetically have very different nucleotide compositions, indicating that they can 

evolve rapidly (Plasmodium), indicating that mutational biases can evolve rapidly. In 

extreme cases, such biases even affect the amino acid composition of proteins. For 

example, P. falciparum proteins contain an elevated proportion of amino acids encoded 

by AT-rich codons.  

 

Table 1.5.1.1b. Nucleotide compositions of several genomes 

Escherichia coli 

something GC-rich 

Plasmodium falciparum 

Plasmodium vivax 

Drosophila melanogaster 

Homo sapiens 
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 Finally, a peculiar but very important facet of this generalization is that 

transposable elements (TEs), sequence segments which can induce mutations that 

duplicate them, accumulate in many genomes. For example, a mammalian genome is 

~50% TEs, Drosophila melanogaster genome is ~10% TEs. In contrast, bacterial 

genomes usually contain very few TEs and other junk segments, and protein-coding 

sequences comprise ~85% of their length (Mycobacterium leprae is a striking exception; 

Fig. 1.1.2.4c). There is a striking difference between the pattern of presence of TEs in 

mammals and in Drosophila: in mammals, individual TEs are usually fixed, i. e. present 

in every genotype within a lineage. In contrast, in Drosophila each individual TE is 

usually rare (Fig. 1.5.1.1d). Different families of TEs currently fixed in a mammalian 

species underwent expansion at different times  (Fig. 1.5.1.1e). 

 

            

Fig. 1.5.1.1d. TEs in mammals (left) and Drosophila (right). 
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Fig. 1.5.1.1e. The distribution of ages of TEs in the human genome. This is measured by 

divergence from the consensus sequences and grouped into bins that roughly correspond 

to 25 My (Finished human genome?). 

 

 Explanation for generalization 1.5.1.1B. Qualitatetively, mutation severely restrict  

the course of sequence evolution because any change that will be eventually fixed within 

an evolving lineage must first appeare as the result of a unique mutation. Even the 

strongest selection is powerless to change a lineage unless a mutation occurs first. 

Quantitatively, within the range of sequence changes that can be supplied by mutation, 

mutation dictates the course of evolution as long as selection is absent or very weak. The 

correspondence between mutation and evolution is perfect only within sequence 

segments that are fully functionally mute and, thus, selectively neutral (Section 1.1.1.8; 

Chapter 2.4.3). If selection is substantial, it is capable to strongly affect evolution. For 

example, in coding segments, frameshit deletions and insertions of lengths that are not 

multiples of 3 are exceptionally rare, due to their deleterious effects. Thus, the 

generalization we discuss implies that a substantial fraction of the genome is not affected 

by substantial selection. The overall prevalence of TEs in the genome is apparently 

mostly governed by the overall efficiency of selection in a lineage which, in turns, 

strongly depends on the typical number of individuals that represent the lineage at any 

moment of time (see generalization 1.5.1.1A). Thus, lineages with large populations are 

mostly protected against TEs and other junk DNA segments. Conversely, in a small 

population selection is powerless to stop the spread of even a mildly deleterious TE. Of 

course, the quantitative theory of TE evolution is much more complex than this simple 

analysis (Chapter 3.1). 

 

 C. Functionally important segments and sites of genomes evolve slower 

 Different segments of any genome can be of very different importance for the 

molecular function and higher-level phenotypes, including fitness. A substitution of one 

nucleotide can be lethal, but a loss of 1Mb of sequence at another location can have no 

evident impact on the phenotype. The following major classes of segments can be 

recognized in a genome from the perspective of their molecular function: protein-coding 

parts of exons, non-coding parts of exons (5'- and 3'-UTRs of protein-coding genes; 
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exons of non-protein coding genes), intron regions responsible for splicing (donor, 

acceptor, and branching point sites), segments of untranscribed intergenic regions 

responsible for regulation of transcription (promoters and binding sites of transcription 

factors), etc (Fig. 1.5.1.1f). However, many "bloated" genomes also carry a large 

proportion of functionless junk DNA segments (generalization 1.5.1.1A). 

 

   mRNA   join(134001..134116,134296..134500,134608..134796) 

          /gene="HBM" 

          /product="hemoglobin, mu" 

   CDS    join(134025..134116,134296..134500,134608..134736) 

          /gene="HBM" 

   mRNA   join(140887..141047,141165..141369,141512..141750) 

          /gene="HBA2" 

          /product="hemoglobin, alpha 2" 

   CDS    join(140953..141047,141165..141369,141512..141640) 

          /gene="HBA2" 

          /product="alpha 2 globin" 

   mRNA   join(144721..144852,144970..145174,145324..145562) 

          /gene="HBA1" 

   CDS    join(144758..144852,144970..145174,145324..145452) 

          /gene="HBA1" 

   mRNA   join(148377..148622,148707..148911,149021..149220) 

          /gene="HBQ1" 

   CDS    join(148528..148622,148707..148911,149021..149149) 

          /gene="HBQ1" 

 

 

Fig. 1.5.1.1f. An abridged GenBank annotation of a typical region of a human genome 

(ACCESSION   AC_000148). The region shown is located on chromosome 16, and 

encodes four paralogous hemoglobin genes. Only locations of exons (non-coding and 

coding parts), and of introns are presented. 

 

 Comparison of any two genomes that are moderately different from each other 

reveals a salient pattern: the more funcionally important is a genome segment, the slower 

it evolves. In particular, evolving protein-coding exons accumulate nucleotide 

substitutions ~3 times slower than introns, and the contrast is even greater for deletions 

and insertions. This pattern can be used to determine exon locations through comparative 

analysis genomes ("phylogenetic footprinting", Fig. 1.5.1.1g). Functionally important 

non-coding segments also evolve slower than less important sequences around them (Fig. 

1.5.1.1h). 

 

http://www.ncbi.nlm.nih.gov/nuccore/157812280?itemid=134&report=gbwithparts
http://www.ncbi.nlm.nih.gov/nuccore/157812280?itemid=135&report=gbwithparts
http://www.ncbi.nlm.nih.gov/nuccore/157812280?itemid=131&report=gbwithparts
http://www.ncbi.nlm.nih.gov/nuccore/157812280?itemid=132&report=gbwithparts
http://www.ncbi.nlm.nih.gov/nuccore/157812280?itemid=128&report=gbwithparts
http://www.ncbi.nlm.nih.gov/nuccore/157812280?itemid=129&report=gbwithparts
http://www.ncbi.nlm.nih.gov/nuccore/157812280?itemid=137&report=gbwithparts
http://www.ncbi.nlm.nih.gov/nuccore/157812280?itemid=138&report=gbwithparts
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Fig. 1.5.1.1g. Alignment of human (top) and mouse (bottom) orthologous genes. Lines 

connecting the genomes show segments where their similarity is moderate (blue) or high 

(red). Red boxes below the alignment show predicted positions of exons. 

 

 

Fig. 1.5.1.1h. Alignment of four genome regions upstream of the transcription start of 

apolipoprotein gene. The marked binding site of the key transcription factor  is more 

conserved than the surrounding sequence. 

 

 Even within a functioning genome segment, different nucleotide sites are of 

different importance to its function, and more important sites evolve slower. In particular, 

nonsynonymous sites within protein-coding genes evolve slower that synonymous 

(silent) sites. On avarage, the difference is 10-20 fold, but it can be even higher if a gene 

encodes an extremely conservative protein (Fig. 1.5.1.1i). 

 

ATG TCT GGG CGA GGT AAA GGT GGC AAG GGG CTG GGT AAG GGA GGC GCC AAG CGC CAC CGG 
||  ||| ||  ||| ||  ||| ||  ||| ||  ||| ||  ||  ||  ||  ||| ||  ||  ||| ||  ||  
ATG TCT GGA CGA GGC AAA GGC GGC AAA GGG CTC GGA AAA GGT GGC GCT AAA CGC CAT CGT 

 

 Fig. 1.5.1.1i. Alignment of the first 20 codons of histone 4 genes from human and zebra-

fish genomes. In this extreme case, all interspecies differences are synonymous and 

occurred at 3rd positions. 

 

 Amino acid replacements within a protein have drastically different impacts on its 

function. One the one hand, on average about 25% of all possible replacements destroy 

the function completely. On the other hand, ~10% of possible replacements do not affect 

the function to any measurable extent. A majority of replacements produce only mild, but 
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non-trivial effects on function. In almost all cases, however, the impact of an amino acid 

replacement on molecular function and fitness, if any, is negative (Fig. 1.5.1.1j). 

Accordingly, rates of evolution of nonsynonymous sites also vary widely, and on average 

sites than encode more functionally important amino acids evolve slower (Fig. 1.5.1.1k). 

Important sites also evolve slower within functional non-coding segments, and their 

different degrees of conservatism can be represented by a motif logo (Fig. 1.5.1.1l). 

 

                                         

Fig. 1.5.1.1j. Proportions of amino acid replacements in human proteins that are opposed 

by selection with coefficients s > 10
–2

, 10
–2

–10
–4

, 10
–4

 –10
–5

, or <10
–5

 (Human Molecular 

Genetics 14, 3191, 2005). 

 

                          

Fig. 1.5.1.1k. A typical segment of an alignment of several orthologous proteins from 

different species. Some sites, shown by colors, are conserved or almost-conserved, and 

others accepted a lot of change. 
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Fig. 1.5.1.1l. A motif logo, which establishes, through comparison of different non-

coding segments performing the same function, the degrees of conservation at different 

sites. Large letters display nucleotides that are frequent at a particular site. 

 

 Still, this pattern is not without exceptions. First, a long functional DNA segment, 

sometimes carrying several protein-coding genes, can occasionally be lost by an evolving 

lineage. Gene loss is not surprising when a lineage adapts to parasitism, as it was the case 

with Mycobacterium leprae (Fig. 1.1.2.4c). However, gene loss also occurs in free-living 

organisms (Fig. 1.5.1.1m), and the genes that are eventually lost, could constitute a 

functioning part of the genome for a long time before this. Second, some functionally 

important sites, and, very rarely, even substantial sequence segments can evolve under 

positive selection, which accelerates, and not decelerates, their evolution, relative to its 

rate at selectively neutral sites (Fig. 1.5.1.1n; this phenomenon is considered in detail in 

Section 1.5.3.1). 
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Fig. 1.5.1.1m. The estimated number of lost genes is shown  next to each branch. 

Approximate divergence  times are shown at the right (Genome Research 13, 2229, 2003 

– notice incorrect phylogeny). 

 

          

Fig. 1.5.1.1n. Distribution of amino acid replacements along the pathogen Neisseria 

gonorrhoeae transmembrane porin sequence. Each dot represents one replacement. 

Segments exposed outside the cell evolve much faster, probably due to positive selection 

caused by the host immune responce (Molecular Biology and Evolution 17, 423, 2000). 

 

 Explanation for generalization 1.5.1.1C. This generalization complements 

generalization 1.5.1.1B by shedding light on the interplay of mutation and selection from 
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another perspective. Decelerated evolution of functionally important genome segments 

may seem surprising, if one thinks of natural selection as a primarily creative force, 

mostly responsible for changes. If this were the case, the highest rates of evolution would 

be observed in the most functionally important segments and sites of genomes. However, 

in reality negative (purifying) selection which favors already-commom variants and 

prevents changes is much more common than positive (Darwinian) selection which 

favors initially rare variants and promotes changes (Section 2.1.2). Thus, quantitatively 

natural selection is primarily a conservative force and the more it affects a segment or a 

site of the genome, the slower this segment or site usually evolves. Another way of 

saying this is that deleterious mutations are more common than beneficial mutations, 

which is natural because a random change is unlikely to improve something that already 

works; in fact,  one may wonder how any beneficial mutations could occur. Sometimes, 

the function of a lost functional segment is picked by another gene, but in many cases 

factors that make a loss possible remain obscure. Exceptions from the generalization 

considered here, where functionally important sites evolve rapidly, are used to detect 

positive selection (Section 2.4.4). In summary, we can say that  mutation directs the 

evolution of sequences where selection does not act, but if selection acts, it impacts 

sequence evolution strongly, most often by rejecting most of new mutations and thus 

maintaining the status quo. 

 

  1.5.1.2. Molecules 

 Functional segments of DNA as well as RNA and protein molecules are the basic 

units of function. However, they are not "alive", and their evolution is understood better 

that evolution of higher-level functional phenotypes, i. e. of living cells and multicellular 

organisms. Still, even a "simple" molecule is, in fact, an incredibly complex object, and 

its properties still cannot be deduced from first physical principles. Thus, generalizations 

concerned with the evolution of molecules so far lack deep, theoretical explanations. We 

will consider two such generalizations. 

 

 A. Evolution of molecules involves changes of selection at their sites 

 We have already seen (generalization 1.5.1.1C) that different sites of a functional 

segment of the genome, including those encoding an RNA or a protein molecule, evolve 
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at different rates, and that this phenomenon is due to variation of selection across sites. 

However, the strength and even the direction of selection and, thus, the rate of evolution, 

may also vary at a particular site of the molecule, in the course of its evolution. It is 

convenient to attribute this generalization to the molecular level, because this variation is 

due to interactions between different evolving sites of a molecule. 

