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Abstract

Measuring positive selection in DNA sequences between species is key to testing the neutral theory of
molecular evolution. Here, we compare the two most commonly used tests that rely on very different
assumptions. The McDonald-Kreitman (MK) test' compares divergence and polymorphism data,
while the PAML test?® analyzes multi-species divergence. We used these two methods concurrently
to detect positive selection on the same phylogenetic branch in Drosophila and Arabidopsis using
large-scale genomic data. When applied to individual coding genes, both MK and PAML identify more
than 100 adaptively evolving genes but the two sets hardly overlap. To rule out false negatives, we
merged 20 - 30 genes into “supergenes”, 8% - 56% of which yield adaptive signals. Nevertheless, the
joint calls still do not overlap. The technical explanations of high false negatives or positives can be
rejected. The most likely explanation is the relaxation of negative selection, which results in patterns
resembling positive selection and is easily testable by using multi-species polymorphisms. When so
tested, Arabidopsis (but not Drosophila) data fit this hypothesis. PAML and MK may indeed identify
distinct classes of genes in Drosophila. However, this “both are right” explanation is valid only if
positive and negative selection tend to affect the same targets, thus contradicting the (untested)
conventional view. In conclusion, the acceptance of adaptive DNA evolution, and hence the rejection
of the neutral theory, should be suspended until negative selection is rigorously analyzed.

Introduction

Detecting adaptive evolution in DNA sequences is one of the central tasks of molecular
evolutionary studies. The neutral theory* holds that such signals are too infrequent to cause significant
deviations from the neutral prediction. Methods have been continually developed to detect positive
selection and to test the neutral theory?®>, Indeed, the theory may have been rejected as often as
new methods are proposed®!%2-15 Sych methods fall into two broad classes. One class attempts to
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detect positive selection that operates within populations®®#1216 The other focuses on positive
selection that operates in the longer term, i.e., the divergence between species'1°1317-22 Methods of
either class may use data of both polymorphism and divergence!®#101319-22 pogsitive selection signals
could be abundant between species but undetectable within populations, or vice versa. Even partial
rejection of the neutral theory is informative about molecular evolution2°,

In this study, we focus on the between-species tests. In such tests, one compares the number of
non-synonymous changes per non-synonymous site (Ka or dN) vs. the per-site synonymous changes
(Ks or dS). The Ka/Ks (or dN/dS) ratio would deviate from 1 if nonsynonymous changes are under
stronger selection than synonymous substitutions. In the absence of selection, R = Ka/Ks ~ 1, the
hallmark of neutral evolution?%’. In among-species comparisons, genome-wide R ranges mainly
between 0.05 and 0.2527-31, thus indicating the prevalence of negative selection. When R > 1, positive
selection is evident. Nevertheless, R > 1 is too stringent a criterion as it requires positive selection to
overwhelm negative selection. Indeed, few genes in any genome comparison have R significantly
greater than 122233233,

The two prevailing methods that relax the requirement for R > 1 over the entire gene are the MK
(McDonald-Kreitman)*° and the PAML (Phylogenetic analysis by maximum likelihood)?? tests. Each
test relies on a different set of assumptions that cannot be easily verified (see below). The purpose of
this comparative study is to examine these underlying assumptions and to cross-validate the
conclusions. While some previous studies have employed the two tests®3-8, this may be the first study
that applies them side-by-side to infer positive selection on the same set of genes and along the same
phylogenetic branch. A larger literature on this topic is briefly commented on in the Supplementary
Information.

Theoretical background

While Ka and Ks are the cornerstones for detecting natural selection, they can only inform
about either positive or negative selection, but not both. This is because Ka/Ks, when averaged over
all sites, is the joint outcome of the two opposing forces. We use the basic population genetic theory
to outline the idea:

R=Ka/Ks=(L-p-q)+p[2Nf(N,s)]+q[2Nf(N,s)] Eq. (1)

where p and ¢ are the proportion of advantageous and deleterious mutations, respectively?#2%%: f (N,
s) = (1 -e®)/ (1 -e2™)is the fixation probability of a mutation with a selective coefficient s that can
be > 0 (denoted by s1) or < 0 (s2) and N is the effective population size. For example, if Ka/Ks = 0.2,
then the null hypothesis is the neutrality with g = 0.8, p = 0 and f (N, s2) = 0 (i.e., no fixation of
deleterious mutations). The alternative hypothesis would be adaptive evolution with p > 0 and f (N,
s1) > 0 (i.e., fixation of advantageous mutations).

