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Abstract

Estimates from molecular data for the fraction of new nonsynonymous mutations that

are adaptive vary strongly across plant species. Much of this variation is due to differ-

ences in life history strategies as they influence the effective population size (Ne).

Ample variation for these estimates, however, remains even when comparisons are

made across species with similar values of Ne. An open question thus remains as to

why the large disparity for estimates of adaptive evolution exists among plant species.

Here, we have estimated the distribution of deleterious fitness effects (DFE) and the

fraction of adaptive nonsynonymous substitutions (a) for 11 species of soft pines

(subgenus Strobus) using DNA sequence data from 167 orthologous nuclear gene frag-

ments. Most newly arising nonsynonymous mutations were inferred to be so strongly

deleterious that they would rarely become fixed. Little evidence for long-term adaptive

evolution was detected, as all 11 estimates for a were not significantly different from

zero. Nucleotide diversity at synonymous sites, moreover, was strongly correlated with

attributes of the DFE across species, thus illustrating a strong consistency with the

expectations from the Nearly Neutral Theory of molecular evolution. Application of

these patterns to genome-wide expectations for these species, however, was difficult as

the loci chosen for the analysis were a biased set of conserved loci, which greatly influ-

enced the estimates of the DFE and a. This implies that genome-wide parameter esti-

mates will need truly genome-wide data, so that many of the existing patterns

documented previously for forest trees (e.g. little evidence for signature of selection)

may need revision.
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Introduction

Understanding the relative roles of evolutionary forces

within natural populations is a major goal of evolutionary

genetics. While the neutral and nearly neutral theories

of molecular evolution (Kimura 1968, 1983; Ohta 1973)

have dominated research in population genetics for dec-

ades, a resurgence of alternative models incorporating a

greater role for Darwinian natural selection has been

advocated (Gillespie 2000, 2001; Hahn 2008; Sella et al.

2009). Fuelling this resurgence are empirical results

from methods contrasting polymorphism and diver-

gence for categories of sites that are evolving differently
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(McDonald & Kreitman 1991). Analyses such as these

have been applied to a diverse set of animal, plant and

microbial species, with estimates for the fraction of new

nonsynonymous mutations that are adaptive (a) vary-

ing greatly among species (e.g. Boyko et al. 2008; Axels-

son & Ellegren 2009; Eyre-Walker & Keightley 2009;

Gossmann et al. 2010; Halligan et al. 2010; Slotte et al.

2010), yet with many estimates illustrating a surpris-

ingly large fraction of amino acid substitutions being

fixed due to positive selection (e.g. 75% in sunflowers,

Strasburg et al. 2009). An open question remains, how-

ever, as to why the large disparity for estimates of a
exists among species (Sella et al. 2009).

One explanation is that variation in the effective pop-

ulation size (Ne) among species drives variation in the

efficacy of selection (Ohta 1973, 1992; Kimura 1983).

This is because the strength of selection is the product

of Ne and the selection coefficient, s, so that for a given

s, increasing Ne will increase the strength of selection.

In this case, adaptive mutations will fix more rapidly

and deleterious mutations will be eliminated more effi-

ciently. In addition, the waiting time for a beneficial

mutation will decrease as Ne increases (Gillespie 1999;

Charlesworth 2009; but see Gillespie 2001). The effect of

Ne on the efficacy of selection has been shown routinely

in the theoretical and empirical literature, especially for

Ne and observed levels of protein sequence conservation

(e.g. Ohta & Gillespie 1996; Ohta 2002). A relationship

between Ne and efficacy of positive selection has also

been observed, so that species with large Ne tend to

have higher estimates a as compared to species with

smaller Ne (e.g. Strasburg et al. 2011). For example, esti-

mates for a range from �50% for Drosophila (reviewed

by Sella et al. 2009) to �30% for Populus tremula (Ing-

varsson 2010), both of which have relatively large Ne, to

<10% in humans, which have a comparatively lower Ne

(Boyko et al. 2008; Eyre-Walker & Keightley 2009). Some

caution, however, is needed, because the number of

effectively neutral mutations is also correlated with Ne

(Piganeau & Eyre-Walker 2009), and the theoretical rela-

tionship between a and Ne is nonlinear when consider-

ing further complexities such as linkage and fluctuating

selection coefficients (Gillespie 2000).

Striking exceptions to the observed relationship

between Ne and a, however, are the estimates for many

plant species. The results concerning the prevalence of

adaptive amino acid evolution for plants are mixed

(Bustamante et al. 2002; Hamblin et al. 2006; Foxe et al.

2008; Ross-Ibarra et al. 2009; Strasburg et al. 2009, 2011;

Gossmann et al. 2010, 2012; Ingvarsson 2010; Slotte et al.

2010), with point estimates for a (or a closely related

quantity, xa) varying more than 10-fold across species.

A recent comparative analysis of nine plant species,

which varied 30-fold in estimates of Ne, highlighted a

surprising dearth of adaptive amino acid evolution

(Gossmann et al. 2010). Only a single species, Helianthus

petiolaris, had an estimated value of a significantly

different from zero (Fig. 2a in Gossmann et al. 2010). A

relationship between Ne and a was also lacking, yet

there was a strong positive relationship between Ne and

the strength of purifying selection. This anomaly was

attributed to a number of reasons—effects of Ne, long-

term population size changes, population structure,

problematic designation of orthology or too little diver-

gence between ingroup and outgroup. In contrast, a

multispecies analysis within the genus Helianthus identi-

fied a strong linear trend between Ne and a (Strasburg

et al. 2011) as did an analysis across 13 pairs of eukary-

otes species for xa (Gossmann et al. 2012), although the

relationships in both of these studies were driven by

negative values (cf. Fig. 1 from Gossmann et al. 2012).

While differences among methodological approaches

(e.g. Bierne & Eyre-Walker 2004; Eyre-Walker & Keight-

ley 2009) may be driving variation for estimates of a for

plants, it is clear that a wider taxonomic sampling is

needed to address fully why plants deviate so much

from estimates for animals, fungi and bacteria.