 In the extreme form, variation of selection leads to the phenomenon of 

compensated pathogenic deviations (CPDs). A CPD is the state of a site, e. g. an amino 

acid within a protein, which impairs the function of the molecule in one species but is 

present in the normal sequence of the corresponding molecule in other species (Fig. 

1.5.1.2a).  

 

Hs 1   MDVFMKGLSKAKEGVVAAAEKTKQGVAEAAGKTKEGVLYVGSKTKEGVVHGVATVAEKTK 60 
Ag 1   MDVFMKGLSKAKEGVVAAAEKTKQGVAEAAGKTKEGVLYVGSKTKEGVVHGVTTVAEKTK 60 

 
Hs 61  EQVTNVGGAVVTGVTAVAQKTVEGAGSIAAATGFVKKDQLGKNEEGAPQEGILEDMPVDP 120 
Ag 61  EQVTSVGGAVVTGVTAVAQKTVEGAGNIAAATGFVKKDHSGKSEEGAPQEGILEDMPVDP 120 

 
Hs 121 DNEAYEMPSEEGYQDYEPEA 140 
Ag 121 DNEAYEMPSEEGYQDYEPEA 140  

Fig. 1.5.1.2a. The phenomenon of CPD. In humans, the 53rd site of a protein alpha-

synuclein is occupied by A (alanine), and mutations that replace this A with T (threonine) 

are pathogenic, causing early-onset Parkinson disease. However, in spider monkey Ateles 

geoffroyi, as well as in many other mammals, normal alpha-synuclein contains T at this 

site (red). Probably, some other deviation of spider monkey alpha-synuclein from its 

human ortholog (blue) renders T at the 53rd site harmless. Thus, this T is a CPD from the 

human protein. 

 

 Approximately 10% of amino acid deviations of a non-human protein from its 

human ortholog would severely harm the human protein, if they were present in it 

individually. The same is true for deviations from Drosophila proteins, and the pattern is 

probably universal, although there are not enough data on amino acids that are 

deleterious for any other species. Often, but not always, a compensatory change that 

renders a CPD harmless is located close to it in the protein structure (Fig. 1.5.1.2b). 
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Fig. 1.5.1.2b. A likely mechanism of compensation of a CPD. Val → Glu substitution at 

site 20 of human β-hemoglobin is pathogenic. Glu at this site is present in several β-

hemoglobins, including that of horse. Glu at site 20 is always accompanied by His at site 

69, whereas human β-hemoglobin contains Gly at site 69. His-69 in horse β-hemoglobin 

interacts with Glu-20, possibly forming a hydrogen bond, whereas Val-20 and Gly-69 

form a van der Waals interaction in human β-hemoglobin. Thus 69 Gly → His may 

compensate the deleterious effect of 20 Val → Glu ( PNAS  99, 14878, 2002). 

 

 CDPs are also very common in tRNAs (Fig. 1.5.1.2c). At least five mechanisms 

of compensation are known for pathogenic mutations that destroy a Watson-Crick pair in 

one of the four tRNA stems: restoration of the affected Watson-Crick interaction, 

strengthening of another pair, creation of a new pair, changes of multiple interactions in 

the affected stem and changes involving the interaction between the loop and stem 

structures. 
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Fig. 1.5.1.2c. Three CPDs in mitochondrial tRNASer of the polar bear Ursus maritimus. 

Nucleotides corresponding to human pathogenic mutations are shown in red; predicted 

compensatory substitutions for two of them are shown in blue; and other deviations from 

the human ortholog, those unrelated to the pathogenic mutations or their compensations, 

are shown in green. Nucleotides found in healthy humans are shown in orange alongside 

the bear sequence (Nature Genetics 36, 1207, 2004). 

 

 CPDs are the most striking, but by no means the only one, manifestation of 

changes in selection at individual sites in the course of evolution of a molecule. Ongoing 

divergence of proteins that had their last common ancestor a very long time ago (Fig. 

1.5.1.2d, ADD THIS TO SCENARIO-BASED EVIDENCE, Section 1.1.2.6) is another 

manifestation of the same phenomenon: theory predicts that under constant selection 

divergence will not increase after a relatively short time (Chapter 3.1). 

 

Hs 1   MDVFMKGLSKAKEGAVAAAEKTKQGVAEAAGKTKEGVLYVGSKTKEGVVHGVATVAEKTK 60 
Pt 1   MDVFMKGLSKAKEGVVALAEKTKQGVAEAAGKTKEGVLYVGSKTKEGVVHGVATVAEKTK 60 
Pp 1   MDVFMKGLSKAKEGVVAAAEKTKQGVAEAAGKTKEGVLYVGSKTKEGVVHGVATVAEKTK 60 
Dm 1   MDVFMKGLSKAKEGVVAAAEKTKQGVAEAAGKTKEGVLYVGSKTKEGVVHGVATVAEKTK 60 
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Fig. 1.5.1.2d. Change in conservative proteins that occurred in the course of human-

chimpanzee divergence are more likely to reduce than to increase their similarity to 

Drosophila proteins, demonstrating that some of these changes became consistent with 

high fitness only recently (real data are needed here). 

 

 Explanation for generalization 1.5.1.2A. Functioning of a molecule involves 

complex interactions between its sites. When one site changes, this may affect what is 

beneficial and what is deleterious at another site. This is just a manifestation, at the most 

basic of functional levels, of the pervasive phenomenon of epistasis (Section 2.1.2). In 

terms of fitness landscapes, an evolving molecule travels along curved ridges of high 

fitness, and this travel may affect the fitness landscapes associated with individual sites. 

However, translating this general reasoning into specific explanations is often difficult. 

Indeed, even for stems of tRNAs, Watson-Crick interactions explain only ~25% of CPDs. 

In some cases, the compensation that renders a CPD harmless may by due to evolution of 

another molecule, which interacts with the CPD-carrying one. 

 

 B. Substantial changes of a molecule are consistent with retention of its function 

 Comparison of orthologous RNAs and proteins commonly reveal profound 

differences between their sequences (Fig. 1.5.1.2e). Some of these differences are at sites 

that are of little functional importance. However, many other differences are at sites that 

evolve much slower than selectively neutral sites and, thus, are clearly important for 

function (generalization 1.5.1.1C). There may be some truly invariant sites within an 

evolving protein, such as catalytic serines of serine proteases, where a replacement 

always destroyes function, but at a very large fraction of functionally important sites 

every amino acid can be replaced in the proper context. 

 

  1  MLKLIVPTIMLLPLTWLSKKHMIWINTTTHSLIISIIPLLFFNQINNNLFSCSPTFSSDP  60 

     MLK+I   + L+P  +++  +M W+        IS I LL  N   N     S     D  

  1  MLKIIFFLLFLIPFCFIN--NMYWM-VQIMMFFISFIFLLM-NNFMNYWSEISYFLGCDM  56 

 

 61  LTTPLLMLTTWLLPLTIMASQRHLSSEPLSRKKLYLSMLISLQISLIMTFTATELIMFYI  120 

     L+  L++L+ W+  L ++AS+  + ++  + K L+L  +I L + LI+TF++  L MFY+ 

 57  LSYGLILLSLWICSLMLLASE--MINKHNNYKNLFLLNIIILLLLLILTFSSMSLFMFYL  114 
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121  FFETTLIPTLAIITRWGNQPERLNAGTYFLFYTLVGSLPLLIALIYTHNTLGSLNILLLT  180 

     FFE++LIPTL +I  WG QPERL AG Y LFYTL+ SLP+LI + Y  N +GS+N  L+  

115  FFESSLIPTLFLILGWGYQPERLQAGLYLLFYTLLVSLPMLIGIFYVMNKIGSMNFYLM-  173 

 

181  LTAQELSNSWAN-NLMWLAYTMAFMVKMPLYGLHLWLPKAHVEAPIAGSMVLAAVLLKLG  239 

           +N   N +L++     AF+VKMP++ +HLWLPKAHVEAP++GSM+LA ++LKLG 

174  ------NNFMFNYDLLYFCLLCAFLVKMPMFLVHLWLPKAHVEAPVSGSMILAGIMLKLG  227 

 

240  GYGMMRLTLILNPLTKHMAYPFLVLSLWGMIMTSSICLRQTDLKSLIAYSSISHMALVVT  299 

     GYGM+R+   L  +    ++ ++ +SL G ++ S +CLRQTDLK+LIAYSS++HM +V++ 

228  GYGMLRVISFLQLMNLKYSFVWISISLVGGVLVSLVCLRQTDLKALIAYSSVAHMGIVLS  287 

 

300  AILIQTPWSFTGAVILMIAHGLTSSLLFCLANSNYERTHSRIMILSQGLQTLLPLMAFWW  359 

      +L  T W   G+  LMIAHGL SS LFCLAN +YER  SR M++++GL   +P M  WW 

288  GLLTMTYWGLCGSYTLMIAHGLCSSGLFCLANVSYERLGSRSMLINKGLLNFMPSMTLWW  347 

 

360  LLASLANLALPPTINLLGELSVLVTTFSWSNITLLLTGLNMLVTALYSLYMFTTTQWGSL  419 

      L S AN+A PPT+NLLGE+S+L +  SWS I+++L       +A Y+LY+++ +Q G L 

348  FLLSSANMAAPPTLNLLGEISLLNSIVSWSWISMILLSFLSFFSAAYTLYLYSFSQHGKL  407 

 

420  THHINNMKPSFTRE  433 

        + +      RE 

408  FSGVYSFSSGKIRE  421 

Fig. 1.5.1.2e. Alignment of amino acid sequences of mitochondrially-encoded subunit 4 

of NADH dehydrogenase from Homo sapiens (top) and Drosophila melanogaster 

(bottom). 

 

 Explanation for generalization 1.5.1.2B. This generalization is clearly related to 

the first one: they both reveal pervasive interactions between evolving sites of a 

molecule. In a relatively simple case of RNA secondary structure, it is obvious that two 

molecules can have identical structures even if their sequences have nothing in common: 

indeed, the conservation of structure may require only that its stem regions consist of 

Watson-Crick pairs, which can be G:C, C:G, A:T, or T:A (Fontana). The 

genotype>function maps are much more complex in the case of proteins, and the 

mechanisms of epistatic interactions usually remain obscure. Still, we can say that a 

fitness peak in the space of primary structures of a molecule is often represented by a 

system of curved rigdes, which encompass widely different sequences that all correspond 

to essentially the same structure and function. 
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  1.5.1.3. Cells 

 Cells are the first level of organization that is alive, either as independent 

organisms or as parts of multicellular organisms. Thus, in cells we encounter a staggering 

degree of complexity, which is neccessary for life. As a result, functioning and evolution 

of cells are understood even less that of molecules. We will consider only one 

generalization concerned with the evolution at the cellular level. 

 

 A) Networks with a cell contain a small number of common motifs 

 A cell contains a large number of functional units – promoters and DNA segments 

responsible for regulation of transcription, RNA and protein molecules, and ribosomes 

and other organelles. These units interact with each other, forming networks. Networks 

that describe interactions in the course of regulation of transcription, physical interactions 

between proteins, and interactions between reactions in biochemical pathways (Fig. 

1.5.1.3a) are of particular importance. These networks, of course, are incredibly complex 

(1.5.1.3b) 

 

 

Fig. 1.5.1.3a. Three particularly important kinds of interactions within a cell. 

 

     

Fig. 1.5.1.3b. Networks of interactions within cells.(left) Transcriptional regulatory 

network of Saccharomyces cerevisiae. Transcription factor genes are green, regulated 

genes are brown, and those with both functions are red (BMC Systems Biology 2008 
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2:13). (center). Network of protein complexes in S. cerevisiae. Different functions are 

shown by colors. The gray edges connect complexes that share protein components 

(Nature 440, 631, 2006). (right). A standard map of biochemical pathways, representing 

the metabolic network of the cell. 

 

 However, there are some regularities within these networks. In particular, all of 

them contain a limited number of common motifs. A network motif is a pattern of 

interconnections that recurs in many different parts of a network. Each motif has a 

specific function in determining gene expression. Much of the network of transcriptional 

interactions in Escherichia coli is composed of repeated appearances of three motifs (Fig. 

1.5.1.3c).  

 

    

Fig. 1.5.1.3c. Three common motifs in the network of transcriptional interactions in E. 

coli. (left) Feedforward loop: a transcription factor X regulates a second transcription 

factor Y, and both jointly regulate one or more operons Z1...Zn. An example of a 

feedforward loop is provided by L-arabinose utilization. (center) SIM motif: a single 

transcription factor, X, regulates a set of operons Z1...Zn. X is usually autoregulatory. All 

regulations are of the same sign. No other transcription factor regulates the operons. An 

example of a SIM is provided by arginine biosynthesis. (right) DOR motif: a set of 

operons Z1...Zm are each regulated by a combination of a set of input transcription 

factors, X1...Xn. DORs are detected as dense regions of connections. An example of a 

DOR is provied by stationary phase response (Nature Genetics  31, 68, 2002). 

 

 Within networks of physically interacting proteins, a common motif is the 

occurrence of core complexes, submodules, and attachments (Fig. 1.5.1.3d). Among 
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common motifs in metabolic pathways is negative feedback loop and cycle (Fig. 

1.5.1.3e). 

