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Detecting selection

Bottom line: looking for loci showing
departures from the equilibrium neutral
model

What kinds of selection are of interest?

Time scales and questions
KEY POINTS

— False positives very common
— MOST selective events will not be detected

— Those that are likely represent a rather biased
sample



Negative selection is common

* Negative (or purifying) selection is the
removal of deleterious mutations by selection

® | eaves a strong signal throughout the
genome

— Faster substitution rates for silent vs. replacement
codons

— Comparative genomics equates strong sequence
conservation (i.e., high negative selection) with
strong functional constraints

— The search for selection implies selection OTHER
than negative



Positive selection

* An allele increasing in frequency due to

selection

— Can either be a new mutation or a previously
neutral/slightly deleterious allele whose fitness
has changed due to a change in the environment.

— Adaptation

e Balancing selection is when alternative alleles
are favored by selection when rare
— MHC, sickle-cell

* The "search for selection” is the search for
signatures of positive, or balancing, selection



Time scales of interest

e Ecological

— An allele either currently undergoing selection or
has VERY recently undergone selection

— Detect using the nature of genetic variation within
a population sample

— Key: A SINGLE event can leave a signature

e Evolutionary

— A gene or codon experiences REPEATED
adaptive events over very long periods of time

— Typically requires between-species divergence
data

— Key: Only informs us as to the long-term
PATTERN of selection over a gene



Table 8.1.  Ovennew of diffemnt approaches for detecting positive or balancing selecton

Method Required [ata Timescale

Methods for detecting ongoing / recent selechon
Allele frequency change [opulaton sample from two {or more) time points Eoological

Allele frequency divergence Samples from two (or more) populatons Ecological
Exessive LD [blymorphism data from single populaton Emological
Allele frequency spectrum [olymorphism data from single populaton Emological

Methods for detected repeated positive selechon owver multiple sites in the same gene
[olymorphism /divergence  Tblymorphism and divergence data Emological / Evolutionary
rahos from two {or more) populatons

Methods for detected repeated positive selechon over a single site (e g. codon) in multiple species
Stlent/replacement mtos Divergence data from a number of species Evolutionary




Biased scan for selection

e Current/very recent selection at a single site
requires rather strong selection to leave a
signature.

— Small shifts in allele frequencies at multiple sites
unlikely to leave signatures

— Very small time window (~0.1 Ne generations) to
detect such an event once it has occurred.

e Recurrent selection

— Phylogenic comparisons: Multiple substitution
events at the same CODON required for a signal

— OK for "arms-race” genes, likely not typical



e Recurrent selection at sites OVER a
gene

— Comparing fixed differences between two
species with the observed levels of
polymorphism

— Requires multiple substitutions at different
codons (i.e., throughout the gene) for any
signal

— Hence, a few CRITICAL adaptive

substitutions can occur in a gene and not
leave a strong enough signal to detect

— Power depends on the number of adaptive
substitutions over the background level of
neutral substitutions



Sample of a gene from several

individuals in the same population
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Ongoing, or recent, selectio

Detecting ongoing selection within a population. Requires
a population sample, in which we look for inconsistencies of
the pattern of variation from the equilibrium neutral

model. Can detect on-going selection in a single region,
influencing the pattern of variation at linked neutral

loci.



Sample of a gene over several species

(XL T T T 1 | x>l 1 [ [ I | (N I I 1L 1 [ 1 1]

N CI T T 117

N

.

Divergence data on a phylogeny.
Repeated positive selection at the same site

A phylogenic comparison of a sequence over a group

of species is done on a codon-by-codon basis, looking for
those with a higher replacement than silent rate.

Requires MULTIPLE substitutions at the same codon over

the tree
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Fixed differences between two species
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Positive selection occurring ovi
multiple sites within the gene

Comparison of divergence data for a pair of species.
Requires a background estimate of the expected divergence
from fixation of neutral sites, which is provided from

the polymorphism data (I'll cover this shortly).
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Key points

* Methods for detecting selection

— Are prone to false-positives

* The rejection of the null (equilibrium neutral model)
can occur for reasons other the positive/balancing
selection, such as changes in the population size

— Are under-powered

* Most selection events likely missed

— Detect only specific types of selection events
e Ongoing moderate to strong events
* Repeated adaptive substitutions in a few codons
over a phylogeny
* Repeated adaptive substitutions over all sites in a
gene 12



