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Abstract 

A long-standing debate in molecular evolution concerns the role of adaptation in shaping 

divergence between species. A number of approaches have been developed to estimate the 

proportion of amino acid substitutions between species (α) that are driven by adaptive natural 

selection. These methods vary in the type of data they use and in the modeling strategies they 

employ in their inference. In this study, we evaluate the accuracy of nine different methods for 

estimating α, using data simulated in the presence of linked selection. We find that methods that 

model the distribution of fitness effect (DFE) of both deleterious (as a gamma distribution) and 

beneficial mutations (as a gamma or exponential distribution) are the most accurate. We applied 

these methods to whole-genome data, finding that the most accurate methods gave average 

values of α=0.25 in Arabidopsis thaliana, 0.5 in Drosophila melanogaster, and 0.1 in Homo 

sapiens. We also applied these methods to analyze subsets of tissue-specific genes in A. thaliana 

that are believed to be under different selective pressures and on genes found on the X vs. 

autosomes in D. melanogaster. We find estimates of α to be higher in the seeds than in other 

specialized organs, supporting inferences of conflict-driven adaptive evolution in genes 

expressed in the seed; we also find α to be higher on the X chromosome, supporting previous 

inferences of faster-X evolution. Overall, our results suggest that there are multiple methods that 

provide accurate estimates of α, providing a guide for future estimates of adaptive evolution. 
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Introduction: 

The role of adaptive mutations in shaping molecular evolution has long been debated (Kimura 

1983; Gillespie 1991). With increasing sequence data available from multiple species, it is now 

evident that natural selection plays a major role in shaping diversity within and between species 

(Kern and Hahn 2018; Jensen et al. 2019). However, questions remain about exactly how much 

adaptive molecular evolution is needed to explain the patterns we observe, the types of mutations 

underlying adaptation, as well as the molecular functions most affected by adaptive evolution.   

Answering these questions will require many different types of data and many different 

analytical approaches. Here we focus on tests designed to detect between-species signatures of 

positive selection on protein-coding genes. One such test was introduced by McDonald and 

Kreitman (1991). Their test only requires data for a single gene from at least two closely related 

species, with several individuals sequenced from one of the two species. These data allow us to 

contrast within-species polymorphism to between-species fixed differences, for both 

synonymous and nonsynonymous changes. Under neutrality, the ratio of counts of 

nonsynonymous to synonymous polymorphisms (Pn/Ps) should equal the ratio of counts of 

nonsynonymous to synonymous fixed differences (Dn/Ds). Because beneficial mutations are 

fixed at a higher rate than neutral mutations, their presence will increase Dn/Ds above that of 

Pn/Ps; a statistical test of independence of these values arranged in a 2x2 matrix allows us to 

reject the null hypothesis of no positive selection (McDonald and Kreitman 1991).   

While the original McDonald-Kreitman test allows one to ask about the presence of selection on 

single protein-coding genes, the terms in this test can also be rearranged to estimate the 

proportion of excess nonsynonymous substitutions within a gene. Building on the neutrality 

index of Rand and Kann (1996), Smith and Eyre-Walker (2002) proposed the following measure 

of the proportion of amino acid substitutions fixed by positive selection: 

    α = 1 – (PnDs) / (PsDn)      (1) 

Since the count of polymorphisms and fixed differences can be low or zero at single genes, α 

values are more usefully applied by averaging across many genes, or even whole genomes 
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(Smith and Eyre-Walker 2002; Stoletzki and Eyre-Walker 2011). Using this method, α values 

have been obtained from the whole genome of several species, including Drosophila 

melanogaster (Begun et al. 2007), Arabidopsis thaliana (Slotte et al. 2011), and Homo sapiens 

(Eyre-Walker and Keightley 2009). A major correlate of α across species is their effective 

population size (Galtier 2016), as species with larger effective sizes can fix a larger proportion of 

slightly advantageous mutations. Studies have also shown a higher proportion of adaptive amino 

acid substitutions occurring in genes involved in host-pathogen interactions (e.g. Obbard et al. 

2009; Slotte et al. 2011; Enard et al. 2016) as well as genes involved in sex-related functions 

(e.g. Gossman et al. 2014). 