 

           

Fig. 1.5.1.3d. A protein complex, consisting of the core, 3 submodules, and other 

attachments (Nature 440, 631, 2006). 

 

 

Fig. 1.5.1.3e. Common motif in metabolic networks that regulate enzyme activity: 

negative feedback loop providing end-product inhibition (left) and cyclic succession of 

reactions (right). (Michael Eisen). 

 

 Explanation for generalization 1.5.1.3A. Different occurrences of a common 

motif are products of independent, convergent evolution. As it is often the case with 

generalizations concerned with functioning phenotypes, two explanations, not necessarily 

mutually exclusive, are possible: a pattern can be common either due to its easy 
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designability or to its optimality. Apparently, a negative feedback loop provides the 

uniquely optimal way for maintaining homeostasis. However, designability may also play 

a role in repeated origin of the common motifs. Other generalization which is relevant to 

cells, as well as to other levels of organization, will be considered in Section 1.5.3.2. 

 

  1.5.1.4. Multicellular organisms 

 Multicellular organisms are the second level of organiazation which is alive. 

Thus, evolution of cells and of multicellular organisms has a lot in common. 

Multicellular organisms are as complex as constituent cells, if not more. Obviously, cell 

differentiation, pattern formation, and overall properties of organisms are all essential 

(Fig. 1.5.1.4a). However, we will consider only one generalization here - why? 

 

       

             Cell differentiation              Pattern formation                   Overall phenotype 

Fig. 1.5.1.4a. Different aspects of biology of multicellular organisms. 

 

 A. Cell differentiation involves combinatorial regulation of gene expression 

 The genome of a multicellular organism programs differentiation of celles into 

many different types, although it contain only slightly more genes that the genome of a 

unicellular organism (Section 1.5.1.1). Greater complexity of multicellular organisms 

appears because, on average, their genes are regulated by a much larger number of 

transcription factors (Fig. 1.5.1.4b). 
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Fig. 1.5.1.4b. a, Simple eukaryotic transcriptional unit. A simple core promoter (TATA), 

upstream activator sequence (UAS) and silencer element. b, Complex metazoan 

transcriptional control module, consisting of multiple clustered enhancer modules 

interspersed with silencer and insulator elements. 

 

 Moreover, the total number of transcription factors encoded by any genome is not 

large. For example, the genome of Drosophila encodes only ~800 transcription factors. 

Thus, combinatorics of transcription factors and their binding sites is essential both for 

gene-specific and tissue-specific patterns in gene expression (Fig. 1.5.1.4c). 
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Fig. 1.5.1.4c. An array of binding sites for 4 transcription factors in a controlling region 

of a typical gene of a multicellular organism. Each of these factors regulates many other 

genes, but every time in a different combination. 

 

 Explanation for generalization 1.5.1.4A. This generalization is not fully 

understood. Perhaps, combinatorial regulation evolves because novel transcription factors 

are more difficult to acquire than novel binding sites for them (Section 1.5.3.3). 

Alternatively, such regulation may be the most efficient. Other generalizations relevant to 

evolution of multicellular organisms are considered in Sections 1.5.2.4 and 1.5.3. 

 

  1.5.1.5. Populations 

 Populations, the first supraorganismal level of organization, are not living objects. 

Thus, they are much simpler than the constituent organisms. Indeed, when a population is 

considered, organisms can be treated as individuals, i. e., black boxes whose internal 

structure can be ignored (Fig. 1.5.1.5a). Here, populations are undestood simply as sets of 

similar individuals, living together and competing for resources, and perhaps 

interbreeding (Section 2.1.1). In a sense, populations do not evolve per se, as they are just 

sets of individuals. However, evolution of external features of individuals which define 

them as members of populations can be conveniently treated as evolution of populations. 

Thus, population-level evolution can be adaptive only from the perspective of the 

constituent individuals. Properties of population not defined by properties of the 

constituent organisms, such as the population size, will be treated later in Section 1.5.2. 

Two generalizations will be considered here. 

 

                  

Fig. 1.5.1.5a. Organism, individual, and population. 
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 A. Reproduction almost always involves unigenomic channels 

 An offspring can ne initiated fom multiple genomes, either in a single polyploid 

cell or in many cells. Such modes of reproduction are feasible; in particular, vegetative 

reproduction by multiple cells is common among multicellular organisms (Fig. 1.5.1.5a). 

However, multigenomic reproduction is almost never obligate, except rare cases where a 

mechanism producing unigenomic channels has been lost very recently. 

 

 

 

Fig. 1.5.1.5a. Modes of vegetative reproduction. 

 

 Almost all multicelluar organisms have amphimixis, which provides unicellular 

channels as long as gamophase in haploid (and with autopolyploidy such channels are 

provided stochastically, through Mendelian segregation, Section 2.3.3). Even if 

reproduction appears to exclusively vegetative, often all the cells that initiate a new 

organism originate from a single apical meristemal cell (Fig. 1.5.1.5b). Among unicellar 

eukaryotes which are polyploid and apparently lack amphimixis, ploidy cycles, with 

temporal return to haploid reproduction, are common. Even mitochondria in female 
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germline in mammals go through drastic bottlenecks: all mitochondia within an egg are 

descendants of just 3-4 stem maternal mitochondria. 

 

  

Fig. 1.5.1.5b. (left) Unigenomic channels provided by amphimixs. (right) False 

vegetative reproduction. 

 

 Explanation for generalization 1.5.1.5A. When present, vegetative and other 

forms of polygenomic reproduction appear to be a physiologically efficient mechanism of 

producing offspring. Thus, unigenomic channels are likely to have an evolutionary 

explanation. Such channels can evolve to increase the efficiency of selection and reduce 

the mutation load and/or to avoid conflicts between different genotypes (Chapter 2.4, 

Chapter 3.3). 

 

 B. Amphimixis is pervasive 

 As we have already seen, amphimixis appers to be an ancestral mode of 

reproduction in eukaryotes, and its losses, with the exception of bdelloid rotifers are 

darwinulid ostracods occurred relatively recently (Chapter 1.3, Section 2.3.3). 

Prokaryotes also often have effective means of genetic exchange between individuals 

(Section 2.3.3). 

 Explanation for generalization 1.5.1.5B. Over twenty hypothesis attempting to 

explain the origin and maintenance of amphimixis have been proposed, but we still do 

not know which of them, if any, are relevant to reality (Chapter 3.3). 

 

  1.5.1.6. Ecosystems 

 Evolution of ecosystems is an epiphenomenon of the evolution of the constituent 

populations and, thus, is far removed from real targets of natural selection. Thus, 
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evolution cannot care about preservation or optimization of ecosystems. Still, their 

evolution is fascinating. Only one generalization is considered here so far. 

 

 A. Ecosystems usually contain a lot of empty niches 

 As we have seen already, natural ecosystems are often invadable (Fig. 1.3.3.2d). 

Many thousands of successful invasions of plants, animals, and other forms of life have 

been documented, although in most cases an acidental dispersal event does not lead to an 

invasion. Apparently, this means that ecosystmes are not tightly knit, but contain a lot of 

empty niches. 

 Explanation for generalization 1.5.1.6A. Invadability of a natural ecosystem may 

appear paradoxical: why a species which was not adapted to the local environment 

should do better than native species. This can be due either to empty niches due to 

unaccessible fitness peaks, or to evolution of pathogens and parasites adapted to exploit 

native, but not exotic, species. 

 

 

 Section 1.5.2. Generalizations concerned with diversity 

 Diversity is the first key property of life. Patterns in diversity of extant life and in 

the processes which generated it are surprisingly uniform across different branches of the 

phylogenetic tree. Every individual belongs to a population, and at any moment life 

consists of more or less discrete forms, with ~1% level of within-form variation and 

incompatibility appearing after 3-5% divergence, at the sequence level. A lineage can 

evolve with very uneven rates at the functional levels, although the rates of molecular 

evolution are more uniform. Cladogenesis and extinction are very unfair processes, with 

chance playing a major role in both of them. Independent evolution of different lineages 

is mostly divergent, but parallelisma and convergences are also common in some cases. 

Coevolution can be long-term and rapid. Both vicariance and dispersal play major role in 

shaping spatial distribution of life, and there are many spectacular local species flocks. 

 

  1.5.2.1. Diversity of extant life 

 Currently, as well as at any moment in the past 3,500 My, diversity of life 

represents a photo of its ongoing evolution. Such a photo reveals a complex pattern of 
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occupation of the space of genotypes which carries a lot of information about the 

properties of evolution which produced it (Section 1.3.3). Three generalizations 

concerned with the structure of extant biodiversity are considered here. 

 

 A. Every individual belongs to a population of at least ~1000 individuals 

 Nobody is without peers in nature. For every individual, there is always a 

population of very similar individuals living alongside it (Fig. 1.5.2.1a). These 

individuals are tightly related to each other, are compatible and connected, and the 

lineages they currently represent are engaged in the zero-sum game of natural selection: 

the gain of one lineage is the loss of all others (Section 2.1.1). The total number of 

individuals in a population can vary by many orders of magnitude. However, all 

populations that are not on the verge of extinction consist of at least ~1000-10000 

individuals (Part 2). 

 

 

Fig. 1.5.2.1a. Loch-Ness monster (left) and yeti (center) probably do not exist, because it 

a population of 1000 of such individuals can hardly go unnoticed. Garter snakes, 

however, do exist (right). 

 

 Explanation for generalization 1.5.2.1A: if a lineage is represented by the 

population which is too small, natural selection is ineffficient and cannot prevent its 

genetic deterioration and eventual extinction. This subject is treated in detail in Part 2. 

 

  B. Different enough organisms are disconnected and incompatible 

 Although evolution is continuous, at any moment of time the pattern of 

occupation of the space of genotypes by extant organisms is dicontinuous, in the sence 

that every two distant enough organisms are disconneced from each other (Fig. 1.5.2.1b). 
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Each genotype belongs to a cluster of similar genotypes which correspond to members of 

the same population. However, the sizes and shapes of such clusters vary greatly, due to 

different levels of within-population genetic variation and different spatial structures of 

populations (Chapter 2.2 and Section 2.3.4). Equally important, different populations can 

be at any genetic distances from each other, dependning on the timing of their last 

common ancestry and of the rate of divergent evolution since then. The whole pattern is 

likely to a have a fractal structure, been self-similar at different scales, as long as 

cladogeneses and divergent evolution which produced it occurred at approximately 

uniform rate for a long period of time in the past. 

 

 

Fig. 1.5.2.1b. A likely general patter of occupation of the space of genotypes by 

genotypes of extant organisms at a particular moment of time. Red bar represents the 

minimal distance that may lead to incompatibility between two genotypes. 

 

 A typical distance (which can be simplistically understood just as a fraction of 

mismatches in their alignment) between two genotypes from the same local population is 

0.001-0.01, although it can as high as ~0.1 in some very variable populations (Section 

2.2.1). In the course of independent evolution, the distance between two lineages 

increases by ~0.003-0.03 every 1 My, so that two species at distance 0.1 from each other 

had their MRCA ~10 mya. The maximal observed distances  between two connected 

genotypes, which may belong to the same spatially structured entity, and perhaps are 

separated by a hybrid zone (Fig 1.1.2.2a; Section 2.6.3) are ~0.1. Finally, two genotypes 

usually become incompatible when the distance between them exceeds 0.03-0.1 (Fig. 

1.5.2.1c), so that there is a strong, although by no means absolute, correlation between 

similarity, relatedness, compatibility, and connectedness. 
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Fig. 1.5.2.1c. (top) The relationship between similarity and compatibility. Each point 

represents a pair of Drosophila genotypes. (bottom) Mitochondrial genetic distances 

between the most distant compatible genotypes in birds and mammals. Such distances 

correspond to nuclear distances 0.02-0.05, because mitochondria of vertebrates evolve 

faster. 
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 Of course, the above statements are oversimplified. Not all genetic distances are 

equally important. A particular genetic distance between two genotypes within the same 

population is mostly due to neutral variation and, thus, affects compatibility much less 

than distance between two genotypes which evolved independently, adapting to different 

environments. Still, the scope of continuous occupation of the space of genotypes by 

extant organisms only rarely exceeds the distance that leads to profound incompatibility. 

In other words, completely incompatible genotypes are only rarely connected to each 

other (Fig. I36), and viable and fertile hybrids can often be obtained in matings between 

genotypes which belong to distinct forms of life. 

 Explanation for generalization 1.5.2.1B. Every two genotypes evolved from some 

common ancestor and, thus, would be connected, if all the intermediate genotypes 

survived (Section 1.1.1.3). Still, disconnection of distant enough extant genotypes 

reflects the basic property of cladogenesis: intermediate genotypes are abandoned by 

evolving lineages. This process must be at least partially due to their adaptation to 

distinct ecological niches. Thus, the longest distances between connected gentypes are 

observed when continuous evolution occurs over a wide range, leading to preservation of 

intermediate genotypes, unless their localized extinctions occurred. However, there is a 

natural geographical limit on sizes of such ranges. It is not surprising that at some 

distance genotypes always become incompatible: the fraction of fit genotypes among all 

possible ones is tiny, and most combinations of segments from two dissimilar enough 

genotypes are bound to be unfit. 

