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Abstract

The masking theory states that genes expressed in a haploid stage will be under more efficient selection. In con-
trast, selection will be less efficient in genes expressed in a diploid stage, where the fitness effects of recessive
deleterious or beneficial mutations can be hidden from selection in heterozygous form. This difference can in-
fluence several evolutionary processes such as the maintenance of genetic variation, adaptation rate, and genetic
load. Masking theory expectations have been confirmed in single-cell haploid and diploid organisms. However, in
multicellular organisms, such as plants, the effects of haploid selection are not clear-cut. In plants, the great ma-
jority of studies indicating haploid selection have been carried out using male haploid tissues in angiosperms.
Hence, evidence in these systems is confounded with the effects of sexual selection and intraspecific competition.
Evidence from other plant groups is scarce, and results show no support for the masking theory. Here, we have
used a gymnosperm Scots pine megagametophyte, a maternally derived seed haploid tissue, and four diploid tis-
sues to test the strength of purifying selection on a set of genes with tissue-specific expression. By using targeted
resequencing data of those genes, we obtained estimates of genetic diversity, the site frequency spectrum of
0-fold and 4-fold sites, and inferred the distribution of fitness effects of new mutations in haploid and diploid
tissue-specific genes. Our results show that purifying selection is stronger for tissue-specific genes expressed
in the haploid megagametophyte tissue and that this signal of strong selection is not an artifact driven by
high expression levels.
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Introduction differently in haploid and diploid genomes will affect
the spread and fixation of new mutations and influence
genetic load, genetic variation, and adaptation rate
(Szovényi et al. 2013; Immler and Otto 2018).

Most of the empirical evidence supporting haploid selec-
tion has been obtained through yeast experimental evolution

The masking theory predicts that the efficacy of selection
is stronger in haploid genomes (Kondrashov and Crow
1991) in comparison with diploid, because the number
of chromosomal copies in a genome directly affects

the efficacy of selection. For genes expressed on diploid studies (Otto and Gerstein 2008; Gerstein et al. 2011), where
genomes, any level of dominance (h) other than 0.5 haploid organisms adapt faster and have better fithess when
(additivity) implies that the fitness effect of one allele exposed to environmental changes, for example, nutrient
will be partially or totally masked by the other allele. limitation (Otto and Gerstein 2008 and references therein;
Consequently, both deleterious and beneficial mutations Mable and Otto 1998). However, expectations of masking
can be less affected by selection and hide in a heterozy- theory can be extended to multicellular organisms with alter-
gous state. In contrast, genes expressed in haploid gen- nation of generations between haploid and diploid phases,
omes will be readily exposed to selection due to the such as plants (Immler 2019; Beaudry et al. 2020). In these
lack of masking (Crow and Kimura 1965; Kondrashov cases, selection in the haploid stage can help, for example,
Alexey and Crow James 1991). This difference has import- to reduce the burden of recessive deleterious mutations car-
ant evolutionary consequences as selection acting ried in the diploid stage, or it can lead to the evolution of

© The Author(s) 2023. Published by Oxford University Press on behalf of Society for Molecular Biology and Evolution.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/

licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly

dred. Open Access

Mol. Biol. Evol. 40(8):msad183 https://doi.org/10.1093/molbev/msad183 Advance Access publication August 11, 2023 1



https://orcid.org/0000-0003-0793-5784
https://orcid.org/0000-0002-2694-7302
https://orcid.org/0000-0002-6124-8929
https://orcid.org/0000-0002-1298-7370
https://orcid.org/0000-0002-6468-5956
https://orcid.org/0000-0001-6958-5172
mailto:tanja.pyhajarvi@helsinki.fi
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Cervantes et al. - https://doi.org/10.1093/molbev/msad183

MBE

heteromorphic life cycles such as ecological niche differenti-
ation at haploid and diploid stages, which would maximize
resource exploitation (Mable and Otto 1998).

Research on haploid selection in plants has been mostly
conducted in angiosperms, particularly in genera within
the Brassicaceae family, for example, Arabidopsis and
Capsella (Arunkumar et al. 2013; Gossmann et al. 2014;
Gutiérrez-Valencia et al. 2022), where the female gameto-
phytic stage is very reduced and dissection of female struc-
tures can be technically difficult (Beaudry et al. 2020, but
see Gossmann et al. 2014 and Gutierrez-Valencia et al.
2022). Therefore, most of these studies have compared
male gametophytes, typically pollen-expressed genes, to
genes expressed in sporophytic tissues. Results of these
studies have shown that selection on pollen (haploid)-
expressed genes is stronger relative to selection on sporo-
phyte (diploid)—expressed genes (Arunkumar et al. 2013;
Gossmann et al. 2014). Studies in other angiosperm systems
have shown similar results. In Silene latifolia and Rumex spe-
cies, increased efficacy of purifying selection at the haploid
stage allows the purging of deleterious alleles of Y-linked
genes with expression at the male gametophytic stage, which
in turn slows down the degeneration of their Y chromosome
(Chibalina and Filatov 2011; Sandler et al. 2018).

