Neutrality tests:
Detecting selection based on
patterns of polymorphism

HanCOCk Hitch-hiking effect of a gene 397
March 26, 2024 40 (1-02)
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Fig. 2. 4Q.(1~Q,) is the final amount of hetcrozygosity at a locus, when initial
frequencies of a, 4 are 0-5. The graph here, with N = 10*and & = 0-01, is calculated
from (8).



Evolutionary processes

The factors that alter allele frequencies and affect patterns of

_____

» « Genetic drift

polymorphism from one generation to the next

_________

\

| | - Neutral processes
* . Gene flow
« Selection
o [Positive selection | «<— Adaptive evolution

O

Negative selection ] «— Stabilizing selection

evolution.berkeley.edu/evolibrary/article/evo 24



Selection can affect traits in different ways

Stabilizing selection

Selection against both extremes

Population
after selection

Original
population

Selection that removes
variation from the
population

The most common form
of selection

Directional selection

Selection against an extreme

_ Population

Original
population

after selection

Disruptive selection/
Balancing selection

Selection against the mean

’ \ Population
after selection

’ Qriginal
’ . population

Selection that changes the
mean trait value in the
population

Type of selection responsible
for adaptation to a novel
environment

Selection that maintains
variation in the population

Selection that occurs when
there are differences in
pressures across time or space



Reconstructing evolutionary history
from DNA sequence data

process

-

\_

Selection and
demographic
events

~

reconstruction

» pattern

-

N
pattern in DNA
seguence
variation

\_ J

<

Population genetics uses these patterns
to reconstruct the evolutionary history



What processes are involved in adaptation?

* Adaptive divergence on the lineage leading to a species
« Adaptation through subtle allele frequency changes

« Selective sweeps

What patterns do these processes leave in data?

How do we assay the genome for signatures of selection”?



Summary statistics can be used to quantify the
pattern at a locus

Functional genetic divergence from relatives

« Allele frequencies differ among populations (local adaptation with
population-specific sweep)

 Changes in the frequency spectrum

* Variation is reduced across a haplotype



Adaptive footprints
Tests based on divergence

process > pattern
4 N r N
Adaptation increased
(positive divergence of
selection) selected sites
\ J _ y,

Tests to identify evidence for positive selection on the

lineage leading to a species



Identify loci with a high rate of functional
evolution in a species

TGCAGAGTAAGACCT Species |
TGCAGAGTAAGACCT  species 2

Positive—— [TGCAGAGTAAGACCT] species 3

selection ‘TGTAGCGCCAGACAT/

/
/ —— — —— ——

TGC AGA GTA AGA CCT
..* oo* o** oo o o*o/

* Nonsynonymous substitutions K, .
) ) ) > 17
* Synonymous substitutions K

Ancestral sequence

Species 4

Use the ratio of NS to S variants to detect rapidly

evolving loci across species



dN/dS ratio

Differences in fixation probabilities of selected and neutral alleles:

d(non — neutral class) d(non — synonymous) dN

d(neutral class) i d(sysnonymous)

 Positive selection leads to more non-neutral substitutions:

* Negative selection leads to fewer non-neutral substitutions:

dS

dN>1
dS

dN<1
dS



dN/dS ratio

dN
Ask whether: —>1

ds

Robust test, but tends to be conservative:

« Requires multiple adaptive fixations in a gene
« Adaptive change must outweigh purifying selection

Method detects rapidly evolving genes. Mostly genes involved in arms
races, e.g., Immunity genes, reproductive competition

Caveat: over long time scales, repeat mutations can occur at some
synonymous sites (saturation)



McDonald-Kreitman test
Divergence vs polymorphism

Improvement over dN/dS:
Normalize divergence by polymorphism to control for different rates
of evolution among sites

Logic:

If all segregating or fixed mutation are neutral, then the proportion
of fixed differences that are nonsynonymous should be the same
as the proportion of segregating mutations that are
nonsynonymous



McDonald-Kreitman test
Divergence vs polymorphism

Accounts for purifying selection using polymorphism relative
to divergence

# non — synonymous polymorphisms _ pN

# sysnonymous polymorphisms pS
Weak negative selection: aN < pN
das pS
Positi lection: dN - pN
osSlItive selection. s = ps

Between | Within
species | species
NS dN pN
S dS pS
Test for

significance using

¥ test




MK uses information about diversity and
divergence within and between species

c[* ° [ —

Time

4{ Vitti JJ, et al. 2013.
Annu. Rev. Genet. 47:97-120




McDonald-Kreitman test dN pN
Divergence + Polymorphism a5~ pS

« powerful test framework
dS pN proportion of adaptive AA substitutions

® a: —_———

dN pS (estimates: 10-20% in humans, 50% in fruitflies)
« Still requires multiple adaptive fixations

« Can also use this family of to look for signals for other putative
functional sites

« False positives possible for growing populations



McDonald-Kreitman test: genome-wide
example in Drosophila

Assess adaptive significance of non-coding DNA changes in D. melanogaster

Table 2 | Functionally relevant nucleotides in non-coding DNA

Class C(%)* a%)T p (ax =0)t FRN (%)§

UTRs 60.4 575 <1073 83.2

5'UTRs 52.9 60.8 <1073 809

3'UTRs 70.7 529 <103 86.2

Introns 39.5 193 0.007 51.2 Takehome
IGRs 49.3 15.3 0.036 57.1 ) ]
pIGRs 40.6 1.4 0.165 47.4 Non-coding DNA
dIGRs 54.6 185 0.019 63.0 : : ,
Introns + IGR 44.2 17.6 0.013 54.0 Is not junk!

