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Introduction

Inbreeding depression, reduced fitness because of reduced sur-
vival, mating, and/or reproduction in the progeny of related indi-
viduals, has been documented in many different organisms
(Keller & Waller, 2002; Charlesworth & Willis, 2009). In fact,
Darwin (1876) carried out experiments in which he self-fertil-
ized, and outcrossed to unrelated individuals, 57 plant species
and found substantial negative phenotypic impacts of inbreeding
in most of these species. Inbreeding depression is of great impor-
tance because of its potential role in evolution, its impact on
human health, relevance in crop improvement, and significance
in conservation of endangered species (Hedrick & Kalinowski,
2000; Keller & Waller, 2002; Charlesworth & Willis, 2009).

As a result, it is fundamental that the genetic basis of inbreed-
ing depression be understood. It is widely recognized that
inbreeding increases the level of homozygosity throughout the
genome. The two major hypothesized genetic bases for inbreed-
ing depression are that it is either the result of higher homozygos-
ity of partially recessive (or recessive) detrimental variants
(pseudo-overdominance) or for variants maintained by intrinsic
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Summary

e The genome-wide heterozygosity at 9590 genes, all heterozygous in a single Eucalyptus
grandis parent tree, was examined in a group of 28 S, offspring. Heterozygosity ranged from
52-79%, averaging 65.5%, much higher than the 50% expected under random segregation,
supporting the occurrence of strong (47 %) selection against homozygosity.

e The expected pattern of heterozygosity from theoretical calculations and simulations for
recessive detrimentals (pseudo-overdominance) and intrinsic heterozygote advantage was
examined and compared with that observed. The observed patterns are consistent with at
least several detrimental loci with large effects on both parental chromosomes of the 11 pairs.
It is likely that 100 or more genes, many with substantial effects on viability, are contributing
to this inbreeding depression.

e Although our genome-wide analysis of nearly 10000 genes strongly suggested that
pseudo-overdominance was responsible for the observed high inbreeding depression,
heterozygote advantage could not be excluded.

¢ Finding inconvertible evidence of the cause of inbreeding depression still presents a difficult
challenge. This study is the first theoretical examination of the genomic effect of inbreeding in
a forest tree and provides an approach to analyze these data to determine the extent and
cause of inbreeding depression across other plant genomes.

heterozygote advantage at given genes (also called overdomi-
nance) (see later Table 2). From the present evidence, it appears
that the major cause of inbreeding depression is the increased
homozygosity from partially recessive detrimental variants
(Charlesworth & Willis, 2009). In support of this conclusion,
there is no evidence of large numbers of loci with intrinsic
heterozygote advantage (Hedrick, 2012), particularly for loci
with the level of selection necessary to generate the observed
inbreeding depression.

The partially recessive detrimental variants which are the major
cause of inbreeding depression are thought to be individually rare
because they are maintained by mutation—selection balance
(Charlesworth & Willis, 2009) but these rare variants are thought
to be widespread in the genome. If there is a statistical association
of these rare detrimental variants with neutral molecular markers,
then in progeny segregating for molecular markers there might
appear to be heterozygote advantage at a neutral marker locus, a
phenomenon termed pseudo-overdominance or associative over-
dominance (Ohta, 1971). This heterozygote excess occurs
because the alleles at the marker locus are in linkage disequilib-
rium with different partially recessive detrimental variants and in
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heterozygotes these are covered up by wild-type alleles on the
homologous chromosome. However, in homozygotes at the
marker locus, the genotype is homozygous for associated detri-
mental variants and consequently they have a lowered fitness.

Recently, the genome of Eucalyptus grandis (commonly known
as rose gum) has been sequenced and analyzed (Myburg ezral.,
2014). Of particular evolutionary interest here, the genomic vari-
ation at 9590 genes that were all heterozygous in a single parent
was examined in a progeny array of 28 individuals produced by
self-fertilization. The expectation from one generation of selfing
without selection, given that the parent is heterozygous, is that
50% of these loci in the progeny would be heterozygous, 50% of
the progeny would be homozygous and identical-by-descent for
one of the two alternative alleles, and the expected inbreeding
coefficient would therefore be 0.5. Contrary to this expectation,
65.5% of these loci were found to be heterozygous, only 35.5%
were found to be homozygous (Myburg eral, 2014), and the
estimated inbreeding coefficient was 0.355, consistent with
strong selection against homozygotes that were identical-by-des-
cent from the one generation of selfing.

In this study, we first examine the observed genomic pattern of
heterozygosity in these 28 progeny. In order to comprehend the
potential genetic basis of these patterns, we next generate the
amount and pattern of heterozygosity expected from pseudo-
overdominance given that there are linked recessive detrimentals
and from loci with a heterozygote advantage using both mathe-
matical analysis and simulation. These theoretical predictions are
then compared to the observed data for the 9590 genes in 28

progeny.
Materials and Methods

Background information

Sequencing and single nucleotide polymorphism (SNP) geno-
typing of the parent tree The parent Eucalyptus grandis W. Hill
ex Maiden tree M35D2 genome was sequenced at high depth to
generate the genome-wide information on heterozygous SNP
sites to be later analyzed in the 28 S; siblings (Myburg ezal,
2014). In total, 204.7 million pairs of 2 x 100 Illumina reads
were trimmed for poor quality and aligned to the E. grandis refer-
ence sequence using BWA (—q 15). From the perfectly mapped
pairs with mapping quality q29 or better, a pileup was generated
using samtools mpileup with BAQ scores disabled. An initial set
of heterozygous SNPs was called at sites with 20-100x coverage
of bases of quality Q30 or higher, with at least four bases con-
firming both variants. This set had 3.18 million SNPs (0.92%)
out of >346 million sites with eligible coverage. A much more
stringent subset of these was later selected for genotyping the
selfed offspring. First, to reduce effects from tandem duplicated
regions the analysis was restricted to sites with coverage in the rel-
ative narrow window between 40—65x (depth distribution peaks
at 52x). Furthermore, at each site we required the count of the
least observed variant be at least 35.8% of the total, which corre-
sponds to the 95% confidence interval of binomially distributed
variants with 2=50% and a total depth of 52. Finally, we chose
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to genotype SNPs only at annotated genes (introns and exons) to
avoid effects from mis-aligned intergenic repeat families. In total,
308784 high-confidence heterozygous SNPs within 22 619
genes were selected for genotyping of the selfed offspring.