However, it is argued that in angiosperms, the increased
selective pressure observed in haploid stage—expressed
genes carries the confounding effects of pollen competi-
tion (Moore and Pannell 2011). The general assumption
is that selection has a stronger effect on male haploid
stages than on female stages, in part because in plants,
the pollen is released to an exterior heterogeneous envir-
onment, which implies exposure to varying degrees of
environmental selective pressures. In comparison, plant
female reproductive structures, gametophyte and eggs, re-
main sheltered inside the sporophyte (Immler and Otto
2018; Sandler et al. 2018). In addition, most of the female
eggs will be fertilized, while only a small number of male
gametes carried by pollen will be able to participate in
the fertilization (Immler 2019). For example, Arunkumar
et al. (2013) acknowledged that it is difficult to disentangle
the signal of haploid selection from the signal of sexual se-
lection in pollen of Capsella grandiflora.

Moreover, current knowledge on haploid selection
mostly represents the evolutionary dynamic in angios-
perms and does not represent the variety of length of
the haploid stage in other plant groups such as mosses
or gymnosperms. To our knowledge, there is only one
study in a nonangiosperm species (Funaria hygrometrica)
where explicit testing of haploid selection has been ap-
proached (Szévényi et al. 2013). In F. hygrometrica, a
moss with an extended haploid phase and short diploid
stage, Szovényi et al. (2013) found that haploid-expressed
genes have higher sequence variation due to relaxed selec-
tion. This finding contradicts the expectations of the
masking theory. Szévényi et al. (2013) argue that con-
founding effects of the evolutionary dynamics of gene ex-
pression per se could be the reason for inefficient purifying
selection. Level and breadth of expression are both known
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determinants of protein evolutionary rate, and genes with
expression on a higher number of tissues (broad breadth of
expression) and genes with high level of expression are
under tighter selective constraints (e.g, stronger purifying
selection) (Duret and Mouchiroud 2000; Zhang and Yang
2015). Therefore, the low level and narrow breadth of ex-
pression of tissue-specific genes relax the selective pressure
over them, rendering haploid selection insufficient to
purge putative deleterious variation. Similar results have
been observed in sperm-expressed genes of C. grandiflora
and Arabidopsis thaliana, where low level of expression
has been suggested as the explanation for relaxed selection
(Arunkumar et al. 2013; Gossmann et al. 2014).

Here, we used Pinus sylvestris, a gymnosperm with high
realized outcrossing level, large population size, and low le-
vel of genetic structure, as a study model (Pyhéjarvi et al.
2019; Tyrmi et al. 2020; Hall et al. 2021). Pinus sylvestris
has a haploid megagametophyte stage of approximately
2 years. The megagametophyte is functionally homologous
to the endosperm in the seed of angiosperms. However,
the origin of the megagametophytic tissue is completely
different in comparison with angiosperms. This multicellu-
lar structure originates from the meiosis of the megaspore
mother cell, which develops in the megasporangia of the
ovuliferous scales on the female strobilus. Hence, unlike
the endosperm, the megagametophytic tissue does not
undergo fertilization and only represents the maternal
genotype (Williams 2009). Beside this, the megagameto-
phyte is a metabolically and transcriptionally active tissue
(Vuosku et al. 2009; Cervantes et al. 2021) and does not
carry the confounding effects of haploid male tissue com-
petition observed in angiosperms.

Here, we have looked at the effect of purifying selection
on the genetic diversity (r), the folded site frequency spec-
trum (fSFS), and the distribution of fitness effects (DFEs) of
genes expressed in haploid (megagametophyte) and dip-
loid (embryo, vegetative bud, needle, and phloem) tissues
of P. sylvestris. We chose to use tissue-specific genes as
pleiotropic constraints arising from broad tissue expres-
sion could cause a confounding signal of purifying selec-
tion (Huber et al. 2017). Also, the use of tissue-specific
genes allows a more reliable comparison across gene
categories within species. We focus our analysis on single
sampling location to minimize the demographic and
population structure effects on the SFS. Pinus sylvestris
has a very subtle population structure with low levels
of genetic differentiation across its distribution range
(Pyh3jarvi et al. 2007; Tyrmi et al. 2020; Hall et al. 2021).
Thus, this single sampling location represents well selec-
tion patterns for the whole species because it is very un-
likely that haploid selection varies geographically. Here,
we expect that genes specific to the haploid stage
in predominately diploid organisms should display a simi-
lar response to selection as laid out by theoretical and em-
pirical expectations of haploid selection in single-cell
organisms. Hence, we expect to observe lower levels of
genetic diversity and lower values of the 4-fold to 0-fold
pairwise nucleotide diversity ratio (mo/m4 for genes
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Table 1. Summary of Genetic Diversity Estimates, Tajima’s D, and GC-Content.