 

 C. Hiatuses between forms of life can be of very different widths 

 We have already seen (Section 1.3.3.1) that different regions of the spaces of 

genotypes and phenotypes are occupied by extant forms of life very unevenly. Another 

way of looking at this pattern it to consider the distribution of the minimal widths of 

hiatuses that separate different forms of life, each with internal connectedness, from each 

other. Some forms of life, such as "living fossils", are loners, widely separated even from 

their nearest neighbors. In contrast, other forms of life belong to flocks of many similar 

forms. The distribution of the distance between a form of life and its nearest neighbor 

reflects the pattern in cladogenesis and the subsequent divergent evolution (Fig. 1.5.2.1d 

- power law is for the number of close enough neighbors - reconsile with Section 1.3.3.1). 
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Fig. 1.5.2.1d. The distribution of genetic distance from a distinct form of life to its closest 

neighbor. 

 

 Explanation for generalization 1.5.2.1C. This pattern is to be expected if 

cladogeneses, divergent evolution, and extinctions occurred in the past at approximately 

constant rate. Of course, this is only approximately true (Section 1.5.2.3), but the pattern 

still holds, as a first approximation. 

 

  1.5.2.2. Anagenesis in one lineage 

 Changes of a lineage, "descent with modification", is the most fundamental facet 

of evolution. First, let us consider an evolving lineage in isolation. Three generalizations 

relevant to different aspects of anagenesis are of particular importance. 

 

 A. Changes of a lineage are gradual, with some exceptions 

 Most of individual changes that occur in an evolving lineage are small-scale. 

Genetically, the wast majority of allele replacements involve pairs of alleles that differ 

from each other at only one or very few nucleotides sites. Phenotypically, offpring are 
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(almost) always very similar to parents. One can say that evolution is gradual and solw 

almost by definition. 

 Still, there are rare exceptions to this rule. An offspring can be substantially 

different from its parent(s) if one of following phenomena occurred: 

 i) whole-genome duplication, leading to autopolyploidy (Section 1.1.8), 

 ii) a smaller change at the level of whole chromosomes, such as aneuploidy, 

 iii) hybridization between distant genotypes, often leading to allopolyploidy, 

 iv) lateral acquisition of a large segment of DNA, 

 v) symbiogenesis (Section 1.1.8). 

 

 Although all such events are rare, at the evolutionary time scale a lot of them 

occurred. In particular, many lineages, including vertebrates and flowering plants, went 

through one or several WGDs in their history (Chapter 1.3). In fact, many populations of 

flowering plants are either autotetrapolids of a mixture of diploids and autotetraploids, 

apparently demonstrating how a WGD can occur (and South American rodent). 

Chrosomome duplications also do occur? Many plant species, such as wheat, are 

allopolyploids. LGT is not limited to prokaryotes, as it occurred in bdelloid rotifers and 

Amborella mitochondria, and p element in Drosophila (Section 2.1.1). In addition to 

ancient symbiogeneses that produced mitochondria, chloroplasts, and a number of 

acquisitions of secondary plastids (Chapter 1.3), more recent events led, for example, to 

emdosymbioses between insects and their vertically transmitted bacteria Buchnera and 

Wolbachia (and bacteria within an amoeba), which are often necessary for fertility or 

even viability of the host. A number of things occur repeatedly after a WGD (divergence 

and gen loss) and a symbiogenesis (migration of many genes from the endosymbiont 

genome to the main nucleus). Expand this, presenting examples in detail? 

 Explanation for generalization 1.5.2.2A. Most of long jumps in the space of 

genotypes are mutationally impossible and probably would reduce fitness, even if they 

occurred somehow. All exceptions occur when a new DNA sequence has also been 

shaped by natural selection. We do not really understand why occasionally such 

acquisitions can be advantageous, althogh this clearly happens when they provide 

opportunities that did not exist before. 
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 B. Rates of evolution are more uniform at the level of sequences 

 It is hard to estimate separately the rates of evolution at the level of sequences in 

successive segments of an evolving lineage. In contrast, there rates can be compared 

between different lineages that evolved from the common ancestor. Usually, such 

comparisons reveal rather constant rates, making phylogenetic reconstructions based on 

evolutionary clock possible (Section 1.1.3). One of the most substantial exceptions from 

this rule is the difference between the rates of evolution in the 3-fold difference in the 

rates of evolution of the human and murine lineages (Fig. 1.5.2.2a). Since their 

divergence, the generation lengths in the two lineages evolved in the opposite directions, 

and now the difference is ~30-fold. Thus, it is not surprising that a murine lineage, which 

passed through many more generations than the human lineage, accumulated more allele 

replacements. Even larger heterogeneity is occasionally observed in individual genes, 

where evolution can be accelerated by adaptation (examples? DMI Drosophila genes). 

 

                                           

 

Fig. 1.5.2.2a. (top) The phylogenetic tree of humans, mice, and dogs. (bottom) The per 

site numbers of synonymous (Ks) and nonsynonymous (Ka) nucleotide substitutions 

accepted by lineages leading from the root of the tree to the three species (a short initial 

segment is shared by the human and the murine lineages) (Nature, dog genome paper). 
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 In contrast, a good enough fossil record could make it possible to directly 

ascertain the temporal variation of the rate of phenotypic evolution within a lineage, at 

least for some traits. Very different patterns appear in different cases. On the one hand, 

phenotypic evolution can occur at a rather stead rate (e.g., Fig. 1.2.3.3a). On the other 

hand, this rate can vary greatly (Fig. 1.2.3.3b; evolution of brain size in the human 

lineage, Chapter 1.4), and sometimes long periods of statis alternate with short episodes 

of rapid changes, a pattern which became known as "punctuated equilibrium" (Fig. 

1.5.2.2b). 

 

                          

Fig. 1.5.2.2b. Changes in morphology of a radiolarian Pseudocobus vema (Paleobiology 

3, 115, 1977). 

 

 Unfortunately, complete enough fossil records are rare, and only a fraction of 

phenotypic traits are preserved. Thus, it is still impossible to provide a quantitaive 

estimate of the unevenness of the rates of phenotypic evolution, Still, it is almost certain 

that these rates vary more than rates of evolution of genotypes. Comparison of rates of 

evolution in divergin lineages reveal the same pattern. For example, after the divergence 

of Hippopotamidae and Cetacea clades, many phenotypic trait did not change much in 



 

38 
 

the former, but underwent dramatic transformation in the later (Fig. 1.5.2.2c). Whales 

and dolphins lost they hundlimbs, had their forelimbs transformed into flippers, aquired 

streamlined body shapes required for swimming, etc. There are numerous well-

documented examples of profound transformation of a phenotype in 10-20 My, including 

the origin of tetrapods, ecological diversification of mammals after the KT extinction, 

etc. In contrast, phenotypes are extremely conservative in many other lineages: 

Cyanobacteria did not change much morphologically in almost 3,000 My, Latimeria, 

lungfish, horseshoe crab, ginkgo, evolved little during hundreds of My (Chapter 1.3), 

although the overall rate of evolution of genomes of these livign fossils was not 

anomalously low. 

 

 

Fig. 1.5.2.2c. Phylogeny of a clade of mammals which includes Cetacea. 

 

 Explanation for generalization 1.5.2.2B. Rate of evolution of sequences is 

primarily determined by the rate of mutation, at selectively neutral segments and sites of 

the genome, and by the strenght of negative selection, at selectively important segments 

and sites. Positive selection leads to accelerated evolution of only a small fraction of the 

genome (Section 1.5.1.1). Thus, because the mutation rate is more constant per 

generation than per astronomical time (Section 2.3.1), the per year rate of evolution of 

sequences depends primarily on the length of a generation, although functional segments 

that evolve under pervasive positive selection are an exception. In contrast, both positive 
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and selection plays a major role in setting the pace of phenotypic evolution, and the 

importance of positive selection increases dramatically when a lineage adapts to a new 

environment. 

 

 C. Evolution is irreversible 

 This generalization, known as Dollo's law, is not without exceptions. Indeed, a 

reversal that occurred at a particular nucletoide site (Fig. 1.1.1.6c), formally speaking, 

contradicts Dollo's law. However, this law always worked when we consider more 

substantial changes. After a long enough (say, 100 nucleotides) sequence segment 

accepted a fair number of changes, evolution will not bring it back to its initial state. In 

particular, a pseudogene which accumulated several inactivating mutations will never 

regain its function. 

 At the level of phenotypes, the pattern is similar. Changes due to evolution of one 

locus can be reversed (Biston betularia, Chapter 1.6), but more substantial changes are 

irreversible, as exemplified by secondary return of some turtles, ichtyosaurs, whales, and 

seals to the sea. Another striking example is retention of some residual asymmetry by 

descendants of hermit crabs which are no longer using gastropod shells for protection 

(Fig. 1.5.2.2d). Degenerative changes such that loss of eyes in cave animals or of 

chlorophyll in parasitic plants (Section 1.5.3.5) are also irreversible. 
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Fig. 1.5.2.2d. Alaska King crab and many other craboids originated from hermit crabs, 

which evolved asymmetric abdomens in order to fit into gastropod shells. Abdomens of 

craboids remain asymmetric (better pictures needed, see Nature 1994). 

 

 Explanation for generalization 1.5.2.2C. Apparently, there are at least two reasons 

behind Dollo's law. Irreversibility of evolution of selectively neutral segments of 

sequences is simply due to a very low probablity of returning to the same state out of 

very many states possible. several. Irreversability of adaptive evolution may be mostly 

due to interpedendence of selection at different loci (epistasis, Section 2.1.2). 

Intermediate states which were adaptive in the course of the evolution of gills cannot 

develop in a tetrapod, and, thus, gills canno reappear when a tetrapod returns to the see. 

Similarly, one a cave animal loses its eyes, mutations restoring functions of some genes 

involved in the loss would not be favored by selection even if light becomes available 

again, because individually such mutations would be useless. 

 

  1.5.2.3. Cladogenesis and extinction 

 Diversity of life could originate from the common ancestor only via cladogeneses, 

spillitings of evolving lineages. However, extinctions of lineages also played a key role 

in shaping biodiversity. These two complementary processes can be described by a 

number of generalizations, three of which are considered here. 
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 A. Geographic isolation is not necessary for cladogenesis 

 Subdivision of a lineage into two parts by a spatial barrier automatically leads to 

cladogenesis (e. g., Fig. 1.1.2.7a), because these parts are bound to evolve independently. 

However, a lineage can split into two even without geographical isolation. With 

apomixis, this simply requires independent regulation of densities of the two parts of a 

once-whole lineage (Lenski). In contrast, cladogenesis without geographical isolation 

requires development of reproductive isolation, in the course of process called sympatric 

speciation (Chapter 2.6). A number of unambiguous cases of sympatric speciation have 

been described (e. g., Fig. 1.5.2.3a), but the overall role of the process in the generation 

of biodiversity remains unknown (Chapter 2.6). 

 

      

                  

Fig. 1.5.2.3a. Two closely related cichlid species, Amphilophus citrinellus and A. zaliosus 

are found in the lake Apoyo. These two species utilizes different resources are are 
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reproductively isolated in the wild. A. citrinellus is distributed widely, but A. zaliosus is 

confined to the lake Apoyo and almost certainly originated there from A. citrinellus 

~10,000 years ago. 

 

 Explanation for generalization 1.5.2.3A. The possibility of sympatric speciation 

demonstrates that in some cases cladogenesis is not just a by-product of physical 

separation, but is a result of natural selection. Theory of this process will be considered in 

Chapter 2.6. 

 

 B. Cladogenesis and extinction are very unfair processes 

 Phylogenetic trees reveal dramatically different successes of different species and 

clades (Section 1.3.2). For example, among a wide diversity of Paleozoic sarcopterigian 

fishes, one species gave rise to all tetrapods, another two evolved into modern lungfishes 

and coelacanths, and the rest went extinct. Cladogenesis can be triggered by availability 

of a new set of ecological niches, due either to changes in the environment or to 

aquisition of a new aragenesis or key innovation, although they may be hard to define 

prospectively. Extinctions are often triggered by drastic changes of global environment, 

which occurred independently of the evolution of life. A number of more subtle patterns, 

in cladogenesis and extinction have also been proposed. Some of them claim the 

existence of mechanisms regulating global and local (georgaphically or taxonomically) 

diversity. We can consider avarage rates of cladogenesis, disregarding subsequent 

extinctions, for evolving lineages in different taxa. How different are these rates? Losos 

and Levchenko. This generalization must be revised. 

 Explanation for generalization 1.5.2.3B. Patterns in cladogenesis and extinction is  

a contentuous issue. Many fine points remain debatable, and the causes are obscure. 

Randomness should be regarded as null hypothesis, capable of producing very 

unbalanced trees. Clade selection has been proposed repeatedly. Two mechanisms - 

different niches of different clades leading to different diversifications (if the number of 

species characterizes success of a clade) or direct competition (predation?). Would be 

enough for evolution, is macromutaions were possible. However, because a new clade 

must appear gradually, clade selection is only a negative force (Schmalhausen). Can we 
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say that the clade that diversified faster has a selective advantage? Is it true that species 

from a more numerous clade are more advanced (derived?). 