Detecting on-going selection

* Excessive allele frequency change/
divergence
* Selective Sweeps
— Reduction in polymorphism around a selected
site
 Shifts in the allele frequency spectrum
— i.e., too many rare alleles

e Allelic age inconsistencies
— Allele too common relative to its age

— Excessive LD in a common allele
13



Excess allele frequency change

_ogically, most straightforward
Need estimates of N, time

Need two (or more) time points

Generally weak power unless selection
strong or time between sampling long

Example: Divergence between breeds
selected for different goals
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Example 9.1. Angus and Holstein represent breeds of Bos tauris that have been selected,
respectively, for beef and milk producton. As such, might would expectallele frequency dif-
ferences between the breeds, some of which repmsent differential selechon on milk and beef
traits. Prasad et al. (2008) uses 355 SNP mailers on chromosome 19 (BT19) and another 175
SNPs on chiomosome 29 (BT29) to search for significant allele frequency differences between
these breeds. They used a five marcer sliding window; com puting the difference between the
mean allele frequency in Holsteins and the mean frequency in Angus. Significantly positive
values indicate potential alleles selected for milk produchon, while significantnegatves val-
ues suggests alleles potentially selected for beef producton. Figure 9.1 shows the result for
chromosome 19. The authorsused a permutationtestto access the significance, with the species
label for any given masker randomly assigned, and the difference for each five-markerwin-
dow scored, generating an empirical distribution under the null hypothesis of breed-effects.
Deviations above the upper significance line show alleles at a significanly higher frequency
in Holsteins and dewiahons below the lower significance lineindicates alleles that are signif-
icantly more frequency in Angus. The authors were able to relate these locatons to locatons
of QTLs torvarious millk and beef produchon traits. Example 9.8 discusses Hayes et al. (2008),
who also examine allele frequency differences between these two breeds.




PTA typs, Structural soundness, teat
a3 Protein and Protein % (13.16 Mo) placament, udder attachment and udder

composite index (20.04-32.04 Mb)
Foot angle & structural

soundness (32.04—
38.89 Mb), Milk &
protain yield (13.16-
38.89 Mb)

f

P OO OO«
s ok s et o
- e AL B LI DD P

y <
%

AAR oo o o as o S as o s oo s o
PG OO0 ™ » « <

4191

Raling_average_frequency

LA LL
OO

L BRSR R AR o2 RER G RIRE

AAL. AL
O O

L
]

e ——A121 i

o 7 Y K

Y Pasition (Mb)
Marbiing score (6.16-186.29  \Marbing score (6.16-18.29 Marbling score (26.22-38.89 Mb), meat tendemess
Mb), hot carcass weight Mb), hot carcass weight (6.79— (26.28—41.21; 34.22-35.69 Mb), retal product yield
(6.79-28.7T7) 28.77) & body weignht at castration (34.22-36.22 Md), hot
carcass weight (34.22-38.89 Mb)

Five-marker window scans of difference between
Holstein & Angus breeds (dairy vs. beef selection)

16



Selective sweeps

e Classic visual tool to look for potential sites
under selection

— Common approach in the search for
domestication genes

e Positive selection reduces N, for linked sites
— Reduces TMRCA and hence variation

e Balancing selection increases N for linked
sites

— Increases TMRCA and hence increase variation

17
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Scanning for Sweeps

e Use a sliding window to look at
variation along a chromosome (or
around a candidate gene)

* Decrease (with respect to some
standard) consistent with linked site
under recent/ongoing positive
selection

* |[ncrease consistent with balancing
selection

19



Signal of positive
selection, OR
reduction in mutation
rate

Signal of balancing
selection, OR
Increase in mutation
rate
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Double-muscle cattle:
Belgian blue