SNP genotyping of the selfed progeny DNA from the 28 §,
siblings were barcoded, pooled and sequenced in 11 lanes of
2 x 100 paired-end Illumina reads. To mitigate any misgenotyp-
ing due to low coverage annotated genes were used as ‘natural
bins’ and the genotype was based on a consensus of several SNPs
present within each gene. More specifically, only SNPs within
annotated gene boundaries (UTR + exons + introns) were used,
and only genes with at least four SNPs displaying sequence cover-
age of at least 3x were included. The mean (median) number of
SNPs per gene with >3 coverage was 17 (11), and only 10.4%
of the genes had only four SNPs. This indicates that the possibil-
ity of wrongly declaring a heterozygous genotype as homozygous
was low. Figurel, data from Myburg eral. (2014), give the
observed frequency of the heterozygote and the two homozygotes
for the 11 chromosomes for 9590 genes at different Mb positions
in the 28 S; individuals.

Besides the large average excess of heterozygotes and deficiency
of homozygotes, there was substantial variation of these frequen-
cies both within and between chromosomes. For six of these
chromosomes (4, 6, 7, 8, 9 and 10), one of the homozygotes was
missing for part of the chromosome in the 28 progeny. The most
extreme homozygosity was found in a region 25 Mb long on
chromosome 4 where one of homozygotes was not seen in the 28
progeny.

Table 1 gives a summary of these data for each of 11 chromo-
somes based on their sequences where the designation of
homozygotes refers to the two known parental chromosomes.
The chromosomal heterozygosity, which averaged 0.655, ranged
from 0.574 for chromosome 5 to 0.710 for chromosome 10, all
higher than the 0.5 expected without selection. The average chro-
mosomal homozygosity was 0.345 (on average 0.172 for each
homozygote) and ranged from 0.075 for homozygote A,A4, on
chromosome 10 to 0.302 for homozygote 4,4, on chromosome
11. The missing homozygotes in regions of the six chromosomes
pointed out earlier might very well indicate that there were one
or more lethals were present in these regions when homozygous.
Of course, sampling might also contribute to the low numbers of
homozygotes in a given region because with 28 progeny, the
expected number of progeny assuming Mendelian expectations
without selection would be only seven for each homozygote (see
later).

Theory and modeling

Before we discuss any theoretical predictions, let us clearly outline
the basis of the genetic models for inbreeding depression for the
situation in which the parent is heterozygous and progeny are
produced by self-fertilization. When there is intrinsic heterozy-
gote advantage (overdominance), then there is a higher fitness for
heterozygotes than for homozygotes. In other words, the relative
fitness of the progeny heterozygote A4, is 1 and that of progeny

New Phytologist (2016) 209: 600-611
www.newphytologist.com



New
Phytologist

602 Research

0.8

0.6

0.4

0.2

0.0

o

.8 55 92 313 438

1.0

0.8

0.6

0.4

0.2

1.0

0.8

0.6

0.4

0.2

0.0

o

2 90 124 165 256

0.8

0.6

0.4

0.2

11

0.0

99 153 229 266 287 316 374 0.8 a4 85 126

15.7

.

48.2

.

1.9

348

18.0

556 580 603  62.7

150 192 516  60.0

o
kS

417 443 469 506

38

432 531 592 668 738 147 211 228 239 295 314 346 381

- Homozygote AA,
- Homozygote A A,
- Heterozygote A A,

240 380 421 442

Fig. 1 Genome-wide proportions of heterozygotes (blue) and the two homozygous (green and red) single nucleotide polymorphism (SNP) genotypes at
9590 genes, heterozygous in parent MD35D2, in the 28 S4 offspring. It is arbitrary which homozygote is green or red on different chromosomes. The
panels show the genotypic frequencies for the 11 Eucalyptus grandis chromosomes for different Mb positions, data from Myburg et al. (2014).

homozygotes A1A; and A, A are 1 — 5y and 1 — 5, where 5 and s,
are the selection coefficients against genotypes A;A4; and A,A,
(Table 2a).

When there is pseudo-overdominance, then the marker locus
A is assumed to be neutral and in linkage disequilibrium with
alleles at other loci with detrimental fitness effects (Hedrick,
2011). Table 2(b) gives the simplest scenario for pseudo-over-
dominance where allele A; at marker locus A is associated with a
lethal (or detrimental) allele / at the locus given to the right and
a wild-type allele +; at another locus given to the left. Conversely,
allele A, is associated with a wild-type +, allele at the locus to the
right and a lethal (or detrimental) allele 4 at the locus to the left.
We will assume here that the + alleles are completely dominant
and the /alleles are completely recessive. If there is no breakdown
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by recombination of these associations when progeny are pro-
duced, then one-quarter of the zygotes in the progeny are
expected to be identical-by-descent for chromosome + 44,
one-quarter identical-by-descent for chromosome 4 A,+,, and
half are heterozygous for all three loci. As a result, genotype A4,
has a lowered or zero fitness due to selection against the homozy-
gous detrimental or lethal at the locus to the right and 4,4, has a
lowered or zero fitness due to selection against the homozygous
detrimental or lethal to the left.