*Constraint (C) is estimated relative to fourfold degenerate synonymous sites.

Ta is the estimated fraction of divergence driven by positive selection.

T Probabilities (e = 0) have been adjusted for effects of linkage within loci (see
Supplementary Materials 2.5).

SFRN is the inferred fraction of functionally relevant nucleotides given levels of constraint
and a (that is, FRN = C + (1 — Qa).

Andolfatto, 2005



Reconstructing adaptive history within species
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Models of adaptation: polygenic
selection model

A polygenic model of selection:

- — — S, Jp—
o — —o— =3
o e — g ——— —-—— —
Shiftin | & — & °
selective
pressure

Polygenic selection may result in subtle shifts in
frequencies at many loci, most of which were present
in the population when the selection pressure arose



Models of adaptation: Hard sweep model
(hitch-hiking)

Hard sweep model of adaptation:

—
Shift in
selective
pressure

Haplotype structure can be used to identify
regions implicated in hard sweeps

- - -

o

e —————

-




When selection acts differentially across
populations, identifying regions of increased
differentiation can be a powerful approach



Reconstructing adaptive history among populations
within species

process
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Population differentiation

Population 1 Population 2

At the simplest level, population-differentiation based approaches
rely on the simple assumption that the populations differ with respect
to some (not necessarily defined) selection pressure



Fst: Wright's fixation index

Fsr measures the amount of genetic variance that can

be explained by population structure

~

/
. . NO
FST =0 differentiation
NS
4
. . Complete
Fsr=1 differentiation

/
=

/




Fs: Wright’s fixation index

Recall:
 Fgr measures the amount of genetic variance that can be

explained by population structure
« This is the fraction of diversity that is not due to the mean of

the within population diversity

o _ 05 _ _ o8
T 62 p(1-p)

Where p is the average frequency of an allele in the total population, o4 is the
variance in the frequency between subpopulations, weighted by the sizes of the
populations and o+ is the variance of the allelic state in the total population



An example: lactase persistence in humans

Cow milk protein diversity
(proxy of length of time
milk has been an
important part of the diet)

Frequency of lactase
persistence in humans




Geographic distribution of allele responsible for
lactase persistence in Europe

Distribution of LCT -13910*T
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Adaptation to dietary shift: lactase persistence
in Europeans

Simoons hypothesized that the distribution of pastoralism could explain
the striking differences in lactase persistence among populations
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The LCT locus is differentiated between European
and African populations

0.4 LCT locus Chr 2 - Fst 1
i p < 0.0001 =
; p <0.001 =
_ ' 0
EO'B FABP1 o
:
0.2 | - '_h' i
al = 0 y "
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In humans pigmentation is correlated
with solar radiation

Worldwide variation in pigmentation Solar Radiation

higher numbers
represent darker {
skin color "

L 12 [ 2123 |
[ ]12-14 [ 24-26 |

s Wl | | o
| [ J18-20 |30 + fv-i Human Skin Color Distribution

from Barsh PLOS Biology 2003, adapted from Biasutti 1953




Sunlight is needed for vitamin D production,
so high levels of pigmentation can be
detrimental at high latitude

Sunlight

A
Inactive photoproducts
A A 48,25(0H),D 1,23R,25(0H);D
uv-B : Heat CYP3A4
7-DHC wmmp PreD), wmmsp \/itamin D,
1 CYP2R1
Calciferols > 2soHp  LP?7B1 4 55(0H),0
1 : (Calcidiol)?—’ (Calcitriol) == VDR
o
Vitamin D2 and D3
CYP24A1
miLk Diet In the kidney

24,25(0H),D 1,24,25(0H),D



Inadequate vitamin D levels can result in
many physiological ailments

Possible symptoms include:

* Muscle and bone pain and increased sensitivity to pain

* Muscle weakness in body parts near the trunk of the body,
such as the upper arms or thighs

* |ncreased risk of broken bones

* Muscle spasms, twitches or tremors

* Bowed legs (when the deficiency is severe)

* |ncreased risk of chronic heart failure

Tradeoff between protective effect of pigmentation (against UV

damage and cancer) and deleterious effect at high latitude

https.:.//www.yalemedicine.orqg



https://yalemedicine.org/

Multiple variants involved Iin loss of
pigmentation are differentiated
among human populations

SLC24A5 variant (skin color) OCAZ2 variant (eye color)

SNP: rs2433354
Ancestral Allele: A

30° r‘ SNP: rs12913832 30" X r
5 = Ancestral Allele: A , 5 Z . - Y
- Ny =5 |
A\ . ‘ . R\ - ,
o g )
P~

