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Part I: Using coalescent theory to infer demographic history

I Estimate past effective population size (N) from genomes
sampled in the present

I Usually smaller than census population size
I Inversely proportional to speed of genetic drift
I Directly proportional to effectiveness of natural selection

I Divergence & gene flow between populations
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Part II: Inferring mutation biology

I Signatures of error-prone DNA polymerase activity in the
germline

I Recent mutation rate evolution
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Motivating questions from human evolution

I Are all non-Africans descended from a one population of
migrants who left Africa together?

I Which human populations interbred with archaic hominids like
Neanderthals? When and how often?

I How often do genetic adaptations cross species boundaries?

I Have population bottlenecks hurt our fitness and impeded
adaptation?

Kelley Harris (harris.kelley@gmail.com) Inference of population history and mutation biology



The coalescent process (Kingman, 1982)

The Coalescent (sampling ancestors backward in time) is dual to
Wright-Fisher evolution (having children forward in time)
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Distribution of coalescence times

I The coalescence time at which two sequences find their
common ancestor has distribution
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I Sequences from different populations that diverged at time T
must coalesce more anciently than T (if no migration):
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Relating past population size to present genetic diversity

θ = 4Nµ

= 2µ · [Expected coalescence time of two sequences]

D = 2µT + 4Nµ

I θ = Density of differences between two DNA sequences from
the same population

I N = effective population size

I D = Density of differences between two DNA sequences from
different populations

I T = Time these populations diverged

Assuming µ is a known constant, θ and D are sufficient statistics
for estimating N and T
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I In humans, θ ≈ 0.001 and N ≈ 104

I Expected coalescence time of two sequences:

∼ 20,000 generations

∼ 500,000 years

∼ Origin of anatomically modern humans

I A single diploid human genome is extremely informative about
the entire ancestral human population (Li and Durbin Nature
2011)

I Major human populations diverged < 100, 000 years ago, so
most variation is shared between them
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Adding more demographic complexity
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If we allow population size changes and migration, a

higher-dimensional set of summary statistics is needed to estimate
all demographic parameters
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Tracts of identity by state (IBS)

Complex demographic histories can be reconstructed from the
length distribution of IBS tracts shared between DNA sequences
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Ancient history

Recent history
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Relationship between recent history and long IBS tracts

Kelley Harris (harris.kelley@gmail.com) Inference of population history and mutation biology



Ancient history

Recent history

I fIBS(L) := observed
frequency of L-base IBS
tracts

I HΘ(L) := expected
frequency of L-base IBS
tracts under parametric
model Θ

I Find parameters minimizing
distance between fIBS(L)
and HΘ(L)
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A simple case of the tract length formula
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Power to date gene flow events
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IBS tracts in human data
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IBS tracts in human data
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Inference of European/African divergence and migration

Ancestral human lineage

Europeans Africans

I Neanderthal-like
admixture into
Europeans

I Divergence 55,000
years ago∗

I Out-of-Africa
bottleneck

I Recent
European-African
migration

∗ Assuming 2.5×10−8 mutations per site per

generation
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Second application: Inference of rapid polar bear speciation

Eline Lorenzen

Matteo Fumagalli

I Positive select scans revealed changes along
polar bear lineage related to fat metabolism
and cardiovascular function

I Brown bears are omnivores, but polar bears
subsist on marine mammal fat

I How quickly did these adaptations arise?
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Liu, Lorenzen, Fumagalli, Li, Harris et al., Cell 2014

- Polar bears diverged from brown bears
less than 500,000 years ago

- One-way barrier to gene flow: migration
from polar into brown, but never the
reverse
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Strong polar bear bottleneck can confound some methods for
inferring time of grizzly/polar bear divergence. Miller, et al.