At this point, we will not assume a particular model of
inbreeding depression (later on we will examine both pseudo-
overdominance and heterozygote advantage) but just assume that
the parent individual was heterozygous A; 4, for a given gene A.
If the parent is self-fertilized, then given no selection, the
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Table 1 The observed heterozygosity and homozygosity and the maximum heterozygosity and minimum homozygosity (for either parental homozygote
for a region) on each of the 11 chromosomes for 28 progeny from an individual Eucalyptus grandis parent heterozygous for 9590 genes (number of genes
on each chromosome is also given) (Myburg et al., 2014)

Heterozygosity Homozygosity
Chromosome Number of genes Mean Maximum Mean A4A, Mean A5A, Minimum
1 1019 0.697 0.821 0.181 0.121 0.071
2 1327 0.656 0.821 0.159 0.186 0.036
3 1035 0.670 0.857 0.170 0.160 0.071
4 560 0.690 0.786 0.199 0.111 0
5 603 0.574 0.714 0.280 0.147 0.071
6 1203 0.607 0.893 0.206 0.187 0
7 546 0.679 0.893 0.177 0.144 0
8 1185 0.659 0.857 0.092 0.249 0
9 585 0.690 0.893 0.135 0.175 0
10 840 0.710 0.857 0.215 0.075 0
11 687 0.576 0.679 0.122 0.302 0.036
Mean (total) 9590 0.655 0.825 0.176 0.169 0.026
Table 2 The parent and progeny genotypes and fitnesses for the
heterozygote advantage (overdominance) and the pseudo-overdominance Eqn 1(a) for P can be solved for s; as:
models. Gene A is the locus with (a) heterozygote advantage or the (b)
observed marker locus where [ and + indicate lethal (or detrimental) and 1 — P(4 — 52)
wild-type alleles at loci in linkage disequilibrium with the A locus for the 1= ) Eqn 2(a)
pseudo-overdominance model. s; and s, are the selection coefficients
inst the h tes A/A d A5A,, tivel
asainst IE NOMOzygotes Aa/ly and Az, TESPECHVEl and Eqn 1(b) for Q can be solved for s as:
Parent Progeny genotypes and their
genotype  fitnesses 1 — Q(4 _ 51)
5= ﬁ Eqn 2(b)
(a) Heterozygote advantage  A4A; AlAq AAs AsAS
1-s 1 1-s . .
! 2 By substitution, these equations can be solved for s and s, as:
. +1A114 +1A1h Al A
(b) Pseudo-overdominance
LA+ +1Al hA+s hAx+ 1-Q—3P
1—54 1 1—-5, Slz(l—P)(l—Q)—PQ Eqn 3(a)
expected proportions of genotypes A;A;, A1A;, and AyA, in the and:
progeny are V4. %, and Y4, respectively, where the two homozy-
] . 1-P-3Q
gotes are identical-by-descent. However, if the homozygotes have 4, = Eqn 3(b)

lower fitness, then the relative fitnesses of progeny genotypes
A1Ay, AiA,, and Ay A, can be designated as 1 — s;, 1, and 1 — s,
respectively. If sy =5, then selection against homozygotes is
equivalent, or symmetrical, and if s; is not equal to 5, then selec-
tion against the two homozygotes is different, or asymmetrical.
Given these relative fitnesses, then the proportions of the three
genotypes Ay A, A1 A, and AyA, in the progeny are P, H, and Q,

respectively and are equal to:

P=41—-g)/w Eqn 1(a)
H=1/w

Q=41-n)/w Eqn 1(b)
where the mean fitness of the progeny is:

w=1-— %(51 +5) Eqn 1(c)

© 2015 The Authors
New Phytologist © 2015 New Phytologist Trust

(1-P)(1-Q)—-rQ

If the selection against the two homozygotes is equal,
51 =15, =5, then:

P=Q=i1-9)/w Eqn 4(a)
and
w=1-— %x
This expression can be solved for s as:
1 —4P
$=1_5p qn 4(b)

If one of the homozygous classes is missing, say Q=0, then
Eqn 3(a) can be solved as:
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1-3p
TP

Eqn 4(c)

and from Eqn 3(b), 5, = 1.

In addition, this information can be used to obtain an estimate
of the number of lethal equivalents, a measure of the mortality
caused by the cumulative effects of all the detrimental alleles
when homozygous (Hedrick & Kalinowski, 2000). Assuming the
relative mean fitnesses with and without inbreeding are wy and
wr—, then:

Eqn 5

and 2B is the expected number of lethal equivalents in a diploid
individual (Morton et al., 1956), and is a measure of the inbreed-
ing genetic load.

Let us examine the situation outlined in Table2 but allow
recombination between the locus to the left of the marker and
the marker locus. In this case, given that the rate of recombi-
nation in this region is ¢ the different types of gametes pro-
duced and their probabilities are given in Table3. For
example, the probability that gamete +; A; /4 is produced is
(1 — 9/2 because half of the non-recombinant gametes are of
this type. The probability that gamete 5 A, [ is produced is
/2 because half of the recombinant gametes are of this type.
In Table 3, the relative fitnesses of the genotypes produced are
also given and the fitness of the genotype homozygous for
two detrimentals is assumed to be the product of their sepa-
rate fitnesses (multiplicative fitness values). Multiplying these
genotypic fitnesses by the frequencies of the different geno-
types, summing them up, and simplifying gives the following
expressions for the frequencies of the progeny genotypes A; A4,
A A, and A,Ay:

Eqn 6

Table 3 The four gametes produced by self-fertilization by a parent with
genotype +1A1/41/12A2+, when the rate of recombination between the
marker locus and the gene to its left is ¢, the frequency of these gametes,
and the relative fitness of progeny genotypes where s, and s, are the
selection against /1 /4 and /5 I, homozygotes and the fitness is multiplicative
over the loci. There is no recombination between the marker locus and the
gene to its right

+1 A1 +1A2+2 AL I Ax+s
Gamete  Frequency (1—-0¢)/2 ¢/2 c/2 1-0)1/2
+1A1/1 (17C)/2 1751 1 1751 1
+1 A2 +2 c/2 1 1 1 1
/2A1 l1 c/2 1 — 5 1 (1 751)(1 752) 1 — 5S>
/2 A2+2 (1-0/2 1 1 1 — 5S> 1 — 5S>

New Phytologist (2016) 209: 600611
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where

=1—1s+5—s9c)

N

Note that if ¢=0, no recombination, these expressions become
those in Eqn 1.