More sensitive methods for estimating α, as well as related evolutionary parameters, are possible 

when coupling the full site (or allele) frequency spectrum (SFS) to divergence data, rather than 

just the overall counts of polymorphisms (reviewed in Hahn 2018, chapter 7). Such inferences 

are possible because both positive and negative selection affect the frequency spectrum in 

predictable ways (e.g. Sawyer and Hartl 1992). In addition, calculating α using just Pn and Ps 

will be conservative due to the presence of segregating weakly deleterious variants (Templeton 

1996; Fay et al. 2002; Charlesworth and Eyre-Walker 2008). Several methods have therefore 

been developed to estimate α using the full site frequency spectrum, with the caveat that non-

equilibrium demographic histories and nearby linked selection will perturb the frequency 

spectrum away from theoretical expectations. Most methods deal with these non-equilibrium 

scenarios by first fitting a model to the synonymous frequency spectrum—which is assumed to 

account for the overall effect of linked selection and demography—and then fitting a model to 

nonsynonymous frequency spectrum taking into account this inferred history in order to estimate 

selection parameters. 

Many different approaches have now been developed to estimate α (see Methods), though the 

results from these methods often differ. One reason for these differences is that the methods are 

based on models with different underlying assumptions, use different data (e.g. total counts of 

polymorphisms vs. the allele frequency spectrum), and are implemented using very different 

computational and numerical approaches. Therefore, here we compare estimates obtained from 

nine different methods for inferring α from whole-genome data. We applied these methods to 

. CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint this version posted August 15, 2022. ; https://doi.org/10.1101/2022.08.15.504017doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.15.504017
http://creativecommons.org/licenses/by-nc-nd/4.0/


5 

data simulated across a range of population sizes and selection coefficients, and in the presence 

of background selection, in order to quantify their accuracy. We also applied these methods to 

three population genomic datasets obtained from Drosophila melanogaster, Arabidopsis 

thaliana, and Homo sapiens. We show how inferences about α can vary across methods, 

highlighting these differences by analyzing subsets of tissue-specific genes in A. thaliana that are 

believed to be under different selective pressures and in a comparison of the X chromosome and 

autosomes in D. melanogaster. Our comparison provides a guide for choosing the appropriate 

method when estimating adaptive amino acid substitutions from population genomic data. 

Materials and Methods 

Simulated data 

To test the accuracy of methods for estimating the proportion of adaptive substitutions, we used a 

previously published simulated dataset (Booker 2020). Briefly, the simulation package SLiM 

(Haller and Messer 2019) was used to simulate a Wright-Fisher population of N = 10,000 diploid 

individuals. Each simulated chromosome consisted of seven genes, where each gene consists of 

five 300 bp exons separated by 100 bp introns; the genes themselves are separated by 8,100 bp of 

non-coding sequence. In exons, two-thirds of sites were modeled as nonsynonymous and the 

other third as synonymous. 

The rate of mutation (∝) and recombination (r) were set to 2.5×10-7 in the simulation, such that 

4Nr = 4N∝ = 0.01, where N is the population size. Advantageous mutations were introduced with 

two parameters: one specifying the proportion of newly arising advantageous mutations, pa, and 

another specifying the fitness effects of these mutations, γa (= 2Nsa, where sa is the selection 

coefficient of advantageous mutations). In addition to advantageous mutations, all simulations 

included constant background selection in coding regions, with the proportion of 

nonsynonymous deleterious mutations equal to 1- pa. The distribution of fitness effects of 

deleterious mutations was modeled as a gamma distribution with a mean of γd = 2Nsd = -2,000 

(where sd is the selection coefficient of deleterious mutations) and a shape parameter of β = 0.3 

(based on estimates from Loewe and Charlesworth 2006). Fifteen different parameter 

combinations were used to simulate data that vary in the frequency and strength of beneficial 

mutations (pa = 0.01, 0.001, and 0.0001; and γa = 10, 50, 100, 500, and 1000). For each 
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parameter combination, 2000 independent datasets were produced. We merged these replicates 

for each set of parameters, resulting in a total of 21 Mb of protein-coding sequence for each. 

Because ancestral states are known, both the unfolded and folded frequency spectrum can be 

calculated, as can the number of fixed differences. 