270° 300°
® arv®




Beak morphology in Darwin’s finches: a classic
example of adaptive radiation

1. Geospiza magnirostris 2. Geospiza fortis
3. Geospiza parvula 4. Certhidea olivacea

Finches from Galapagos Archipelago




Sequencing the genomes of Darwin’s finches

a
Darwin
G. difficilis_D

Wolf
G. difficilis_W

Cocos

Galapagos

g
=
8

G. conirostris G
G. magnirostrs_G
G. difficilis G
Genovesa

=10
G. difficilis P
Pinta
2. fuliginosa_S
G. difficilis S Marchena
C. olivacea_S
00
Santiago
G. difficilis F
Fernandina Daptine
Santa
Cruz
Isabela
_10
N
- 100 km Floreana
92° 91°

G. fortis M

G. scandens M

G. fuliginosa_Z

P. crassirostris Z

C. fusca |

|
San Cristébal

C. fusca E
G. conirostris E

MW Warbler finches
I Vegetarian finch
Cocos finch
M Sharp-beaked ground finches
M Tree finches
R All other ground finches
I Outgroups

90° Espanola

T. bicolor_B

—
—{—— L. noctis B

Lamichhaney et al., 2015



Population differentiation across the genome
of Darwin’s finches

15-kb windows

TWE : JEILEE B
e §27 SE i L, ‘X > ! / ) t T {;‘ o _g"
o » - l . T g . 'y
oy B . | ' 1. f . ' A L ol
. k ? - ':{ ‘ i 2. L} :
o 8 '
- ; !.1 : . E
8 S RDH14 . : GALN2 . . AKR1D1 CNTNAP3
: . SMIM15 FOXC1 SvaC RCAN2
10 Y TMTC2 - FGF10 KIAA1429  STK3 4 EXOC2
PPP4R4, GSC i PLEKHF1  VPS13B
DLK1, DIO3 MGATA4C, EPYC, SLC6A15 SUPT3H

RASSF9, LRRIQ1, ALX1

Differentiation at many loci across the genome

Lamichhaney et al

., 2015



Haplotype sharing due to incomplete lineage
sorting and introgression across the genome

a <’ C.olivacea_S b
— 827 + 157 < C. fusca_E 1 G. magnirostris_G O
291
C. fusca_l FPF o IT
< 2 G. difficilis_W v
<I P. crassirostris_Z
3 G. difficilis_P '
546 + 74 N Ao i
+ G. difficilis_F
S1ase G. difficilis_S , :
v 231 4 T. bicolor_B 3

S 81L G. difficilis_P
205 + 50 74— = ok 39% D =0.098
469 + 101 = R
0 183;171’127’ 418.099 34%
—  G. difficilis_D
RIS 4@ sy 361,033
G. difficilis W
250 + 35
239 2 fulginosa_£ 296,072

360 + 58 o — E for 37?
=] G dff oiiis. G BN EX) A
—— Q. 1dens_M
258 + 70 | (227
QG. conirostris_G A i

This means that there Is shared variation across species, so that

segregation patterns across species can be used to identify adaptive loci
Lamichhaney et al., 2015




Population differentiation across the genomes of
Darwin’s finches (across a combination of species)

10 Y
PPP4R4, GSC
DLK1, DIO3

15-kb windows

A

; . .
; : R1D1
_ RDH14 * Evimts GALN2 . . FOXC1AK D
TMTC2 - [FGF10 KIAA1429  STK3 4 EXOC2
. PLEKHF1  VPS13B
MGAT4C, EPYC, SLCBA15 SUPT3H

RASSF9, LRRIQ1, ALX1

CNTNAP3
RCANZ2

ALX1 is involved
In beak
development

Nucleotide diversity

 LRRIQT ALXT
WYAYE. B A s~ G.magnirostris_G
v W Vv V\"..__,-.\_'_ AN S

/ v . — \ /
g s \/

[\ / G. conirostris_E
/A N\ o —— PR mmai®

j’\\/\“/\‘\/_\,\,\/x/\/\/\/‘\\,\/_,\,/\‘/\/JA¥ G. conirostris_G

\/v\««/\M\j\/\/\\/\/\A/V\N\_\/V\«N G. difficilis_P

240 kb

Lamichhaney et al., 2015



ALX1 haplotype is strongly differentiated among
populations and associated with beak shape

Reduced diversity at ALX1, a gene
iInvolved in beak development

Nucleotide diversity

. LRRIQT ALX1

~ @G, magnirostris_G

/ G. conirostris_E

J’/\\/\’ A \/\ AV \__,\/jv NJ l\/ﬂ\, G. conirostris_G

\\_/\—\,—\ L

,\/\A// \/\J\j .‘\/ A G. difficilis W

W '\_/\/\,_\‘f‘\/\f} \AAN_ /™A M~ G. difficilis_P

240 kb

B haplotype is associated with

blunt (

2.0
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o (&)
1 1

o
o
1 1

Beak shape score
(degree of pointedness)
o
(6}

|
©
o

versus pointed) beaks

P=885x10"°

BB BP PP
Genotype

Lamichhaney et al., 2015



Genotype in individual

birds

Pointed

Allelic
state

Blunt

ALX1 haplotype is strongly differentiated among
populations and associated with beak shape

LRRIQT  ALX1
I e WBB [OBP WPP

G. magnirostris_G

G. conirostris_E

G. fortis_M
G. conirostris_G
G. difficilis_D
G. difficilis_W
G. difficilis_F
G. difficilis_
G. difficilis_JP

l G. difficilis_W ‘

G. difficilis |G ‘
G. difficilis_S ‘ G. difficilis_F
G. difficills_P ' G. difficilis_G

PP

I Derived
I Ancestral

Lamichhaney et al., 2015






High altitude adaptation in humans identified

based on frequency differences
80
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Polyploids can be stable in nature, but their formation in
the lab is associated with meiotic disfunction