To tease apart positive and negative selection, one often uses DNA sequences from several
species, some of which should have polymorphism data. For this study, the data are from Drosophila
and Arabidopsis, as shown in Fig. 1. The hypothesis testing for positive selection by the MK test is
done on a particular phylogenetic lineage, marked by red lines in Fig. 1. The Ka and Ks values in the
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red line lineage are contrasted with the corresponding polymorphisms (pA and pS) in the blue triangle.
The value of pA and pS denotes, respectively, the level of nonsynonymous and synonymous
polymorphism (per site) within a species. The rationale of the MK test is that p ~ 0 in the polymorphism
data thanks to the rapidity with which advantageous mutations are fixed. Thus, Eq. (1) becomes

PA/pS ~(1-q) +ge EQq.(2)

where ¢ represents the amount of deleterious polymorphism and should be a very small number. In
short, the MK test estimates q from Eq. (2) first and then extracts p from Eq. (1).

There are, however, several difficulties in interpreting the MK test results. First, the strength of
negative selection is estimated from the recent evolutionary history (the blue triangle in Fig. 1),
whereas positive selection is inferred from a different lineage (the red line). As pointed out before, an
increase in the effective size of the extant population would lead to the under-estimation of pA/pS and,
thus, an over-estimation of positive selection!®!’. Second, the estimation of negative selection is not
straightforward. The pA/pS ratio would decrease as the variant frequency increases and may increase
again when the mutant frequency approaches 111132040 Both patterns can be seen in Drosophila (Fig.
1c). In Arabidopsis (Fig. 1d), the pattern is similar at the low frequency end, but not at high frequencies.
Given the complex patterns, accurate estimation of negative selection is not straightforward in the MK
test (see Methods)11%1317-22 Third, the MK test is strictly applicable only to sites that share the same
genealogy. In the presence of recombination, in particular when unlinked loci are used, biases could
be non-trivial, making corrections necessary?*2,

The other widely used approach to the estimation of adaptive evolution is the PAML method??2.
PAML compares the substitution numbers across many lineages to identify positively (or negatively)
selected genes on the assumption that unusually high (or low) numbers could be indicative of selection.
In particular, the proportion of adaptive sites that have a higher non-synonymous than neutral rate is
estimated by PAML. There are three sub-models, two of which (the site model and the branch-site
model) are used here. The site model identifies sites with an increase or decrease in non-synonymous
substitutions in the entire phylogeny?2. The branch-site model compares sites of a pre-selected branch
(the foreground) to other sites on all branches as well as the same sites on other branches (the
background)*4,

Despite the very different approaches, the MK and PAML tests can be used to answer the same
question — How much adaptive evolution has happened in the chosen genes on a given branch (e.g.,
the red-line branch of Fig. 1a and 1b)? Because the MK test is about positive selection along the red
line, it does not offer any information about selection elsewhere in the phylogeny. Therefore, it is
necessary to compare it to each of the two PAML sub-models. If the MK test identifies genes that are
generally prone to evolving adaptively, the proper comparison would be the PAML site model.
Alternatively, if the adaptation is specific to a specific branch, then the branch-site model would be a
more suitable comparison. We will present the site model results in the main text and the branch-site
model results in the Supplementary Information. The two sets of comparisons yield qualitatively
similar results although the site model appears to be statistically more robust.
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Results
Part | — Identifying adaptive genes with high stringency