Empirical data 

We applied methods for estimating α to three available whole-genome datasets: one for 

Drosophila melanogaster and one for Arabidopsis thaliana (both from Moutinho et al. 2019), 

and one for human (Uricchio et al. 2019). Briefly, the D. melanogaster data consist of 

nonsynonymous and synonymous polymorphisms from 110 genomes sampled from 22 sub-

Saharan populations. In total, 10,318 genes across all five major chromosome arms were used, 

with divergence data obtained by comparison to D. simulans. For A. thaliana, polymorphism 

data was originally obtained from 18,669 genes within 105 genomes of the Spanish population 

from the 1001 Genomes Project (Alonso-Blanco et al. 2016). Divergence data was obtained by 

comparison to A. lyrata. Lastly, the human polymorphism data was summarized over 16,947 

autosomal genes derived from 661 samples representing all seven African subpopulations 

available from phase 3 of the Human Genome Project (The 1000 Genomes Project Consortium 

2015). Human-specific divergence data was obtained by comparison with chimpanzee and 

orangutan in order to place substitutions along the branch leading to humans. For all three 

species comparisons, the ancestral state of all mutations was also polarized using the 

outgroup(s), so that both the unfolded and folded frequency spectrum could be used. 

Additionally, we ran analyses separately on sets of genes enriched in different organs of A. 

thaliana. These subsets of genes are described in Geist et al. (2019), who tested predictions 

about adaptive evolution resulting from conflict between maternal and paternal optima within 

organs (seed, stem, root, floral buds, leaf rosette). We extracted these gene subsets from the 

Moutinho et al. (2019) A. thaliana data described above. 

Estimation of α 
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We estimated α using nine different methods. The first three methods are based on equation 1, 

or close approximations of it. We refer to the standard approach using the full counts of Pn, Ps, 

Dn, and Ds as "MK" because these are the same values used in the McDonald-Kreitman test, 

though this estimator originates with Smith and Eyre-Walker (2002). To avoid the confounding 

effects of low-frequency deleterious nonsynonymous polymorphisms, Fay, Wyckoff, and Wu 

(2001) proposed removing all variants (both nonsynonymous and synonymous) at frequencies 

<15%; we refer to this approach as "FWW." As slightly deleterious nonsynonymous variants can 

hitchhike to frequencies above 15%, Messer and Petrov (2013) proposed a method that estimates 

the expected value of α as a function of derived alleles at any frequency, x. An exponential 

function is fit to the data and, as x • 1, the value of the asymptote α(x) should converge close to 

the true α value. Following the original authors, we refer to this method as "asymptotic MK." 

Multiple additional methods for estimating α explicitly model the selective effects of deleterious 

and advantageous nonsynonymous mutations. These methods all require two steps: First, to 

account for the joint effects of non-equilibrium population demography, linked selection, and 

other non-selective processes on the frequency spectrum, the SFS of synonymous 

polymorphisms is fit to a flexible model. Second, given the underlying "demographic" model 

estimated in the first step, the distribution of fitness effects (DFE) of nonsynonymous mutations 

is inferred. While there are multiple ways in which step 1 is carried out, the biggest difference 

among methods is in the shape of the distribution used in step 2. One of the earliest methods fit a 

gamma distribution to the polymorphism data to estimate the DFE of deleterious mutations only 

(Eyre-Walker et al. 2006; Keightley and Eyre-Walker 2007; Eyre-Walker and Keightley 2009). 

Subsequent updates to this approach include the effect of beneficial mutations on the SFS: 

Schneider et al. (2011) use a second gamma distribution to model a fraction of the 

nonsynonymous mutations as beneficial. We refer to these two approaches as “Gamma-Zero” 

and “Gamma-Gamma,” respectively. Other methods of this type include the "Gamma-

Exponential": in addition to modeling the DFE of deleterious mutations as a gamma distribution, 

it models beneficial mutations as an exponential distribution. The "Scaled-Beta" method models 

both weakly deleterious and weakly beneficial mutations as a beta distribution with a flexible 

shape parameter, where the shape can range from flat to a U-shaped distribution (Galtier 2016). 

Several methods use approximations of the DFE that have been derived from Fisher’s geometric 
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model (Fisher 1930). These include the "Displaced-Gamma" model (Martin and Lenormand 

2006) and the "FGM-BesselK" model (Lourenço et al. 2011). 

We applied these methods both to the unfolded SFS and, when applicable, to the folded SFS. 

(Both the “FWW” and “asymptotic MK” methods cannot be used with a folded SFS, and the 

“MK” result will be exactly the same under the folded and unfolded). In the small number of 

cases in which the number of polymorphisms at a given sample frequency is zero (which occurs 

when the A. thaliana data are subset into tissue-specific genes), we added a pseudocount of 1 to 

avoid undefined terms when carrying out calculations. 

