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Inbreeding

Inbreeding = mating of related individuals
Often results in a change in the mean of a trait
Inbreeding is intentionally practiced to:

— create genetic uniformity of laboratory stocks

— produce stocks for crossing (animal and plant
breeding)

Inbreeding is unintentionally generated:

— by keeping small populations (such as is found
at zoos)

— during selection



Genotype frequencies under inbreeding

The inbreeding coefficient, F (fis also used)

F = Prob (the two alleles within an individual
are IBD) -- identical by descent

Hence, with probability F both alleles in an
individual are identical, and hence a
homozygote

With probability 1-F, the alleles are
combined at random

Recall the coefficient of coancestry, O,
the expected level of inbreeding in the
offspring from a cross of x and y.
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Inbreeding depression
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Changes in the mean under inbreeding

Genotypes A1A1 A1A2 A2A2
0 a+d 23

freq(Ay) = p, freq(Ay) =g

Using the genotypic frequencies under inbreeding, the
population mean pr under a level of inbreeding F is
related to the mean g under random mating by

Me = Ho - 2Fpad




For k loci, the change in mean is

k
pr = po—2F ) pigid;=po— BF
Here B is the reduction in mean under

complete inbreeding (F=1) , where b =2 Z Piq;d;

e There will be a change of mean value if dominance is present (d not 0)

e Forasingle locus, if d > 0, inbreeding will decrease the mean value of
the trait. If d <O, inbreeding will increase the mean

e For multiple loci, a decrease (inbreeding depression) requires
directional dominance --- dominance effects d; tending to be positive.

* The magnitude of the change of mean on inbreeding depends on gene

frequency, and is greatest when p = g = 0.5
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Offspring production
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Inbreeding coefficient, f

Note that B can be estimated from the slope of the

regression of trait mean on F.

Often report the scaled measure, | = B/[noninbred mean]




Character I Reference
Competitive ability 0.84 Latter et al. 1995
0.97 Latter and Sved 1994
Egg-to-adult viability 0.57 Garcia et al. 1994
0.44 Mackay 1985a
0.66* Malogolowkin-Cohen et al. 1964
0.48* Dobzhansky et al. 1963
0.06 Tantaway and Reeve 1956
Female fertility 0.81 Mackay 1985a
0.18 Tantaway and Reeve 1956
0.35 Hollingsworth and Maynard Smith 1955
Female rate of reproduction 0.32 Latter et al. 1995
0.56 Mackay 1985a
0.96 Hollingsworth and Maynard Smith 1955
0.57 Marinkovic 1967
Male mating ability 0.52* Hughes 1995
0.92 Partridge et al. 1985
0.76 Sharp 1984
Male longevity 0.18* Hughes 1995
Male fertility 0.00* Hughes 1995
0.22* Dobzhansky and Spassky 1963



Question

— It we cross two fully inbred lines (x and y),
are their offspring also inbred?
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* The level of inbreeding in the parents
has no impact on the level of
inbreeding when we cross them.

e What matters is 0,,.

e | this is zero (which it can be even it x
and/or y are fully inbred, i.e. ®,, and/or

®,, = 1), then F in their offspring is zero.
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Inbreeding Depression and Fitness
traits
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Fitness traits and inbreeding depression

e Often seen that inbreeding depression is
strongest on fitness-relative traits such as
yield, height, etc.

e Traits less associated with fitness often show
less inbreeding depression

e Selection on fitness-related traits may
generate directional dominance
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Why do traits associated with fitness
show inbreeding depression?

* Two competing hypotheses:

— Overdominance Hypothesis: Genetic variance for fitness is
caused by loci at which heterozygotes are more fit than both
homozygotes. Inbreeding decreases the frequency of
heterozygotes, increases the frequency of homozygotes, so
fitness is reduced.