We first determined the distribution of the P values across genes. The MK test P values were
obtained from the Fisher’s exact test on Site count contingency tables. The likelihood ratio test was
used to obtain PAML P values. The P value distributions are shown in the four panels of Fig. 2 for two
taxa and two tests. The distribution is concentrated above P = 0.8 (the MK test for Drosophila) and P
= 0.9 (the other panels). This concentration means that a very large percentage of genes show no
detectable signal, partly because most genes experience too few changes to be statistically informative.
Furthermore, the null model does not fully incorporate factors that can affect the test. For example, the
polymorphism data may not reflect the complete removal of deleterious mutations and the strength of
negative selection is often under-estimated319.20,

Fig. 2 suggests that, even if all genes evolve neutrally, far fewer than 5% of them would be
detected as adaptive at the 5% cutoff. We therefore compare the observed P values from the MK and
PAML tests against each other, rather than against the null model. In each panel of Fig. 2, one line
represents the test results on all genes and the other is derived from loci that have been pre-filtered
through the other test. In Fig. 2a-2b, genes pre-filtered through PAML have smaller P values in the
MK test, reflected by the leftward shift in the P value distribution. The same is true in Fig. 2c-2d where
pre-filtering by MK reduces the PAML test P values. The two tests are indeed correlated, but only
weakly. This is also true in Extended Data Fig. 1, where the branch-site model of PAML is used.

We now enumerate the overlap between the two tests by comparing the candidate adaptive genes
with P < 0.05. Given the P value distributions shown in Fig. 2, these genes are merely the most likely
candidates proposed by each test. Hence, significant overlaps would be mutual corroborations. For the
“individual genes” analysis in Drosophila, we identified 186 from 5425 genes by the MK test and 145
genes by PAML, corresponding to 3.43% and 2.67% of the genome (see Table 1). The overlap between
these two sets contains only nine genes. Although the observed overlap is higher than the expected
4.97 (P < 0.1, Fisher’s exact test), the overlap is too small to be biologically meaningful. The same
pattern is true for Arabidopsis, in which 145 and 505 genes are called by these two tests but only 14
genes are called by both tests. Again, the observed overlap is significantly higher than the expected
5.55 (P < 0.01, Fisher’s exact test) but the actual overlap is minimal. A simple explanation for the non-
overlap is a high false-negative rate. In other words, each test may have detected only a small fraction
of the true adaptive genes.

The analysis of supergenes and their component genes

False negatives should be common in individual genes harboring few substitutions. To overcome
this statistical limitation, we created artificial “supergenes” by merging 20 to 30 genes into a longer
sequence. They are either concatenations of neighboring genes (i.e., by physical location) or genes of
the same ontology (by function). The merger would reduce false negatives due to low substitution
numbers, but at the risk of diluting true adaptive signal. We present the results based on the
concatenations of neighboring genes in Table 1. In Drosophila and Arabidopsis, 200 and 500
supergenes are created respectively. The results based on the merger by gene ontology are similar (See
Extended Data Table 1).
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Our gene merger approach may create biases in the MK test, as pointed out before?®. When the
level of polymorphism is negatively correlated with the rate of nonsynonymous divergence across loci,
false positives would be common in the merger. Hence, we used the modified MK test to infer positive
selection in merged genes?. In Drosophila, 112 of the 200 supergenes reject the MK test null
hypothesis at the 5% level, and 36 of the 200 significantly deviate from the PAML null (Table 1). The
two tests detect far more adaptive supergenes than individual genes: 56% (MK) and 18% (PAML).
What is perplexing is that the overlap between the two sets is random (10.0% observed vs. the expected
10.1%), as if the two tests are completely uncorrelated. In Arabidopsis, 8.2% of the 500 supergenes
pass the MK test at the 5% level and 25.6% of supergenes reject the PAML null. The PAML test in
Arabidopsis detects many more adaptive supergenes than the MK test, in the opposite direction of
Drosophila. However, the overlap is also random with 2.0% observed vis-&vis the expected 2.1%. In
both taxa, the two tests appear uncorrelated at the level of supergenes.