 

 C. Overall diversity of life fluctuates, with the long-term tendency to grow 

 Overally diversity of life increased with time, although this process was by no 

means uniform, due to rapid mass extinctions, followed by much slower recoveries (Fig. 

1.3.2.8b). Markov's analyses. 

 Explanation for generalization 1.5.2.3C. The key role in fluctuations of the 

overall diversity of life is played by global changes of the environment which led to 

extinctions (Section 1.3.2.8). Because at the beginning diversity of life was necessarily 

low, it was bound to increase for some time; however, it is not clear why this trend is 

ongoing for over 3,500 My. 

 

  1.5.2.4. Independent anageneses 

 Watching anagenesis of cladogenesis of a single lineage is informative, but 

comparing courses of evolution in different lineages sheds extra light on the process of 

evolution. Let us start from considering multiple lineages that evolve independenly, 

without directly influencing each other. Two generalizations concerned with independent 

anageneses will be concidered. 

 

 A. Evolution is mostly divergent, but homoplasy is sometimes common 

 This generalization is applicable to all levels, although at the level of sequences 

some clarifications are needed. When two initially identical DNA sequences start 

evolving independently, their evolution is overwhelmingly divergent, and the fraction of 

parallel changes is small. However, the role of homoplasy increases with dissimilarity of 

diverging sequences, and eventually the rates of divergent and convergent nucleotides 

substituions become equal (for simplicity, let us ignore deletions and insertions). At this 

point, it is said that divergent evolution reached saturation, as no further decline of 

similarity occurs. In the case of selectively neutral sequences with equal frequencies of 

all 4 nucleotides, this happens when the distance between the sequences (the fraction of 

mismatches) reaches 0.75 (Fig. 1.5.2.4a; Chapter 3.1). In this case, it takes ~100-300 

million of generations of independent evolution to approach saturation. In contrast, 
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divergence of functional DNA segments, although it reaches saturation at distances much 

lower than 0.75, often occurs much slower, perhaps due to epistasis (Section 1.5.1.2). 

Independent evolution of many conservative proteins which is ongoing since LUCA is 

still primarily divergent (ADD TO SCENARIO-BASED EVIDENCE). 

 

 

Fig. 1.5.2.4a. Dynamics of divergence between two selectively neutral segments of DNA 

with equal frequencies of all 4 nucleotides. 

 

 At the higher levels, the role of homoplasy is never comparable to that of 

divergent evolution, because there is no limit to divergence of phenotypes. In this case, 

more similar phenotypes are more prone to homoplasy, because in dissimilar phenotypes 

even the identities of traits can be different. Examples? Obvioulsy, rarity of parallel and 

convergent evolution of different lineages it related to rarity of reversal evolution of one 

lineage. 

 Still, homoplasy is by no means uncommon. At the level of sequences, parallel 

nonsynonymous substitutions occur at an elevated rate. If at a particular site a particular 

amino acid replacement occurred in one evolutionary path (say, the one connecting 

mouse and rat), the same replacement occurs independently in another path (say, the one 

connecting human and macaca) at a rate that is several times higher that the average rate 

of amino acid replacements, and only slightly below that of synonymous substitutions. 

However, sequence homoplasy is mostly limited to changes at individual sites. Long 

homoplasious trajectoris are an exception in sequence evolution, although several 
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examples are known. Wilson (RNAse in leaf-eating monkey), Zhang (echolocation in 

bats and dolphins).  

 At higher levels, homoplasy in the evolution of similar lineages may present a 

problem for reconstructing the course of evolution. For example, without direct fossil 

evidence it would be impossible to find out that the common ancestor of humans and 

chimpanzees had relatively small teeth, due to subsequent parallel increase in teeth size 

in chimpanzee and human lineage. Homoplasy at the level of phenotypes may be due to 

divergent evolution of genotypes (Fig. I50). In contrast, superficial homoplasies that 

involve more distant phenotypes do not lead to phylogenetic confusions (Fig. 1.5.2.4b). 

Comparison of cells in different clades of multicellular organisms often reveal striking 

instances of parallelism. Excretory functions, epythelia, neural systems (Zavarzin). 

Independent transitions to multicellularity had a lot in common. Ghilarov - terrestrial 

adaptations - less convergence than in cells?  Bilateral symmetry in flowers. No crossing-

over in heterogametic sex, sex chromosomes, heterospory. 

 

 

Fig. 1.5.2.4b. Convergent evolution of morphology of vertebrate and cephalopod eyes. 

 

 Still, homoplasies of distant phenotypes are common enough, and several patterns 

in them have been recognized: 

 

1) Cope's rule: Body size often increases in the course of evolution (e. g., Fig. 1.5.2.4c).  

Is this an artifact, or the trend is counterbalanced by extinction of large organisms? 

Larger animals are apparently more prone to extinction. 
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Fig. 1.5.2.4c. Body size plotted against time, for species of Borophaginae (a clade of 

extinct carnivors). 

 

2) Island dwarfism: populations that evolve on islands often are characterized by reduced 

body size (e. g., Fig. 1.5.2.4d). Homo floresiensis appears to be a salient example of this 

tendency. 

 

 

Fig. 1.5.2.4d. Examples of island dwarfism: (left) Pygmy Mammoth (Mammuthus exillis) 

was a dwarfed descendant of full-sized mammoths that lived on Santa Rosae island off 

the coast of California. (center) Wrangel island, the range of another dwarfed mammonth 

population, which went extinct only ~3,500 ya. (right). Skeleton of a Cretan dwarf 

elephant.  

 

3) Bergmann's rule. Populations and species of animals that live in colder climates 

usually have larger bodies (Science 306, 101, 2004; PNAS 103, 1347, 2006). 
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4) Allen's rule: Populations and species of mammals that live in colder climates usually 

have shorter limbs and ears. 

 

 Explanation for generalization 1.5.2.4A. Apparently, homoplasy is rare due to two 

reasons. First, the spaces of long sequences and complex phenotypes are huge. This is 

enough to exclude homoplasy in the case of selectively neutral evolution, because 

random coincidence of independent evolutionary trajectories is too improbable. Second, 

even when selection makes a majority of possible combinations of traits unacceptable, 

fitness landscapes are usually still complex, and include may peaks and/or ridges of high-

fitness phenotypes. Thus, two independently evolving lineage may respond differently 

when faced with the same challenge. Homoplasy mostly appears when phenotypes and 

fitness landscapes are simple, so that there is only one way of adapting to some 

environment. 

 

 B. Independent anageneses eventually lead to disconnection and speciation 

 This generalization follows from generalizations 1.5.2.1B and 1.5.2.4A: as long 

as different enough genotypes are disconnected and imcompatible and independent 

anageneses are mostly divergent, they are bound to lead eventually to disconnection and 

speciation. Thus, the only issue here is quantitative: the time that is required for the 

origin of discrete and/or incompatible forms of life can vary widely. Apparently, the most 

ancient cases of wide continuous variation are no older than ~1 My (?). The time required 

for the evolution of incompatibility of independently evolving lineages, known as 

allopatric speciation (Chapter 2.6) can be as short as hundreds of generations (and years) 

and a long as >40 My (Fig. 1.5.2.4e). Still, eventually allopatric speciation must always 

occur (Fig. 1.1.2.7a). In fact,  incompatibility also must always evolve eventually 

between the current state of a lineage and its initial state (phyletic speciation, Chapter 

2.6), but this phenomenon is difficult to study, because the genotypes to compare live at 

different times. 
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Fig. 1.5.2.4e. Incomaptibility as a result of independent evolution. (top) Platanus 

orientalis (left), living in Asia, and P. occidentalis (right), living in North America, 

diverged from MRCS ~40 mya, but still produce vigorous, fertile hybrids ("London 

plane", center). (bottom) Alfalfa (left) and clower (right) races of an aphid Acyrthosiphon 

pisum are reproductively isolated to a substantial degree, although they diverged no more 

that 300 years ago, after this species was introduced to North America. 

 

 Explanation for generalization 1.5.2.4B. Generalizations 1.5.2.1B and 1.5.2.4A 

make the current one inavoidable. Quantitaively, the onset of disconnectedness is delayed 

if evolution is accompanied by expansion of the range, so that intermediate forms may 

survive without changing much in their original locations. The rate of acquisition of 

incompatibility, in terms of astronomical time, obviously depends on generation time. 

However, different environments of the two lineages, leading to diffenr selective 

pressures, also may facilitate the onset of incompatibility. 

 

  1.5.2.5. Coevolution 

 Coevolution refers to situations when two or more lineages influence each other 

directly in the course of their evolution, due to tight ecological interactions. Coevolution 

proveides some of the most fascinating examples of power of natural selection. Let us 

consider two generalizations concerned with coevolution. 
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 A. Lineages often coevolve for a very long time 

 Some ecological associations of all kinds, mutualistic, commensalist, and prey-

predator or parasitic, are ancient, up to hundreds of million years old. Examples of such 

associations are figs and fig wasps (Fig. 1.5.2.5a), aphids and plants, leaf miners and 

plants, fungi and ants, lichens, mycorrhyzae, Wolbachia and insects, etc. An ecological 

association between lineages may persist through numerous cladogeneses, often leading 

to congruent phylogenies of coevolving organisms (Fig. 1.1.2.5c). This phenomenon is 

referred to as cospeciation. Ocassionally, switches can occur in such cases ("cross-

overs"). 

 

                     

Fig. 1.5.2.5a. Figs and fig wasps coevolve and cospeciate for over 60 My. 

 

 Explanation for generalization 1.5.2.5A. A persistent ecological interaction must 

be too important for its participants to abandon it. 

 

 B. Organisms can imitate each other in order to avoid been eaten 

 This special kind of homoplasy, caused by coevolution, is called mimicry. 

Mimicry provides some of the most spectacular examples of the power of natural 

selection. Two kinds of mimicry can be distinguished: 
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1) Batesian mimicry: an unprotected species mimics an unpalatable or dangerous species 

(Fig. 1.5.2.5b). 

 

             

Fig. 1.5.2.5b. Batesian mimicry. (left) Palatable viceroy Liminitis archippus (top) mimics 

inpalatable monarch Danaus plexippus (bottom). (right) Non-venomous scarlet kingsnake 

Lampropeltis triangulum (top) mimics deadly coral snake Micruroides euryxanthus 

(bottom). 

 

2) Mullerian mimicry: different unpalatable or dangerous species resemble each other 

(Fig. 1.5.2.5c). 
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Fig. 1.5.2.5c. Mullerian mimicry. Heliconius erato (top) and H. melpomene (bottom), a 

pair of unpalatable Mullerian mimics from different areas of Equador and Northern Peru. 

Within any locality, the two species are extremely accurate mimics of each other, but 

there are major differences in color patterns between localities. 

 

 Explanation for generalization 1.5.2.5B. A benefint of Batesian mimicry to the 

unprotected species is obvious. Mullerian mimicry allows a predator to learn from its 

mistakes faster, thus benefiting both protected species. Often mimicry involves very 

precise convergence of colorations, indicating that predators are capable to recognize 

even small differences. Other forms of protective coloration, cryptic and aposematic are 

considered in Chapter 3.4. 

 

  1.5.2.6. Diversity in space 

 Diversity of life is greatly enhanced by its geographical component Sections 

1.1.1.7, 1.1.2.5, 1.1.2.6, and 1.3.3.2). One reason for this is that environments at different 

locations can be drastically different, and no species can be, at the same time, adapted to, 

say, deserts and tundras. However, many key aspects of biodiversity in space cannot be 

explained through adaptation to the current environments alone and, instead, require 

evolutionary explanations. Two generalizations will be considered here. 

 

 A. Limited dispersal strongly affects ranges of species 

 Species that can disperse easily occupy wide ranges which include all suitable 

habitats. In contrast, as it is demonstrated by countless cases of successful invasions, 

ranges of species with low capabilities to disperse are constrained by their evolutionary 

histories, and remain confined to the place of origin of the species and the adjacent areas 

that the species can reach. Birds have huge ranges? Wallace lines? Birds vs. mammals on 

the opposite sides of the Grand Canion? Snails? 

 Explanation for generalization 1.5.2.6A.  Obvious. 

 

  

 

 B. Independent evolution at different localities is often parallel 
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 Evolution of species which belong to clades with only limited ability to disperse 

can be rather independent in different parts of the world. Often, such evolution involves a 

lot of homoplasious changes (Fig. 1.5.2.6a). See Panchen on generalizations for spatial 

aspects of divergence. Striking patterns are provided by local diversifications. Splendid 

isolation. Mina's book. 

 

 

Fig. 1.5.2.6a. Parallele adaptive radiations of marsupials and placentals, 

 

 Explanation for generalization 1.5.2.6B. Apparently, similar niches often require 

similar adaptations, at least from initially similar organisms. 
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 Section 1.5.3. Generalizations concerned with adaptation and complexity 

 Complexity is the second key property of life. Understanding the origin of 

compex adaptations is the ultimate goal for evolutionary biology, and a progress, 

however limited, achieved towards this goal so far is almost exclusively due to 

generalizations emerging from data on past evolution. From the genetic perspective, 

positive selection is usually uncommon, and a small number of changes in both protein-

coding and non-coding sequences can lead to substantial adaptive changes of functional 

phenotypes. From the phenotypic perspective, some adaptations are much more 

conservative and general than other, and functional phenotypes have modular 

organization. Origin of novel adaptations is generally opportunistic, utilizing pre-existing 

adaptations and/or duplicated genes, although de novo origin of non-coding functional 

DNA segments is also common. Simple phenotypes can be optimal, but complex 

phenotypes probably almost never correspond to the highest fitness peaks, and at least 

two genetic mechanisms can move genotypes away from the top of any peak. Complex 

adaptations evolve through adaptive intermediates, and the general tend is for complexity 

to increase, although a complex adaptation  may also be lost rapidly, when selection 

which favors it disappears. 