Tissue (N) To-fold (SE) Do.fold T4-fold (SE) D fold To-fold/ Ts-fora (SE) %GC
Megagametophyte (332) 0.0009 (0.0001) —0.0104 0.0032 (0.0004) —0.0318 0.25 (0.06) 42.03
Bud (378) 0.0009 (0.0001) —0.0118 0.0029 (0.0004) —0.0069 0.35 (0.05) 40.98
Embryo (284) 0.0014 (0.0002) —0.0291 0.0037 (0.0005) —0.0123 0.39 (0.07) 42.06
Needle (579) 0.0005 (6.72¢™%°) —0.0143 0.0021 (0.0003) ()} 0.21 (0.04) 41.20
Phloem (387) 0.0007 (9.98¢7°%) —0.0253 0.0025 (0.0004) —0.0073 0.32 (0.07) 42.01
All-genes (4,814) 0.0008 (2.88¢~ ) —0.0077 0.0028 (0.0001) —0.0213 0.28 (0.01) 41.16

Note.—Estimates are provided for tissue specifically expressed genes (z index 0.8—1) across the five tissues. The all-genes category includes all genes present in the data set
regardless of their tissue specificity. Estimates of pairwise diversity () represent mean values across genes. SE, standard errors; N, number of genes used for estimation.
Additional information used for Tajima’s D estimates is shown in supplementary table S1, Supplementary Material online.

expressed in the haploid stage due to more effective puri-
fying selection (Charlesworth et al. 1993; Charlesworth
1994). Additionally, when efficient, purifying selection
draws deleterious mutations to low frequencies. Thus,
we also expect to observe a skew towards rare alleles in
fSFS of haploid tissue—specific genes and a strong signal
of purifying selection in haploid tissue—specific genes
based on estimates of the DFE.

Results

We base our study on genetic diversity and expression pat-
terns of tissue specifically expressed genes in one haploid
and four diploid tissues. To assess the influence of purifying
selection on the nucleotide diversity of the tissue specifically
expressed genes, we genotyped 20 megagametophytes from
unrelated trees of a single population using exome capture
(Kesalahti R, unpublished data). We identified tissue-specific
genes based on a previous study (Cervantes et al. 2021).
Analyses were done in five data sets, one for each tissue-
specific set of genes, plus two reference data sets (all-genes
and all-sites, see Materials and Methods).

Genetic Diversity Level of Genes with Tissue-Specific
Expression Patterns

To identify the effects of purifying selection across
genes with varying expression patterns, we first estimated
nucleotide diversity at 0-fold and 4-fold sites (7o folar
T4fold) @and their ratios per gene. As purifying selection re-
duces molecular genetic diversity due to background se-
lection around the selected sites (Charlesworth et al.
1993; Charlesworth 1994) and reduces the g fo1d/4-fold
ratio, we expected reduced estimates of haploid tissue—
specific genes. Although there are significant differences
between some estimates of diversity among tissue-specific
genes, there is no consistent trend of differences between
haploid and diploid tissue-specific genes (table 1;
supplementary data 1, Supplementary Material online).
Overall, the observed 7 and 7y/7, ratio are well within
the range of previously observed values across popula-
tions in the entire distribution range for P. sylvestris
(Grivet et al. 2017; Pyhdjarvi et al. 2019; Tyrmi et al.
2020). Based on a Kruskal-Wallis test followed by a
Dunn test, the Ty o1d/T4toid ratio varied significantly
among tissues, but again, the differences were not

particularly strong between haploid- and
diploid-expressed genes (table 1; supplementary data 1,
Supplementary Material online). Tajima’s D (Tajima
1989), a summary statistic of SFS, was negative across
the whole data set, as is typical for the species
(Pyhajarvi et al. 2007; Kujala and Savolainen 2012), but
again, no extreme values were observed in haploid-
specific 0-fold sites (table 1). It is noteworthy that the
most negative Tajima’s D values are observed in 4-fold
haploid-specific sites. However, Tajima’s D exact value is
dependent on the total amount of segregating sites and,
similar to the other summary statistics, does not capture
the whole information of SFS.