— Dominance Hypothesis Genetic variance for fitness is caused
by rare deleterious alleles that are recessive or partly recessive;
such alleles persist in populations because of recurrent mutation.
Most copies of deleterious alleles in the base population are in
heterozygotes. Inbreeding increases the frequency of
homozygotes for deleterious alleles, so fitness is reduced.
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Inbred depression in largely
selfing lineages

Inbreeding depression is common in outcrossing
species

However, generally fairly uncommon in species with
a high rate of selfing

One idea is that the constant selfing have purged
many of the deleterious alleles thought to cause
inbreeding depression

However, lack of inbreeding depression also means
a lack of heterosis (a point returned to shortly)

— Counterexample is Rice: Lots of heterosis but
little inbreeding depression
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Evolution of the Selfing Rate

e Automatic selection (the cost of
outcrossing)

— An allele that increases the selfing rate has
a 50% advantage

e Selection for reproductive assurance

— When population density is low, or
pollinators rare, failure to outcross may
occur

— Baker's law: Colonizing species generally
have the ability to self.
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What stops all plants from being selters?

Inbreeding depression. It fitness of selfed-
produced offspring is less than 50% of that
from outcrossed-produced
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Lande and Schemske (1985)

e As selfing rate increases, inbreeding
load (fithess reduction of inbred
offspring) can decrease

— It inbreeding largely due to recessive or
partially recessive deleterious alleles, the
mutation-selection equilibrium frequency
decreases in selfers

— As inbreeding load decreases, alleles that
increase outcrossing rate are not favored

— Hence, once largely selfing, very hard to

18
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Question

— Can you give an example of inbreeding
depression where the fitness-related trait
value in inbreed offspring is GREATER

than in the parents?
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* This would happen for any trait where a
larger value implies reduced fitness,
such as time to maturity.

— This is often greater for inbred offspring,
but longer times to maturity usually result
in reduced fitness.
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Marker-based estimation of f

* Single-point estimators

— Excess homozygosity, deficiency of
heterozygotes

— |IBD vs correlation estimates

— The idea of a reference population for
allele frequencies

e Haplotype-based estimators
— Runs of homozygosity (ROH)

21



Homozygosity estimators

Consider a focal individual,uand let z; denote the number of me;er alleles (B;) at a
biallelic locus i (alleles with frequency p; > 0.5), where z; equals 0, 1, or 2, for, respectively,
the minor-allele homozygote (b;;), the heterozygote (B;b;), or the major-allele homozygote
(BiB;). Note that z;(2 — z;) is only nonzero for a heterozygote. For a biallelic locus (such
as almost all SNPs), the expected heterozygote frequency when an individual is inbred to
level f becomes

freq(B;b;) = (1 — f)2pi(1 — p:) (11.41a)

We can use this equation to obtain an estimate of f using multilocus data in several ways.
First, one could simply average both sides over n markers in the focal individual, yielding
the expectation

E

1 1
n ;%(2 - 33:')] =(1- f);; 2pi(1 — p;)
which rearranges to give the (method-of-moments) estimator

i Ti(2—mi) _ B (O[Het])
E?zl 2p;i(1 —p;) =1 E[Het] (11.41b)

foomi1=1-—
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We can equivalently consider Equation 11.41b as an estimate based on the observed ex-
cess in homozygotes, as the reduction in heterozygotes results in an excess of homozygotes.
Equation 11.41b can be rearranged (Purcell et al. 2007) to yield

O[Hom| — E[Hom]

frrom 1= 11.41
faom 1 n— E[Hom) ( c)
as O|Hom| + O[Het| = E[Hom| + E[Het| = n.
Alternately, we can arrange Equation 11.41a as
freq(Bibi)
=1-— 11.42a
I 2pi(1 —p:) ( )
which yields an alternative estimator,
froma =1 —li zi(2 — 7:) (11.42b)
HOM2 = - 201 — i) :

i=1

Notice that this weights rarer heterozygotes more
than the previous estimator, which weighted all equally.