To examine whether the overall patterns observed for particu-
lar chromosomes (Fig. 1) can be generated by pseudo-overdomi-
nance or heterozygote advantage, computer simulation of linked
loci on a chromosome was carried out (Fortran code for these
simulations is available from PWH). In general, either 100 or
1000 loci were assumed to be equally spaced along a chromo-
some. The two gametes for each individual were randomly gener-
ated from the parent. For each gamete, one recombination was
generated randomly over the length of the chromosome. This is
close to the average number of recombinations per chromosome
expected from detailed mapping of 1310 cM for the total genome
of 11 chromosomes for E. grandis (Petroli et al., 2012). In other
words, this assumes that recombination is spread evenly over the
11 chromosomes of 100 cM and there is ¢. 119 ¢cM per chromo-
some in the linkage map.

From the cytogenetics standpoint, there is little information
on the location of centromeres and potentially associated cold
spots of recombination in Eucalyptus. However, recent analysis
has demonstrated a quite homogeneous rate of recombination
across chromosomes with little if any plateaus or restrictions in
recombination across the 11 chromosomes (Silva-Junior & Grat-
tapaglia, 2015). In other words, our simulation assumptions of
randomly generated recombination along the chromosomes are
consistent with the known patterns of recombination in
E. grandis.

One or more loci for each parental gamete, with a random
position on the chromosome, were assumed to carry a reces-
sive detrimental with selection of s in homozygous progeny.
Or one of the loci for each parental gamete, with a random
position on the chromosome, was assumed to carry variants
for heterozygote advantage so that both homozygotes for both
parental alleles generally had selection against them of
When there were multiple selected loci, we assumed fitness to
be the product of the individual  loci
(multiplicativity). In addition, we examined asymmetrical
heterozygote advantage where the equilibrium frequency of
allele A, is:

fitness of

51

e =
S1+32

Presented later is the case where s;=0.3 and 5,=0.9 so that
51+ 5 =1.2, the same sum as the symmetrical case discussed in
simulation with 5; =, =0.6. The equilibrium frequency of 4, in
this case is g.=0.25, halfway between the equilibrium of ¢.=0.5
for 5;=5,=0.6 and that for a recessive lethal of ¢ 0. Each
progeny was randomly determined to die or survive based on its
relative fitness, and if it died, another individual was randomly
generated to replace it until there were 28 selfed progeny.

© 2015 The Authors
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Results

Analytical results

First, given an excess of heterozygotes, let us determine the
expected level of selection necessary against the homozygotes.
Figure 2 gives the selection for two different situations, that is,
when the selection is the same against both homozygotes, P= Q
or 51 =5, using Eqn 4(b), and when one of the homozygotes is
missing because of a lethal, Q=0 or 5, =1, using Eqn 4(c). For
both situations, the excess of heterozygosity is often the result of
quite strong selection. For example, the average heterozygosity
observed in the progeny array of 28 individuals was H=0.655. If
it assumed that the frequency of each of the two homozygotes
was reduced by half the amount the heterozygosity was increased,
then P=Q=0.1725 and using Eqn 3(b), s=0.473 as indicated
by the closed circle in Fig. 2. In other words, the average relative
fitness of a homozygote was only 0.527, slightly above one-half
that of heterozygotes. When there is a lethal on one chromosome
(Q=0), then an excess of heterozygosity can result in a large esti-
mated selection level. For example, if #=0.75 and Q=0, then,
51=0.333 and 5, =1, compared to H=0.667 and Q=0 where
si=0and 5,=1)

Using the genotypic frequencies in Table 1 for the different
chromosomes, the estimated level of selection against homozy-
gotes can be estimated using Eqns 3(a) and (b). Table 4 gives
these values, which range from a high of 0.789 for homozygote
AyAy on chromosome 10 to —0.049 for homozygote AyA; on
chromosome 11. These translate into a relative fitness of only
0.211 for homozygote A,A4, on chromosome 10 to a relative

0.8

0.6}

S

04}t

021

O 1 1 1 1 )
0.5 0.6 0.7 0.8 0.9 1
H

Fig.2 The estimated selection against one of the homozygotes (s,) for
different levels of heterozygosity (H). When P=Q, then s, =s, and the
selection against the two homozygotes is the same. When Q =0, then
s;=1and A,A; is lethal. The closed circle indicates the mean
heterozygosity observed (0.655) in the Eucalyptus grandis progeny and
the consequent estimated selection against the homozygotes,

S1=5= 0.473.
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Table 4 The estimated level of selection against the two parental
chromosomes (s; and s,) from their frequencies in the 28 Eucalyptus
grandis progeny using expressions (3a) and (3b); using these values in
expression (1c), the mean fitness w was calculated

Chromosome S4 Sy w

1 0.481 0.653 0.716
2 0.514 0.432 0.763
3 0.492 0.522 0.746
4 0.432 0.678 0.725
5 0.023 0.487 0.873
6 0.321 0.384 0.824
7 0.479 0.576 0.736
8 0.721 0.244 0.759
9 0.609 0.493 0.725
10 0.394 0.789 0.704
11 0.576 —0.049 0.868
Mean or product 0.458 0.482 0.053

fitness of 1.049 for homozygote A,A4, on chromosome 11. This
later value is slightly higher than the fitness of 1 for the heterozy-
gote, suggesting that there was not a major detrimental effect on
this parental chromosome.

The rightmost column of Table 4 gives the relative mean fit-
ness for each chromosome based on Eqn 1(c) and the average
estimated values of s; and s, for that chromosome. These values
range from 0.873 for chromosome 5 to 0.704 for chromosome
10. Because these values are really relative survival values and they
can be assumed to be multiplicative in their effects, the expected
overall relative survival is the product of the mean relative sur-
vivals for the 11 chromosomes, or only 0.053. In other words,
the relative fitness from one generation of self-fertilization is only
5.3% that when there is no inbreeding. Therefore, the number of
lethal equivalents can be estimated from Eqn5 assuming
wr=0.053, wr—g=1, and f=0.5 as 2B=11.75, a substantial
number of lethal equivalents and a high level of detrimental vari-
ation.