 

  1.5.3.1. Genetical aspects of adaptive evolution 

 Although adaptations are properties of functioning phenotypes, adaptive 

evolution, as well as any other evolution, proceeds through changes of genomes. At the 

level of sequences, the mechanism of adaptive evolution are allele replacements driven 

by positive, or Darwinian, selection, which favors an initially rare allele (Section 2.4.1). 

Two generalizations concerned with positive selection at the level of sequences are 

particularly important.  

 

 A. The sequence target for strong positive selection is small at any moment 

 How many different changes in a typical genotype can increase its fitness? The 

exact answer to this quesion remains unknown. However, if we consider only simple 

changes which can be realistically supplied by mutation, such as single-nucleotide 

substitutions, insertions, and deletions (Section 2.3.1), the number of those changes 

which are potentially adaptive at any particular moment of time is small. This number is 
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definitely much  lower than the number of changes that reduce fitness. In other words, at 

the sequence level, the target for positive selection is much smaller than the target for 

negative selection. 

 This generalization emerges from data on positive selection (Sections 2.4.4 and 

2.5.1). Simplistically, common positive selection must lead to accelerated evolution, 

because a site which represents a target for positive selection (i. e., where a mutation can 

be advantageous) will undergo the corresponding allele replacement fast. However, such 

evolution is observed only very rarely. Many protein-coding genes do not display any 

signs of positive selection, and those that do this at a large fraction of their sites are rare. 

Many genes that are under pervasive positive selection are involved in the process of 

reproduction or in pathogen-host interactions (Fig. 1.5.3.1a). 

 

 

Fig. 1.5.3.1a. Sites that recently underwent adaptive allele replacements are painted red 

in a primate seminal protein Kallikrein 2 and in the HIV-1 protein gp120. Usually, a 

fraction of such sites is much lower. 

 

 Sites under positive selection are also uncommon within non-coding functional 

sequences. Assuming that an adaptive allele replacement occurs in a lineage avery 100 
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generations, and that the time interval from the moment when positive selection begins 

operating on a site to the moment when the corresponding allele replacement is 

accomplished (and the positive selection become negative) is 10000-100000 generations 

(the waiting time is longer in a small population, Section 2.4.1), we can conclusde that, at 

any given moment of time, a rare (or even a currently absent) allele would be 

advantageous only at 100-1000 sites in the genome. Perhaps, the target for very weak 

positive selection is larger. 

 Of course, this apparently paradoxical generalization is just another side of the 

generalization 1.5.1.1C, which states that more functionally important genome segments 

evolve slower. Indeed, widespread positive selection would lead to accelerated, instead of 

decelerated, evolution of functional genome segments, relative to those that are junk. 

However, such acceleration is very rare. 

 Explanation for generalization 1.5.3.1A. Scarsity of targets for positive selection 

is to be expected due to at least two simple considerations. First, if too many sites of a 

genotype need substantial improvements, the corresponding phenotypes would not be 

viable. Second, if an improvement is needed at a site, the corresponding adaptive allele 

replacement will eventually occur, and at any moment the target for postive selection 

exists only due to a lag in the response of the lineage to changes in the adaptive 

landscape. 

 

 B. A number of allele replacement involved in an adaptation may be small 

 An adaptive shift in functioning of a molecule can often be due to a small number 

of replacements (herbivorous monkey, ultraviolet vision, etc.), and the genetic response 

to a particular change of selection often affects only a small fraction of sites which are 

directly relevant to the affected adaptation. For example, an adaptive shift in pollinator 

preference may be initiated by a single major mutation (NATURE 426, 176, 2003). Also, 

NATURE 429, 754, 2004. PNAS 97, 7366, 2000. How many changes made apes human? 

Host races? Rapid ecological transitions? Orr? Echolocation? 

 How general is this generalization? Indeed, even simple changes of phenotypes 

often require a complex genetic changes basis. Correlated evolution - giraffe's neck. 

Counterexamples - gene-to-gene evolution? Epistasis? How many (properly defined) 

traits are directly responsible for adaptation vs. being just correlated, and what do these 
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words mean? Spandrels - often it is hard (and impossible?) to separate primary and 

"secondary" targets of selection. TREE 15, 66, 2000. Through how many channels do 

phenotypes communicate with the environment?  Perhaps, such questions are more 

physiological than evolutionary. Put "adaptive explanations" and "comparative method" 

here?  

 Explanation for generalization 1.5.3.1B. Apparently, even some of genetic 

changes that make large impacts on the phenotype are beneficial - it is unclear why. 

Serious theory - extreme value distribution: later. 

 

  1.5.3.2. Phenotypic aspects of adaptive evolution 

 Let us now consider adaptations directly. Indeed, positive selection-driven allele 

replacements at the sequence level are only a dim reflection of very complex processes 

that occur at higher levels. Although our understanding of these processes is still 

rudimentary, some useful generalizations can be formulated. Let us consider two of them. 

 

 A. Adaptations vary widely in their generality and conservatism 

 Some adaptations increase fitness under a wide variety of conditions, and others 

are useful only under very specific environments (Fig. 1.5.3.2a). Widely useful 

adaptations are more conservative, and can be retained by large clades of the Tree of 

Life. In contrast, specific adaptations are often confined to individual species. 
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Fig. 1.5.3.2a. Heart is an adaptation that is apparently necessary for any large mobile 

organism, regardless of its environment. In contrast, the coloration of viceroy (bottom) is 

adaptive only when its model, monarch (top) is common. 

 

 The most general and conservative adaptations are encountered at the molecular 

level, where the fundamental mechanisms, as well as sequences of many conservative 

molecules, are homologies which are common for all life, due to their invariance in the 

course of evolution since LUCA (Section 1.1.2.3). One extra example is genetic code, the 

correspondence between triplets and encoded amino acids, which is essentially the same 

in all life, with only slight variations (Fig. 1.5.3.2b). 

                  

Fig. 1.5.3.2b. The standard genetic code, found in most forms of life. 

 

 At the level of cells, a lipid bylaer membrane is also present in all life (although 

this may reflect unique optimality, which is unlikely to be the case for many universal 

molecular-level adaptations. However, other cellular adaptations, such as eukaryotic 
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nuclear membrane, ER, and endosymbiotic mitochondira, are only one step less 

conservative and certainly do not reflect unique optmality (Fig. 1.5.3.2c, mitochondria 

can be lost). 

 

                                  

Fig. 1.5.3.2c. General and conservative adaptations of a eukaryotic cell. 

 

 At the level of multicellular organisms adaptations cannot be that general and 

conservative, simply because true multicellularity evolved seven times independently 

(Chapter 1.3). Still, Hox genes regulate development in all animals (Chapter 1.3), and 

early (but not the earliest) stages of the development of vertebrate, in particular, the 

pharyngula stage, are very conservative. At the pharyngula stage, all vertebrates have 

notochord, dorsal hollow nerve cord,  post-anal tail, and a series of paired branchial 

grooves, matched on the inside by a series of paired gill pouches (Fig. 1.5.3.2d; Chapter 

1.1). The pattern is known since XIX centry, as Von Baer's law. Double fertilization? 

 

 



 

59 
 

                                             

Fig. 1.5.3.2d. Conservatism of early stages of the development of mammals. 

 

 Of course, the diversity of life provides countless examples of very specific 

adaptations that rapidly evolve at all levels, due to difference between environments of 

all species. Conotoxins and African cichlids. 

 It is often stated that specialized adaptations often result in evolutionary dead-

ends, in the sense that they prevent subsequent evolution of other adaptations. Specific 

and specialized adaptations – how related are these concepts? Let us assume that we can 

define specialization sensibly, as possession of many adaptations which are good only 

under a particular environment. Then, the organism with specialized adaptations will 

allegedly never change profoundly and will eventually go extinct. A commonly accepted 

evolutionary principle is that adaptive change constrains the potential directions of future 

evolutionary change (NATURE 428, 847, 2004; SCIENCE 302, 2107, 2003). 

Counterexample - metabolism of leaf beetles (PNAS 98, 3909, 2001). 

 Explanation for generalization 1.5.3.2A. Different degrees of generality of an 

adaptation is not really an evolutionary phenomenon (it is dictated by the environment), 

but different levels of conservatism certainly is. An adaptation can be conservative due to 

two reasons – its optimality and the difficulty of altering it (geometrically – the height 

and the degree of isolation of the corresponding fintess peak, Chapter 1.1). Some 
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conservative adaptations, like lipid membrane or heart, are probably uniquely optimal. 

Sometimes, only a general layout may be optimal, but not particular adaptation – 

homeotic genes. In contrast, genetic code and pharyngula are not optimal (?), but, insead 

are probably preserved mostly as "frozen accidents". Indeed, a substantial change of the 

genetic code in a full-fledged cell would alter so many proteins that it must be lethal 

(code mostly varies in small genomes). Perhaps, early stage of development are less 

evolvable that later stages due to the same reason (Severtsov – anabolies and deviations). 

 Two other reasons for differnt levels of conservatism? The first one is ecological: 

some adaptation open up the whole new set of diverse possibilities (flight) while others 

are good only under a very specific environment (mimicry). The second one is related but 

physiological - some adaptations are generally usefull for an organism (gills) and others 

affect only its small part. Adaptations of these two kinds are called arageneses (key 

innovations - PNAS 99, 5498, 2002) and idioadaptations, respectively. Arageneses and 

idioadaptations – can we say that a general adaptation is also "better"? Dead-ends due to 

specialized adaptations - specific environments may be unable to change slowly - they 

just eventually disappear. Do we believe this? 

 

 B. Complex adaptations are modular 

 A complex entity is modular if it consists of a number of parts, internally 

integrated but interacting only weakly with each other. Modularity is responsible for the 

very existence of levels of organization. However, within-level modularity is also 

important, because complex adaptations are modular at all levels. 

 At the molecular level, most of functional segments of DNA, RNAs, and proteins 

are highly specialized. Mostly, different functional DNA segments do not overlap, which 

is true both for TFBSs and units of encoding. There are some exceptions, in bacteria and 

in mitochondrial genomes, but mostly overlaps are rare and small. This is not so in 

viruses, however. DNA, functions at different levels are much less severely constrained 

and might overlap (e.g., protein-coding sequences might also be involved in chromatin 

structure/dynamics). Multiple codes/messages – Trifonov. Sanskrit poetry. Advanced 

programming also avoids overlaps. 

 An RNA or a protein molecule also usually performs just one or a small number 

of tightly related functions. Exceptions - virus genes, nucleosomes. This pattern is reflect 
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in an old, and somehow oversimplified, paradigm "one gene, one enzyme, one reaction". 

Modularity of molecular function is not due to any unsurmontable physical constraints. 

Indeed, it is possible to alter an enzyme in such a way that it acquires extra, promiscuous, 

functions without impairing its main function (Aharoni). Thus, it seems evolution tends 

to produce separate molecules for separate functions even polyfunctional molecules are 

feasible. DOMAINS WITHIN MOLECULES  - PRIVALOV. GENE SHARING - one 

molecule performing different functions - is reasonably common. Of course, one 

molecular function can have an large number of diverse implications for the cell - as it is 

the case, for example, for a TP53 protein which binds DNA and regulates transcription of 

a large number of genes. 

  At the level of cells, networks of interacting genes, proteins, or reactions are 

modular: interactions between some components are tight and other interactions are 

loose. For example, the genome of budding yeast Saccharomyces cerevisiae (a 

secondarily unicellular organism) encodes ~7,000 proteins. Within the cell, they form 

~700 different complexes of physically interacting proteins. Such complexes are 

modules, but this is not the whole story. Often, a protein can participate in several 

complexes. Some proteins always stick together and form "cores". Other proteins form 

"submodules" that can attach to different cores. Each core defines a family of related 

complexes (isoforms), which differ from each other by the attached submodules. The 

number of protein-complex cores is small compared to the many cellular processes 

mediated by them, and shuffling functional submodules provides an efficient means to 

multiply functionality and simplify temporal and spatial regulation. 

 Modularity of multicellular organisms is obvious, and is reflected by existence of 

highly differentiated tissues and organs. At all levels, different components of a 

phenotype can evolve more indipendently than parts of the same component. This 

phenomenon, referred to as mosaic evolution, contradicts the notion of integration 

(observed within functional units). Example - mammalian brain NATURE 405, 1055-

1058, 2000. Even development coupling can be overcomed NATURE 416, 844, 2002. 