Because gene merger might dilute the adaptive signal by mixing a few adaptively evolving genes
with many other non-adaptive genes, we examined the component genes within each adaptive
supergene. In Drosophila, the 112 supergenes passing the MK test contain 3132 component genes
(Table 1), among which 158 genes are significant when tested individually. Likewise, 60 out of 1040
component genes are identified by PAML. Between the two subsets of genes (3132 and 1040), 619
genes are common and only three genes are significant by both tests. The 0.48% overlap of component
genes is slightly higher than the expected 0.29%. The observations in Arabidopsis are given in the last
row of Table 1. The overlap in component genes is also very low, at two of the 258 genes, or 0.78%.
Clearly, the MK and PAML tests are uncorrelated by the standard statistical criteria, which are relaxed
in the next section. Comparable analyses using the PAML branch-site model (Extended Data Table 2)
yield results similar to those in Table 1.

Part 11 - Identifying weakly adaptive genes with low stringency

We note in Fig. 2 that genes yielding a P value of 0.25 by either test may be moderately
informative about positive selection. Therefore, when carrying out the MK and PAML tests
simultaneously, we set the cutoff in each test at P < 0.224. By doing so, the expected overlap would
be 0.2242 = 5% if the two tests are completely uncorrelated. The results by this relaxed stringency are
given in Table 2.

The MK test identifies 824 and PAML 353 genes in Drosophila. These sets have 91 loci in
common, whereas the expected overlap is 53.6 (P < 107, Fisher’s exact test). In Arabidopsis, the two
tests yield 1014 and 1172 genes with an overlap of 119 genes, significantly higher than the expected
number of 91.6 (P < 0.002, Fisher’s exact test). Hence, the joint call of adaptive genes accounts for
10.1% (119/1172) to 25.8% (91/353) of the loci identified by each single test. A gene identified by
one test as adaptive has a 10% to 25% chance of being called adaptive by the other.

While the overlap between the two tests is at most modest, the performance of one test conditional
on the pre-screen by the other indeed suggests some concordance. We first look at Al, the average
number of adaptive sites per gene estimated using the MK test. A1 doubles from 2.84 to 5.71 when
genes are pre-screened using PAML in Drosophila and increases from 14.98 to 19.94 in loci identified
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by both tests compared to just MK. The trend is even more pronounced in Arabidopsis: 0.84 to 1.97
and 19.36 to 28.98. Thus, the PAML screen can enhance the performance of the MK test.

The procedure is now applied in the reverse direction by pre-screening the genes with the MK
test before subjecting them to the PAML test. The number of adaptive sites per gene can be calculated
using two methods in PAML (A2 and A2’ in Table 2*144; see Methods). Since the purpose is to
compare PAML with MK, we use the A2 numbers, which are closer to Al from the MK test. The
qualitative conclusion, nevertheless, is not affected much by the choice of model. The number of A2
sites increases from 5.71 to 10.93 after MK pre-screening in Drosophila (Table 2) and from 9.27 to
14.65 when focusing on the loci identified by both PAML and the MK test, compared to PAML alone.
The same trend is observed in Arabidopsis (Table 2): an increase from 10.15 to 14.24 after MK test
pre-screening and 12.74 for PAML only vs 20.36 for genes identified by both tests. Again, a pre-screen
by MK helps PAML performance.

The results are similar when we use the PAML branch-site model rather than the site model (see
Extended Data Table 3). It is clear that the MK and PAML tests are correlated but the correlation is
weak. In other words, when one test detects a strong adaptive signal in a gene, the other test would
often find a signal in the same gene, albeit a much weaker one.

Discussion

It is surprising that the two widely used tests are poorly concordant in detecting adaptively
evolving genes. We first explore, and reject, methodological explanations for this observation.