Generally, to estimate the number of lethal equivalents, the fit-
nesses for the inbred and non-inbred groups are known. In this
study we are using a different approach and inferring the relative
fitness of the selfed group from estimates of the amount of selec-
tion necessary to result in the observed deviation from the
expected proportions of genotypes in the selfed progeny. This
estimate is a lower bound because one generation of recombina-
tion has occurred in the production of the selfed progeny which
on average should act to reduce the apparent selection against the
marker loci. Let us examine the impact of recombination on the
frequencies of the three progeny genotypes using Eqn 6. In this
study we assume that there is no recombination between the
marker locus and the gene with the detrimental allele to the right,
in other words the alleles A; and /4 remain completely associated.
Figure 3 gives the expected heterozygosity at the neutral marker
locus when the selection against homozygotes 4 /; and 4 4 at the
two linked loci is equal and is 1, 0.75, or 0.5.

First, the heterozygosity when there are recessive lethals (s=1)
at both loci is at least as high as that observed even when ¢=0.5.
In this case, if the marker locus and completely linked / are in
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Fig. 3 The expected heterozygosity (H) when there are different rates of

recombination (c) between the marker locus and gene to its left for three

levels of selection, 1, 0.75, and 0.5, against homozygotes at the

detrimental loci. The dashed line indicates the average heterozygosity

observed in the 28 Eucalyptus grandis progeny from self-fertilization.

the middle of a chromosome 100 map units long, then the whole
chromosome is expected to have a heterozygosity as high as that
observed. In this case, there is a very low frequency of one of the
homozygotes with the expected frequencies of the genotypes
A Ay, AjAy, and A,A, when ¢=0.5 are P=0, H=0.667, and
Q=0.333.

Second, when there is somewhat less selection against the
homozygotes (s=0.75), then the heterozygosity is above that
observed up to a recombination level ¢ of about 0.3. In this case,
if the marker locus is in the middle of a chromosome, then 30
map units on either side is expected to have a heterozygosity as
high as that observed. For ¢=0.3, the expected frequencies of the
genotypes A1 Ay, AjA;, and AA, are P=0.091, H=0.661, and
Q=0.248, quite different homozygote frequencies but not unlike
some of the mean observed chromosomal values in Table 1.
Another example that is informative is if s=0.5 for the detrimen-
tal on one chromosome and s=1 on the other chromosome (not
given in Fig. 3). For example, when ¢=0.2, P=0.096,
H=0.698, and Q=0.206, again similar to that seen for some
chromosomes in Table 1. Overall, for this case, the heterozygosity
is similar to that for s=0.75 on both chromosomes.

Simulation results

Let us first examine the frequency pattern of the three genotypes
on a simulated chromosome which has selection against a detri-
mental allele at one locus on each parental chromosome. Figure 4
gives the pattern observed from a chromosome with 100 genes
when there is one recessive lethal on chromosome copy 1 ran-
domly chosen at gene position 17 and one recessive lethal on
chromosome copy 2 randomly chosen at gene position 74 (these
positions are indicated by closed circles on the x-axis). First, the
overall heterozygosity is 0.635 for 100 genes for 28 simulated
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Fig. 4 The frequency pattern of the genotypes over a chromosome with
100 genes when there is a single randomly selected lethal on chromosome
1 at gene position 19 and a single one on chromosome 2 at gene position
74 (closed circles). The average heterozygosity for all 100 loci in this
example is 0.635.

progeny, very similar to that in the 28 observed progeny. Second,
in the regions near the position of the lethals, the homozygotes
are missing from the chromosome with the lethal. Finally, the
overall heterozygosity is highest in the center of the chromosome
which in this case is between the two lethals.

Next let us examine the frequency pattern of the three geno-
types over a simulated chromosome with one locus randomly
positioned on each parental chromosome that gives an advantage
in heterozygotes. Figure 5 gives the pattern observed when there
are loci at positions 26 and 87 that give an advantage in heterozy-
gotes and s; =5, =0.5. The overall simulated heterozygosity is
0.646, again very similar to that observed in the 28 progeny.
Second, in the regions near the selected loci, the heterozygosity is
somewhat elevated. Finally, the pattern of frequencies over the
chromosome appears more even than that seen for the recessive
lethal example in Fig. 4.

To determine the overall effect of having pseudo-overdomi-
nance or heterozygote advantage, 1000 samples of 28 individuals
with 11 chromosomes with 1000 genes were generated by simu-
lation and Fig. 6 gives the heterozygosity observed for different
levels of selection (s) against the homozygote recessive on each
chromosome (pseudo-overdominance) or against the homozy-
gotes when there is heterozygote advantage. For pseudo-over-
dominance, the average heterozygosity ranges from 0.5 when it is
assumed that there is no selection operating to 0.633 when it is
assumed that there is a recessive lethal on each chromosome. The
heterozygosity for these simulated values is similar to the 0.655
in the 28 observed progeny. Using the observed heterozygosity
from these simulations, the average selection using Eqn 4(b) was
estimated. For example, when s was assumed to 1 in these simula-
tions, it resulted in an average H=0.633 and consequently an
average s; = 5, = 0.420.

For heterozygote advantage, the average heterozygosity ranges
from 0.5 when there is no selection operating to 0.753 when the
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Fig.5 The frequency pattern of the genotypes over a chromosome when
there is a single randomly selected locus at position 87 on chromosome 1
which has a heterozygote advantage when combined with the other
chromosome and another similar locus on chromosome 2 at position 26
(indicated by closed circles on the A;A, frequency). The average
heterozygosity for all 100 loci in this example is 0.646.
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Fig. 6 The heterozygosity (H) estimated from different levels of selection
against homozygotes (s) when there is either a single randomly selected
recessive lethal locus (pseudo-overdominance) or a single randomly
selected locus with an advantage in heterozygotes on each parental
chromosome where s =s, =s,. These values are the result of 1000
simulations of 11 chromosomes each with 1000 genes each, only two of
which are undergoing selection. The broken line indicates the
heterozygosity observed in the 28 Eucalyptus grandis selfed progeny.

homozygotes at the selected locus are completely selected against,
s=s=35=1. Again if we use Eqn 4(b) to estimate the observed
level of selection on these chromosomes, s; = 5, = 0.672.