Life history characteristics of plants affect standing

levels of genetic diversity (Hamrick & Godt 1996; Ledig

1998; Gaut et al. 2007). It is reasonable, therefore, to

expect that estimates of a will also vary among plants

with differing life histories. Most studies to date have

focused solely on domesticated species (e.g. Zea mays),

inbreeding annuals (e.g. Arabidopsis thaliana), or out-

crossing, short-lived perennials (e.g. Arabidopsis lyrata).

An exception is the study of Ingvarsson (2010) for

P. tremula, which is a long-lived, undomesticated and

outcrossing forest tree species with large Ne. Forest trees

have a suite of life history characteristics that facilitate

large Ne, low population structure and high levels of

genetic diversity (Neale & Kremer 2011). Such charac-

teristics enable a more thorough investigation of the

reasons highlighted by Gossmann et al. (2010) and

contrasted by Strasburg et al. (2011) for the uniqueness

or nonuniqueness of plants with respect to estimated

rates of adaptive evolution.

To address these concerns, we resequenced 167

orthologous nuclear loci in 11 species of closely related

pines (genus Pinus). Within Pinus, most genomic

research has focused on economically important species

such as loblolly pine (Pinus taeda L.). Largely ignored

are members of subgenus Strobus, which arguably

contains species that occupy the widest set of ecological

niches within the genus (Mirov 1967). We use these

data to: (i) characterize the levels of nucleotide diversity

and divergence for each of the 11 species considered,

(ii) infer the fraction of amino acid evolution that is

adaptive conditional on the distribution of deleterious
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fitness effects (DFE), and (iii) show that these inferences

are confounded by population structure and various

forms of ascertainment and methodological biases. In

doing so, we produce a large set of orthologous nuclear

gene markers for an ecologically important, yet under-

studied, clade of pine species.

Fig. 1 Distribution and phylogeny for 11 species of soft pines (subgenus Strobus) used for multilocus inferences of adaptive evolu-

tion. Taxonomy follows that given by Gernandt et al. (2005).

© 2013 John Wiley & Sons Ltd
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Materials and methods

Sampling

Samples of trees were assembled into SNP discovery

panels of eight to 19 trees for each species (see Appendix

S1, Supporting information). Samples were chosen to be

range-wide when possible, with single to only a few

trees being sampled per geographical region per species.

Exceptions to this included equal sample sizes for the

regional populations of Pinus balfouriana (Eckert et al.

2008) and geographically restricted sampling for Rocky

Mountain bristlecone pine. Sampled trees are described

in further detail in Table S1 (Supporting information).

Geographical Information Systems (GIS) shape files

encapsulating range maps for each species were

obtained from the United States Geological Survey

(http://esp.cr.usgs.gov/data/atlas/little/). These are

digitized versions of the range maps developed by

Critchfield & Little (1966). These shape files were used

for the visualization of species’ ranges and validation of

range coverage for selected samples, as well as for the

estimation of range size (km2). The latter was carried

out using the MAPTOOLS, RGDAL and PBSMAPPING geospa-

tial libraries in R (R Core Development Team 2010).

For each sampled tree, separate DNA extractions from

five to 10 haploid megagametophytes were performed

using 96-well DNeasy Plant Mini Kits (Qiagen, Inc.,

Valencia, CA) following the manufacturer’s protocol.

Multiple megagametophytes per tree were excised so as

to obtain enough DNA for resequencing. All DNA

extractions were carried out at the National Forest genet-

ics Electrophoresis Laboratory (Institute of Forest Genet-

ics, USDA National Forest Service, Placerville, CA).

Sequence analysis

Single-pass bidirectional Sanger sequencing was carried

out on haploid DNA templates using a subset of the

7535 PCR primer sets developed for loblolly pine and

the protocols described by Eckert et al. (2010a). Loci

chosen for sequencing were those that PCR amplified

and sequenced cleanly from a target set of 800 primer

pairs for single samples of several soft pines (Pinus albi-

caulis, P. aristata, P. balfouriana, P. cembroides, P. lamberti-

ana and P. longaeva). This initial screen resulted in 245

primer sets, of which 238 were from unique loci. These

245 primer sets were used to resequence the SNP dis-

covery panels described previously using ABI 3730XL

Genome Analyzers (Life Technologies Corporation,

Carlsbad, CA) by Beckman Coulter Genomics (Beverly,

MA, USA). We chose loblolly pine as the outgroup for

all 11 species due to the greater likelihood of reciprocal

monophyly (Syring et al. 2007). Data for loblolly pine

were obtained from the ADEPT2 ftp website (http://

loblolly.ucdavis.edu/bipod/ftp/).

Sequence data were processed and organized using

PineSAP (Wegrzyn et al. 2009), followed by manual

assembly and alignment using CODONCODE ver. 2.0.4

(CodonCode Corporation, Dedham, MA). Bases were

called using only nucleotides that had a probability of

<0.01 of being miscalled (PHRED Q ≥ 20) (Ewing &

Green 1998; Ewing et al. 1998) SNPs were called using a

combination of POLYPHRED (Nickerson et al. 1997),

POLYBAYES (Marth et al. 1999) and visual validation. Of

the 245 loci, 37 were dropped from further consider-

ation due to overall low quality of sequence reads, 15

were dropped due to identification as chloroplast or

mitochondrial contamination using BLAST analysis

against pine organellar sequences deposited in GenBank

(Parks et al. 2009), and one locus was dropped due to

its sequence similarity to a retroelement-like protein.

This process resulted in a core set of 192 high-quality

nuclear gene alignments for the 11 target species. All

alignments for each species and gene were further

aligned to resequencing data from loblolly pine using

the profile-profile option in MUSCLE ver. 3.8.31 (Edgar

2004a,b). All data are deposited in GenBank (Appendix

S2, Supporting information).

Coding regions could confidently be deduced for 167

of the 192 loci by further analysis using BLASTX against

gene models for Arabidopsis, Oryza, Populus and Picea.

For these 167 loci, the gene model for the highest scoring

BLAST hit, in combination with the expressed sequence

tag from loblolly pine, was used to deduce coding

regions. Site annotations for each alignment were vali-

dated with BLASTp analysis of the amino acid sequences

derived from the deduced coding intervals against the

gene model that was used to derive the site annotations.