Methodological explanations and statistical variations

i) Both tests have high false negative rates: False negatives could be a consequence of the “nearly
neutral” evolution proposed by Ohta (1992)%%. While near-neutrality is often used to indicate slightly
deleterious variants, Ohta (1992)* and Ohta and Gillespie (1996)% have suggested that advantageous
mutations may often be nearly neutral as well. However, when the tests are applied to supergenes,
which should yield low false negatives given the detection rate up to 56%, the overlap is still no higher
than random occurrences.

ii) Both tests have high false positive rates: This does not seem plausible in the comparison of
individual genes since neither test identifies more than 3.9% of genes at the nominal cutoff of 5% for
either Drosophila or Arabidopsis (Table 1), suggesting that both tests are conservative.

iii) Both tests have high false positive and false negative rates: This explanation assumes that one of
the two tests is entirely unreliable. However, the two tests are comparable in performance. When
PAML is done on genes selected by the MK test, the subset of genes yields much stronger signal than
the full set. This is also true when the MK test is done on PAML-selected genes.

Biological explanations and the correlation between negative and positive selection

Since the observable evolution rate (R = Ka/Ks) is influenced by both positive and negative
selection, any incorrect assumption about one would lead to the mis-estimation of the other. We
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suggest that negative selection should be accurately estimated first as it follows relatively simple
rules*#',

1) Variable negative selection interferes with the assessment of positive selection

All tests assume constant negative selection in the time frame of interest. In the MK test, negative
selection is estimated from the polymorphism data and applied to all lineages. However, if negative
selection within the species is stronger than the average prevalent in the past, reduced negative
selection between species may be mis-interpreted as positive selection. This could happen if the
population size increased recently!’!8, PAML also assumes that proportions of sites under both
positive and negative selection are constant across the whole phylogeny.

It is therefore crucial to ascertain the constancy of negative selection by comparing
polymorphisms from related species. Between A. thaliana and A. lyrata, the constancy assumption can
be rejected. The polymorphism A/S ratio is 0.400 and 0.605, respectively (see Supplementary
Information for the estimation). Since the divergence A/S ratio is 0.493 (Extended Data Table 4), one
would reach opposite conclusions depending on the polymorphism data chosen for comparison.
Clearly, the variation in the strength of negative selection exceeds the effect of positive selection
between A. thaliana and A. lyrata, rendering both MK and PAML inoperative. Unlike in Arabidopsis,
polymorphism data in D. melanogaster and D. simulans do not reject the assumption of constant
negative selection. The polymorphism A/S ratio in either species falls between 0.196 and 0.200, both
of which being lower than the divergence A/S ratio of 0.320 (Extended Data Table 5).

Given the plausible constancy of negative selection, the MK and PAML tests should be assumed
valid, making the non-overlapping results even more intriguing. One possibility is that the adaptive
landscape is shifting, with most species continually evolving toward moving fitness peaks that are
shifting like sand dunes. In this Red Queen landscape®®>°, positive selection is non-constant and
different genes are evolving adaptively at different times. Although the Red Queen hypothesis could
explain the results of our comparisons between MK and PAML, it is not testable at present.

ii) Drosophila data as the test ground for the “both are right” hypothesis

The last hypothesis we explore is that MK and PAML are complementary; in other words, the
two sets of results could both be right but non-overlapping. Complementarity is plausible if the
detection of positive selection is influenced by the strength of negative selection. With negative
selection, the fixation probability decreases rapidly when the strength (Ns2) increases (Fig. 3a). This
strength reflects the functional importance (x) of the gene, or the part of the gene hit by mutations. For
example, mutations in the heme-pocket of hemoglobin would have a high x whereas those in the
backbone of the same protein would have a low x. This functional attribute may influence the
performance of both MK and PAML.

In particular, PAML does not filter out signals of negative selection; hence, mutations associated
with a smaller x could be more readily pushed above Ka/Ks > 1 by positive selection (see Fig. 3b)
whereas genes under stringent constraints may require very strong positive selection to appear adaptive.
Extended Data Fig. 2 indeed shows that genes with a higher polymorphism A/S ratio (i.e., weaker
negative selection) tend to show a stronger signal of positive selection. In contrast, the MK test detects
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positive selection by comparing the divergence A/S ratio with the polymorphism, pA/pS. Hence, a
smaller pA/pS that reflects stronger negative selection would permit better detection of positive
selection by the MK test (see Fig. 3b).