The patterns of variation across the chromosomes, as exempli-
fied by the examples in Figs 4 and 5, appear different for pseudo-
overdominance and heterozygote advantage. For example, the
amount of variation in both homozygosity and heterozygosity
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New Phytologist © 2015 New Phytologist Trust

Research” 60

appear less for heterozygote advantage than pseudo-overdomi-
nance, the correlation between the two homozygosity values at a
given gene appears higher for heterozygote advantage than for
pseudo-overdominance, and the frequency of chromosomes with
a missing homozygote appears higher for pseudo-overdominance
than heterozygote advantage.

These patterns are consistent with intuitive predictions about
selection for heterozygote advantage, which would potentially
maintain similar homozygosity and heterozygosity levels and
lower variation across the chromosome, and would maintain
chromosomes with both alleles. By contrast, pseudo-overdomi-
nance, which would potentially decrease homozygosity for alleles
linked to one parental chromosome that has a lethal or detrimen-
tal allele and not for alleles homozygous for the other parental
chromosome that did not have a lethal or detrimental, could
result in higher variance over the chromosome, a lower (maybe
negative) correlation between homozygosity from alleles on the
two parental chromosomes, and loss of some homozygous seg-
ments along a chromosome.

Table 5 gives the proportion of chromosomes missing a
homozygote, the correlation of the frequencies of the two
homozygotes and the variances for the frequencies of homozy-
gotes and heterozygotes determined by simulation for no selec-
tion, three examples of pseudo-overdominance, and two
examples of heterozygote advantage as well as that observed for
the 11 chromosomes. On average, for the 11 observed chromo-
somes 0.273 had a missing homozygous segment, the observed
correlation between homozygous frequencies was 0.092, and the
variances for homozygous and heterozygous frequencies were
0.0060 and 0.0115. Interestingly, the variance of heterozygosity
(Franklin, 1977) from simulations with no selection was only
0.0060 while the average observed heterozygosity for the 11 chro-
mosomes was 0.0115, about twice as large, suggesting that the
selection present resulted in an increase in the variance of
heterozygosity.

When there is a recessive lethal on each parental chromosome,
every chromosome had a segment where the homozygote was
missing, the variance of homozygous and heterozygous frequen-
cies are 0.0148 and 0.0152, higher than that observed, and the
correlation between the frequencies of the two homozygotes was
negative, —0.326, much lower than that observed. Conversely,
for the two other pseudo-overdominance examples, where the
levels of selection were picked to result in heterozygosity close to
that observed, had fewer missing homozygous segments similar
to that observed, somewhat higher correlations of homozygosities
but not as high as that observed, and variances similar to that
observed. By contrast, when there was a locus with symmetrical
heterozygote advantage on each parental chromosome, the fre-
quency of missing homozygous segments was less than that
observed, the correlation was even more positive than that
observed, and the variances were similar to that observed. For the
example of asymmetrical heterozygote advantage on each parental
chromosome, the values were closer to that observed than for
symmetrical heterozygote advantage. However, even with very
strong selection (s; = 0.3, 5, =0.9), the level of heterozygosity was
not as high as that observed.
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Table 5 The mean heterozygosity (H), frequency of missing homozygous segments (Hom=0.0), correlation between the two homozygotes (1), and the
variance of homozygotes (Var (hom)) and heterozygotes (Var (het)) for 1000 simulations of 11 chromosomes each with 1000 equally spaced genes (see
the Materials and Methods section for details) with no selection, detrimental selection with a recessive lethal or multiple recessive deleterious loci, or a
heterozygous advantage locus on each parental chromosome. The amount observed for each chromosome in the Eucalyptus grandis progeny and the
mean over the 11 chromosomes (SE in parentheses) is given at the bottom

H Hom=0.0 r Var (hom) Var (het)

No selection s=0 0.500 0.006 ~0242 0.0045 0.0060

Detrimental selection s=1, 1 locus 0.632 1.000 —-0.326 0.0148 0.0152
$=0.7, 2 loci 0.648 0.335 —0.286 0.0092 0.0104
s=0.4, 4 loci 0.645 0.162 —0.270 0.0063 0.0077

Heterozygote advantage $s=0.6 0.635 0.117 0.165 0.0053 0.0124
51=0.3,5,=0.9 0.612 0.167 —0.058 0.0058 0.0104

Chromosome 1 0.697 0.0 —0.34 0.0031 0.0047
2 0.656 0.0 0.01 0.0025 0.0050
3 0.670 0.0 0.45 0.0028 0.0078
4 0.690 0.5 -0.87 0.0121 0.0032
5 0.574 0.0 —-0.85 0.0089 0.0052
6 0.607 0.5 —-0.22 0.0090 0.0148
7 0.679 0.5 —0.80 0.0064 0.0218
8 0.659 05 0.45 0.0055 0.0150
92 0.690 0.5 0.90 0.0076 0.0284
10 0.710 05 0.25 0.0041 0.0099
11 0.576 0.0 0.43 0.0038 0.0103
Mean 0.655 (0.014) 0.273 (0.075) —0.054 (0.175) 0.0060 (0.0009) 0.0115 (0.0023)

The values for these measures observed for the 11 individual

chromosomes are quite variable and the SEs over the 11 chromo- 0.2

somes are quite high. For example, the correlation ranges from

—0.87 for chromosome 4 to 0.90 for chromosome 9 with a SE of

0.175. Chromosome 4 appears to be a good example of a reces-

sive lethal on one of the parental chromosomes because of the 0.15

missing homozygous region for a large part of the chromosome. Recessive lethal

Chromosome 11 appears to be consistent with a heterozygous oy

advantage locus with no homozygous segments, a positive corre- § Heterozygote

lation, and variances somewhat below that obtained from simula- g o1y advantage

tion although a similar patterns are possible with other w s~ "\

combinations of multiple recessive alleles with smaller effects and . \

partial recessivity (data not shown). However, the high amount 0.05

of differences in the individual chromosomes does not allow easy

attribution to the effects to pseudo-overdominance or heterozy-

gote advantage in most cases. In other words, the patterns

observed did not appear to be completely explained by any of the ole — : - 1

models examined but the pseudo-overdominance model with
several loci per parental chromosome appears generally most con-
sistent with the observed data.