Software packages 

We estimated the proportion of adaptive amino acid substitutions (α) using the following 

software packages: 1) Grapes (version 1.1): https://github.com/BioPP/grapes (Galtier 2016). This 

software implements several models, including “MK,” “FWW,” “Gamma-Gamma,” “Gamma-

Zero,” “Gamma-Expo,” “Scaled-Beta,” “Displaced-Gamma,” and “FGM-BesselK.” 2) 

asymptotic MK: http://www.benhaller.com/messerlab/asymptoticMK.html (Haller and Messer, 

2017). This program is available as a web-based service, and it implements the method described 

by Messer and Petrov (2013). 

Results 

Evaluating methods used to infer the proportion of adaptive substitution from simulated 

datasets 

We assessed the accuracy of nine methods to estimate the proportion of adaptive substitutions 

across a range of simulated datasets by varying parameters for both proportion and fitness effect 

of advantageous mutations, resulting in 15 parameter combinations (Booker 2020). For each 

parameter combination, the number of nonsynonymous fixed differences (Dn) was used to 

calculate the true value of α: 

αTrue = DnAdv / (DnAdv + DnDel) 
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where DnAdv is the number of fixed advantageous nonsynonymous differences and DnDel is the 

number of fixed deleterious nonsynonymous differences (Table S1). Each fixed difference in the 

simulation is labeled as either advantageous or deleterious by SLiM, so these numbers are 

straightforward to calculate. As expected, there is a strong correlation between the strength of 

positive selection in each simulation (as measured by the product of pa and 2Nsa) and the true 

value of α (Spearman's ρ=0.99, P<1.0x10-6; Table S1). We used the true value of α as a baseline 

for comparison with estimates of α obtained from the methods we tested; we call the difference 

between the two Δ α.   

We first ran seven methods that use the unfolded (polarized) site frequency spectrum, alongside 

results from the “MK” method for comparison (Figure 1; Table S2). We found that the “Gamma-

Expo,” “Gamma-Gamma,” and “Displaced-Gamma” methods performed very well and showed 

the highest accuracy, giving average Δ α values close to zero. These results suggest that a gamma 

or exponential distribution is a good fit for inferring the DFE of beneficial mutations for most 

parameter combinations (Imhoff and Schlotterer 2001; Eyre-Walker et al. 2006; Kassen and 

Bataillon 2006). Note that the data were simulated assuming a gamma distribution of deleterious 

mutations, but a fixed value (=2Nsa) for all advantageous mutations. 

Results from individual methods largely conformed to expectations. When using the “MK” 

method (Smith and Eyre-Walker 2002), we found that values of α were always underestimates 

when compared with the true value (Figure 1). In some cases, the difference between the two 

values is >1, indicating severe inaccuracy. While negative values of the proportion of adaptive 

substitution are difficult to interpret in a meaningful way, they often result from an excess of 

nonsynonymous polymorphisms segregating at lower frequencies. The “FWW” method (Fay et 

al. 2001) removes variants segregating at frequencies below 15%, and showed improved results 

relative to the “MK” method for all tested parameter combinations (Figure 1). However, these 

results are still all underestimates of the true α value. Changing the cutoff for the “FWW” 

method to exclude variants segregating at frequencies lower than 25% gave similar results (data 

not shown). We also applied the “asymptotic MK” method (Messer and Petrov 2013), which 

estimates α as a function of derived alleles at any frequency, x (where x ranges between 0.1 and 

0.9). This method gave underestimates of α for all but one parameter combination (Figure 1), 
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similar to the previous two methods. Overall, estimates obtained with these three non-parametric 

methods tend to underestimate α values, suggesting that they do not efficiently deal with either 

the slightly deleterious or slightly advantageous mutations segregating in the sample data, or 

possibly with the background selection present in the simulations. 

Results from methods that estimate α by inferring the distribution of fitness effects were much 

more accurate. The “Gamma-Gamma” method (Eyre-Walker and Keightley 2009; Schneider et 

al. 2011) gave accurate estimates of α for all parameter combinations, with the largest difference 

being <|0.15| from the true α value. Similarly, results obtained from the “Gamma-Exponential” 

method (Galtier 2016) gave estimates of α that closely approach the true values for most 

parameter combinations. By contrast, the “Scaled-Beta” method (Galtier 2016) gave an 

overestimate for most parameter combinations, though Δα was always less than |0.2|. The last 

two parametric methods, “Displaced-Gamma” (Martin and Lenormand 2006) and “FGM-

BesselK” (Lourenço et al. 2011), are based on Fisher’s geometric model of adaptation. For all 

parameter combinations, results obtained from the “Displaced-Gamma” method were highly 

accurate (Figure 1), while “FGM-BesselK” overestimated α across all simulated datasets. 