DAPI-stained
meiotic
chromosome
spreads

Map of populations
sequenced. Tetraploids are
indicated with closed circles;
diploids with open circles

A Somatic Diakinesis Metaphase |

Diploid

Diploid
(Strecno)

Natural polyploid
(collected from
nature)

Natural Tetraploid
(Triberg)

Synthetic polyploids
created using
colchicine, a mutagen

Colchi-tetraploid
(4X Strecno)

Yant et al., 2014, https.//www.ncbi.nlm.nih.gov/pmc/articles/PMC3859316/



Polyploids can be stable in nature, but their formation in
the lab is associated with meiotic disfunction

What makes them viable in nature?

Adaptation through changes in core meiosis genes!

D
A 0.4-
50004 z
”~
”
”
’/
4000" 0.3+ ,/ ,,’
— -~ e
§ . E: o
|} —
® 3000 | & R "
8- | o . ,./ >
o ; 2 R -
L= 2000 TR & o
Dwo ~ 9 o o
E ;gg’. e ; 45 SYN? Ll
s s - ) YR, ® WASY?
1000- | 2528 g 5 QK;CQ\Q o 2YP1
' wdd N @ »
v [ ‘ ‘ D55k %
1 f' 4 L
0+ 0.04
0.0 0.4 1.0 7G i B T o
FST ‘ S e : ’
Allelic differentiation (4x-2x)
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Examples of meiosis genes, ASY3 and POSS5, with
differentiation signals

A
14 — 5 =
2 rogj 2
2k T H—b b —t—ft=r———
3 B— e ¥ 3 —— =
P O

ﬁ
E

1.0

Strong
differentiation
between SNPs in
the ASY3 and

0.5

0.0

-0.5

.:;’i‘“ *
' .

1> ]
2282 22'.84“ 2286 = 2288 1766 17.68 17.70 17.72 17.74 17.76 POSS reg|0ns

Position, Chr. 4 (Mb) Position, Chr. 2 (Mb)

Allele Frequency Difference (4x-2x) 0

-1.0

Yant et al., 2014, https.//www.ncbi.nlm.nih.gov/pmc/articles/PMC3859316/



Identifying regions that are simply differentiated
between two populations can be powerful in
simple cases

... but can we do better?



cCcm.

100

Clinal patterns represent a classic signature

of adaptation

cm

100
Achillea lanulosa, n=I8

Sierra Nevada Range

Great Basin Plateau

from Clausen, Keck and Heisey, 1948

Heights of yarrow
plants vary with
altitude



Can we use clinal patterns to identify adaptive loci?

Maritime Chukchi
Naukan Yup’ ik

O ©)6)

Oo

Australian

Vasakela
Aborigines

IKung

Genome-wide data from 1344 individuals from 61 populations:
O 938 individuals from the Human Genome Diversity Panel
© 288 individuals from HapMap Phase 3

@® 118 individuals genotyped for these projects Hancock et al., 2011



summer
ST, o2 n

Climate Variables

Climate data source:

NCEP/NCAR Reanalysis
Project (Kistler et al., 2001)




Diet and Subsistence Variables

O Fats, Meat or Milk
O NA

Main Dietary Component

. o Y e
@ ,: o ' o’eo
° o - P o’ ® .
® oCp o ®
o »
® %
®
@ Agriculture .o:
O Horticulture o )
[ ]
@ Pastoralism
@ Foraging Subsistence Strategy
00
° @]
o 0 ° » O8O
° o » ~» ,jf:;\ﬁ:. * Yo
é Qo ?‘
O e [ J
@ Cereals o
O Roots and Tubers o S

sources:

«Ethnographic Atlas
(Murdock 1967)

*Encyclopedia of
World Cultures
(Levinson 1991-97)

Hancock et al. 2010



Population history confounds efforts to
identify adaptive loci

Significance of correlations may be
over-estimated if:

Population history is correlated with
the environment

.. And under-estimated if:

« The effects of selection are subtle
relative to the effects of population
structure on allele frequencies

Solution: Model population structure when assessing evidence for

correlation with the environment



Many of the strongest correlations are
with amino acid-changing variants

Climate
e TLR6 P249S & solar radiation

associated with malaria resistance and prostate cancer

*TRIP6 V858l & minimum temperature

implicated in energy metabolism and basal metabolic rate
Diet/Subsistence

‘MTRR K350R & roots and tubers
involved in folic acid metabolism; associated with spina bifida

«CCL22 D2A & pastoral subsistence

associated with multiple sclerosis and H. pylori-related carcinoma



The strongest correlation with cereal use
is a truncating amino acid change

PLRP2 hydrolyzes
galactolipids, the
main triglyceride
component in plants

This protein is found in
pancreases of herbivores
and omnivores but not
carnivores or ruminants




Structure of PLRP2

The full length protein in humans has low
activity relative to other herbivores

This low activity may be due to binding to
glycan chains, which interfere with binding to
colipase

In the truncated protein, the residues that
allow binding to the glycan chains are
missing, likely increasing binding efficiency
with colipase

Biochemical evidence suggests that the truncated protein that

iIncreases in frequency with cereal use should have higher activity



The frequency of the truncated protein is
higher in populations that use cereals

0.5
0.5
0.0 0.5
0.5 0.0
0.0
0.0
0.5
m 0.5 0.5
0.0
0.0 0.0

[ Populations that specialize on cereals

™ Populations that do not specialize on cereals

Subtle, but concordant, shifts in allele frequencies

across regions suggest polygenic adaptation



Is there evidence for adaptation to climate and

subsistence overall?

frequency

|s the proportion of genic SNPs >
the proportion nongenic SNPs?

correlation

|s the proportion of NS SNPs >
the proportion nongenic SNPs?