DFEs of New Mutations

Estimates of 7, their ratios, and other summary statistics of
SFS are not optimal signals of purifying selection because
they do not fully consider the effect of purifying selection
on different classes of allele frequencies. There are, however,
more sensitive methods to specifically estimate the strength
of purifying selection based on SFSs that rely on the differ-
ences of observed and expected allele frequencies.

The DFE-alpha is a method for estimating the expected
fitness effects of new mutations entering the population.
It is based on the concept that the fitness effect of a
mutation is one of the determinants of the frequency at
which it will be found in the population (Eyre-Walker
and Keightley 2007; Keightley and Eyre-Walker 2007,
2010). Briefly, the DFE-alpha uses the observed amount
of putative neutral diversity (4-fold) to estimate the popu-
lation mutation rate and to account for the effects of
demographic history. Using this information and the num-
ber of sites available for mutations to occur, the program
can infer the amount of amino acid-changing mutations
that could have entered the population and compares it
to the observed number of 0-fold sites. Considering all
these components, DFE-alpha allows the inference of the
strength of purifying selection.

To estimate the DFE of different tissue specifically ex-
pressed genes and all-sites (see Materials and Methods
for definition), we obtained fSFSs for 0-fold and 4-fold po-
sitions (fig. 1). A visual inspection of the fSFS shows that in
the megagametophyte specifically expressed genes, 4-fold
sites had proportionately more singletons than 0-fold sites
in contrast to all other site categories and all other tissue-

3


http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad183#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad183#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad183#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad183#supplementary-data

Cervantes et al. - https://doi.org/10.1093/molbev/msad183

MBE

B o-foia [ ] a-fora

1000 Megagametophyte

0.9%0

0.985

01 2 3 4 5 6 7
1.000 Embryo
0%
=
L 1
=
2
S 08
& 00

1000 Phloem
0.995

0990

0.985

0.006

0.004 ﬂ

0.004
gg”ﬂﬂﬂﬂﬂaﬂ_

1.000 Bud

0.995
0.990

0.985
0.006

o0 Hﬂ
0.002
0.000 J]ﬂ—D—D—CI-D_—

1.000 Needle

0.995

0.990

0.985

0.006
0.004

0002
0.000 I_|J:]J:]-D_.r:_=_=_m__

1.000 All sites

0.995

0.990

0.985
0.006

ot ”ﬂ

0o 1 2 3 4 5 6 7 8

Allele category
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specific genes. Additionally, the difference between the
proportion of 4-fold sites to 0-fold sites at the invariant
category is larger in the megagametophyte compared
with other tissue-specific expressed genes.

To obtain the DFE of 0-fold sites of the five tissue-specific
gene sets and at all-sites (see Materials and Methods), we
used DFE-alpha 2.16 with a two-epoch model (Keightley
and Eyre-Walker 2007). Further, all nucleotide diversity
data came from a single population to avoid confounding
effects due to population structure. Based on visual inspec-
tion of the DFEs, tissue-specific genes had a distinct DFE
from the all-sites data set that represents the genome-wide
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DFE (fig. 2). However, the tissue-specific genes did not have
a consistent deviation from the genome-wide pattern. For
example, the bud tissue—specific genes have a high propor-
tion of mutations in the category N.s > 100, which is an in-
dicator of a stronger purifying selection, whereas phloem
has fewer mutations in this category in comparison with
the genome-wide average (fig. 2). Other differences among
tissues, in comparison with all-sites, are evident in all DFE
classes as shown in figure 2.

Interestingly, megagametophyte tissue—specific genes
have the highest proportion of sites in the class N.s >
100, indicating a large proportion of sites under strong
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purifying selection, but also display the higher proportion
of neutral or nearly neutral mutations (0 < Ns < 1 category).
Overall, our results show that each tissue-specific set of genes
has a distinct DFE, which is not surprising considering that
different tissues are under different selective pressures ac-
cording to their functionality and in some cases depending
on the developmental stage of the organ or tissue where
they are expressed.

The DFE visualization is usually divided into four dif-
ferent classes according to scaled strength of selection
(fig. 2). Classes are inferred from the  parameter (shape
parameter of the gamma distribution) and the mean se-
lective effect of a new mutation (Es) estimate (scale par-
ameter of the gamma distribution). Low values of the f
parameter (f — 0) are indicative of a highly leptokurtic
gamma distribution (L-shaped gamma) with most of the
mutations being either nearly neutral (low fitness effect)
or strongly deleterious (high fitness effect) (Keightley
and Eyre-Walker 2007; Brevet and Lartillot 2021). To es-
timate how different the DFE of the megagametophyte
tissue—specific genes is compared with the other tissues,
we inspected the distribution of the f parameter, instead
of calculating confidence intervals over the different
classes of strength of selection (N.s) as is usually done.
A distribution of the f parameter values obtained from
200 permuted DFE inferences is shown in figure 3, where
megagametophyte tissue—specific genes have the lowest
values of the £ parameter, and their distribution only
overlaps with that of the bud tissue—specific genes,
with the overlap accounting for approximately 7% of
the values.