Still, this is not always the case - for example, most aspects of tooth shape have the 

developmental potential for correlated changes during evolution which may, if not taken 

into account, obscure phylogenetic history (NATURE 432, 211, 2004). 
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 Explanation for generalization 1.5.3.2B. Are modular adaptations pervasive due 

to their optimality or their designability? It is not clear why the best possible phenotype 

must be modular. In contrast, a higher designability of modualr adaptations is very 

plausible: modularity naturally allows for some degree of independence of evolution of 

different parts. However, more firm conclusions will be possible only on the basis of a 

better theoretical understanding of the evolution of complex phenotypes (Chapter 3.2). 

 

  1.5.3.3. Origin of novelties 

 Evolution of phenotypes occasionally involve origin of truly novel adaptations, 

which open new possibilities for an organism. The origin of adaptive novelties deserves 

special attention. Let us consider two generalizations on this subject. 

 

 A. Origin of novelties is opportunistic and can occur fast 

 We have already seen (generalization 1.5.1.1B) that novel long DNA segments, 

both junk and functional, appear from pre-existing DNA, i. e., opportunistically, simply 

due to inability of mutation to produce long sequences de novo. A novel functional 

sequence segment can appear in three ways: i) due to acquisition of function by a pre-

existing junk sequence, ii) due to a radical change of function of a functional sequence, 

and iii) due to acquisition of a novel functional DNA segment whuch later evolves a 

novel function. Novel protein-coding genes mostly appear by mechanism iii), referred to 

as gene duplication. Often, functions of paralogous genes produced by gene duplication 

are not too different, as it is the case, for example, for alpha- and beta-globins. However, 

occasionally a duplication is followed by a radical change of function. As a result, similar 

proteins can perform very different function (Fig. 1.2.2.4i, j). PNAS 98, 5671, 2001. 

PNAS 102, 11373, 2005. A surprisingly small number of changes can be enough for a 

radical change of function, and these changes can be accumulated fast. 

 Short segments of protein-coding genes are recruited from non-coding sequences 

quite often (Gelfand, alternative splicing, TEs - PNAS 101, 16825, 2004; PNAS 103, 

1798, 2006). In contrast, complete protein-genes only rarely appear in this way, either 

from junk or from functional non-coding sequences (Hsiao-Pei). Alternatively, a gene 

that encodes a protein with a novel function can evolve from a gene that encoded a 

protein with a different function, either through abandonment of this old function or 
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through an acquisition of an extra function (Aharoni - PNAS 99, 6085, 2002). Some 

changes of function of a gene in the course of evolution are common. As a result, 

orthologs often do not do exactly the same things in distant organisms - Hox, Myc, 

something unicellular - and are not necessarily express in homologous organs (SCIENCE 

296, 1316, 2002). Imperfect mouse models of human diseases show that some differences 

exist even between similar organisms. Still, gene duplication with a subsequent change of 

function appears to be the most common mechanism of evolution of proteins with truly 

novel functions. 

 Similar patterns are observed at the level of phenotypes. What about cells? Novel 

functional phenotypes at the level of multicellular organisms often evolve through 

acquisition of new functions by the preexisting parts, which became recruited for 

adaptation to a new environment (exaptation). Examples are feathers of flightless 

dinosaurs, which probably first evolved for thermoregulation but became recruited for 

flight in birds (Fig. 1.3.2.7c), upper left incisor tooth which evolved into 2-3 m long tusk 

in male narwhal whales (Fig. 1.5.3.3a), and a wide variety of adaptation for attracting 

pollinators in flowering plants, different from ordinary petals (Fig. 1.5.3.3b). 

Ear ossicles? 

 

                  

Fig. 1.5.3.3a. Narwhals, Monodon monoceros. 
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Fig. 1.5.3.3b. Unusual adaptations for attraction pollinators in flowering plants. Bracts 

(modified leafs) in poinsettia Euphorbia pulcherrima and kousa dogwood Cornus kousa, 

staments of silk tree Albizia julibrissin, and an inflorescence with an outer ring of sterile 

showy flowers in cranberrybush Viburnum opulus. 

 

 A process analogous to gene duplication also plays a role in the origin of 

novelties in multicallular organisms. This process is called metamerisation and involves 

origin of many similar segments of the body, which may later become divergent (Fig. 

1.5.3.3c). Duplications of Hox genes played a major role in metamerization in aminals 

(Fig. 1.3.1.4k). Dogel's polymerization. Does everybody contain duplicated segments? 

Subsequent divergence. Oligomerization? 
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Fig. 1.5.3.3c. Metameric segments in Nereis succinea (Polycheta, Spiralia) and Artemia 

salina (Crustacea, Ecdysozoa). 

 

 Perhaps due to this opportunism, novelties can evolve remarkably fast. For 

example, uully terrestrial amphibians evolved from sarcopterygian fishes in ~20 My (Fig. 

1.2.3.3c), fully aquatic mammals evolved from terrestrial ancestors even faster (Fig. 

1.5.3.3d), and human evolved from apes in ~5 My. Is evolution endless? No new 

multicellular clades since 1,200 My ago. 

 

                

Fig. 1.5.3.3d. The origin of whales from a hippopotamus-like ancestor took only ~15My. 
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 Explanation for generalization 1.5.3.3A. Is seems very likely that opportunistic 

origin of novelties is common because it increases their designability. In particular, an 

origin of a meaningful protein-coding sequence from scrath is very unlikely. It is easier 

to radically alter the function of a pre-existing protein than to create a novel one 

(phylogenetic inertia due to what is duplicated?): there may be an initial target for 

positive selection. Naturally, a designable adaptation can evolve faster, because a shorter 

trajectory is required. However, all this is rather fuzzy. 

 

 B. Noncoding functional DNA segments often appear de novo 

 Evolution of both coding and non-coding sequences is important for adaptation 

(Fig. 1.5.3.3e). While the new protein-coding genes almost always appear 

opportunistically from pre-existing protein-coding genes, non-coding functional DNA 

segments represent an exception from the previous generalization, which is important 

enough to merit a special generalization. What about small-RNA genes? piRNAs - no. 

 

 

Fig. 1.5.3.3e. An example of adaptation through evolution of a non-coding sequence. In 

human ancestors, as we as in many modern human populations, adults cannot digest 

lactose, because production of the necessary enzyme, lactase, ceases in early childhood. 

The ability of adults to produce lactase evolved independently in Northern Europe due to 

a T>C nucleotide substitution at site -13910 from the start of transcription of the lactase-

encoding gene LCT, and in Africa due to a G>C substitution at site -14010. 

 

 At least mechanisms can lead to de novo origin of a functional non-coding DNA 

segment. First, a short segment, such as a binding site of a transcription factor, can 

appear randomly in a sequence that is either functionless of performs some other 
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function. As a result, transciption factor binding sites are quite flexible, and comparison 

of enev tightly related species often reveal their turnover (Fig. 1.5.3.3f). What about 

introns (PNAS 99, 8121, 2002; PNAS 101, 11362, 2004)? 

 

 

Fig. 1.5.3.3f. Alignments of orthologous segments of genomes of four closely related 

species of Drosophila: D. melanogaster, D. simulans, D. yakuba, and D. erecta. Binding 

sites of a transcription factor Zeste are shown by boxes, and the different locations 

indicate their gains and losses. 

 

 Second, novel functional non-coding sequences can appear with newly inserted 

DNA segments, such as TEs. Indeed, TEs and other junk sequences regularly become 

domesticated, in the sense that they start performing functions for the host, lose the 

ability to duplicate themselves, and become integral parts of the host genome (even 

exones!). In this case, a functional non-coding sequence may originate from a segment 

that performed some different function for a TE. Paradoxically, this sourse of new 

functional segments is available only when selection against undomesticated TEs is not 

very efficient. Evolutionary implications of this phenomenon are not perfectly clear 

(Chapter 3.1). 

 Easy origin of new relatively short non-coding functional sequences make their 

acquisition an important mechanism of adaptive evolution. Indeed, the number of 

protein-coding genes is divorced from the complexity of the organism (generalization 

1.5.1.1A). Even transition to  muticellularity was based on pre-existing genes (Koonin, 

SCIENCE 301, 361, 2003; CNS - PNAS 100, 7666, 2003). Not a single novel gene 

appeared in the last 5 million years in the human lineage, while our brain size tripled 

(PNAS 100, 2507, 2003). PNAS 102, 5779, 2005 - Physalis. SCIENCE 298, 1018, 2002 - 

fish placenta. NATURE 424, 1061, 2003 - cephalopod Hox genes. 

 Explanation for generalization 1.5.3.3B. Many functional non-coding segments 

are short, and thus, easily designable, in contrast to protein-coding genes. Indeed, a 
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marginally functional site of length 6-10 nucleotides can appear even randomly in a 

segment of junk DNA, and then be edited by selection. Thus, opportunistic evolution 

increases complexity by creating new sites, instead of waiting for new genes. 

 

  1.5.3.4. Optimality of the outcomes of evolution 

 So far, we emphasized designability of adaptation, which is inavoidable, because 

we consider their evolutionary origin. However, we still need to know whether adaptive 

evolution does its job perfectly. Although no definite answers are available, the following 

theree generalizations seem to be plausible. 

 

 A. Simple phenotypes are often optimal 

 When a phenotype is relatively simple, in the sense that it can be described by a 

small number of parameters, it is often appears to be exactly optimal. An example, of 

such optimality is provided by the circulatory system. In this case, the theory of 

hydrodynamics makes it possible to calculate the optimal geometry of blood vessels, 

which minimizes the resistance to the flow of blood. In particular, when a parent vessel 

branches into several daughter vessels, the resistance is minimal when the sum of cubes 

of radii of the daughter vessels is equal the the cube of the radius of the parent vessel. 

Indeed, circulatory systems usually conform to this relationship, known as Murray's law 

(Fig. 1.5.3.4a). The angles at which daughter vessels branch off the parent vessel are also 

hydrodynamically optimal. Other examples of simple optimal phenotypes are hexagonal 

honeycombs, the clutch size in many birds, and 1:1 sex ratio (PNAS 100, 5867, 2003). 

May be even complex phenotypes are sometimes optimal - NATURE 420, 186, 2002. 
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Fig. 1.5.3.4a. Branching of blood vessels. If R is the radius of the parent vessel, and r1, r2, 

..., rn are radii of the daughter vessels, usually 
n

i

irR
1

33 . 

 

 Explanation for generalization 1.5.3.4A. We can expect gradual, greedy evolution 

by natural selection to produce optimal phenotypes if there is only one fitness peak on the 

fitness landscape, so that the whole space of phenotypes belongs to its basin of attraction. 

This is more likely when this space has a low number of dimensions. In other words, the 

optimal phenotype is fully designable in this case. Apparently, such situations may be 

possible even in high-dimension spaces, such as the space of body shapes, leading to 

unique optimality (Chapter 1.1), but they are almost certainly uncommon. 

 

 B. Perhaps, all complex adaptations are suboptimal 

 We have alredy seen that a particular function can be performed by very 

dissimilar molecules (Section 1.1.2.3). The same is true at other levels, and phenotypes 

that are analogous but not homologous or only partially homologous are ubiquitous. Such 

phenotypes are similar only to the extent dictated by their common function and, perhaps, 

their partial homology (Fig. 1.5.3.4b). In contrast to the situation considered inthe 

previous generalization, here adaptations, such as a molecule capable of catalyzing a 

particular reaction or a mrphological structure that can be used for flight, are very 

complex. It seems very likely that multiple solutions to a particular problem are almost 

always available within the space of complex enough phenotypes (Fig. 1.5.3.4c). 
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Fig. 1.5.3.4b. Flight in a pterosaur (reconstruction), a bird, a bat, and a mosquito. In the 

first three cases, the wings are partially homologous, due to homology of tetrapod 

forelimbs. In contrast, there is no morphological homology between wings of tetrapods 

and insects. 

 

 

Fig. 1.5.3.4c. Perhaps, fitness landscapes of complex adaptations are rugged, in the sense 

that, under any particular environment, they contain a large number of fitness peaks. 

 

 If, however, a fitness landscape shown in Fig. 1.5.3.4c reflects the reality, this 

means that (almost) every complex adaptation corresponds to the fitness peak which is 

not the highest one and, thus, is only suboptimal. This assertion is currently impossible to 

prove, because we cannot measure fitness quantitatively. Moreover, different peaks can 

be of almost the same height, so that the degree of suboptimality can be very slight (as in 
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discriminant functions). Still, this conclusion appears to be theoretically inavodable. 

Moreover, a lot of data impy suboptimality of complex adaptations (Section 1.1.2.2). 

 However, suboptimality should not be confused with trade-offs between different 

components of the phenotype. Indeed, allocating more resources on one component of 

the phenotype must be costly and must impair performance of other components. For 

example, in beetles, production
 
of horns reduces the size of neighboring morphological 

structures
, 
such as antennae, eyes, or wings (SCIENCE 291, 1534, 2001; Fig. 1.5.3.4d). 

Simple trade-offs are imposed by the laws of nature which natural selection cannot 

change, and even a uniquely optimal phenotype must involve optimal allocation of 

limited resources and, thus, must be subject to trade-offs. 

 

 

  

Fig. 1.5.3.4d. Horned beetles. 

 

 Every adaptation limits further possibilities for evolution, due to complexity of 

fitness landscapes. Canalization. Getting rid of specialization before arogenesis - 

neoteny? The lack of the necessary variability - just another way of saying the same 

thing? Gould - can we estimate suboptimality quantitatively? Anabolies and deviations. 

von Baer's Law - anabolies. Can we think of arageneses as tradeoff-free adaptations?  