The opposite patterns of Fig. 3b provide a rationale for the “both are right” hypothesis, but the
low overlap between MK and PAML may still depend on the abundance of adaptive mutations as a
function of x (Fig. 3c vs 3d). Fig. 3c illustrates the conventional view whereby positive selection tends
to act on genes where negative selection is weaker (i.e., smaller x). This convention is accepted by
both the selectionism and neutralism schools. According to the neutral theory, negative selection is
weaker when a gene, or the mutation, is functionally less important (Rules 2 and 3 of neutrality; see p.
103 of Kimura, 1983)*. In parallel, in Fisher’s geometric model of adaptive evolution®, positive
selection favors mutations of smaller functional changes. In the scheme of Fig. 3c, the MK and PAML
results overlap substantially, thus failing to support the “both are right” hypothesis.

In contrast to Fig. 3c, Fig. 3d presents an opposite scenario by postulating that both positive and
negative selection should become stronger as x increases. After all, larger functional differences may
be more “discernible” to selection, regardless of the direction of selection. The overlaps between MK
and PAML would indeed be much smaller in Fig. 3d (47% of the detected genes overlap) than in Fig.
3c (87% overlap). Although the theoretical overlap shown in Fig. 3d is still far larger than the observed
value, it is possible to reduce the theoretical overlap with more extreme parameter values. The key
message is that the distribution in Fig. 3d, which is far more likely to support the complementarity
hypothesis, is not compatible with the conventional view (Fig. 3c). Some recent efforts have
challenged this conventional view®.

Conclusions

In the search for the signals of positive selection, the published literature has investigated negative
selection rigorously. Even the central assumption of constant negative selection, easily testable using
multi-species polymorphisms, has rarely been affirmed. A more fundamental issue is the correlation
between positive and negative selection. The conventional view will not resolve the discordance
between the MK and PAML tests (although the convention itself has not been empirically tested). In
conclusion, the signals of positive selection and, hence, the rejection of the neutral theory, will remain
uncertain until negative selection has been rigorously measured.
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Online Methods
DNA sequence data

Pre-aligned unique Drosophila transcript sequences were downloaded from Flybase®?
(http://flybase.org). We collected 8560 FASTA alignments of five species (D. melanogaster, D.
simulans, D. sechellia, D. yakuba, and D. erecta, Fig. la). Genome-wide D. melanogaster
polymorphism data were obtained from the Drosophila Population Genomics Project Phase 2°3. Genes
with high divergence rates, apparently caused by misalignment, were discarded. Only genes with more
than 40 codons and 10 samples of polymorphism data were used. The final dataset contains 5245 genes
with an average of 50 samples of polymorphism data.

The DNA sequences of A. thaliana and A. lyrata were obtained from the Phytozome database>*.
Genome-wide A. thaliana polymorphism data were obtained from the 1001 Genomes Project®. We
also obtained DNA sequences from Capsella grandiflora, C. rubella, and Boechera stricta (Fig. 1b)
for analyses using the PAML program?®. We began with 14953 alignments of the five species and then
filtered the data as we did for Drosophila. Only genes with more than 300 samples of polymorphism
data were collected. The final dataset consists of 12975 genes.

Supergene construction

To overcome statistical limitations, we created artificial supergenes by merging genes into longer
sequences. We used two concatenation approaches: by physical location and by ontology. The first
method involved merging 20 to 30 nearby genes residing on the same chromosome. This resulted in
200 Drosophila and 500 Arabidopsis supergenes. To apply the ontology approach, we first identified
GO (gene ontology) term(s) for each gene. To ensure that every gene was present in only one
supergene, we sorted GO terms by the number of genes they comprised and checked the component
genes in each supergene. If a gene was previously included in a set, it was not merged again. GO terms
with fewer than eight genes in Drosophila and 10 in Arabidopsis were discarded. The final set
comprised 184 Drosophila and 454 Arabidopsis supergenes.