Evolutionary expectations over gene expression breadth
establish that narrowly expressed genes are under more re-
laxed selection. As haploid tissue—specific genes are nar-
rowly expressed, this contrasting effect could conceal the

patterns arising from haploid selection. Also, genes with
higher levels of expression are under stronger selective
constraints, which can confound the signal of purifying se-
lection observed in megagametophyte tissue—specific
genes. Hence, we looked at the extreme values of tau
and the level of expression to see if our results were robust
to these confounding factors. First, we further restricted
the DFE estimations to genes with tau values above the
median. Our results show (fig. 4) that contrary to expecta-
tions over breadth of expression, highly tissue-specific
genes in the megagametophyte show an even clearer signal
of purifying selection compared with the other tissue-
specific genes. Second, we evaluate if the strong signal of
purifying selection we observed in megagametophyte tis-
sue—specific genes was mainly driven by highly expressed
genes or was independent of the level of expression.
Hence, we subset the tissue-specific genes according to
their level of expression, and we run a DFE inference on
genes that range in expression from the lowest value up
to the median value of expression. Our results show that
the signal of purifying selection in haploid-specific genes
is not driven by megagametophyte specifically expressed
genes with higher levels of expression, but that also genes
with low levels of expression show a strong signal of puri-
fying selection (fig. 5).

Discussion

Here, for the first time, we present evidence of haploid se-
lection on tissue-specific genes of a long-lived gymno-
sperm tree. Our findings demonstrate that purifying
selection is stronger on genes with tissue-specific expres-
sion in haploid female-derived megagametophytic tissue
compared with diploid tissue—specific genes. In compari-
son with other studies where the presence of haploid
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selection has been demonstrated (Chibalina and Filatov
2011; Arunkumar et al. 2013; Gutiérrez-Valencia et al.
2022), our results are free of the confounding effects of sex-
ual selection. Szovényi et al. (2013) suggested that in
F. hygrometrica, a nonangiosperm system also free of con-
founding effects of sexual selection, the low level and nar-
row breadth of expression of tissue-specific genes could
explain the lack of significant differences in the amount

6

of selective constraint between diploid and haploid tis-
sue—specific expressed genes. Here, our results show
that the strength of purifying selection varies across tis-
sues with some diploid tissues, for example, bud and nee-
dle, also having strong signals of selection. Evidence of
selective constraint variation between genes expressed
in different tissues has been reported earlier, for example,
in a comparative study of 22 different tissue types
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(including reproductive and nonreproductive organs) of
mouse (Kryuchkova-Mostacci and Robinson-Rechavi
2015). Similarly in plants, selective constraint differs be-
tween genes expressed in different female and male re-
productive tissues, reflected as differences in the DFE
(Gutiérrez-Valencia et al. 2022). However, we found
that unlike diploid tissues, the signal of purifying selec-
tion of haploid tissue-specific genes in P. sylvestris was
robust to further narrowing of the breadth of expression
and to low level of expression, two known determinants
of evolutionary rate (Duret and Mouchiroud 2000). The
signal of strong purifying selection in megagametophyte
is in line with both the theoretical expectation of strong
selection at haploid stage (masking theory) and the
known important function of megagametophyte as a
nutrition-providing tissue for a germinating embryo
(Vuosku et al. 2009).

The method used for the estimation of the DFE
(Keightley and Eyre-Walker 2007) assumes additivity,
where the effect on an allele does not depend on the other
allele, although this assumption is often violated and ig-
nored. For the purpose of comparative studies seeking
qualitative differences in DFE among, for example, gene
groups, the assumption of additivity is not a problem
when there is no reason to believe that the distribution
of dominance is different among the gene groups com-
pared. In our study, dominance (h) has an essential role,
as the masking is most efficient for new mutations with
low dominance. For haploid-expressed genes, the assump-
tion of additivity is insignificant, as all the alleles are ex-
posed to selection independent of the other alleles, and
dominance level does not matter. However, for all
diploid-expressed genes, dominance will have an effect
on the DFE estimation. Higher dominance leads to more
efficient purifying selection and vice versa. Thus, the differ-
ences we observe between haploid- and diploid-expressed
gene DFE are not only reflecting their Ns but also Nhs
(Huber et al. 2018). Thus, some proportion of DFE differ-
ences are probably caused by masking of new mutations

with h lower than 0.5, moving the Ns estimate closer to
neutral/nearly neutral class (Ns < 1) when expressed in
the diploid stage.