(PNAS 2012) estimated it occurred 4 million years ago!
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From demography to mutation
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From demography to mutation
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· Source of excess short IBS tracts: multinucleotide mutations
(MNMs)

· Complex mutations that create two or more SNPs at nearby
sites in one generation

AAAGTTAGCCGACAC

↓
AAAGATAACCGACAC

Harris and Nielsen. Genome Research 2014.
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Prior experimental evidence for multinucleotide mutation

X
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Independent mutation 

hypothesis

New mutations are directly observable in time series from yeast,
Drosophila, etc
Schrider, et al., Current Biology 2011; Schrider, et al., Genetics 2013
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Prior experimental evidence for multinucleotide mutation
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Prior experimental evidence for multinucleotide mutation
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Widespread MNM could accelerate evolution across fitness valleys
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Widespread MNM could accelerate evolution across fitness valleys
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Multinucleotide mutation should create pairs of SNPs in perfect
linkage disequilibrium (LD)
(derived alleles occur in the same set of individuals)
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Independent mutations at neighboring sites can also create SNPs
in perfect LD

One MNM
Two independent 

mutations
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Compared to theoretical predictions, the 1000 Genomes Phase I
data (1,092 humans from Africa, Europe, Asia, and the Americas)
has excess close-together SNPs in perfect LD
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Perfect LD SNPs have excess transversions

A            G

T            C
· 66% of human mutations are transitions (A
 G , C 
 T )

· A SNP pair can consist of two transitions, two transversions,
or one transition + one transversion (mixed)
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Perfect LD SNPs have excess transversions
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Error-prone translesion synthesis: a mechanism for MNM?

Northam et al., Nucleic Acids Res. 2014

Kelley Harris (harris.kelley@gmail.com) Inference of population history and mutation biology



· Stone, et al. created yeast deficient in nucleotide excision
repair machinery and observed a high rate of simultaneous
mutation at nearby sites

· Increased translesion synthesis by Pol ζ
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· Over 60% of the Stone, et al. tandem mutations were
GC→ AA or GA→ TT (2 out of 78 possible A1A2 → D1D2

combinations)

· GC→ AA and GA→ TT are by far the most common linked
adjacent SNPs in the 1000 Genomes data

· A signature of Pol ζ activity in human population history
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Frequency of Pol ζ mutations

Pol ζ activity appears fairly uniform across populations
Are other mutagenic processes more variable? Under selection?
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Jablonski and Chaplin PNAS 2010

I Mutagen exposure is variable (e.g. UV radiation)

I Fraser (Genome Res 2013) found a strong signal of local
adaptation of UV damage response regulation
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Mutation spectra of continent-private variation
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The frequency of 5’-TCC-3’→5’-TTC-3’ is elevated in Europe

Harris, PNAS 2015
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Alexandrov, et al. Nature 2013

I 5’-TCC-3’→5’-TTC-3’ also dominates the mutational
signature of melanoma

I Observed in early DNA sequencing of UV-irradiated cell
cultures Drobetsky and Sage Mutation Res 1993
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Mutation rate evolution could complicate efforts to
infer human history

Scally and Durbin Nature Rev Gen 2012
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Has the mutation rate slowed during human evolution?
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Summary 
It is proposed that early in phylogeny a 
large proportion of amino acid substitu- 
tions were selectively neutral, but that 
bursts of adaptive substitutions during 
major radiations of life so increased 
selective constraints that most mutations 
in modern proteins are detrimental. 
Recent findings on D N A  nucleotide 
sequences indicate that decreasing rnuta- 
tion rates further slowed the rate of 
molecular evolution in the lineage to 
humans. 