In an effort to understand how much variation might be
expected in these measures, given different causes of inbreeding
depression, Fig. 7 gives the expected distribution of the correla-
tion between the two homozygous frequencies for the two types
of selection for simulations with 1000 replicates of 1000 genes
for 11 different chromosomes. Even though the means for
pseudo-overdominance and heterozygous advantage are substan-
tially different (as indicated by the closed circles), the distribu-
tions for both types of selection range from very negative to very
positive values. For example, when there is a recessive lethal, a
substantial proportion of the time the correlation is very negative
as seen for chromosome 4 but also a substantial proportion of the
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Fig. 7 The expected distribution of the correlation between the two
homozygous frequencies r(A1A4, A>A,) for pseudo-overdominance (s=1)
and heterozygote advantage (s =0.6) from 1000 simulated sets of 11
chromosomes, each with 1000 genes. The means are indicated by the
closed circles on the two curves.

time the correlation is above 0.5. Similarly, for heterozygote
advantage, although there is a mode of this measure ¢. 0.5, a
substantial proportion of the time, the correlation is negative. In
other words, it does not appear that the very high expected
variance in these data over chromosomes allows for easy differen-
tiation of the cause of inbreeding depression between pseudo-
overdominance and heterozygote advantage with the measures
suggested here.
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Discussion

With genome-wide data from nearly 10000 genes across 11
chromosomes and a high selection against homozygotes esti-
mated as 47%, we attempted to provide insights into the cause of
inbreeding depression, including whether it was from pseudo-
overdominance or heterozygote advantage, a question that has
been difficult to answer (Charlesworth & Willis, 2009). First,
there was a widespread genomic excess of heterozygotes and defi-
ciency of homozygotes on 20 of 22 parental chromosomes and
only one parental copy for each of chromosomes 5 and 11 did
not show this effect. In addition, for six of the 22 (27%) parental
chromosomes, there were regions in which one of the homozy-
gotes was actually missing in the 28 S; progeny. Although chance
might have some impact on these genotypic proportions, in sim-
ulation with no selection, only 0.6% of the time was a homozy-
gote missing (Table 5).

Although chromosomal regions that are missing homozygotes
suggest that recessive lethals were present on some of these chro-
mosome, simulations with a recessive lethal on each chromo-
some always resulted in a region of missing homozygotes for
that chromosome. As a result, it appears that some chromo-
somes did not have a single recessive lethal but several detrimen-
tal alleles. In fact, simulations with two loci with s= 0.7 resulted
in 34% of the chromosomes having missing homozygous
regions, not greatly different from the proportion observed. For
the six regions with missing homozygotes (assuming Q=0), the
average value of P was 0.149 and using expression (4c),
51 =0.650. This suggests that the six chromosomal regions that
have missing homozygotes for one parental chromosome also
have strong selection against the other chromosome when it is
homozygous. In other words, the missing homozygote is in, or
close to, a region in which the other parental chromosome is
likely to have recessive detrimental alleles. It is possible that a
heterozygote advantage locus could cause such a pattern but for
symmetrical, and particularly for asymmetrical, heterozygote
advantage, the frequency of missing homozygotes on the other
parental chromosome was low.

Overall, from these simulations it appears that a large number
of loci contribute to inbreeding depression in this progeny group.
For example, even with lethals at 22 different genes (two on each
of the 11 chromosomes), the expected increase in heterozygosity
was still slightly less than that observed. Further, the overall pat-
tern of the proportion of missing homozygotes, correlation of
homozygosities, and variances of genotype frequencies was better
approximated when there were detrimental alleles at 44 or 88 dif-
ferent genes. Given that there would be variation in the detri-
mental effects over lodi, it is likely that 100 or more genes, many
with substantial effects on viability, are contributing to the
inbreeding depression in this tree. For heterozygote advantage,
22 different genes with a selective disadvantage in homozygotes
of 0.6 are necessary to generate the excess of heterozygosity. This
substantial number of genes with large effects suggests that
heterozygote advantage is probably not a major contributor to
inbreeding depression because very few genes with large heterozy-
gote advantage effects have been identified (Hedrick, 2012).
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Charlesworth & Willis (2009) reviewed a number approaches
that have been used to evaluate the relative importance in
inbreeding depression of pseudo-overdominance and heterozy-
gote advantage (and other hypotheses). One approach that might
be useful to distinguish between these alternatives in E. grandis is
to compare genotypic ratios of other matings between related
individuals that have had the potential for recombination, for
example, S, or full-sib matings. In this case, if pseudo-overdomi-
nance is the major cause of inbreeding depression, then the effect
would be less while if heterozygote advantage is the major cause,
then the effect would be retained. In addition, if heterozygote
advantage were important, then in the population causing the
effect the variants would be polymorphic and shared over indi-
viduals while the variants causing pseudo-overdominance would
rarely be shared between unrelated individuals. As a result, crosses
of unrelated heterozygotes would have a heterozygosity excess if
heterozygote advantage were important while crosses of unrelated
heterozygotes would have no homozygosity deficiency if pseudo-
overdominance were important because there would be no iden-
tity-by-descent in these progeny. In fact, in the several Eucalyptus
linkage mapping studies published to date involving segregating
populations derived from crossing unrelated trees (reviewed in
Grattapaglia eral., 2012), no reports can be found of excess
heterozygous individuals, providing further evidence in favor of
the pseudo-overdominance hypothesis.