Evolutionary genetic analysis was restricted to polymor-

phism and divergence data for the 167 fully annotated

loci. More information about these loci is given in

Appendix S1 (Tables S2–S4, Supporting information).

Polymorphism and divergence

Levels of polymorphism were quantified using two esti-

mators of Θ = 4Neu: hW (Watterson 1975) and hp (Tajima

1983). Divergence was calculated using pairwise nucleo-

tide divergence (Dxy; Nei 1987). Estimates were made

for different categories of sites for all statistics. When

multiple mutations were segregating within a single

codon and the pathways could not be unambiguously

assigned as silent or replacement, we assumed the most

conservative pathway. We further assumed an infinite

site model for all polymorphism calculations, and thus,

sites violating this model were dropped prior to estima-

tion. Intragenic linkage disequilibrium (LD) for each of
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the 11 species was described using the r2 and ZnS statis-

tics (Hill & Robertson 1968; Kelly 1997; Appendix S1,

Supporting information). Unfolded site-frequency spec-

tra were determined separately for each gene and

species using loblolly pine as an outgroup and were

further summarized using two summary statistics:

Tajima’s D (Tajima 1989) and Fay and Wu’s H (Fay & Wu

2000). All calculations were conducted using DNASAM

(Eckert et al. 2010b) and the libsequence, analysis, and

gestimator C++ libraries (Thornton 2003). The latter C++
library uses the method of Comeron (1995) to calculate

nonsynonymous (Ka) and synonymous (Ks) divergences.

Site-frequency spectra were combined across loci for each

species by adjusting sample sizes (n) to the mean size

across all loci using the resampling methods of Nielsen

et al. (2005) and J. Ross-Ibarra and R. A. Cartwright

(unpublished, http://www.scit.us/sofos/).

The distribution of deleterious fitness effects and the
fraction of adaptive substitutions

We estimated the distribution of DFE, a and the fraction

of adaptive substitutions relative to synonymous substi-

tutions (xa) for each of the 11 species using the method

of Eyre-Walker & Keightley (2009). This method

accounts for the segregation and fixation of deleterious

mutations by first estimating the DFE from polymor-

phism data. The DFE was binned into four categories:

0 < Nes < 1, 1 < Nes < 10, 10 < Nes < 100 and Nes > 100,

where Ne is the effective population size and s is the

selection coefficient. Historical demography is

accounted for heuristically by comparing the observed

site-frequency spectrum at synonymous sites to that

expected for a neutral coalescent process and assuming

subsequently that demography affects equally the site-

frequency spectrum at nonsynonymous sites (Eyre-

Walker et al. 2006). Specifically, we used the Bayesian

implementation of method 2 from Eyre-Walker &

Keightley (2009), which is available as part of the DOFE

ver. 3.0 software (http://www.lifesci.sussex.ac.uk/

home/Adam_Eyre-Walker/Website/Software.html). We

explicitly base our conclusions on this method, as it has

fewer assumptions (e.g. it does not specify a demo-

graphic model), and make comparisons between this

method and those that specify demographic models

(see Investigation of bias).

Posterior distributions for a and the DFE were gen-

erated via Markov chain Monte Carlo (MCMC). A

two-step procedure was used to verify convergence to

similar posterior distributions for model parameters.

First, three independent MCMC analyses were run from

different starting points for 106 steps after a burn-in of

105 steps. Samples were retained every 103 steps. Differ-

ences among the resulting posterior distributions for a

and the DFE were assessed with Kolmogorov–Smirnov

tests. Second, if large-scale differences were not discov-

ered among the posterior distributions resulting from the

three initial runs, a single run of the MCMC sampler was

initiated using the previous point estimates for model

parameters as starting values for 107 steps after a burn-in

of 105 steps. Samples were retained every 104 steps.

Posterior distributions were summarized using the

median, standard deviation and the 95% credible interval

as calculated using the CODA library in R.

Investigation of bias

Three sources of bias for our estimates of a were inves-

tigated. First, we addressed a form of ascertainment

bias inherent to the primer design. As described previ-

ously, loci were selected based upon primers developed

for loblolly pine (i.e. the outgroup). This results in

biased estimates of genome-wide values for diversity

and divergence (Kern 2009) and could reflect an

increased level of functional constraint for the analysed

loci (Gossmann et al. 2010; Haddrill et al. 2010). To

investigate these biases, we created 10 000 data sets of

167 loci by randomly sampling the resequencing data

set for loblolly pine (n = 5772 loci of which 3162 were

annotated) and estimated levels of polymorphism and

divergence as described for the observed data. We

compared observed means for diversity and divergence

to these distributions to assess the degree of bias.

Second, we compared estimates of model parameters

using method 1 and method 2 of Eyre-Walker & Keight-

ley (2009). Method 1 assumes an explicit demographic

model, while method 2 performs an approximate correc-

tion for demography. Both methods have recently been

employed for plant species and have produced contra-

dictory results (e.g. Gossmann et al. 2010; Slotte et al.

2010), although the set of genes used for the analysis and

sampling schemes differed between these two studies.

The same data sets as used with method 2 were analysed

using method 1 as implemented through the DFE-alpha

web server application (http://homepages.ed.ac.uk/

eang33/). This method assumes a population size

change model with a single change from N2 to N1 occur-

ring t generations in the past (Keightley & Eyre-Walker

2007). This method is approximately unbiased with

respect to a when assuming the single-step demographic

model described above, even when this model is wrong,

although the simulations did not examine the effects of

population structure (Messer & Petrov 2013). Maximum

likelihood is then used to jointly estimate the demo-

graphic model parameters and the DFE from which an

estimate of a is made as for method 2. Nonparametric

bootstrapping over loci was used to assess uncertainty in

parameter estimates (n = 100 replicates).

© 2013 John Wiley & Sons Ltd
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Third, we assessed the effects of underlying popula-

tion structure on inferences of the DFE, a and xa using

both methods of Eyre-Walker & Keightley (2009). We

searched for population structure in each species prior

to this assessment using STRUCTURE ver. 2.3.2.1 (Falush

et al. 2003) with the independent allele frequencies and

no admixture models (see Appendix S1, Supporting

information). Previous work has assessed the effect of

population structure on estimates of the DFE using

samples from single populations or balanced samples

across multiple populations (Eyre-Walker et al. 2006;

Gossmann et al. 2010). The way samples are gathered

across populations, however, affects inferences based

on the site-frequency spectrum (St€adler et al. 2009). We

assessed sampling intensities across clusters inferred

using the results from STRUCTURE by assigning trees to

clusters using the maximum admixture coefficient and

estimating the fraction of the sampled trees assigned to

each of the two clusters.