Is there evidence for adaptation to climate and
subsistence overall?

> Is the proportion of genic SNPs >
- the proportion nongenic SNPs?
(op
E Is the proportion of NS SNPs > the
correlation proportion nongenic SNPs?
Climate Subsistence
2 2
1.8 - 1.8 -
1.6 - 1.6 -
1.4 - //' 1.4 -
1.2 - 1.2 -
1 1
0.8 . . . 0.8 . .
5% 1% 0.5% 5% 1% 0.5%

®p <0.05
Hancock et al. 2010; Hancock et al. 2011



Reconstructing adaptive history within populations
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Selective sweep model (Hard sweep)

* Introduced by Maynard Smith and Haigh (1974)

» Selection acts on a single copy of the beneficial allele that
enters the population as new mutation after the onset of the

selection pressure

 The variant rises in frequency very quickly so that there is not
time for other adaptive alleles to arise in the region

» This produces a long tightly-linked haplotype, with an age that
IS young relative to the genomic background



Sweep pattern

A completed sweep leaves a pattern of a haplotype driven

quickly to high frequency so that the swept haplotype is younger
than average relative to other loci

Polymorphism patterns immediately after the sweep:
o Region of reduced heterozygosity

o Excess of high frequency derived variants at the border of the region
some time later

o Low frequency variants begin to accumulate



Selective sweep
with recombination
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Selective sweep
with recombination
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Selective sweep
with recombination

S O—

O OS—@ @
O S—@ @
7

@
7




Selective sweep
with recombination
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Selective sweep
with recombination
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High frequency
derived variants
at the edge

Region of reduced
variation



How can we identify the loci responsible for
adaptation?

Use summary statistics based on patterns of
polymorphism to identify loci that show departures from
neutrality

H,: neutral evolution
H,: adaptation

Seems simple enough...



But it can get complicated in many (most?)
realistic scenarios

Population structure due to historical demographic events can
confound our ability to detect adaptive loci

Some specific demographic factors that affect results are:

o population growth
o bottlenecks
o hierarchical structure

Solution:

Compare patterns at individual loci to entire genome



Effects of natural selection on gene genealogies
and allele frequencies

a Neutral

Bamshad and Wooding NRG, 2003
https://doi.org/10.1038/nrg999



Effects of natural selection on gene genealogies
and allele frequencies

a Neutral b Positive
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Bamshad and Wooding NRG, 2003
https://doi.org/10.1038/nrg999



Effects of natural selection on gene genealogies
and allele frequencies

a Neutral b Positive ¢ Balancing
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Bamshad and Wooding NRG, 2003
https://doi.org/10.1038/nrg999



Effects of natural selection on gene genealogies
and allele frequencies

a Neutral b Positive ¢ Balancing d Background
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Gene Haplotype Frequency

Genealogies patterns spectrum
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Sweep signatures:
Tests based on polymorphism

process > pattern

4 ) 4 R
Adaptation reduced
(positive polymorphism,
selection) changes in the

L ) kSFS, increased LD y




Reduction of polymorphism

Compare local and global patterns of variation

Caveats:

. Neutral coalescent is very variable
— Even more so in the presence of population bottlenecks

¢ There are alternative causes for valleys of low variation
. Selective constraints (purifying selection in coding regions)
. Locally reduced mutation rate

» There is no test exclusively based on reduced variation



Variation

Selective sweep

(in European Drosophila melanogaster )

0,008

0,007 +

0,006 +

oos [/ | Region of reduced variation / X
0,004 +

0,003 +
0,002 +

1 4
0,00 5 5

#——
A4

133 1342 1831 1838 1389 18473 139 1.9 1910 1919 1923 192 1549

Position (Mb
osition (Mb) Beisswanger et al 2005



Sweeps locally skew the frequency spectrum

0,008
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HKA Test (Hudson, Kreitman, Aguadé)

Compares polymorphism within species to
divergence between populations

Neutral Locus Positively selected locus
Locus 1 Locus 2 Locus 1 Locus 2
Similar divergence,
reduced variation
Species Species
A B
Species Species Species Species Species Species
A B A B A B

Uses comparison between divergence and diversity to normalize for rate
differences (i.e., variation in purifying selection) across loci



HKA test

Compares divergence relative to polymorphism
Inter-locus test of reduced polymorphism relative to divergence

Focal 61 =4N,u, 0, = 4N, u,
locus: locus 2 (3,4,...):
dl — Ztnul dz — Zt‘l,lz
iy , 6, 6,
* Positive selection for: <
1 2

» Similar to McDonald-Kreitman but looking for the opposite signal
Hudson, Kreitman, Aquade 1967



Reconstructing adaptive history within populations

process

\

-
Adaptation

(positive
selection)
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among
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within
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> pattern
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Increased divergence
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Selective sweeps:

effects on the frequency spectrum

How is polymorphism distributed across frequency bins?