An Hypothesis on Neutral 
Mutations and Slowing Rates 
Over twenty years ago the idea was put 
forward that molecular evolution 
slowed in the primate lineage which led 
to Recent findings indicate 
that this is the case for amino acid 
replacements in proteins5, and for base 
substitutions in both noncoding and 
coding DNA7-l0 The original findings 
that suggested the hominoid slowdown 
idea were immunological. Almost no 
antigenic divergencies were found 
throughout the whole ape superfamily 
Hominoidea on comparing human 
(Homo), chimpanzee (Pan), gorilla 
(Gorilla), orangutan (Pongo), and 
gibbon (Hylobates) serum albumins, 
whereas marked albumin divergencies 
were evident within the ungulate family 
Bovidae - even within the subfamily 
B~vinae.'-~ Moreover, for a range of 
serum proteins, humans showed only 
small antigenic differences from orang- 
utans and gibbons and, at most, trace 
differences from gorillas and chimpan- 
zees. Thus, considering the seemingly 
large amount of morphological evolu- 
tion in the Hominoidea indicated by tra- 
ditional taxonomic schemes that divide 
this superfamily into families Homini- 
dae, Pongidae, and Hylobatidae, the 
amount of protein evolution dis- 
tinguishing humans from other homi- 
noids appeared to be surprisingly small. 

An hypothesis was proposed', in 
which a slowdown of rates of protein 
evolution in the Hominoidea was the 
culmination of a long-term phylogenetic 

trend extending from the time of the 
origin of proteins to the present. This 
hypothesis, pre-dating the neutralist 
views of Kimura," postulated that early 
in phylogeny most amino acid replace- 
ments in proteins were selectively 
neutral. However, a small fraction of 
substitutions were adaptive and their 
accumulation over geological epochs, 
by shaping dense arrays of lock-and-key 
interaction sites on proteins, increased 
the number of selective constraints that 
cause most mutations in modern 
proteins to be detrimental. The slow- 
down in rates resulted from proteins 
having fewer sites where selectively 
neutral mutations could accumulate. 

In essence, the slowdown hypothesis 
proposed that over eons of time natural 
selection increased the internal com- 
plexity of life and, in safeguarding the 
new and complex functions that had 
evolved, slowed the rate of molecular 
evolution. On noting that an unrivaled 
increase in nervous system complexity 
occurred in the primate lineage to 

humans, the advance in brain evolution 
was related to lengthening generation 
and gestation times and to evolution of 
the hemochorial placenta. Compared to 
earlier epitheliochorial placentas, the 
higher primate hemochorial placenta 
allowed for the efficient maternal-to- 
fetal transfer of nutrients and oxygen 
needed by the enlarging cerebral cortex 
of the developing primate fetus. In turn, 
maternal immunological selection 
against deviant fetal isoantigens could 
then have become an additional factor 
slowing the rate of protein evolution in 
the H~minoidea.'-~ 

Irrespective of whether or not mater- 
nal isoimmunizations had a significant 
braking effect on the hominoid rate of 
molecular evolution, the slowdown 
hypothesis extended to the realm of 
DNA predicts that rate decelerations 
should be especially evident in the 
Hominoidea. The key premise is that a 
majority of genomic DNA sequence 
changes are neutral changes having little 
or no effect on the phenotype.'O Thus 
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Fig. 1. Acceleration-deceleration pattern in rates of sequence evolution. The portions of the globin and 
cytochrome c genealogical trees5 shown depict the phyletic line to Homo from the early vertebrates to the 
present. The length of each branch equals the number of nucleotide replacements that caused amino acid 
changes, calculated to have occurredalong that line of evolution, with the main branches shown being those 
that circumscribe the accelerated evolution depicted in the bar graph between the vertebrate and 
bird-mammal ancestors and again between the Eutheria and Anthropoidea ancestors. 
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Fig. 5. Evidence that among higher primates, at the genetic DNA sequence level, the phyletic line to humans 
changed the least in descent from the Anthropoidea ancestor to the present. This evidence comes from the 
phylogenetic reconstruction carried out by the maximum parsimony method, using the available nucleotide 
sequence data on the 7-globin genetic locus.a This locus, which is an uctive embryonicully expressed gene 
in goats, became a non-expressedpsordogene in the early primates. The length of each branch is the number 
of genic changes calculated to have occurred along thut line of evolution. 

parison of these gorilla sequences to the 
corresponding G y  and *y human genes 
extended the observation of an un- 
usually slow evolutionary rate, already 
known from hominid amino acid 
 sequence^,^, to silent or synonymous 
substitutions in the y-coding regions. 
Not even one silent substitution was 
found for either G y  or Ay genes (as 
illustrated in Fig. 4 for gorilla and 
human Gy sequences), although the 
average rate of mammalian globin genes 
would have yielded at least nine substi- 
tutions over the time period involved. 