Unlike the clear signal of purifying selection in haploid
tissue—specific genes, we did not observe a striking differ-
ence in the levels of genetic diversity among tissue-specific
genes expressed in the haploid and diploid stages. However,
in effective outcrossers with low levels of linkage disequilib-
rium (such as P. sylvestris), the signal of background selec-
tion can be less evident due to the effects of recombination
(Charlesworth et al. 1995). We neither observed a skew to-
wards rare alleles in the fSFS of haploid tissue—specific
genes but instead observed an excess of completely invari-
ant sites, as would be expected under very strong selection.
In diploid genomes, recessive deleterious alleles can remain
segregating in low frequency because they are rarely ex-
posed to selection as homozygotes. This can be reflected
in the SFS as a skewness toward rare alleles. However, in
haploid-expressed genes, even rare recessive alleles are ex-
posed to selection, which may explain why polymorphisms
of 0-fold sites are not enriched among rare allele classes in
megagametophyte tissue—specific genes.

Haploid life stages are common in nature, with green
plants displaying great variation in the spatial and temporal
extent of the haploid stage, from dominantly haplontic li-
verworts to diplontic angiosperms (e.g, Mable and Otto
1998). Nevertheless, studies on the effects of selection
tend to concentrate on the sporophyte stage, especially in
species with a less conspicuous haploid stage. In this study,
we observed a strong signal of purifying selection in genes
expressed in a reproductively important and relatively long-
lived tissue: the gymnosperm female gametophyte. Our re-
sults, as well as results in other systems such as Rumex
(Sandler et al. 2018), show that genes expressed in haploid
stages can be exposed to effective selection. Selection over
haploid stages and female tissues deserves more attention
because it can also affect the evolutionary dynamics of
the sporophyte stage, depending on the amount of plei-
otropy across sporophyte and gametophytes.
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Materials and Methods

Biological Material and DNA Extraction

We obtained seeds for nucleotide diversity—based
analysis from 20 randomly selected open-pollinated
P. sylvestris trees from a single naturally regenerated
population at the Punkaharju Intensive Study Site
Finland  (https://www.evoltree.eu/resources/intensive-
study-sites/sites/site/punkaharju) managed by Natural
Resources Institute Finland (Luke). The same tree popu-
lation has been previously used to obtain RNA sequence
information for five different tissues using six different
genotypes (Ojeda et al. 2019; Cervantes et al. 2021).
Three of those six genotypes have been included in
this study (supplementary table S3, Supplementary
Material online). We obtained DNA from megagameto-
phytes dissected from germinating seeds, which had
been incubated overnight in Petri dishes with wet paper
at room temperature in the dark. We extracted DNA
with the E.Z.N.A Plant DNA DS Kit (Omega BIO-TEK),
quantified the concentration with NanoDrop ND-1000
(Thermo Fisher Scientific), and fragmented it by sonic-
ation with a Bioruptor UCD-200 (Diagenode) using
two periods of 15 min and one period of 13 min, with
periods consisting of cycles of 30 s on and 90 s off. We
did a double-side size selection with AMPure XP beads
(Beckman Coulter) targeting fragments between 300
and 350 bp. We then confirmed the fragment distribu-
tion on a 2100 Bioanalyzer (Agilent) using the Agilent
DNA High Sensitivity chips.

Library Preparation and Exome Capture
We prepared DNA libraries using the Kapa HyperPrep
(Roche) library kit according to the manufacturer’s
protocol, and libraries were indexed with Kapa
Single-Indexed Adapter kits A and B. Indexed libraries
were enriched with three to four polimerase chain re-
action (PCR) cycles (depending on library concentra-
tion). We verified the quality and the length
distribution of the libraries with 2100 Bioanalyzer
and High Sensitivity chips (Agilent) and their concen-
tration with Qubit HS dsDNA kit (Thermo Fisher). To
obtain a reduced representation of the genome, we
used the PiSy UOULU exome capture design (Roche)
(Kesilahti R, unpublished data). The use of exome cap-
ture for the study of purifying selection has some lim-
itations; for example, it does not provide information
about noncoding regions, which can harbor regulatory
regions affected by selection. However, we opted for it
as the P. sylvestris genome size (~20 Gb), the high
amount of repetitive content on it (De La Torre
et al. 2014), and the lack of a reference genome
make working with whole genome sequencing ex-
tremely challenging. Besides, exome capture provides
a sufficient amount of data for comparing diversity
patterns of tissue specifically expressed genes.