23



Allelic-correlation estimators

IBD-based estimators ef?ectively assume some ancestral population (typically unspec-
ified) forms the reference (Wang 2014). An alternative was offered by Yang et al. (2011), who
proposed an estimator based on the correlation among uniting gametes,

:L',‘Q — (1 4+ 2p;)z; + Zp%
2pi(1 — pi)

1 n
= — z where ~; = (11.43a)
* i=1

where the weights simplify to

( (1 —pi)/pi for Bsz (.’Di = 2)
i =4 —1 for Bib; (zi =1) (11.43b)
L pi/(1 —pi) for b;b; (xz; =0)

24



Runs of Homozygosity (ROH)

Single-point estimators of f use no positional information, averaging data from individual
markers, rather than using haplotypes, and indeed often discarding some SNP data to avoid
complications from LD. With the advent of dense SNP chips and whole-genome sequencing,
the haplotype structure (i.e., LD) of SNPs can be used to obtain direct estimates of the fraction
of the genome that is autozygous (Broman and Weber 1999; Chapman and Thompson
2003; McQuillan et al. 2008; Keller et al. 2011; Ceballos et al. 2018). The idea is to use runs
of homozygosity (ROHs), where a run is defined as a continuous DNA segment that is
completely homozygous. This leads to the estimate of the fraction of the genome that is

autozygous as
total length of ROHs

genome size

from = (11.44)

Issues:
(i) Setting the threshold size
(ii) : Using physical vs genetic distances
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Table 11.8 ROH-based estimates of the scaled strength of inbreeding, I (as defined in Table 11.2)
for selected traits in cattle and pigs. Here * and ** denote,, respectively, significance at the 5% and

1% levels.
Character I, Reference
Holsteins
205-day milk yield —0.236™"* Bjelland et al. 2013
Daily milk yield —0.250**
Average fat % —0.028
Average protein % 0.033
Iberian pigs: Number of piglets at birth
ROH > 0.5 MB —0.313* Saura et al. 2015
ROH 0.5 to 5 MB 0.760
ROH > 5MB —0.254*
Iberian pigs: Number of piglets born alive
ROH > 0.5 MB —0.325%* Saura et al. 2015
ROH 0.5 to 5 MB 0.482
ROH > 5MB —0.256"
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Variance Changes Under Inbreeding

Inbreeding reduces variation within each population

Inbreeding increases the variation between populations
(i.e., variation in the means of the populations)

ERRHIEH

F=0
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Between-group variance increases with F
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Within-group variance decreases with F 2



Implications for traits

e A series of inbred lines from an F, population
are expected to show

— more within-line uniformity (variance about the
mean within a line)

® | ess within-family genetic variation for
selection

— more between-line divergence (variation in the
mean value between lines)

* More between-family genetic variation for
selection
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Variance Changes Under Inbreeding

General F=1 F=0

Between lines 2FV, 2V 5 0

Within Lines (1-F) Va |0 Va

Total (1+F) V4 [2Va | V4

The above results assume ONLY additive variance
i.e., no dominance/epistasis. When nonadditive

variance present, results very complex (see WL Chap 11).
30



Key points

nbreeding is the results of crossing within
Ines

Heterosis, which is examined next, is the
result of between-line crosses.
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Line Crosses: Heterosis

When inbred lines are crossed, the progeny show an increase in mean
for characters that previously suffered a reduction from inbreeding.

This increase in the mean over the average value of the
parents is called hybrid vigor or heterosis

UpP + WP
2

A cross is said to show heterosis if H > 0, so that the
F1 mean is larger than the average of both parents.

Hp = U Fy

32



Expected levels of heterosis

If p; denotes the frequency of Q; in line 1, let p; + dp; denote
the frequency of Q; in line 2.

The expected amount of heterosis becomes

n

HFp = Z (0pi)? di

1=1

e Heterosis depends on dominance: d =0 = no inbreeding depression and no

Heterosis. As with inbreeding depression, directional dominance is required for heterosis
A X A epistasis can also generate heterosis, while epistasis must include D for inbreeding
depression (e.g., AX D, D X D)

 H is proportional to the square of the difference in allele frequencies

between populations H is greatest when alleles are fixed in one population and
lost in the other (so that I5pil = 1). H=10 if ép = 0.

e H is specific to each particular cross. H must be determined empirically,
since we do not know the relevant loci nor their gene frequencies. 33



Heterosis declines in the F,

In the Fy, all offspring are heterozygotes. In the F,
random mating has occurred, reducing the frequency
of heterozygotes.