Reduction in microsatellite copy number variance often used

Example9.2: Themyostaiingene (GCDF-S)1s anegatve regulatorof skeletal muscle growth.
Mutatons in this gene underlie the excessive muscle developmentin double-muscled (DM)
breeds of cattle, such as Belgian Blue, Astunana de los Valles, and Piedmaontese. Wiener et
al. (2003) com pared microsatellite variation as a funchon of the distance of the mar<er from
GDF-8in DM and nan-DM breeds. For DM breeds, measures of variation decreased relative to
non-DM breeds as they approached the GDF-5 1ocus. While this approach clearly indicates a
genomic region underselechon, the authors expressed skephcism aboutits ability to fine-map
the target of selechon (i.e., localize it wath high precision wathin this region). At first glance,
this seemssurprising given that GDF-S variants have amajor effect on the selected phenotype
(beef produchaon). However, the authors note that Belgian Blue was a dual purpose (milk and
beef) breed untl the 1950’s, and thatin both Belgian Elue and Piedmontese them are records
of this mutation that pre-date World War One, and hence predate the intensive selechon on
the double-muscled phenotype. By contrast, they found that the selechwvesignal 1s strongerin
Astunana where thefirst definiive appearance of the mutation was significantiylater. Thus, in
both Belgian Blue and Fiedmonteseselechon on this gene resulted ina softsweep (adaptaton
fraom preexising mutations), while in Astunana the time between the inihal appearance of
the mutation and strong selection on 1t was much shorter, resulting in amore traditonal hamd
sweep (adaptabion fram a newmutation).

26



Issues with sweeps

Need sufficient background variation before
selection for a strong signal

o Strong domestication event (e.g. sorghum) can
remove most variation over entire genome

o Inbreeding greatly reduces variation

The signal persists for only a short time
o ~ 0.1 Ne generations
o Distance for effects roughly 0.01 s/c

Sweep region often asymmetric around
target site

Hard sweeps can be detected, soft sweeps
leave (at best) a weak signal
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Site frequency spectrum tests

e A large collection of tests based on
comparing different measures of variation at
a target site within a population sample

® Tajima’s D is the classic

 Problem: significant result from either
selection OR from changes in population
size/structure (drift, mutation NOT at
equilibrium)

29



Under the equilibrium neutral model, multiple ways
to estimate 6 = 4N_u using different metrics of variation

Statistic

S = number of
segregahng sites

f: = average number of

pairwise differences

1) = number of singletons

where

Expected Value Sample Vanance
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All should be consistent if model holds.
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Tajima’s D

D = 3
\/(l [)\ + ]'[J 5=
1 n+1 1 ;
( T — — c— .
b i \3(n—-1) aym b
; 1 2n*4+n+3) n+2 " b
B a2 + by Onin — 1) (It a2

Negative value: excess number of rare alleles
consistent with either positive selection OR
expanding population size

Positive value: excess number of common alleles
consistent with either balancing selection OR
Population subdivision
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Consistency of allelic age
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< Under drift, a common
0.4 allele is an old allele
i Common alleles should
not be young
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Example 9.4. The mutation CCR5-032 destroys the CCRS receptor which 1s also used by
the HIV wius, leading to significant resistance against HIV infechon. This deletions oceurs
at frequencies up to 14% in Eurasia, butis absent in Afmcans, Natve Amencans and East
Asians. Assuming a frequency of 2 = (.10 and an effective population size N, = 5000 for
Caucasians, Stephens et al. (1998) used Equaton 9.1 to estimate the age of this allele, based
onits frequency, as

0.1 log(0.1)

2 log(a
L”(” = —4- 5000 0.0 = 5116 generations

?= ’—"¢NI.(
4 l1—2a

Anindependentestimate of ageis offered by the vaniation inhaploty pes amaong all sequences
canrying this mutation. The d mutationisin strong disequilibrium wath allele 215at the AFMB
STR maiker, to the extend that 84.8% (39 of 46) of the sampled 4 mutations have the §32-215
haplotype. Cleady, the d mutation at CCRS5 amose on a chramosome carrying the 215 allele.
The recombination frachon between CCRS and AFME was estimated by Stephens et al. (1998)
to be ¢ = 0.006. Using a calculahonidenteal to thatused inlinkage disequilibrium mapping
(LW Chapter 14), the probability p of a haplotype remaining intact after 7 generations of
recombination with frachon cisjustp = (1 — ¢)7, or

T = —log(p) /e = — log(0.848) /0.006 = 27.5 generations

Stephens et al. (1998) toak these great dispantes between age estimates as an indicator of
strong selechan on the d mutation, generating much ahigher frequency (underdrift) ford that
expected from i1ts age. Assuming it originated a single mutation, they estimated the selechon
coefficient to be between 20% and 40%, depending on assumptions about dominance.