The McDonald-Kreitman (MK) test

Let A and S be the number of nonsynonymous and synonymous changes per gene (or per genome).
In Fig. 1c-1d, A/S ratio is given for the number of polymorphic changes at a defined frequency range.
(The frequencies were inferred by the free-ratio model of the PAML site module)?3. The A/S ratio
becomes lower when the mutant frequency becomes higher. Apparently, the A/S ratio at the low
frequency range is boosted by deleterious mutations that have not been removed by negative selection.
To avoid the confounding effect of negative selection on the MK test, we only used common mutations
with derived allele frequencies larger than 0.2, as is done previously?®*®. Note that the A/S ratio reaches
a steady level at around 0.2 in Fig. 1c-1d.

Now, we let A and S designate the total number of common polymorphic mutations (frequency >
0.2) in the MK test. The corresponding numbers of changes between species are designated A’ and S’.
These four numbers are gathered in a 2>2 contingency table. Fractions of amino acid substitutions
which are adaptive (o) can be estimated asa =1 -(S” A)/ (A’ S). We used Fisher’s exact test on 2x2
contingency tables to estimate statistical significance. Shapiro et al. pointed out the possibility of false
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positives when the MK test is applied across genes and proposed a procedure to correct the bias®.
Hence, we used it in the calculations.

Ideally, the number of A and S polymorphic sites should reflect only neutral variation. However,
as can be seen in Fig. 1c-1d, A often includes low-frequency deleterious mutations and, perhaps, high-
frequency advantageous mutations®8204%_ The inclusion of both kinds of mutations would bias the
polymorphic A/S ratio upward, hence reducing the excess of A’/S’ over A/S and compromising the
power of the MK test. Various solutions have been proposed®**®2! to more accurately measure the
polymorphic A’s. These methods are mostly ad hoc in nature. Sawyer and Hartl* propose a more robust
approach to this problem by directly estimating the intensity of negative selection. While the theory
outpaced the data at that time, the approach is feasible now given the large amount of polymorphism
data.

If the distribution of the strength of negative selection is known?, the neutral A/S ratio as reflected
in the polymorphism can be accurately estimated. While the estimation of positive selection is indeed
different from the conventional numbers, the MK results obtained by various procedures do show the
same qualitative pattern of limited overlap with the PAML test. The overall patterns suggest that the
discordance between the MK and PAML tests is biological, rather than technical, as presented in
Discussion.

The PAML test

We used both the site model and the branch-site model in PAML. The site model, allowing the ®
ratio (dN/dS) to vary among sites (codons or amino acids in protein), detected positive selection across
the five chosen species. A likelihood ratio test (LRT) was used to compare the alternative model M2a
(selection model allowing an additional category of positively selected sites with @ > 1 by setting:
model = 0, NSsites = 2, fix_omega = 0, omega = 2) with the null model M1a (neutral model allowing
only two categories of sites with < 1 and ® = 1 by setting: model = 0, NSsites = 1, fix_omega =0,
omega = 2). Significance was determined using chi-squared test (df = 2).

The branch-site model, allowing dN/dS to vary both among sites and across lineages, was used to
detect positive selection along specified branches. We compared the likelihood of the alternative model
A (positive selection, model = 2, NSsites = 2, fix_omega = 0), to the null model A1 (model = 2, NSsites
=2, fix_omega = 1, omega = 1). D. melanogaster and A. thaliana were designated as the foreground
branches for the test. Significance was calculated using LRT as above. The site model results are
presented in the text and the branch-site results are given in the Supplementary Information.

In the analysis of both models, we also employed Bayes empirical Bayes (BEB)* estimates,
which are available for calculating the posterior probabilities for site classes and can be used to identify
sites under positive selection if the likelihood ratio test is significant.
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Table 1 - Proportion of adaptively evolving genes identified by two tests (P < 0.05)