There was little relationship between any of the results and the values of either pa, 2Nsa, or their 

product. This outcome is reassuring for two reasons. First, it indicates that methods that give 

accurate results do so across a range of values of the true α, from 1% of all substitutions fixed by 

positive selection to 95% (Table S1). Second, due to linkage with advantageous nonsynonymous 

mutations, the SFS among synonymous polymorphisms can be extremely skewed relative to 

equilibrium expectations. We measured this skew using Tajima's D (Tajima 1989), finding that 

this statistic taken from each simulated dataset was strongly correlated with the strength of 

positive selection as measured by the product of pa and 2Nsa (Spearman's ρ=-0.96, P<1.0x10-6; 

Table S1). The fact that estimates of α were accurate across these conditions indicates that 

methods will be robust to varying "demographic" scenarios (see Discussion). 

We also estimated α using the folded (unpolarized) SFS. Four of these methods can be applied to 

unfolded data and were used above: “Gamma-Exponential”, “Scaled-Beta”, “Displaced-
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Gamma”, and “FGM-BesselK.” The fifth method, “Gamma-Zero” (Eyre-Walker and Keightley 

2009), can only be applied to folded data. Note that this last model is also implemented in the 

software DFE-alpha (Keightley and Eyre-Walker 2007), but we found the version implemented 

in GRAPES to be more numerically stable. Overall, we obtained results using the folded and 

unfolded spectra that were quite similar (Figure 2; Table S3). The “Gamma-Exponential” and 

“Displaced-Gamma” models were once again highly accurate, with “Gamma-Zero” giving 

equally accurate estimates. Both “Scaled-Beta” and “FGM-BesselK” overestimated α using the 

folded spectrum, often by quite a lot (Figure 2). We again found no consistent association 

between different parameterizations of the simulations and over- or under-estimation of α. 

Adaptive evolution in empirical data 

We estimated α using all methods applied to whole-genome sequence data obtained from three 

empirical datasets: Arabidopsis, Drosophila, and human (Figure 3). We find trends in the values 

obtained by different methods on empirical data that are similar to those obtained from simulated 

data. Methods that do not model the DFE tend to give the lowest values of α, often by quite a lot. 

As expected, the “MK” method gave negative values for all three species, a result that is indicative 

of the presence of slightly deleterious polymorphisms. The increase in estimates of α seen in both 

the “FWW” and “asymptotic MK” methods demonstrate that fairly straightforward corrections can 

counteract this problem to some degree. 

Our results from analyses of simulated data suggest that methods that modeling the DFE of 

mutations can yield more accurate estimates of α. Applying these methods to the unfolded 

biological data gave values of α ranging from 0.42-0.74 for Drosophila, 0.15-0.31 for Arabidopsis, 

and -0.08-0.39 for human (Figure 3; Table S4). Two of these methods (“Scaled-Beta” and “FGM-

BesselK”) tended to overestimate α on the simulated data, and were either the two highest 

estimates (in Drosophila and humans) or one of the two highest (in Arabidopsis). Among the 

remaining three methods, the average values of α were: Arabidopsis = 0.25, Drosophila = 0.5, 

and human = 0.1. We also estimated α for the same three datasets using methods that accept the 

folded SFS as an input (Figure 4; Table S5). In general, we obtained highly similar, but slightly 

higher, estimates of α. 
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Adaptive evolution in different tissues or chromosomes 

The proportion of adaptive substitutions is predicted to differ among genes on different 

chromosomes and among genes involved in different biological processes. For instance, the 

faster-X effect (Charlesworth, Coyne, and Barton 1987; Meisel and Connallon 2013) posits that 

genes on the X chromosome will have a greater number of adaptive substitutions. There are a 

number of possible causes for this pattern, including the exposure of recessive mutations in the 

heterogametic sex, as well as possible effects of differing recombination and mutation 

environments. Differences in the function of genes also loosely predicts the amount of adaptive 

evolution. One consistent pattern is that genes involved in evolutionary conflicts (“arms races”) 

show a higher proportion of adaptive amino acid substitutions; for instance, this occurs in genes 

involved in host-pathogen interactions (e.g. Obbard et al. 2009; Slotte et al. 2011; Enard et al. 

2016) as well as genes involved in sexual conflict (e.g. Gossman et al. 2014). 

To test for a faster-X effect in our Drosophila data we split the dataset into two parts, one 

containing genes carried on the X chromosome and the other containing genes carried on the 

autosomes: 2L, 2R, 3L, and 3R (unfortunately, the human data only include autosomal genes). 