We validated the effect of population structure and

sampling intensity on estimation of the DFE, a and xa

using simulations of two neutral populations of size

Ne = 10 000 sharing genes at a rate in which to produce

an observed FST of 0.15. Two sampling schemes were

employed (n = 8 from each population vs. n = 3 from

one population and n = 13 from the other), with each

sampling scheme randomly choosing 200 of the simu-

lated 5000 genes for the analysis. Each gene in each

population was assumed to have a selection coefficient

drawn from a discretized distribution (n = 4 bins)

resembling the observed values of the DFE estimated

for P. balfouriana (see Results). For comparison, a single

neutral population of size Ne = 10 000 was also simu-

lated. For each data set, a was calculated using method

1 and method 2 as described previously. A total of 100

simulations for each scenario were conducted using

SFS_CODE (Hernandez 2008) followed by processing of

SFS_CODE output using convertSFS_CODE with the –

MK and –SFS options. Output from convertSFS_CODE

was thus the input for inference of selection parameters.

All the results of the simulations, therefore, are based on

the known, and hence true, values for the site-frequency

spectrum and levels of divergence. This differs from

the observed data, where parsimony was used to

reconstruct the ancestral state based on an outgroup (i.e.

Pinus taeda).

Results

Polymorphism and divergence

Mean nucleotide diversities (hp) across loci were similar

to those previously reported for conifers (Savolainen &

Pyh€aj€arvi 2007), ranging from 0.14% to 0.37% (Table 1).

Diversities at synonymous sites were approximately

three- to fivefold larger than at nonsynonymous sites.

The mean Tajima’s D and Fay and Wu’s H at synony-

mous sites were negative, with the only exception being

the slightly positive value of Tajima’s D for Pinus arista-

ta. This is indicative of site-frequency spectra that are

U-shaped due to a skew towards low- and high-fre-

quency variants (Fig. S1, Supporting information). There

also appeared to be no influence of rescaling on the

shape of site-frequency spectra across species, as site-

frequency spectra across sample coverage classes

largely resembled those of the adjusted spectra (Figs. S1

and S2, Supporting information). Mean estimates of

Tajima’s D at nonsynonymous sites were more negative

on average than at synonymous sites, while mean

values of Fay and Wu’s H varied between slightly posi-

tive and negative depending on the species (Table 1).

Mean nucleotide divergence (Dxy) across loci ranged

from 3.7% to 3.9% across species (Table 1). Divergence

at synonymous sites (Ks) was 4.5-fold greater than at

nonsynonymous sites (Ka) on average, with values of Ka

and Ks ranging from 1.3% (Pinus monticola) to 1.9%

(Pinus monophylla) and from 6.1% (P. monticola) to 8.5%

(Pinus ayacahuite), respectively. Nucleotide divergence

at all synonymous and nonsynonymous sites was also

highly correlated with loci across species (pairwise

Spearman’s q > 0.95, P < 0.001 [P-values estimated

using 10 000 permutations]).

Evidence for selective sweeps from polymorphism

summaries was lacking for each species. Nucleotide

diversity at synonymous sites was uncorrelated with

divergence at nonsynonymous sites (Spearman’s

q: 0.01–0.18, P > 0.05). LD for most species decayed

rapidly and, after removing singletons, decayed to ~0.25
after 500 bp for most species (Fig. S3, Supporting infor-

mation). The exceptions to this pattern were those spe-

cies with the strongest levels of inferred population

structure (see below). Evidence for selective sweeps

from polymorphism and divergence summaries was

also lacking for each species. Only 4 (Pinus aristata) to

11 (Pinus strobus) loci per species had Ka/Ks > 1, with

all species having an average Ka/Ks < 0.40. The segrega-

tion of slightly deleterious mutations and the influence

of the effective population size (Ne) on this pattern,

however, were apparent for all species. Nucleotide

diversity for all synonymous and nonsynonymous sites

was strongly correlated with the log10 of range size

(Spearman’s q > 0.50, P < 0.005), even after correcting

for differences in sample size [i.e. Spearman’s q > 0.40

(P < 0.01) using residuals from regressing out influence

of sample size and diversity with log10 range size],

while the ratio of nonsynonymous to synonymous poly-

morphisms (Pn/Ps) was negatively correlated with hW
(Spearman’s q = �0.64, P = 0.003) using the method of
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Piganeau & Eyre-Walker (2009). If the mutation rate is

constant across lineages, these correlations establish that

Ne varies as a function of the log10 of range size and

that Pn/Ps is influenced by Ne. Thus, there should be a

negative correlation between Pn/Ps and range size,

which is what is observed (Spearman’s q = �0.56,

P = 0.012).

The distribution of deleterious fitness effects and the
fraction of adaptive substitutions

The distribution of DFE for new nonsynonymous muta-

tions was estimated using a Bayesian method that

accounts heuristically for historical demography (Eyre-

Walker & Keightley 2009). Following previous studies,

we binned the DFE into four categories based on the

magnitude of Nes. The estimates for the DFE for all

species were characterized by most (>50%) new nonsyn-

onymous mutations being so strongly deleterious

(Nes > 100) that they would very rarely become fixed

(Table 2, Fig. 2). Most other new nonsynonymous muta-

tions (20–30%) were inferred to be weakly deleterious

(Nes < 1). Few (<20%) new nonsynonymous mutations

were moderately deleterious (1 < Nes < 100). There

were differences between clades of soft pines for esti-

mates of the DFE, with species in section Parrya having

a smaller fraction of new nonsynonymous mutations

strongly selected against on average (57% vs. 61% for

section Quinquefoliae) and a larger fraction of new

nonsynonymous mutations weakly selected against on

average (27% vs. 22% for section Quinquefoliae). Estimates

were largely consistent, however, across species and

independent runs of the MCMC sampler (Fig. S4, Sup-

porting information).