Selection footprint on the site frequency spectrum:

1 2 3 4 S 6
standard neutral model

1,4
1,21

11
0,81
0,61
0,41
0,21

0-

1 2 3 4 5 6
selective sweep



Selective sweeps:
effects on the frequency spectrum

How is polymorphism distributed across frequency bins?

Selection footprint on the site frequency spectrum:

1,4
1,21
11
0,81
0,61
0,41

0,87

0,61

0,47

i

Increase in low frequency variants and high frequency

derived variants after a selective sweep



Site frequency spectrum based tests

- Define different estimators of 6 (4Nu) from the site
frequency spectrum.

 Compare these estimators to detect deviations from
neutrality.



Tajima’s D

Compares estimates of § based on

the number of segregating sites (S -> 6) and 7 (the
number of pairwise differences) in the sample

< O 0 =0,

T
D positive D negative neutral




Tajima’s D
Can get this from population bottleneck
Or balancing selection

Can get this from population growth
Or a sweep

/ / 67[ < QS
Hn> QS

D positive

D negative



Fay and Wu’s H Test

n—1 QS -9
Compares estimates of 4 based on é\H - Z il
k (which captures information about high n

frequency derived variants and 7 (the number A A
of pairwise differences) H=6_-0,

Pattern in simulations Acp26Aa

1

0
1 10 1 i . —03

9 5 Pl 611

81 ol £ ] — L 0.25 &
- ARG e ’ & Pl 02 @
7 6] —== - L = il L — &
% : o3 T i ~0.15 &
g - Freq in a Populat F in a Populati 1 i B : ; E-D
= ey IM'"\'.\ ina ropulation l|‘1|ul’"\'\ ina Population : H erest H e
E 4 2 -0-1 E
< 3 F— &)

L 0.05
5 \"V.4
-0
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Number of Occurrences in a Sample

D. melanogaster accessory gland gene



Selective sweep
with recombination
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Selective sweep
with recombination
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Selective sweep
with recombination

S O—

O OS—@ @
O S—@ @
7

@
7




Selective sweep
with recombination
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Selective sweep
with recombination
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Linkage disequilibrium: haplotype tests

Many different approaches:

. Number of different haplotyes
— Low number for given polymorphism indicates selection

. Frequency of the major haplotype
— Unusually high frequency indicates selection

. Length and frequency of core haplotype

— EHH: extended haplotype homozygosity measures the
reduction in frequency of a core haplotype. Slow reduction
Indicates selection



Linkage disequilibrium: EHH test

Logic: High frequency haplotypes typically do not extend over a long
region. With positive selection, one long major haplotype is created.

EHH score: homozygosity of core haplotype up to a given distance
relative to other haplotypes (identifies incomplete sweeps!)

C e 12- 1
N 10|
R I 5|l
Lol ] L J

% 0.6 A G>J 6 1
LIJ / c_% I. |~‘

I1¥ 047 S a4 NIk

T E/ - 0.24 - 8 e LR A3 e
i h o L SN il
; 1= St S . . 5 0 0.1 0.2 0.3 0.4 0.5

-500 -400 -300 -200 -100 0

Distance from core region (kb) Carehapleypeireguency

Sabeti et al 2002



Lactase persistence region in Europeans has
reduced haplotype heterozygosity

[IHS|
N W R O N R O ®
1 1 1 1 1

FABP1

LCT locus Chr 2 - Fst |
i p < 0.0001 =
1 p <0.001 =
]

fadh, ﬁﬂﬂtﬂ’-‘hii I‘{oll:lhlﬂi %

LCT locus  Ghr 2 - XP-EHH |
p<0.05 =

10 P e ;l\LL—\LL«—V- L

LCT locus

Chr2-iHS

0 20 40 60 80 100 120 140 160 180 200 220 240

Position on chr 2 (Mb)

Differentiation (Fg7)

Differentiation +
haplotype-based score

Integrated haplotype score
(iHS) in the lactase region

Voight et al., 2006



Haplotype-based signature of positive
selection in Europeans at SLC24A5
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Haplotype patters across pigmentation loci differ

across populations

Allele Frequencies
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Simple hard sweep model is appealing

Guiding assumption under a simple model of hard sweeps versus neutrality:
Most of the genome is assumed to be evolving neutrally, while only a subset of
loci/variants are subject to positive selection

But reality is often more complex. Detecting sweeps can be
difficult because:

«  Confounding effects of background selection (negative selection)
«  Selection from standing genetic variation
«  Selection from multiple variants



Recall: Classical theory of hard
selective sweeps assumes:

Selection acts on a single copy of the beneficial allele, which
enters the population as new mutation after the onset of the
selection pressure

But: in some cases, the situation is more complex. Selection may

act on an allele that was already present in the population (i.e.,
standing genetic variation) or on multiple alleles at a locus that

have similar phenotypic effects.