Starting haplotype

freq /

time
Common alleles should have short haplotypes under
drift -- longer time for recombination to act

Common alleles with long haplotypes --- good signal

for selection, rather robust to demography 14



Joint polymorphism-divergence tests

e HKA, McDonald-Kreitman (MK) tests

— MK test is rather robust to demographic issues

* Require polymorphism data from one (or
more) species, divergence data btw species

e Look at ratio of divergence to polymorphism

]]-:' — ‘"14;‘\'7(,/1,.‘,'.' (1.:' S 2[/1.:'

H, AN,u; 2N,

d; 2t 11 f
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Example 9.5. McDonald and Kreittman (1991) examined the Adh (Alcohol dehydrogenase)
locus in the sibling species Drosophila melaogaster and D. simulans, as well as an outgroup D.
yacuba. With this gene, they contrasted replacement (non-synonymous) and silent (synony-
mous) sites. Equation 9.2b indicates that the raio of number of polymorphisms to number
of fixed sites should be the same for both cqtogonps This 15 a simple associabion test, and
significance can be assessed using eithera y“ approximation or (much better) Fisher’s exact
test which accommodates small numbers (below five) in the observed table entnes. Of the 24
fixed differences, 7 were replacement and 17 synonymous. The total number of polymorphic
sites segregating in either species was 44, 2 of which were replacement and 42 synonym ous.
The resuling assoctabon table becomes
Fixed Paymorphic
Synonymous 17 42
Replacement 7 2

Fisher’s exact tests gives a p value of 0.0073, showing a highly significant lack of fit to the
neutral equilibnum model.

Cool feature: can estimate # of adaptive substitutions
=7-17(2/42) = 6

Robust to most demographic issues

However, replacement polymorphic sites can overestimate

neutral rate due to deleterious alleles segregating i



Strengths and weaknesses

e Only detects a pattern of adaptive
substitutions at a gene.
— Require multiple events to have any power
— Can't tell which replacements were selectively-
driven

* MK test robust to many demographic issues,
but NOT fool-proof

— Any change in the constraints between processes
generating polymorphisms and processes

generating divergence can be regarded as
evidence for selection
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Example 9.A6: An example in some of the potential difficulties in interpreting the re-
sults of a McDonald-Kreitman testis seen in Harding et al. (2000), who examined the hu-
man Melanocortin 1receptor (MCIR), a key regulatory gene in pigmentation. Com paring the
canonical MCIR haplotype in humans with a sequence from Chimp found 10nonsynonymous
(replacement) and 6 synonymous (silent) substtutons. An Afncan population sam ple found
zero nonsynonymous and 4 synonymous pol ymorphisms. The resul ing DPRS table becomes

Fixed (Human-Chimp) Palymorphic (Afncan)
Silent 6 4
Replacement 10 0

Fisher’s exact testgives a p value 0f 0.087, close to significance. Talen on face value, one might
assume that this dataim plies that the majonity of the nonsynonymous substtutons between
human and chimp were selectively-driven. However, the authors also had data from popu-
lations in Europe and East Asia, which showed ten nonsynonymous and three synonymous
palymorphisms, giving the DPRS table as

Fixed (Human-Chimp) Palymorphic (Europe/ East Asia)
Silent 6 3
Replacement 10 10

with a corresponding p value of 0.453. The authors suggest that the correct interpretaton
of these datais very stnngent purnifying selection due to increased functional constraints in
Afncan populations, with a release of constraints in Europe and East Asian. Asiansin Papua
New Guinea and India also showed very strong functional constraints, again consistent with
amodel of selection for protechon against high levels of UV.



KA/K, tests

e THE classic test for selection, requiring gene
seguences over a known phylogeny

— K, = replacement substitution rate

— K, = silent substitution rate
* Neutral proxy

- o= Ky/K,
* o> 1: positive selection.