As a result, there is a reduction of the amount of
heterosis in the F, relative to the Fy,

+ op)d | H

Since random mating occurs in the F, and subsequent
generations, the level of heterosis stays at the F, level.



Agricultural importance of heterosis

Crosses often show high-parent heterosis, wherein the

F, not only beats the average of the two parents

(mid-parent heterosis), it exceeds the best parent.

Crop % planted % yield Annual Annual Annual land
as hybrids | advantage added added savings
yield: % yield: tons
Maize 65 15 10 55 x 104 13 x 10¢ ha
Sorghum 48 40 19 13 x 104 9 x 10¢ha
Sunflower 60 50 30 7 x 10¢ 6 x 10¢ha
Rice 12 30 4 15 x 10° 6 x 10¢ha
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Hybrid Corn in the US

Shull (1908) suggested objective of corn breeders
should be to find and maintain the best parental
lines for crosses

Initial problem: early inbred lines had low seed set

Solution (Jones 1918): use a hybrid line as the seed
parent, as it should show heterosis for seed set

1930's - 1960’s: most corn produced by double crosses

Since 1970's most from single crosses
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A Cautionary Tale

1970-1971 the great Southern Corn Leaf Blight almost
destroyed the whole US corn crop

Much larger (in terms of food energy) than the great potato
blight of the 1840’

Cause: Corn can self-fertilize, so to make hybrids either have to
manually detassle the pollen structures or use genetic tricks that

cause male sterility.

Almost 85% of US corn in 1970 had Texas cytoplasm Tcms, a
mtDNA encoded male sterility gene

Tcms turned out to be hyper-sensitive to the fungus
Helminthosporium maydis. Resulted in over a billion dollars

of crop loss
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Crossing Schemes to Reduce the
Loss of Heterosis: Synthetics

Take n lines and construct an F; population by
making all pairwise crosses

Allow random mating from the F, on to produce a
synthetic population

o = F
H/n

Hp, = Hp, (1 — l) Only 1/n of heterosis

n lost vs. 1/2

22



Synthetics

* Major trade-off

— As more lines are added, the F, loss of
heterosis declines

— However, as more lines are added, the
mean of the F; also declines, as less elite
lines are used

— Bottom line: For some value of n, F; - H/n
reaches a maximum value and then starts
to decline with n
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Types of crosses

 The F4 from a cross of lines A x B (typically
inbreds) is called a single cross

e A three-way cross (also called a modified
single cross) refers to the offspring of an A
individual crossed to the F1 offspring of B x
C.

— Denoted A x (B x C)
e A double (or four-way) cross is (A x B) x (C x

D), the oftspring from crossing an A x B F;
with a C x D F;.

40



Predicting cross performance

e While single cross (offspring of A x B) hard to
predict, three- and four-way crosses can be
predicted if we know the means for single
crosses involving these parents

 The three-way cross mean is the average mean
of the two single crosses:
— mean(A x {B x C}) = [mean(A x B) + mean(A x C)]/2
e The mean of a double (or four-way) cross is the
average of all the single crosses,

— mean({A x B} x {C x D}) = [mean(AxC) + mean(AxD) +
mean(BxC) + mean(BxD)]/4
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Individual vs. Maternal Heterosis

* |ndividual heterosis
— enhanced performance in a hybrid individual

e Maternal heterosis

— enhanced maternal performance (such as
increased litter size and higher survival rates of

offspring)
— Use of crossbred dams

— Maternal heterosis is often comparable, and can
be greater than, individual heterosis



Individual vs. Maternal Heterosis in Sheep traits

Trait Individual H | Maternal H total
Birth weight 3.2% 5.1% 8.3%
Weaning weight 5.0% 6.3% 11.3%
Birth-weaning 9.8% 2.7% 12.5%
survival
Lambs reared 15.2% 14.7% 29.9%
per ewe
Total weight 17.8% 18.0% 35.8%
lambs/ewe
Prolificacy 2.5% 3.2% 5.7%