These situations are called ‘soft sweeps’



A hard selective sweep

Frequency of beneficial allele

Beneficial Recombinationfz Neutral mutation
. > N H . ,
f Neutral mutation Recombination event HsaNen C.event singieven
results in singleton affects external branch » **
om ff = ey
4 e
/
/
4 3
\ Neutral mutation *
\\ creates high-frequency
\ derived variant *
\
=/ === g
Neutral mutation
| | | | - -
| // I I I high frequency derived
y e Ts TMRrcA Mo

—
Waiting time for successful Time —

beneficial mutation

Hermisson and Pennings, 2017



A single-origin soft selective sweep

Beneficial Recombination Neutral mutation
/ mutation (event K intermediate frequency
® A

Neutral mutation results in Recombination event
intermediate frequency variant affects internal branch

/7 7 s
== Ae------- - 7
/ 7’
{,/ NP

\

* /
- _// B * Neutral mutation
l : | | | intermediate frequency
¥ |

TN TM RCA Ts Now

Time —

X 3

$

Nel_ltral mutation becomeg This scenario may be more likely
adaptive after already spending if effects are conditional on
some time in the population environment or other loci

Hermisson and Pennings, 2017



Multiple origin soft selective sweep

Mutation results in intermediate
/' frequency variant

A e

|
|
TN TS Now

Tvrea Time —
@® Recombination event Ts Onset of selection
* Neutral mutation Tn Neutral coalescent time
’ Mutation creates beneficial allele Tmrca Time to most recent common
ancestor at selected locus

‘ Coalescent event

Beneficial Neutral mutation
K mutation K intermediate frequency
T

e

& %

= o

Second beneficial
/ mutation

- - =

A

\\ Neutral mutation

intermediate frequency

Multiple variants arise on
different haplotypes and these
rise to high frequency as a group

riernssuil drid rreriiys, cui/



(a) Hard selective sweep

Frequency of beneficial allele

/ Beneficial Recombination Neutral mutation
- e tati t F inglet:
/ Neutral mutation Recombination event fsEasen C‘even R4 Sngesn
results in singleton affects external branch . * a
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T T, . - =
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il
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\ derived variant i,
\ e o2
Y = T
} Neutral mutation
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Tn Ts Tmrca Now
D
Waiting time for successful Time —

beneficial mutation

(b) Single origin soft sweep

Beneficial Recombination Neutral mutation
/mutation Cevent K intermediate frequency
@

sle
A L
Recombination event
affects internal branch

Neutral mutation results in
intermediate frequency variant

}
¥ T ¥

Neutral mutation
intermediate frequency

(¢) Multiple origin soft sweep

Neutral mutation

K intermediate frequency

Beneficial
/ mutation
T

*.

= e
; e ’ sle
Mutation results in intermediate L NE
/ frequency variant
s==-f----3% Second beneficial
i /mutation
’ * i
\ / ale
\ L &
N

Neutral mutation
intermediate frequency

Onset of selection

Recombination event Ts
Neutral mutation v Neutral coalescent time

Tmrca Time to most recent common
ancestor at selected locus

[ ]
f Mutation creates beneficial allele

Coalescent event

Single adaptive variant arises at a
locus and sweeps quickly to high
frequency

Neutral mutation becomes
adaptive after spending some time
In the population

Multiple adaptive mutations arise
over a short time frame and as a
group sweep to high frequency in
the population

Hermisson and Pennings, 2017



Sweep patterns
standard, multiple variants, standing variation

(A) Classic hard sweep (B) Soft sweep (de nove mutations) (C) Soft sweep (standing variation)
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Controversy around soft sweeps

« Soft sweeps from standing variation require a major change in
the functional impact of a variant. This might be possible due to
cryptic variation that is exposed due to interaction effects like
genotype by environment or genotype by genotype (epistatic)
iInteractions

« But we need examples where functional variants are known

« Soft sweeps from standing variation require that multiple
variants arise in a short period of time and sweep. This could
happen when common assumptions of random mating are not
met (e.g., population structure)



Can soft sweeps be detected?

There are methods to detect soft sweeps, but power using
selection scans is reduced relative to hard sweeps

There is a statistical test from
Garud et al., that uses
information about the two
predominant haplotypes and
can be used to scan for a soft
sweep signature.

But given the weaker signature
left by soft sweeps, the power is
low compared to tests for hard
selective sweeps. Soft sweep
regions tend to look more like
neutral regions.

Harris et al

A. Neutral B. Soft
1.00 - 1.00 - 1.00 -
H12: p = [0.001,0.003] H21: p =[0.2,0.92]

0.75 H21: p = [0.02,0.39] 0.75- 0.75 -
T T T
~ 090 S 050~ S 050
T T T

0.25 0.25 0.25

° X X
0'00 - 1 1 1 1 1 O.OO- 1 1 1 1 1 000- 1 1 1 1 1
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
H12 H12 H12
D.

- 1.00 -
= Swee
@ 0.75- P
[} hard
O 950-
go] soft
L)
g 0.25- neutral
(7))

0.00 - 1 =5 . 1 j 1

0.00 0.25 0.50 0.75

., 2018; https://journals.plos.org/plosgenetics/article ?id=10.1371/journal.pgen. 1007859



What is the impact of soft
sweeps
on the expected footprint
of selection?