Calculating α using the unfolded SFS, we found higher values for X-linked genes for seven of the 

eight methods we tested (Table S6). Although the difference between genomic compartments is 

generally modest, it can sometimes be quite large: using the “MK” method, α is estimated to be 

0.16 for X-linked genes and -0.3 for the autosomal genes. Our results confirm previous conclusions 

about the faster-X effect in Drosophila (Langley et al. 2012), but now using multiple different 

methods. 

To examine α in different tissues, we used a large dataset from A. thaliana. Geist et al. (2019) 

previously found more adaptive evolution in genes expressed in seeds than in other specialized 

organs. Because seeds are the arena for conflict between maternal and paternal investment in 

offspring resources, the genes expressed in this tissue were predicted to show more adaptive 

evolution. Here we applied all of the methods for estimating α to subsets of genes that are 

preferentially expressed in five different tissues in Arabidopsis (Materials and Methods). As found 

previously, the value of α was higher in seeds than in the other four tissues (Figure 5), indicating 
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the presence of more adaptive evolution in genes preferentially expressed in the seed. Within the 

seed, values of α were positive for all methods, with the exception of the “MK” method. Values 

of α varied among tissues, with “floral bud” and “root” also showing generally positive values and 

“leaf rosette” showing generally negative values. Different methods gave very different estimates 

of α for genes expressed primarily in “stem.” The results for “FGM-BesselK” show positive 

estimates of α across tissues, with an exception in the stem dataset. We believe the negative value 

in this tissue may be due convergence errors in the optimization function used by the software; we 

overcame apparently similar such errors in other statistics by running software multiple times, but 

this negative value of “FGM-BesselK” was found every time. 

Discussion 

An ongoing debate in evolutionary biology is the relative contribution of selection and drift in 

shaping genomic diversity among species (Kimura 1983; Gillespie 1991; Kern and Hahn 2018; 

Jensen et al. 2019). One of the widely used approaches for answering this question is to estimate 

the proportion of fixed nonsynonymous amino acid differences between species, α, from 

different organisms (McDonald and Kreitman 1991; Smith and Eyre-Walker 2002). In this study, 

we applied nine different methods that estimate α to a variety of datasets. Using simulated data, 

we find that methods that estimate α after inferring the DFE of both deleterious and beneficial 

mutations from the allele frequency spectrum are very accurate, and give more accurate results 

than methods that do not carry out this step. Interestingly, among these more accurate methods 

we did not find an advantage to polarizing mutations as either ancestral or derived (i.e. to using 

the “unfolded” spectrum relative to the “folded” spectrum).   

We estimated α from whole-genome data for Arabidopsis thaliana, Drosophila melanogaster, and 

Homo sapiens. The most accurate methods (as determined by simulation; “Gamma-Gamma,” 

“Gamma-Expo,” and “Displaced-Gamma”) found that approximately 25% of nonsynonymous 

changes in the Arabidopsis genome have fixed due to positive selection (Figure 3); for Drosophila 

this number is ~50%, and for human about 10%. These estimates are similar to many estimates 
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from previous studies (e.g. Begun et al. 2007; Eyre-Walker and Keightley 2009; Galtier 2016; 

Uricchio et al. 2019; Zhen et al. 2021; Geist et al. 2019; Moutinho et al. 2019).   While some older 

studies in Arabidopsis did not find as high a value of α (e.g. Slotte et al. 2011; Gossmann et al. 

2014) these were based on data from very early versions of next-generation sequencing 

technologies. More recent data has consistently shown higher values of α (Geist et al. 2019; 

Moutinho et al. 2019). Application of these data and methods to test hypotheses about the role of 

parental conflict in Arabidopsis revealed that different methods can give different answers. For 

instance, in our analysis, the “MK” method gives underestimates of α   across all tested tissues, 

and seeds do not stand out as a battleground for parental conflict. However, using all other methods 

the seeds do have higher estimates of α than other tissues. 

The simulations used here (originally carried out by Booker 2020) include linked selection, both 

on advantageous mutations (hitchhiking) and on deleterious mutations (background selection). 