The fraction of adaptive, nonsynonymous substitu-

tions (a) was estimated conditional on the DFE for each

species. Point estimates of a ranged from �0.233

(P. aristata) to 0.118 (P. strobus), with an average across

species of �0.015 (Table 2). When standardized against

the fraction of synonymous substitutions (xa), estimates

ranged from �0.0477 (P. aristata) to 0.0325 (P. strobus),

with estimates of a and xa being strongly correlated

(Spearman’s q = 0.755, P < 0.001, see Table S6, Support-

ing information). Estimates of a were also correlated

with nucleotide diversity at synonymous sites (Spear-

man’s q = 0.536, P = 0.019). This correlation was driven

by the negative values estimated for a, so that setting

negative values for a to zero decreased the correlation

(Spearman’s q = 0.372, P = 0.048), and removal of nega-

tive values caused the correlation to become negative

(Spearman’s q = �0.771, P = 0.029). Estimates of a were

most dependent upon bins in the DFE corresponding to

Nes < 1 (Spearman’s q = �0.936, P < 0.001) and

Nes > 100 (Spearman’s q = 0.825, P < 0.001), which were

negatively correlated with one another (Spearman’s

q = �0.866, P = 0.007). The differences in DFE estimates

mentioned previously, therefore, manifested themselves

as differences in the mean estimates of a between

clades (Parrya: �0.123, Quinquefoliae: 0.047). Similar cor-

relations were also observed between these quantities

and xa (e.g. hp and xa: Spearman’s q = 0.547, P = 0.002).

The 95% credible intervals for a were large and

included zero, however, for all species (Table 2, Fig. 3).

The same was true for estimates of xa.

Table 2 Estimates of the distribution of deleterious fitness effects (DFE) and the fraction of adaptive substitutions (a)*

Species

DFE

a0 < Nes < 1 1 < Nes < 10 10 < Nes < 100 Nes > 100

Quinquefoliae

Pial 0.243 (0.196, 0.297) 0.064 (0.058, 0.108) 0.081 (0.073, 0.160) 0.604 (0.501, 0.656) �0.028 (�0.294, 0.200)

Piay 0.217 (0.174, 0.265) 0.065 (0.057, 0.123) 0.084 (0.073, 0.202) 0.625 (0.478, 0.676) 0.067 (�0.174, 0.281)

Pifl 0.238 (0.197, 0.286) 0.062 (0.058, 0.080) 0.078 (0.073, 0.108) 0.616 (0.559, 0.662) �0.006 (�0.249, 0.191)

Pila 0.213 (0.138, 0.273) 0.067 (0.057, 0.268) 0.087 (0.073, 0.474) 0.612 (0.401, 0.678) 0.101 (�0.190, 0.478)

Pimn 0.224 (0.168, 0.269) 0.065 (0.058, 0.176) 0.084 (0.073, 0.328) 0.616 (0.322, 0.664) 0.047 (�0.192, 0.350)

Pisb 0.228 (0.187, 0.270) 0.071 (0.058, 0.115) 0.094 (0.073, 0.179) 0.606 (0.495, 0.662) 0.031 (�0.192, 0.224)

Pist 0.215 (0.159, 0.261) 0.065 (0.057, 0.183) 0.084 (0.073, 0.349) 0.624 (0.304, 0.673) 0.118 (�0.103, 0.403)

Parrya

Piar 0.295 (0.211, 0.414) 0.063 (0.058, 0.081) 0.077 (0.069, 0.105) 0.558 (0.442, 0.645) �0.233 (�0.776, 0.143)

Pibf 0.282 (0.175, 0.370) 0.067 (0.059, 0.131) 0.083 (0.071, 0.255) 0.542 (0.351, 0.620) �0.189 (�0.601, 0.352)

Pilo 0.264 (0.211, 0.330) 0.063 (0.059, 0.079) 0.078 (0.072, 0.104) 0.588 (0.519, 0.646) �0.113 (�0.429, 0.138)

Pimo 0.247 (0.206, 0.296) 0.064 (0.059, 0.094) 0.081 (0.073, 0.131) 0.601 (0.527, 0.647) 0.044 (�0.180, 0.230)

Pial, Pinus albicaulis; Piar, P. aristata; Piay, P. ayacahuite; Pibf, P. balfouriana; Pifl, P. flexilis; Pimn, P. monticola; Pimo, P. monophylla;

Pisb, P. strobiformis; Pist, P. strobus.

*Numbers are point estimates with 95% credible intervals in parentheses.
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Investigation of bias

Nucleotide diversity in loblolly pine was downwardly

biased for the loci chosen for resequencing (Fig. 3A).

This bias was accounted for by diversity at nonsynony-

mous sites being twofold less diverse on average than

sets of 167 alignments drawn at random from all anno-

tated alignments for loblolly pine (n = 3162). There was

no effect on diversity at synonymous sites. This trans-

lated into the ratio of nonsynonymous to synonymous

diversity also being significantly lower on average for

loci chosen for this analysis (P = 0.033). Nucleotide

divergence between loblolly and sugar pines was also

downwardly biased for the loci selected for resequenc-

ing (Fig. 3B). This downward bias was approximately

proportional for nonsynonymous and synonymous

sites, so that their average ratio remained similar to that

for sets of 167 loci drawn at random from all annotated

alignments including both loblolly and sugar pine

(n = 647).

Estimates of a using the two methods of Eyre-Walker

& Keightley (2009) were substantially different. Parameter

estimates for the demographic model assumed by

method 1 are located in Table S7 (Supporting informa-

tion). On average, point estimates of a were greater

when using method 1 vs. method 2 (Fig. 4A), although

the ranks of estimates for a across species were corre-

lated (Spearman’s q = 0.473, P = 0.028). In one extreme

case, the point estimate of a for Pinus balfouriana chan-

ged from �0.189 (method 2) to 0.965 (method 1). Choice

of method also affected inference of the statistical signif-

icance for a and xa, with estimates for P. balfouriana

and P. lambertiana from method 1 having bootstrap

confidence intervals excluding zero (Fig. S5, Supporting

information). The differences in a estimates between

methods were due to differences in the inferred DFE

(Fig. 4B), as the differences in a were highly correlated

with the summed differences across bins in the DFE

inferred by each method (Spearman’s q = 0.954,

P < 0.001). Higher estimates of a were due to shifts in

the DFE towards the increased prevalence of weakly

and moderately selected sites (Fig. 4B).