Including in the analysis the recently 
sequenced chimpanzee Gy and Ay genes, 
as well as cDNA sequences for coding 
regions of the two non-allelic chimp- 
anzee u-globin loci, confirms that a 
marked deceleration of rates of sequence 
evolution occurred in descent of the 
homininesZ6 The analysis revealed an 
1 %fold decrease in the non-synonymous 
(amino acid changing) rate and a 7.5- 
fold decrease in the synonymous rate 
in descent from early eutherians to ex- 
tant hominines. The non-synonymous 
rate foundz6 for hominines, 0.1 x 
substitutions per site per year, is a ninth 
of the average rate found30 for 39 
mammalian genes in inter-ordinal com- 
parisons; also a ninth of the average for 
globin genes (a, B, y, and /3) during 
descent of the four mammalian orders 
(Primates, Lagomorpha, Artiodactyla, 
and Rodentia) represented by sequenced 
hemoglobin 26 The synonymous 
rate found for hominines, 0.9 x lo9 
substitutions per site per year, is 
about a fifth of the rate for the 39 mam- 
malian genes and a third to a fourth of 
the rate for globin genes during descent 
of the four eutherian orders. 

The results8 on the primate pseudo- 
gene between y and S loci also point to 
a slowdown in DNA sequence evolution 
in human descent. Phylogenetic recon- 

structions by the parsimony method 
have shown that this primate pseudo- 
gene locus (labelled 97) is the ortho- 
logue of an embryonically expressed 
goat /I-globin (labelled q)  and that 
the expressed 7-globin gene of early 
eutherians became the yhpglobin pseudo- 
gene in basal primates.s The s-@q locus 
evolved at the rate of 2.4 x substi- 
tutions per site per year for the first 40 
or so million years of descent from the 
eutherian (goat/primate) ancestor to 
the Anthropoidea (owl monkey/homi- 
noid) ancestor and for the last 40 million 
years in descent to humans at the re- 
duced rate of I .  1 x lo+, which is about 
a fifth of the neutral rate30 found for 
mammalian pseudogenes. In contrast to 
the sharp deceleration of the hominoid 
rate, the prosimian lemur and New 
World owl monkey $71 rates were found 
to resemble the early primate rate.* The 
much slower qhj evolution in hominoids 
than in owl monkey is depicted in Fig. 
5. 

The analysis of Wu and Li9 on human 
and mouse globin genes (a, E, y, and @) 
and nine other kinds of human and 
rodent genes supports the trends seen in 
the above findings and clearly establishes 
that synonymous substitutions accum- 
ulated at a much faster rate in the 
rodent lineage than in the human line- 
age since their divergence (an average 
of twice as fast over the long time-spans 
involved). The explanation offered for 
the higher rate of molecular evolution in 
rodents is that rodents have shorter 
generation times and thus higher mut- 
ation rates. Their explanation is com- 
patible with the proposal that a slow- 
down in rate occurred in human descent 
because of lengthening generation 
times. 

Britten,lo from his analysis of pub- 
lished measurements of DNA sequence 
divergence between taxa, also supports 

the slowdown hypothesis. He finds that 
rates of DNA sequence evolution vary 
by a factor of five among different 
phylogenetic groups, higher primates 
and some bird lineages showing the 
slowest and rodents, sea urchins, and 
Drosophila showing the fastest rates. 
Britten concludes that the rate of DNA 
sequence evolution decreased markedly 
during primate phylogeny in the 
lineage to hominoids and singles out the 
possibility that selection of more effi- 
cient mechanisms of DNA repair could 
have caused the retardation in rates of 
higher primate DNA evolution. 

I thank Wen-Hsuing Li and Roy 
J. Britten for providing me with papers 
before publication. My research is 
supported by NSF grant BSR 83-07336. 
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