Linked selection will distort the allele frequency spectrum of nearby polymorphisms (e.g. the 

values of Tajima's D from synonymous polymorphisms in Table S1) and can both reduce the 

probability of fixation of weakly beneficial mutations and increase the probability of fixation of 

weakly deleterious mutations. For these reasons, linked selection may make it more difficult to 

estimate α accurately (Messer and Petrov 2013). In order to avoid such problems, the methods 

used here that explicitly infer the DFE first fit a “demographic” model to synonymous 

polymorphisms. Under the assumption that linked selection has homogeneous effects on nearby 

synonymous and nonsynonymous polymorphisms (Hahn et al. 2002)—and that there is no or 

weak direct selection on synonymous mutations—these methods attempt to infer the distribution 

of fitness effects on nonsynonymous mutations after taking into account the skew in the 

frequency spectrum revealed by synonymous polymorphisms. The so-called demographic model 

that is fit to the synonymous polymorphisms is therefore a complex history of selection and 

population demography, much as it is for almost all demographic inference from natural 

populations. The methods considered here that model the DFE appear to do well regardless of 

the skew in the SFS at linked neutral polymorphisms. Other, more recent, methods have been 

developed to explicitly account for background selection (e.g. Uricchio et al. 2019). 

Interestingly, estimates of α from these methods are quite similar to those of methods that 

instead fit more general “demographic” models (e.g. α=0.135 for humans using “ABC-MK”; 
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Uricchio et al. 2019). In addition, the effect of background selection on linked synonymous sites 

must be known ahead of time to use these methods. While such methods have the advantage of 

being able to estimate parameters beyond α, data on background selection for non-model species 

are not readily available, making wider application less feasible. 

There is one major assumption made in the simulations we used, and implicitly made by the 

methods we employ: that the level of selective constraint has been constant over time. This 

assumption is equivalent to saying that polymorphism data—which by definition reflects 

relatively recent selective and demographic processes—is an appropriate comparator for 

divergence data. If, for instance, population sizes were smaller in the past then they are now, a 

greater proportion of slightly deleterious nonsynonymous mutations will have fixed; as a 

consequence, we would incorrectly infer these differences as having fixed adaptively (Eyre-

Walker 2002; Rousselle et al. 2018). Alternatively, selection may have changed because the DFE 

has shifted between species (e.g. Huber et a. 2017). To account for some potential biases 

introduced by violations of these assumptions, Tataru et al. (2017) proposed a method 

(“polyDFE”) in which α can be estimated from polymorphism data alone without divergence 

data. However, Booker (2020) found that while α was estimated accurately using polyDFE, 

other selective parameters were misleading and erroneous when advantageous mutations were 

rare and strongly selected.   

With regards to estimates of α in the organisms studied here, all three have experienced 

population expansions over the past tens of thousands of years (e.g. François et al. 2008; 

Tennessen et al. 2012; Li and Stephan 2006). Recent expansions can result in an excess of 

segregating weakly deleterious polymorphism relative to divergence, and therefore do not lead to 

overestimates of α. We therefore consider the estimates obtained here accurate, or even slight 

underestimates of the true fraction of amin acid substitutions fixed by positive selection. Overall, 

our results suggest that there are multiple methods that can give accurate estimates of α, 

especially those that explicitly model the DFE of segregating variation. Future estimates of 

adaptive evolution from non-model species will benefit from using such methods. 

Data availability 
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No new sequencing data were generated for this study. All data used was previously generated 

and is publicly available. Simulation datasets were obtained from 

https://github.com/TBooker/PositiveSelection_uSFS; Drosophila and Arabidopsis polymorphism 

and divergence datasets were downloaded from Mountinho et al. (2019) supplementary data 

found at https://academic.oup.com/mbe/article/36/9/2013/5506639#supplementary-data; Human 

polymorphism and divergence datasets were downloaded from 

https://github.com/uricchio/mktest/tree/master/data; the Arabidopsis list of tissue-specific genes 

were downloaded from https://github.com/ksgeist/adaptation-in-arabidopsis-

seeds/tree/master/Gene_Lists. 
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Figures 

Figure 1: Comparison among α values estimated using eight different methods from simulated 
data. All of the methods (except for “MK”) are using the unfolded site frequency spectrum. The 
red dashed line represents the true value of α, with the y-axis measuring the difference from this 
value for each estimate. Colored dots indicate different selection parameter combinations used to 
simulate the data, with the “✕” representing the mean value among parameter combinations. 
“2Ns” is the fitness effect of new advantageous mutations and “p” is the proportion of newly 
arising advantageous mutations. 
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Figure 2: Comparison among α values estimated using five different methods from simulated 

data. All of the methods are using the folded (unpolarized) site frequency spectrum. The red 

dashed line represents the true value of α, with the y-axis measuring the difference from this 

value for each estimate. Colored dots indicate different selection parameter combinations used to 

simulate the data, with the “✕” representing the mean value among parameter combinations. 