One possible cause for different estimates of the

DFE is underlying population structure. Population

(A)

(B)

Fig. 2 Distribution of deleterious fitness

effects (DFE) and the fraction of adaptive

substitutions (a) for 11 species of soft

pines (subgenus Strobus) as inferred

using method 2 of Eyre-Walker &

Keightley (2009). (A) The inferred DFE

for each species, with point estimates

given by the mean (� one standard

deviation) of the posterior distribution.

(B) The distribution of a for each spe-

cies. Whiskers on the boxplots extend

to the limits of the posterior distribution

in each case, with point estimates given

as the median of the posterior distribu-

tion. Pial, Pinus albicaulis; Piar, P. aristata;

Piay, P. ayacahuite; Pibf, P. balfouriana;

Pifl, P. flexilis; Pimn, P. monticola; Pimo,

P. monophylla; Pisb, P. strobiformis; Pist,

P. strobus.
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structure, as inferred using STRUCTURE, was detected for

all species assuming that the number of genetic clusters

(K) was two (see Table S8, Supporting information).

This value of K was chosen so as to match the sim-

ulations reported elsewhere (Eyre-Walker et al. 2006;

Keightley & Eyre-Walker 2007; Gossmann et al. 2010).

For each species, the sampling intensity across the two

underlying populations varied from equitable (e.g.

P. balfouriana) to skewed (e.g. P. ayacahuite). The degree

of skew was correlated with the differences in estimates

of a (Fig. S6A, Supporting information), with those

species characterized by more equitable sampling

schemes having the largest differences for estimates of

a between the methods (Fig. S6B; Table S8, Supporting

information).

To test this effect, we divided the data for P. balfouri-

ana into two populations based on the results from

STRUCTURE (n = 8 for each population) for which we cal-

culated the DFE, a and xa using each method as

described previously. The differences between methods

in estimates of a disappeared, with both methods for

each population giving slightly negative estimates of

a (method 1: �0.029 and �0.019, method 2: �0.074 and

�0.058) and similar estimates of xa (method 1: 0.0278

and 0.0367, method 2: 0.0145 and 0.0231). Simulations

confirmed this effect on the estimation of a, with popu-

lation structure causing an increase in the difference

between methods relative to a single population

(Fig. S7, Supporting information). This effect was also

observed for xa, as the inferred value using method 1

was 0.1835, while it was �0.0183 with method 2 (Table

S6, Supporting information). This effect was not related

to decreased sample size, because subsampling the full

data for P. balfouriana (n = 100 replicates), so as to have

eight sampled trees with four trees per population,

retained the large differences between methods for esti-

mates of a (mean for method 1: 0.554; mean for method

2: �0.084). A similar trend was observed for xa (data

not shown).

Discussion

Soft pines are important components of coniferous

forests distributed throughout the Northern Hemisphere.

To date, however, genomic resources for these species

are largely nonexistent. This is despite the ecological

importance of these species to many ecosystems threa-

tened by climate change (e.g. Larson 2011) and nonnative

pathogens (e.g. blister rust). Here, we have leveraged

existing genomic resources for loblolly pine in an effort

to address this disparity and to better understand how

these resources can be used to make inferences about the

processes affecting extant patterns of genetic diversity

for these species.

Fig. 3 Genes chosen for analysis are biased with respect to

diversity and divergence due to an ascertainment of PCR

primers developed in the outgroup, which were applied to

the ingroup. (A) Bootstrap distributions of mean nucleotide

diversity for different categories of sites for sets of 167 genes

subsampled with replacement from a larger set of annotated

genes resequenced for loblolly pine (n = 3162). Arrows denote

the observed means for the orthologous loci used in this

analysis. Genes selected for analysis were those with lower

nonsynonymous diversity and thus a lower ratio of nonsyn-

onymous to synonymous diversity (inlaid graph). (B) Boot-

strap distributions for mean nucleotide divergence for

different categories of sites for sets of 167 genes subsampled

with replacement from a larger set of annotated genes suc-

cessfully resequenced for loblolly and sugar pines (n = 647).

Arrows denote the observed means for the orthologous loci

used in this analysis. Genes selected for analysis were those

with overall lower diversity that was proportionally less for

both nonsynonymous and synonymous sites, so that their

ratio was unchanged relative to random subsamples of genes

(inlaid graph).
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Polymorphism and divergence

Estimates of nucleotide diversity and divergence form

the base of evolutionary genetic inferences, as well as

provide guidance for applications in conservation and

management. As compared to flowering plants, rela-

tively little is known about genome-wide patterns of

polymorphism and divergence across the large and

complex genomes of conifer species (reviewed by Savo-

lainen & Pyh€aj€arvi 2007; Neale & Kremer 2011). Most

knowledge to date is based on the sets of candidate

genes resequenced for economically important conifers.

In a similar vein, we have resequenced 167 orthologous

loci across 11 soft pine species, but without prior selec-

tion of targets based on functional information from

model species. The overall patterns were similar to

those described previously for conifers, with average

synonymous site diversity on the order of 0.007 differ-

ences/site. Diversity was also strongly correlated with

range size, establishing that standing levels of diversity

were correlated with an indicator of Ne, as were further

summaries of diversity such as the ratio of diversities at

nonsynonymous and synonymous sites.

The loci selected for resequencing were biased with

respect to patterns of diversity and divergence. These

biases were consistent with the targeted loci being more

conserved on average than the average gene across all

available genomic resources for loblolly pine. This level

of conservation is probably a function of purifying

selection as well as variation in mutation rates,

although teasing apart the relative contributions for

each of these to the observed pattern would be difficult.

The bias towards loci with lower polymorphism and

divergence originated from an ascertainment step for

the PCR primers (Kern 2009; Cai & Petrov 2010); there-

fore, much of the inference about patterns of diversity

and divergence for these 11 species was estimated from

a nonrandom set of loci. The prevalence of similar

biases in estimates of nucleotide diversity for other

conifers, however, is unclear, as the majority of studies

focus on a single species, yet also use outgroups that

are ascertained using similar methods to those detailed

here. Future work, especially that using next generation

technologies not reliant on target-specific PCR, would

eliminate much of this bias, especially as de novo

assemblers’ not requiring use of a known genome (e.g.

that from a closely related model species) improve.