— Problem: most codons have K, > K,, so that even
with repeated adaptive substitutions throughout a
gene, signal still swamped.
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Example9.6. Oneofthe classicearly exam ples ofusing sequence datatodetect signatures of
posttive selectionis the work of Hughes and Nei (1988, 1989) onmice and humanmajor his to-
com patibili ty com plex (MHC) Class [ and Class IT1ocl. These loa are highly palymorphi c and
are involved in antigen-recognition. Hughes and Nei com pared the rato of synonymous to
nonsynanymous nucleotide substtution rates in the putative antigen-recognition sites versus
the rest of these genes. For both cdasses of loal, they found a significant excess of nonsynaony-
mous substtutions in the recognition sites and a significant deficiency of such substtutions
elsewhere. Ifboth types of substitutions areneutral, the rates persite are expected tobe roughly
equal. If negative selection i1s acting, the expectation is that the synonymous substitution rate
would be significanly higher (reflecting removal of deleterious nonsynanymous mutations,
as these change amino acids). However, if posiive selection is common for many new muta-
tions, then one would expect to see an excess of nonsynonymous substtutons. The observed
patterns for both Class I and II loct were consistent with positve selection within that part
of the gene coding for the antigen recognition site and purifying selection for the rest of the
gene.

Alarge number of studies pnor to Hughes and Nei found that an excess of nonsynonymous
substitutons 1s by far the norm for almost all genes, im plying that most nonsynonymous
changes are selected against. Indeed, when one simply looks over an entire Class I (or II)
MHC gene, this pattern 1s also seen. The insight of Hughes and Nei was to use data on
protein structure to specifically focus on the putative antigen-binding site, and com pare this
region with the rest of the gene as an internal control. Furthes, there has to be a consistent
pattern of new mutations being favored at the same few sites for such a signature to appear.
A single favorable new mutation here and there through the evolution of a gene, when set
against the background ofmost nonsynanymous mutants being deleterious, will still leave an
overall signature of a vast excess of synonymous substitutons. Hughes and Nei concluded
that a significant number of the new mutations that appear within the antigen-binding site
areindeed favorable.



Codon-based models

* The way around this problem is to analyze a
gene on a codon-by-codon basis

— Such codon-based models assign all (nhonstop)
codons a value from 1 to 61

— A model of transition probabilities between all
one-nucleotide transitions is constructed

— Maximum likelihood used to estimate parameters

— Model with w = 1 over all codons contrasted with
a model where o > 1 at some (unspecified) set of
codons.
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r () If 7 and j differ at more than one position
J for a synonymous transversion
q;i; = § wm;  forasynonymous transition for1 <i.j <61
wr;  foranonsynonymous transversion
a
\ wrm; foranonsynonymous transition
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Model easily expanded to allow for several classes of codons

( () Ifi and j differ at more than one position
7 for a synonymous transversion
qf-j' )= kx j for a synonymous transition

w®m,  for a nonsynonymous transversion

; for anonsynonymous transition

0 deleterious class
w\' =<1 neutral class
w > 1 positively-selected class

Can use Bayes’ theorem to assign posterior probabilities

that a given codon is in a given class (i.e., localize sites
of repeated positive selection

Pr(D |w;)Priclassi) Pr(D |w;)Pr(classi)

Pr(classi| D) = — = —
| Pr(D) Zle Pr(D |w;)Pr(classi)
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Example 9.B. Bishop et al. (2000) examined the class I chiinase genes from 13 species of
mainly North Amencan Arabis, a crucifer closely related to Arabidopsis. Chiinase genes are
thought to be invalved in pathogen defense, as they destroy the chitin in cell walls of fungi.
Many fungi have evolved resistance to certain chiinases, so these genes are excellent targets
for repeated cycles of evolution. The authors found that phylogenies estimated by different
methods all yielded similar results. Codon evolution models estimated that between 64 and
77% of replacement substitutons were deleterious, with 5-14% advantageous. These favored
sites had an estimated value of w = 6.8. Using the critena of a posterior probability of mem-
bership in the advantageous class in excess of 0.95 (i.e. Pr(selective dass | D) = 0.95), 15
putative sites were located. Seven of these sites invalved only one altemative substitution,
which evolved multiple times over the phylogeny. The authors had access to the three di-
mensional structure of chitnase, which shows a distinctive cleft, thoughtto be the active site.
Mapping putative sites of positive selection onto this structure, the authors found a signifi-
cant excess of sites cluster at the cleft, as opposed to the rest of the protein (28% of cleft sites
versus 19% elsewhere). This exam ple shows the power of combining this approach with solid
biological data, and also care in checking the robustness of the methods by doing the analysis
over slightly different phylogenies.