Self-fertilization in E. grandis is generally very low with
outcrossing rates of 96.7% (self-fertilization of 3.3%) reported in
seed orchard studies (Chaix ezal., 2003). Burgess ezal. (1996)
also found high outcrossing but also high variation in outcrossing
rates for 40 different parental E. grandis trees. The seed output
per Eucalyptus tree is generally large although there is significant
annual variation. Natural populations of mixed Eucalyptus species
were reported to produce at least 40 000 seeds per tree yr ' (Bur-
rows & Burrows, 1992), while managed E. grandis seed orchards
trees averaged 20 000-32 000 seeds per tree yr ' (Eldridge ez al,
1993). As a result, because of this high effective population size
and high potential for selection against low fitness genotypes, the
expected level of detrimental genetic variation in E. grandis tends
to be large. This is also is consistent with a relatively high muta-
tion rate recently estimated at the genome-wide level in E. grandis
(4.9 x 10" %bp' per generation) (Silva-Junior & Grattapaglia,
2015). In other words, the estimated high number of lethal
equivalents in the parental plant and the excess of heterozygosity
throughout the genome for the 28 selfed progeny are not unex-
pected.

Variable self-incompatibility and high genetic load in
Eucalyptus has been documented, by the observation of
widespread and frequently late-acting inbreeding depression in
selfed progenies (Griffin & Cotterill, 1988; Hardner & Portts,
1995; McGowen ez al., 2010). In the S; progeny analyzed in our
study, only 18 out of 120 S; trees originally planted were still
alive at age 7, making the seedling and post-seedling survival
15% and the mortality 85%. The sample of 28 S; trees analyzed
contained 17 live and 11 dead trees. The mean heterozygosity of
the living trees was slightly higher at 0.671, but not significantly
different than the heterozygosity of the dead trees at 0.631.
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However, the four trees with the highest heterozygosity were all
alive in 2011 (mean of 0.765 heterozygosity) and the four trees
with lowest heterozygosity were all dead (mean of 0.549
heterozygosity). The fitness value estimated in Table4 from
genotypic frequencies over the 11 chromosomes was 0.053, indi-
cating that survival to the seedling stage was 35.4%. These results
taken together suggest that strong selection was also taking place
at an earlier developmental stage, such as in the gametophyte or
embryo.

An estimate of the impact of inbreeding can be derived from
the data of McGowen ez al. (2010) on the comparative survival of
viable seeds in outcrossed vs selfed progenies in E. globulus. Based
on these data from 105 different selfed mother trees, they report
that outcrossing produced on average 20.9 viable seeds per cap-
sule while selfing produced only 3.2 viable seeds per capsule, that
is, only 15% of the outcrossed value. Given the wide variation
observed among mother trees in the tolerance to selfing and final
seed production and the potential impact of inbreeding on other
fitness components, our estimate of about 5% survival for this
particular E. grandis tree M35D2 is well within the possible
range. Costa e Silva ezal. (2011) also examined four levels of
inbreeding in E. globulus and observed both strong age and envi-
ronmental effects on inbreeding depression of survival and size
but observed overall less inbreeding depression than estimated
here.

In Myburg eral. (2014) a detailed molecular analysis was
carried out to provide biological insights regarding the genetic
load that may be segregating in the selfed offspring. The
potential functional effects of 308784 SNPs heterozygous in
22619 protein-coding genes in the selfed parent M35D2 were
investigated. Of the 81061 SNPs in coding sequence, 38 849
(47.9%) were predicted to be nonsynonymous mutations and
of these, 618 were predicted loss of function (LOF) mutations,
potentially impacting the function of 584 genes. Such LOF
mutations in protein-coding genes likely contribute to the
observed inbreeding depression in M35D2. However, when a
genomic segment of conserved heterozygosity detected on
chromosome 6 was analyzed (26 out of 28 siblings were found
heterozygous in this segment), no significant difference was
seen in the rate of silent, missense, nonsense and predicted
LOF SNPs when compared with the rest of the genome. This
result suggests that the molecular nature of the genetic load
and resulting inbreeding depression in the selfed progeny can-
not be explained by a direct molecular analysis of predicted
functional effects.

A further analysis in the segment of conserved heterozygos-
ity on chromosome 6 focused on potential enrichment of
genes with tandem duplicates in the 584 genes with predicted
LOF SNPs, based on the hypothesis that inactivation of
redundant genes can be tolerated by organisms. Although
45.4% of the LOF genes had tandem duplicates, higher than
the genomic average of 34.6%, only five of the 16 genes with
LOF SNPs within the conserved heterozygosity region had
tandem duplicates. This result suggests that one or more of
the 11 LOF genes with no tandem duplicates could explain
the extreme levels of heterozygosity in this region if any of
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them have essential functions in Eucalyptus. For example, the
Arabidopsis homolog of one of these genes, Eucgr.F03739
(A3G19770.1 encoding VACUOLAR PROTEIN SORTING
9A, VPS9A) was previously shown to be essential for embryo
development (Goh ezal., 2007). Embryogenesis was arrested at
torpedo stage in an Arabidopsis mutant for the gene. An LOF
mutation in the Eucalyptus ortholog could result in strong
selection against homozygotes. Local accumulation of such
recessive mutations on both parental homologs would explain
the near absence of both homozygous classes in the selfed
progeny of M35D2.

In conclusion, detailed genomic studies of inbred groups,
such as the one of present study, will provide substantial insight
into the impact of inbreeding on genetic variation and the
underlying genetic basis of inbreeding depression. Although our
analysis of nearly 10000 genes in 28 S; progeny strongly
suggested that pseudo-overdominance was responsible for the
observed high inbreeding depression, finding inconvertible
evidence of the cause of inbreeding depression still presents a

difficult challenge.
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