The fraction of adaptive substitutions

Forest trees exhibit striking adaptations to the environ-

ments in which they live (Morgenstern 1996). Some of

the most well-studied examples come from the conifers

that dominate temperate and boreal forest ecosystems.

Decades of common garden experimentation have

established the genetic basis of adaptive phenotypes for

these species. Efforts to identify the genetic variants

underlying the observed heritability have only emerged

recently and in tandem with developments and applica-

tions of high-throughput technologies to natural tree

populations (reviewed by Ingvarsson & Street 2011;

Neale & Kremer 2011), yet results from scans for

(A)

(B)

Fig. 4 Estimation of the distribution of

deleterious fitness effects (DFE) and the

fraction of adaptive substitutions (a) for

11 species of soft pines (subgenus Stro-

bus) is affected by choice of method. (A)

Point estimates for a vary between the

two methods of Eyre-Walker & Keightley

(2009). (B) The patterns in panel A were

related to differences for the point

estimates of the DFE between the two

methods of Eyre-Walker & Keightley

(2009). As described in the main text, the

DFE was broken into four bins for each

method. Pial, Pinus albicaulis; Piar, P. aris-

tata; Piay, P. ayacahuite; Pibf, P. balfouri-

ana; Pifl, P. flexilis; Pimn, P. monticola;

Pimo, P. monophylla; Pisb, P. strobiformis;

Pist, P. strobus.
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positive selection using patterns of diversity and diver-

gence across sets of gene sequences and genotype–

phenotype associations are mixed. For example, selec-

tive sweeps resulting from historical positive selection

are rarely documented for conifers, although ample

evidence of genotype–phenotype correlations has been

identified across a multitude of fitness-related pheno-

types (Neale & Kremer 2011), as have instances of local

adaptation (Savolainen et al. 2007). With respect to the

latter, range-wide samplings of taxa known to have

extensive evidence supporting locally adapted popula-

tions, such as many conifers (Morgenstern 1996), may

bias results.

The recent focus on hitchhiking resulting from recent

positive selection has overwhelmed investigation into

other forms of selection for forest trees. As aptly

detailed by Palm�e et al. (2009), and expected from basic

population genetic theory (e.g. Ohta 1992), purifying

selection is ubiquitous across plant genomes (reviewed

by Wright & Andolfatto 2008). Here, we expand our

knowledge of this ubiquitous form of selection by esti-

mating the DFE for newly arising deleterious mutations

for 11 species of soft pines and have shown patterns

that are strongly consistent with those expected for the

Nearly Neutral Theory of Molecular Evolution (Ohta

1973; Gillespie 1999). Most newly arising nonsynony-

mous mutations were inferred to be so strongly deleteri-

ous that they would very rarely become fixed (Fig. 2A).

Conditional on the estimates for the DFE, a was esti-

mated to be low and not significantly different from

zero for all 11 lineages (Fig. 2B). As noted previously

(e.g. Strasburg et al. 2011), the DFE and a were signifi-

cantly correlated with diversity at synonymous sites,

but the correlation for a was largely driven by negative

estimates that are difficult to interpret biologically and

removal of those estimates changed the correlation

dramatically. This was also true for xa. Thus, our results

are most consistent with those of Gossmann et al. (2010).

As highlighted earlier and confirmed for these 11 soft

pine species, identification of polymorphism and diver-

gence patterns consistent with the action of historical

directional selection has largely been absent for conifers.

However, estimates of a for other plant species with

large Ne, such as Capsella grandiflora (Slotte et al. 2010),

multiple sunflower and lettuce species (Strasburg et al.

2011) and Populus tremula (Ingvarsson 2010), are all

positive and significantly greater than zero. Conifers are

thought to have values for Ne that rivals those in these

species (Savolainen & Pyh€aj€arvi 2007), yet the same

signals have yet to be documented. One tempting

explanation for this disconnect is that estimates of Ne

for conifers are upwardly biased, as they are dependent

upon estimates of absolute mutation rates and genera-

tion times both of which have enormous uncertainties.

Some of this disconnect is also probably related to the

type of selection for which we are searching for within

conifer genomes (e.g. hard vs. soft sweeps, polygenic

adaptation, local adaptation, see Pritchard et al. 2010).

Our results, however, are also consistent with biases in

gene choices (see Wright & Gaut 2005) that are largely

unavoidable until fully sequenced genomes of several

conifer species are available.

One possibility for the lack of adaptive evolution

detected here, therefore, is that loci not meeting the

experimental standards set forth in PCR and sequencing

protocols across highly diverged taxa are those that are

enriched for signals of adaptive evolution. In effect, we

have estimated the DFE and a for a highly conserved

set of loci that do not cover the enormous gene space of

conifers nor represent a random sample from this

space. In support of this argument are the relatively

low levels of nucleotide diversity observed for some

species (cf. Savolainen & Pyh€aj€arvi 2007). Nevertheless,

these are the loci, at least in the near future, which will

be used for downstream analysis attempting to dissect

complex phenotypes into their genetic components, and

knowledge of the DFE directly informs empirical expec-

tations of the types of loci underlying complex traits.

For example, the shape of the DFE influences the

expected minor allele frequency of polymorphisms

underlying complex traits (Eyre-Walker 2010), which

may help explain the enrichment of low-frequency

variants underlying metabolomic profiles for loblolly

pine (Ohta 2002; Eckert et al. 2012).

The remaining question is then how reliable are the

estimates of these parameters for the resequenced loci?