Class | Chitinase (Arabis)
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Strengths and weaknesses

e Strengths

— Can assign repeated selection to SPECIFIC
codons

— Requires only single sequences for each species

e \Weaknesses:
— Models can be rather delicate

— Can only detect repeated selection at particular
codons, NOT throughout a gene
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The spandrels of
San Marco (Gould
and Lewontin 1979)

Very elaborate structure
DOES not imply
function nor adaptation
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Structure vs. function

* Molecular biologists are largely conditioned
to look for function through structure

e Problem: elaborate structures can serve little
function

e Cannot simply assume an adaptive
explanation because the structure is complex
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Example 9.7. Humans show dramatic expansion of brain size with respect to most mam-
mals, with this increase in (relative) size usually assumed to be corrected with increased
cogni ive abilities. Pnmary microcephaly 1s a condition in humans resul ing in small heads,
but othernormal features. Nonfunctional alleles at the genes microcephalin and ASPM (abnor-
mal spindle-like microcephaly associated) both d1splqy the microcephaly phenotypes with a
typical individual having abrain size of around 400 em® (versus the normal 1400 am?,) com-
parable to thatin early hominids. Not surprising, several studies have looked for selection
on these genes within the primate lineage. Zhang (2003) inferred a ', /K, ratio of 1.03 on
the branch from the human-chimp common ancestor to humans, but a rato of 0.66 on the
branch from this ancestor to chimps. Values of 0.43 to 0.29 were found along otherbranches in
mammals, suggested positive selection along the human lineage. Evans et al. (2004a) also ex-
amined ASPM overalarger phylogeny ranging from new woid mankeys through humans.
Accelerated (I'\'u‘,.-"I'\'s = 1) rates of evolution were seen between gibbons and the ancestor
the great apes, and a large acceleration (K, /K, = 1.44) was seen on the linkage from the
human/chimp ancestor to humans. Evams et al. also performed a McDonald-Kreitman test
(Example 9.5), comparing the palymorphisms within humans to the divergence since the
human-chimp common ancestos, finding

Fixed Polymorphic
Synonymous 7 10
Replacement 19 6

Fisher’s exacttestgives a pvalue 0f 0.01, with an excess of around 15 replacementsubshtutons

over what 1s expected from the replacement/synonymous rato seen in the polymorphism
data.



w values shown on braches
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Bul ding onthese strong observations of selection leading to the human lineage, Mekel-Bobrov
etal. (2005) and Evans etal. (2005) searched for ongoing selection in these two genes, and found
strong signalsin each. Evans et al (2005) found that the microcephalin gene had one haplotype
(associated with a replacement substtution) at much higher frequencies than the others, with
extended linkage disequilibnum and small intra-allelic vanation. Indeed, using intra-allelic
variation, the age of this haplotype was estimated at 37 thousand years (with a range of 14 to
60 thousand). Young alleles at high frequencies are hallmark indicators of positve selection
(Example 9.4). Extensive coalescent simulabons using a variety of population structures all
gave high levels of significance to these resul ts. The exact pattern, pethaps evenmore stnking,
was seen by Mekel-Bobrov et al. with ASPM: a common haplotype with long LD and a very
recent estimated ongin (5,800 years). Again, coalescent simulatons of neutral dnft under a
vanety of proposed models of human population growth and expansion showed these resul ts
to be highly significant. Together, these studies strongly suggested on-going selectionin these
two genes. They gathered a significant amount of attenton, not the least of which was do to
the finding that the putative adaptve haplotypes were in higher frequencies in Europe and
Asia relative to Afnca, and the connection that is often drawn between cognihon and brain
s1zZe.
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Although Evans etal. (2005) cautioned that “1t remains formally possible that an unrecognized
function of microcephalin outside the brain is actually the substrate of selection”, many inter-
preted the above data as an adaptve response in intelligence. After all, two functional genes
that both influence brain size, a presumed correlate of intelligence, coupled with a history of
past, and ongoing, selection does indeed suggesta case forselection onintelligence. This view,
however, was quickly dispelled. Tim pson et al (2007) and Mekel-Bobrov et al. (2007) showed
in large sample sizes (900 and 2400, respecthvely) that there was no correlation between the
putative adaptive halplotypes and increased intelligence. Any on-going selection on these
genes does not appear to correlate with any selection forincreased cogniion. Currant et al.
(2006) further noted that spafial models of growth were not considered, and hereitis possible

to see the above patterns for mutations that arise along the leading lead of a recent population
expansion.
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