To optimize the target capture, we set two hybridization
reactions each containing species-specific cOt-1 DNA, the
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exome capture baits, and ten samples pooled equimolarly
to a total amount of 1,000 ng of DNA (Kesalahti R, unpub-
lished data). Each hybridization reaction was incubated for
18 h, followed by 14 PCR cycles for enrichment. The final
pools were quantified using the Kapa Library Quant kit
(Roche) according to the manufacturer’s protocol in a
LightCycler 480 (Roche). After quantification, we pooled
equimolarly the two hybridization reactions in a single sam-
ple. The sequencing was done in an Illumina NextSeq550
with 150 bp paired-end reads at the Biocenter Oulu
Sequencing Centre.

Mapping and Variant Call

Demultiplexed and adapter-removed reads of the 20 sam-
ples obtained from the sequencing facility were mapped to
the Pinus taeda reference v2.01 (https://treegenesdb.org/
FTP/Genomes/Pita/v2.01/) (Zimin et al. 2017) using
BWA (Li and Durbin 2009) with default parameters.
SAM files were converted to BAM and sorted using
Picard tools 2.21.4. We filled coordinates information in
the bam files with samtools 1.9 (Li et al. 2009) fixmate,
sorted the files by leftmost coordinates, and removed du-
plicates with samtools markdup. We added read groups
with Picard tools and indexed the final bam files with sam-
tools index.

To identify paralog regions, we implemented the ap-
proach described in Tyrmi et al. (2020), which consists
of a double variant call at different ploidy levels over
the same data set. We did the two variant calls with
Freebayes v 1.3.1 (Garrison and Marth 2012). The first
call (hereafter diploid call) was done with default para-
meters and a ploidy level of two. As our samples origi-
nated from haploid tissue, we did not expect to
observe any real heterozygosity. Hence, we used any ob-
served heterozygosity as a proxy of different paralog cop-
ies mapping to the same genomic region. We used
BCFtools (Danecek et al. 2021) to identify single nucleo-
tide polymorphism (SNP) positions with two or more
heterozygous calls. We then identified the position sur-
rounding the SNP in a 150-bp window with a custom R
script (https://github.com/GenTree-h2020-eu/GenTree/
blob/master/kastally/paralog_window_filtering/paralog_
window_filtering.R) and removed them as putative par-
alogous regions.

For the second variant call (hereafter haploid call), we
used Freebayes with the option “population model” and
a theta value of 0.005, ploidy level one, and report of invari-
ant sites. We removed complex variants and sites with
more than two alleles with BCFtools and indels with
VCFtools (Danecek et al. 2011). We then removed the pu-
tative paralog regions identified in the diploid call with
VCFtools. We filtered variant and invariant positions at
genotype level for genotype quality (GQ)> 20, depth
(DP) > 10, and maximum of 20% missing data with
VCFtools. Then we used the vcffixup command from vcflib
(Garrison et al. 2021) to update the allele number (AN)
and allele count (AC) fields to reflect the final genotype
counts on the VCFs.
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Identification of Genes with Tissue-Specific
Expression

To identify the genes targeted on the bait design and cor-
relate them to their pattern and levels of expression, we
used the gene expression data of Cervantes et al. (2021),
which had been mapped to P. sylvestris reference tran-
scriptome (Ojeda et al. 2019; BioProject PRINA531617).
We linked the variant call data mapped to P. taeda to
the gene expression data indicating the most likely hom-
ologous region between P. sylvestris transcriptome and
P. taeda reference (version 2.01) based on Blast
(Kesélahti R, unpublished data).

Next, we generated a bed file for all polymorphic and
monomorphic positions in the vcf file with the function
vcf2bed from BedOps v 2.4.38 (Neph et al. 2012). Then,
we used BedTools (Quinlan and Hall 2010) intersect
with the options -wa, -wb, and -loj, to link the positions
in the vcf file to the information in Kesélahti R, unpub-
lished data (supplementary data 2 and 3, Supplementary
Material online). We only retained positions that had a un-
ique match in the P. sylvestris transcriptome. For each gene
identified, we obtained their tau (z) index as a measure of
tissue specificity (Yanai et al. 2005) and gene expression le-
vel information from the TMM matrix reported in
Cervantes et al. (2021). We used the information to iden-
tify the positions and scaffolds containing the genomic in-
formation of tissue-specific genes for five different tissues
(megagametophyte, haploid, and four diploid tissues vege-
tative bud, embryo, needle, and phloem). All targeted
genes identified regardless of their pattern of expression
(unspecific or specific) were included in the all-genes cat-
egory. We only considered genes with a zindex > 0.8 as tis-
sue specific (Yanai et al. 2005). To evaluate the
confounding effects of selection due to codon usage, we
estimated the percentage of GC on the transcriptome se-
quences corresponding to each one of the data set (Li et al.
2015; De Oliveira et al. 2021; Morton 2022). Code for esti-
mating the GC content can be found at https://github.
com/cervantesarango/Haploid_selection_Pinus_sylvestris.