Choice of method with which to estimate the DFE and

a influenced the results greatly, with the demographic

assumptions of each method being the main driver of

the observed differences (but see Messer & Petrov

2013). This influence was related to the appropriateness

of the underlying demographic model. For example,

method 1 from Eyre-Walker & Keightley (2009) assumes

an explicit model of population size change. Applica-

tion of this method to samples gathered across struc-

tured populations can produce wildly different results

relative to a method that does not assume an explicit

model. This was observed for Pinus balfouriana, where

estimates of a varied from approximately �0.20 to

almost 1. In this case, samples of P. balfouriana came

from two distinct populations that are quite diverged

(Eckert et al. 2008). Further analysis illustrated that the

difference in estimates between methods was related to

sampling scheme across the unknown populations, with

equitable sampling schemes correlated with the largest

differences. This is intuitive as larger samples within

each population are more likely to capture rare variants

that mimic the signal of segregating slightly deleterious

© 2013 John Wiley & Sons Ltd
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mutations and thus affect inference of the DFE. More

work, however, is needed to fully understand how

population structure affects inference of the DFE and a.
Thus, as with other tests of neutrality reliant on the

site-frequency spectrum (St€adler et al. 2009), estimation

of the DFE and a appears to also be sensitive to the

sampling scheme across populations. Extensive simula-

tions, however, would be needed to quantify this effect

(but see Fig. S7, Supporting information), as well as to

rigorously test the performance of each method. For the

limited simulations performed here, both methods over-

estimated a in the presence of population structure, but

method 2 was less biased (e.g. with two populations,

and even sampling the mean estimate for a using

method 2 was ~0.05, while for method 1, it was 0.27).

Future work and conclusions

We have assumed for each species that a single DFE

underlies all genes in the genome, which is unlikely

(Cai & Petrov 2010), and that the ecological context

driving selective pressures has been constant over the

time frame relevant to the observed alleles. This time

frame in conifers, however, can be extensive (e.g. tens

of millions of years, see Syring et al. 2007). For example,

models incorporating mixtures of distributions compris-

ing various selection parameters have been developed

(e.g. Welch 2006), but their application to nonmodel

conifer species awaits higher dimensional data that

should become available once the genomes of several

conifers have been sequenced, or until full, or at least

longer, gene sequences are obtained for many nuclear

loci. It is also unlikely that different populations within

the same species have a single underlying DFE. Work

with yeast has established significant variation in the

efficacy of purifying selection across populations as a

function of local Ne (Elyashiv et al. 2010). Such a scenario

is also likely for the species here and should be consid-

ered when studying the genetic architecture of complex

traits across naturally structured populations. Lastly,

phylogeny-based inferences would probably provide a

more in-depth view of long-term patterns of selection

across this clade (e.g. Palm�e et al. 2009), but rampant

incomplete lineage sorting for these species complicates

use of a single phylogram for inference (Syring et al.

2007). For example, members of subsection Balfourianae

share (i.e. segregate the same SNP alleles) ~8.2% (P. bal-

fouriana—P. aristata) to 11.6% (P. longaeva—P. aristata) of

polymorphic sites across species.

This represents a first step towards providing orthol-

ogous nuclear gene markers across an understudied

clade of pine species, while jointly inferring the evolu-

tionary forces responsible for the observed variation.

We have shown that patterns of nucleotide diversity

and divergence across these markers are consistent with

expectations of the Nearly Neutral Theory. No evidence

was apparent for adaptive evolution during the split

between the hard (e.g. Pinus taeda) and soft pines for

any of the 11 species. It is important to note that we

cannot de-emphasize the role of adaptive evolution in

the lineage leading to these species, as we have shown

that the loci used for analysis were biased with respect

to patterns of diversity and divergence. In addition, we

have employed a suite of methods that look for adapta-

tion at a certain evolutionary timescale, so that different

methods, especially those that also model demography,

may reveal a view with a prominent role for recent

adaptive evolution. As Gillespie (1999) pointed out, and

as highlighted recently by numerous authors (e.g. Hahn

2008), there is a diversity of DNA sequence patterns

that deviate from purely neutral models, so that our

view of adaptation and the processes underlying this

phenomenon would benefit greatly from a more

balanced consideration.
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Table S1 A summary of diversity panels assembled for

polymorphism discovery in 11 species of pines from subgenus

Strobus.

Table S2 PCR primers for the 167 genes sequenced for 11

species of pines within subgenus Strobus.

Table S3 Annotation information for the 167 loci sequenced

for 11 species of pine within subgenus Strobus.

Table S4 Site annotations for 167 genes sequenced for 11

species of pine within subgenus Strobus.

Table S5 Summary statistics for 167 genes sequenced for 11

species of pines within subgenus Strobus.

Table S6 Estimates of xa from each method proposed by Eyre-

Walker and Keightley (2009).

Table S7 Maximum likelihood parameter estimates for the

single step population size change model where N1 is set to

100 (Eyre-Walker and Keightley 2009).

Table S8 Effects of population structure (K = 2) on the estima-

tion of a and xa.

Fig. S1 Unfolded site-frequency spectra for all, synonymous

(syn), and nonsynonymous (nsyn) sites across 11 species of soft

pines (subgenus Strobus) and the outgroup.

Fig. S2 Site-frequency spectra for the first six sample coverage

classes (n ∈ {13,18}) for P. strobiformis reveals that the

U-shaped spectra are not an artifact of re-scaling, as the

U shape is apparent within coverage classes where the sample

size is constant.

Fig. S3 The decay of intragenic linkage disequilibrium, as

measured using squared allelic correlation coefficients (r2),

with physical distance (bp) for 167 genes sequenced for 11 spe-

cies of pines in subgenus Strobus.

Fig. S4 Summary of pairwise Kolmogorov–Smirnov tests for

convergence among three independent runs of the Markov

chain Monte Carlo (MCMC) algorithm used to estimate the

distribution of deleterious fitness effects (DFE) and the propor-

tion of adaptive substitutions (a) for 11 species of pines in

subgenus Strobus.

Fig. S5 The distribution of deleterious fitness effects (DFE)

and the proportion of adaptive substitutions (a) for 11 spe-

cies of soft pines (subgenus Strobus) as inferred using

method 1 of Eyre-Walker and Keightley (2009).

Fig. S6 Population structure and sampling frequency across

populations affects the estimation of the proportion of adap-

tive substitutions (a) for 11 species of soft pines (subgenus

Strobus).

Fig. S7 The effect of population structure on estimation of

the proportion of adaptive substitutions (a) as assessed using

simulations.

Appendix S2 GenBank accession numbers for all data, with

accession numbers organized in tabular format by locus and

individual.
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