Similar to hard sweep but signal tends to be muted



Some examples of soft sweeps



Worldwide distribution of lactase persistence

(a)

o High persistence

30°N ., /

30°S —

Low persistence

Variants other than LCT -13910*T are responsible for
lactase persistence in African populations.



Lactase persistence in Africa is due to soft

sweeps — multiple causal haplotypes

Proportion of
population with LP

a Phenotype

Genotype

-13907 -13915 -14010

BLP
|LP O CC-TT-GG
Beja
mLNP (Afro-Asiatic) —_ @ CC-TT-GC
n=17 | CC-TT-CC
0 CC-GT-GG
m CC-GT-GC
Sudan @ CC-GG-GG
B GC-TT-GG
B GC-TT-GC
Nilo-Saharan
n=26 W GC-GG-GG
\ B GG-TT-GG
Afro-Asiatic
n=64
Hadza
(Khoisan)
n=18
Sandawe Nll04§a1h;6ran
(Khoisan) n=
n=30 Nilo-Saharan
n=45
Afro-Asiatic
n=81

Niger-Kordofanian Tanzania

n=61

Count

234
144
EE
1

- s WO NN -

Proportion compound
genotypes
b

Phenotype
Mean (variance)
1.39 (0.94)
2.04 (1.40)
245 (1.67)
3.03 (3.41)
3.86 (1.84)
270 (0.27)
3.96 (1.69)
237 (1.22)
290 (NA)

459 (NA)

Nilo-Saharan

n:27\

Afro-Asiatic
n=64

Hadza
(Khoisan)
n=18
Sandawe
(Khoisan)
n=31

Niger-Kordofanian Tanzania

n=61

Nilo-Saharan

Nilo-Saharan

Afro-Asiatic

Reed et al., 2007



Haplotype structure is stronger for the
persistence aalleles

It = —— }Persistence

African G/C-14010

allele

—1000000 -500000 0 500000 1000000 1500000

Position (bp)
b Eurasian C/T-13910
Persistence
allele
—1060000 —506000 0 506000 1006000 1506000
Position (bp)

Reed et al., 2007



LD is more extensive for derived (persistence)

alleles

Haplotype structure

a Tanzania-AA Kenya-AA
1.‘5 1.0 0.5 0.5 1.0 1.‘5 1.0 0.5 0.5 1.0 Tanzania-AA
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Multiple tandem duplications arose and swept
to increase mineral nutrient transport

Multiple tandem
duplications arose and
swept to near fixation
(98%) in a Cape Verdean
volcanic island.

Reference I Y I

Variation in leaf
elemental
content results in
variation in plant Haplotype Haplotype Haplotype

AAGACATAA
AAGACATAA-TD ATG-TD CT-TD

Copy 1 ATG Copy 2

—I Copy 1 CT-I Copy 2 I—

health

()]
o
1

These increase copies of
the NRAMP1 transporter
, e as well as expression

R=053 (mRNA) and Fe transport

P=1.15x100
n=103

NRAMP1 expression
relative to Col-0 (+Mn)

. %

Leaf Fe concentration ‘
(ug.g’ dry weight)
KN o
o o

Ci) @ @ 2 3 4 5 6 7
4 & NRAMP1 copy number

Tergemina et al., 2023



Summary: types of neutrality tests

» Divergence-based
— dN/dS and MK-type tests

» Differentiation
- Fs1, environmental associations)

* Inter-locus comparison of divergence relative to diversity
- HKAtest

 SFS based tests

- Tajima’s D, Fay and Wu's H test
« Haplotype / LD based tests

- EHH and variants, number of haplotypes, frequency of major haplotype
« Haplotype differentiation tests use signatures of different haplotype

homozygosity across populations
- XP-EHH



Time scale for signatures of selection

Proportion of functional changes  dN/dS

Heterozygosity/rare alleles

1
High f fiscas Frequency spectrum-based tests
I |

Population differen : '
opuec diferences  F—. environmental correlations

Lengin ot haPOVPes - Haplotype-based tests

Africa

Europe

From Rogers lecture notes



Lack of strong concordance between selection
scans across the human genome

Sweepfinder
(SFS + LD) EHH Tajima EHH MK test MK test
Williamson et al.d Voight et al. 40 Carlson et al 43 Wang er al.®  Bustamante ef al.3 (PS p <0.025) Bust:
Williamson er al.>* 179 12 20 0 0 B!
Voight et al. 40 13 713 6 7 22 32
carlson ef al.4>* 23 7 59 5 3 10
Wang et al.0* 0 7 3 90 3 1
Bustamante er al.3 (PS p < 0.025)F 0 . 3 3 301 #
30 10 2 i 802

Bustamante ef 111.3 (NSp = 0.975)+ 3

... no test uses all patterns: different tests pick up different signals
False positives and negatives are also expected to contribute to disparity



Summary: neutrality tests

Which test to use”? — Power of tests for selection

» depends on time / frequency of adaptive fixations
— dN/dS and MK type tests need many substitutions over long time
— Tajima’s test, tests based on singletons: up to about 0.1 N generations
— haplotype and LD based tests: up to about 0.01 N generations
- EHH and similar tests: incomplete sweeps

» depends on the underlying demography

— worst-case scenario: bottlenecks (no problem for divergence tests)

» depends on the selection scenario
- Soft sweeps, polygenic adaptation, local adaptation, partial sweeps