 Explanation for generalization 1.5.3.4B. This generalization obviously reflects the 

most fundamental properties of fitness landscapes over spaces of complex phenotypes. 

Since these properties are known very poorly, all conclusions must be treated as 

tentative. Still, it is very likely that usually there is no one-to-one structure-function 

correspondence at the molecular, cellular, and organismla levels.Veryifying this assertion 

will be possible when we understand structure -> function maps better, so that new 
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molecules and, eventaully, cells and organisms, with desired properties could be 

constructed de novo. So far, the success here is limited (zink-finger?). 

 

 C. There are two pervasive reasons for easily improvable suboptimality 

 The previous generalization was concerned with suboptimality which is not easy 

to improve. However, a phenotype may also deviate from any fitness peak. We already 

considered one reason for transient easily improvable suboptimality, an insufficent time 

for reaching a fitness peak (Section 1.1.1.4). However, easily improvable suboptimality 

may be the permanent state of an adaptation, due to constant influx of deleterious 

mutations, which push the phenotype away from the nearest fitness peak. This 

phenomenon can occur in two substantially different forms. 

 First, deleterious alleles can be individually rare. This hapens when selection 

acting against each such allele is strong enough to prevent its fixation, so alleles are 

constantly produced by mutation and soon removed. A human being carries at least 1000 

protein-changing alleles in the genotype, each of which is deleterious enough to always 

be rare in the population (Chapter 2.2). The number of such non-coding alleles is 

probably even higher. 

 Second, very mildly deleterious allele can often reach fixation, since selection 

cannot remove them efficiently. Still, cumulatively, such alleles can have a major impact 

on fitness of the genome. According to some estimates, the human genome can carry 

millions of fixed deleterious alleles each of which impairs fitness by 0.00001 or less. 

Perhaps, fixations of such alleles can lead to eventual extinction of lineages represented 

by small populations, which may be a common occurrence in large-bodied animals 

(generalization 1.5.2.1A; Chapter 2.5). Of course, this phenomenon is hard to study, 

because we do not possess the perfect, mutation-free genotypes. Lynch'es mitochondria.  

 Explanation for generalization 1.5.3.4C. Some mutation-induced suboptimality is 

inavoidable, because most of non-neutral mutations are deleterious. Although 

geometrically such suboptimality can be classified as easily improvable, it cannot be 

really abolished, because mutation cannot be shut down. However, quantitative 

conclusions, including those about fixations of individual mutant alleles, depend on 

theory of Microevolution, to be developed in Chapter 2.4. 
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  1.5.3.5. Dynamics of complexity 

 Even the simplest among the known cells are incredibly complex and possess 

huge numbers of adaptations, so that we cannot trace the whole process of the evolution 

of complexity back to its root using the data on past life. Still, a lot of complex 

adaptations, in particular those at the level of multicelluar organisms, were not present in 

LUCA, making some generalizations possible. Three of them will be considered here. 

 

 A. Complex phenotypes evolve through adaptive intermediate states 

 This is a central premise of evolution of complex phenotypes (Fig. 1.5.3.5a). We 

do not have a proof that this was always the case, but there are many examples of 

seemingly irreducibly complex adaptations evolving gradually and adaptively are well-

documented. Hearing in primitive whales - NATURE 430, 776, 2004. Immune system - 

PNAS 102, 169, 2005. Helminth life cycles - NATURE 425, 480, 2003. Gradual origin of 

amphimixis. 

 

                               

Fig. 1.5.3.5a. Evolution of the human brain was certainly gradual, without any instand 

leaps. 

 Explanation for generalization 1.5.3.5A. Obviously, greedy evolution by natural 

selection can proceed only through adaptive intermediate states. Thus, origin of complex 
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adaptations must imply that they all of them are designable, although we still do not 

understand why this is the case. 

 

 B. The overall trend is for complexity to increase 

 Indeed, this trend is obvious if we consider the whole history of life, in the sense 

that compexity of the most complex forms of life available increases with time (Fig. 

1.5.3.5b). Thus, some evolutionary innovations (adaptations) must be "progressive" 

(arageneses?), in the sense that their increase complexity - but can we define  them? 

Autonomization? However, a lot of adaptations are neither progressive nor regressive - 

idioadaptations. 

 

 

Fig. 1.5.3.5b. The highest complexity available at a moment increases with time. 

 

 Explanation for generalization 1.5.3.5B. Since life was simple initially, the 

increase of  maximal complexity is  inavoidable. Also, many adaptations are bound to be 

complex. However, we do not know why human appeared that late. 

 

 C. Complexity can be rapidly lost 

 Compexity can not only increase or stay level, but also decline. This is always the 

case when natural selection stops supporting a complex adaptation which is no longer 

needed (Fig. 1.5.3.5c). Thus, from the evolutionary perspective, compexity is tightly 

linked to adaptation. There are at least two possible mechanism that lead to destruction of 

unnecessary adaptations. First, mutations that affect the corresponding parts of the 

genome, including those that destroy the adaptation, may accumulate randomly, without 
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any opposition from negative selection. Second, positive selection may favor adaptation-

destroying mutations, because carrying a redundant complex adaptation is costly and, 

thus, deleterious, due to trade-offs. Regressive evolution - Evolution  51, 1068, 1997. 

 

 

Fig. 1.5.3.5c. Examples of reductions of complexity. Mycobacterium leprae is in the 

middle of a massive genome degeneration. A parasitic plant Epifagus virginiana lost, like 

many other non-photosynthetic parasite, many key genes in its chloroplast genome. 

Astyanax mexicana, like many other cave animals, has degenerated eyes. A crustacean 

parasite of fishes Lemaea carassii has a profoundly simplified morphology. 

 

 Explanation for generalization 1.5.3.5C. This generalization is an another 

manifestation of the paramount importance of negative selection (generalization 

1.5.1.1C). As a corrolary, every complex phenotype, including every gene, must have a 

function and be protected by selection (at least, until very recently). The high rate of 

evolutionary degeneration of complex adaptations simply means that it is easier to 

demolish than to build. To what extent this process is facilitated by positive selection, we 

still do not know. 

 

  1.5.3.6. Was evolution a purely natural phenomenon? 

 Evolutionary origin of modern life has been proven beyond reasonable doubt, and 

any belief in its abrupt, recent, miraculous creation (Section 4.1.4.1) is untenable (Section 

1.1.2.7). Life evolved in space (on Earth) and in time (for over 3.5 billion years), in the 

full view of laws on nature. Nevertheless, one might wonder if this really was a purely 

natural process, especially when the most mysterious and the least understood facet of 

evolution, the origin of complex adaptations, is contemplated. 

 Indeed, various claims of direct involvement of some supernatural force in the 

origin of modern life (Section 4.1.4.1) are not refuted by the mere fact of past evolution. 

One might argue that pervasive imperfection of modern organisms (Section 1.1.2.2) is 
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inconsistent with divine management of their evolution. However, this is not a scientific 

argument, because natural sciences cannot really tell us what to expect when natural and 

supernatural interact. 

  Still, after past evolution of life has been proven, an assumption that this process 

was purely natural must be regarded as null-hypothesis, and Occam's razor implies that 

we need a compelling reason to reject it and to invoke any supernatural intervention 

(Section 1.1.1.2). Contrary to a variety of false pseudoscientific claims, it has never been 

demonstrated that a particular complex adaptation (e. g., an enzyme, eye, or amphimixis) 

could not evolve naturally. Indeed, such a claim would currently be impossible to prove 

even if it were true, due to very poor theoretical understanding of Macroevolution of 

complex phenotypes (Chapter 3.2). 

 Plausible heuristic arguments suggest that even the most complex phenotypes can 

evolve naturally (Chapters 1.3, 3.2, and 3.3). However, this conclusion is not definite. 

We are not yet able to demonstrate firmly that a bacterium, or even an ape, can be 

naturally transformed into a human in a reasonable amount of time and in such a way that 

all the intermediate forms are viable. "Sire, I have no conclusive evidence that I have a 

need for that hypothesis, and, perhaps, I do not need it, after all" - this is all a modern 

Laplace could reply if asked about overt involvement of God in the origin of complex 

phenotypes. 

 However, less fuzzy conclusions can be reached if we consider evolution at the 

level of genomes. Complex adaptations that evolved in the past, with or without a 

supernatural management, are naturally re-created every generation on the basis of 

information stored in genomes, in the course of individual development. In other words, 

evolution of genomes underlies evolution at all levels, and any supernatural management 

of the evolution of life must work through DNA sequences. Specifically, it must 

influence relatively simple processes of appearance and/or of fixation of new mutations, 

because evolution of genomes proceeds through allele replacements (Chapter 2.3). 

 Let us consider evolution of the human lineage after its divergence from the 

chimpanzee lineage ~7 Mya (Chapter 1.4). This short episode in the evolution of life is of 

unique scientific and philosphical interest, since it tripled the brain size and produced a 

set of qualities which define us as humans. From the point of view of any anthropocentric 
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religion, human-chimpanzee divergence seems to be the right place to look for imprints 

of a Divine intervention in evolution. 

 However, no such imprints are apparent from the comparison of human and 

chimpanzee genomes. These genomes are so similar that most of their differences can be 

clearly resolved into ~40 million individual events, each corresponding to a mutation 

fixed in one of the two diverging lineages (Chapter 1.4). Perhaps, the trace of a miracle 

written into a genome might be a new, functionally important DNA segment which 

cannot appear easily from the ancestral sequence, such as a protein-coding segment 

coming from nowhere  (Fig. 1.5.3.6a). No such traces have been found in the human, 

chimpanzee, or any other genome. 

 

Homo sapiens     nlpirqrtgillygpwsinnersrepentgtgktllagviaresrmnfi 

Pan troglodytes  nipirqrtgillygpw-------------gtgktllagvivresrmnfi 

Pongo pygmeus    nlpirqrtgillygpw-------------gtgktllagviaresrmnyi 

 

Fig. 1.5.3.6a. A conceivable trace of supernatural intervention into evolution at the 

sequence level. 

 

 By contrast, a vast majority of human-chimpanzee genomic differences are due to 

fixation of the most common simple mutations (Section 1.1.1.8), and a small number of 

large-scale differences are comfortably explained by natural processes, such as gene 

duplication. Human and chimpanzee lineages accumulated mutations at approximately 

the same overall rates with which they appear today, and the genomes of both lineages 

evolved in very similar ways. These patterns are in perfect agreement with the 

predictions of the current theory of genome evolution (Part 2 and Chapter 3.1). 

 Thus, the null hypothesis of purely natural evolution of the human genome must 

be kept, at least for the time being. To summarize, although we do not fully understand, 

and are not going to understand any time soon, the origin of complex adaptations, there 

are currently no reasons to believe that this process was not purely natural. Of course, a 

demonstration that evolutionary origin of extant life required some supernatural guidance 

would be the most monumental discovery ever made by natural sciences, but here the 

standard of proof must be high. 
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 History and perspectives 

 Generalizations, usually called laws or rules, were an important part of biology in 

the XIX century. Some of generalizations which, as we understand now, reflect patterns 

in evolution were proposed before 1859. Baer's law was proposed by the Russian 

biologist Karl Ernst Ritter von Baer in 1827, and Bergmann's rule was proposed by the 

German biologist Christian Bergmann in 1847. 

 However, publication of "The Origin of Species" greatly facilitated the search for 

evolutionary generalizations, and a number of them were proposed by Darwin himself. 

Cope's rule was proposed in 1871 by the American palaeontologist Edward Drinker 

Cope; Allen's rule was proposed by the American ornithologist Joel Asaph Allen in 1877; 

and Dollo's law was proposed by the Belgian paleontologist Louis Dollo in 1890. 

Batesian mimicry was described by the British naturalist Henry Walter Bates in 1862, 

and Mullerian mimicry was described by the German naturalist Fritz Müller in 1878. 

 In the first half of the XX century a variety of generalizations concerned with the 

evolution of multicellular organisms and their adaptations were derived by the Russian 

Zoologists Alexey Nikolaevich Severtsov and Ivan Ivanovich Schmalhausen. 

Generalizations concerned with evolution of sequences and molecules are of more recent 

origin. Even today, many generalizations, especially those concerned with adapataion 

and complexity, look like answers to questions which we cannot yet even ask properly. 

 Perspectives. Most of generalizations that summarize the data on past evolution 

have already been formulated. Thus, in the future the emphasis will shift toward theories 

that are capabel of explaining those generalizations that do not have obvious, proximal 

explanations. profound explanations - well, some generalizations do not need them. Still, 

generalizations will play the key role, guiding and stimulating the development of theory 

of Microevolution. 

 

 Schmalhausen – adaptive modifications (not his explanations). An epistatic 

ratchet constrains the direction of glucocorticoid receptor evolution – to Dollo's law. 

Science March 12 2010 - review of altruism and spite - green beards. 
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Nature 457, 549-550 (29 January 2009) Evolutionary genetics: Origins of reproductive 

isolation. 

 

Sex increases the efficacy of natural selection in experimental yeast populations 

Author(s): Goddard MR, Godfray HCJ, Burt A 
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