Structural Annotation of Variant and Invariant
Positions

We used the NewAnnotateRef.py script (https:/github.
com/fabbyrob/science/blob/master/pileup_analyzers/New
AnnotateRef.py) and the P. taeda gtf file of v2.01 genome
(https://treegenesdb.org/FTP/Genomes/Pita/v2.01/
annotation/) to obtain the 0-fold and 4-fold positions of
the P. taeda scaffolds where we had mapping information.
After this, we used VCFtools with the —positions option to
obtain one VCF file with monomorphic and polymorphic
positions at 0-fold and 4-fold sites (supplementary data 4
and 5, Supplementary Material online).

Genetic Diversity Estimates

We calculated 7 at 0-fold and 4-fold sites for tissue-specific
genes (tau > 0.8) with pixy (Korunes and Samuk 2021). We
used the all-genes data set as an input for intervals having a

corresponding unique P. sylvestris transcript and --
bypass_invariant_check as “no” to include invariant sites.
We kept only genes for which we have both 0-fold
and 4-fold estimates available (supplementary data 6,
Supplementary Material online). Additionally, we retained
only genes where the total number of sites (0-fold plus
4-fold) used for the estimates of diversity was 50 bp or lar-
ger. To calculate the ratio of 0-fold/4-fold sites, we kept
only genes with diversity estimate > 0.

Site Frequency Spectrum

As P. sylvestris lacks a reference genome and good re-
presentation of the outgroup species, we decided against
unfolding the SFS due to the uncertainty of assigning the
ancestral state. To obtain the fSFSs, we used the bait posi-
tions for each set of tissue-specific genes and generated
two VCF files per each data set, one for 0-fold and another
for 4-fold. Since the amount of missing data varies across
sites, we downsampled without replacement the fSFS to
different sample sizes (see section below) using an
R-script (https://github.com/GenTree-h2020-eu/
GenTree/tree/master/kastally/sfs_resampling). To ac-
count for positions monomorphic among P. sylvestris sam-
ples, but carrying a different allele than the P. taeda
reference, we set all the alternate count (AC) position to
zero for sites where AN =AC. Then, we used the fSFS
downsampled at 16 alleles to obtain an estimate of the
theta parameter and Tajima’s D (Watterson 1975; Tajima
1989).

Distribution of Fitness Effects

We calculated the DFEs of 0-fold sites using dfe-alpha 2.16
(Keightley and Eyre-Walker 2007). We used the down-
sampled fSFS of the 0- and 4-fold sites as input. To maxi-
mize the amount of information available for the
inference, for each data set, we generated five different
sample sizes of the fSFS by downsampling without replace-
ment 200X over the data to 16, 17, 18, 19, and 20 alleles
representing from 20% to 0% missing data. Additionally,
we generated an all-sites data set that included all 0-fold
and 4-fold sites identified (target and off-target) in the
variant call as a reference point for genome-wide DFE.
We used a two-epoch model of inference. For the neutral
(4-fold) sites, we searched for the best N, (population size
after the change of N.), t, (duration of the epoch of popu-
lation size change), and an initial t, of 50 generations. For
the selected sites (0-fold), mean effect of deleterious muta-
tions (s) had an initial value of —0.1, and beta had an initial
value of 0.5.

Overlap of DFE Inferences

To quantify the amount of overlap between the § param-
eter values of the bud tissue—specific genes and the mega-
gametophyte tissue—specific genes, we generated a density
distribution plot for the  parameter values obtained from
the 200 inferences of the DFE (supplementary fig. S1,
Supplementary Material online). Then we calculated the
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percentage of area overlapping between the two density
distributions. Details and R code for the estimation can
be found at https://github.com/cervantesarango/
Haploid_selection_Pinus_sylvestris.

All figures were done using R ggplot2 package
(Wickham et al. 2019), and colors for all figures included
were obtain from R package Pacific North West Colors
(Lawlor 2020). Breaks on graphs axes were introduced
with ggbreak (Xu et al. 2021).

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online and at figshare https://doi.org/10.6084/
m9.figshare.c.6442517.v1.
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