“2Ns” is the fitness effect of new advantageous mutations and “p” is the proportion of newly 

arising advantageous mutations. 
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Figure 3: Estimates of α values obtained using eight different methods when applied to whole-

genome data on the unfolded (polarized) site frequency spectrum from Arabidopsis thaliana, 

Drosophila melanogaster, and Homo sapiens. The red dashed line is drawn at a value of 0, while 

the colors and shapes represent the different species used in this analysis. 
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Figure 4: Estimates of α values obtained using five different methods when applied to whole-

genome data on the folded (unpolarized) site frequency spectrum from Arabidopsis thaliana, 

Drosophila melanogaster, and Homo sapiens. The red dashed line is drawn at a value of 0, while 

the colors and shapes represent the different species used in this analysis. 
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Figure 5: Estimates of α values obtained from eight different methods in five different tissues of 

Arabidopsis thaliana. Each panel shows estimates of α based on the unfolded site frequency 

spectrum from genes expressed in that tissue (assignment to tissues was carried out in Geist et al. 

2018). Within each panel, the values of α are centered around zero. 
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Supplemental Materials 

Table S1: Values of α and Tajima’s D obtained from simulating data with 15 different parameter 

combinations.   

Parameter combination True α Tajima’s D* 

2Ns1000_p0.0001 0.4709 -0.344 

2Ns1000_p0.001 0.8316 -1.684 

2Ns1000_p0.01 0.9512 -1.981 

2Ns500_p0.0001 0.3411 0.093 

2Ns500_p0.001 0.7643 -1.068 

2Ns500_p0.01 0.9331 -1.893 

2Ns100_p0.0001 0.1022 0.397 

2Ns100_p0.001 0.5004 0.058 

2Ns100_p0.01 0.8534 -1.049 

2Ns50_p0.0001 0.0533 0.411 

2Ns50_p0.001 0.3481 0.277 

2Ns50_p0.01 0.7892 -0.478 

2Ns10_p0.0001 0.0107 0.426 

2Ns10_p0.001 0.0962 0.415 

2Ns10_p0.01 0.4999 0.304 

* These values were calculated only from synonymous polymorphisms 
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Table S2: Mean values for all Δ α estimates obtained from full simulation datasets. 

Method Δ α* (Mean) 

MK -0.499 

FWW -0.174 

Asymptotic MK -0.137 

Gamma-Gamma 0.027 

Gamma-Expo 0.004 

Scaled-Beta 0.061 

Displaced-Gamma -0.011 

FGM-BesselK 0.094 

* Δα is calculated by subtracting estimated values from true values. 

Table S3: Mean values for all Δ α estimates obtained from folded simulation datasets. 

Method Δ α* (Mean) 

Gamma-Zero -0.013 

Gamma-Expo -0.027 

Scaled-Beta 0.291 

Displaced-Gamma 0.016 

FGM-BesselK 0.087 

* Δα is calculated by subtracting estimated values from true values. 
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Table S4: Estimates of α obtained from unfolded biological datasets. 

Sample MK FWW Asymptotic-

MK 

Gamma-

Gamma 

Gamma-

Expo 

Scaled-

Beta 

Displ-

Gamma 

FGM-

BesselK 

Drosophila -0.21 0.41 0.42 0.50 0.42 0.74 0.57 0.58 

Arabidopsis -0.53 0.01 0.16 0.26 0.31 0.15 0.17 0.31 

Human -0.71 0.05 -0.12 -0.08 0.09 0.39 0.29 0.34 

Table S5: Estimates of α obtained from the folded biological datasets. 

Sample GammaZero GammaExpo DisplGamma ScaledBeta FGMBesselK 

Drosophila 0.57 0.78 0.58 0.78 0.54 

Arabidopsis 0.18 0.57 0.22 0.69 0.38 

Human 0.29 0.09 0.29 0.39 0.34 
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Table S6: Alpha value estimates obtained from whole-genome data of D. melanogaster by 

dividing the data into two sets: One for genes carried on the X chromosome and the other for 

genes carried on the autosomes. 

Method X Autosome 

MK 0.16 -0.30 

FWW 0.54 0.37 

AsymptoticMK 0.59 0.38 

GammaGamma 0.55 0.67 

GammaExpo 0.54 0.44 

ScaledBeta 0.83 0.70 

DisplGamma 0.67 0.54 

FGMBesselK 0.75 0.54 
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