Gene MK PAML Expected Observed
Category overlap overlap
Individual genes 3.43% 2.67% 0.09% 0.17%
(186/5425) (145/5425) (4.97/5425) (9/5425)
Supergenes?® 56.0% 18.0% 10.1% 10.0%
(112/200) (36/200) (20/200)
Component genes” 5.04% 5.77% 0.29% 0.48%
(158/3132) (60/1040) (3/619)
Individual genes 1.12% 3.89% 0.04% 0.11%
(145/12975) (505/12975) (5.55/12975) (14/12975)
Supergenes 8.20% 25.6% 2.10% 2.00%
(41/500) (128/500) (10/500)
Component genes 3.63% 7.44% 0.27% 0.78%
(38/1048) (246/3306) (2/258)

aSupergenes are concatenations of 20-30 neighboring genes by physical location. See Extended Data
Table 1 for supergenes concatenated by gene function.
® Component genes are individual genes within supergenes that have passed the MK and/or PAML test.

14


https://doi.org/10.1101/417717
http://creativecommons.org/licenses/by-nc-nd/4.0/

Table 2 - Proportion of adaptively evolving genes identified by two tests (P? < 0.05, i.e. P < 0.224)

MK MK-PAML PAML Total
overlap
No. of genes 824 914 353 5425
Expected overlap / 53.6 / /
Proportion of adaptive changes by MK?* 0.69 0.67 0.32 0.26
No. of adaptive sites per gene by MK (A1) 14.98 19.94 5.71 2.84
No. of adaptive sites per gene by PAML (A2)° 10.93 14.65 9.27 5.71
No. of adaptive sites per gene by PAML (A2°)° 3.19 8.62 6.24 1.79
Arabidopsis
No. of genes 1014 119¢ 1172 12975
Expected overlap / 91.6 / /
Proportion of adaptive changes by MK 0.69 0.67 0.06 0.04
No. of adaptive sites per gene by MK (A1) 19.36 28.98 1.97 0.84
No. of adaptive sites per gene by PAML (A2) 14.24 20.36 12.74 10.15
No. of adaptive sites per gene by PAML (A2’) 3.59 11.51 8.13 2.44

2 Proportion of adaptive changes is done using Shapiro et al.’s method of correction?.
® A2 is based on PAML-M2a model.

¢ A2’ is based on PAML-BEB model.

4P < 107 by Fisher’s exact test, given 53.6 as the expected value.

¢ P <0.002 by Fisher’s exact test, given 91.6 as the expected value.
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Figure 1. Between-species divergence and within-species polymorphism for detecting positive
selection. a and b, Phylogeny of Drosophila and Arabidopsis species. Both the MK and PAML tests
are forced to detect positive selection along the branches marked by red. The MK test uses
polymorphisms (indicated by the blue triangle) for reference. The reference for PAML is described in
Methods. ¢ and d, The A/S ratio as a function of the mutant frequency in D. melanogaster and A.
thaliana, where A is non-synonymous, and S is synonymous polymorphism. The dashed line,
separating low- and high-frequency bins, is placed where the A/S ratio reaches a steady level. Open
bars on the right are, respectively, A/S ratios for all bins and for high-frequency bins. The divergence
A/S ratio is shown as the red bar.
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Figure 2. P value distributions of the MK and PAML test. a and b, P values of the MK test for
Drosophila and Arabidopsis. The distribution for all genes is shown in red and the distribution for
genes pre-filtered by the PAML test is shown in blue. ¢ and d, P values of the PAML test. Results of
genes pre-filtered by the MK test is shown in blue. These two panels are the mirror images of panels

(a-b) with MK and PAML switched.

17


https://doi.org/10.1101/417717
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/417717; this version posted December 7, 2018. The copyright holder for this preprint (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
available under aCC-BY-NC-ND 4.0 International license.

a b
o
c -
2 3 - \\ — MK
5 & 1 PAML
: \
g § 2 4
3 L g © \
o O 5]
£ K] \
@ w 2
3 .g © _| \
= O =2 o
Q v (7]
k3 g
S 3 5
5 2 7 i
4 9 o
E s g
Q o .,5
s ° g
s ° -
& g a
2 2 S
©
Q o
4 o
T T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8 1.0
Functional importance of the mutated gene (x < Ns:) Functional importance of the mutated gene (x Ns:)
c d
o _| { = R
< <
2] w
e c
S S
s s
E 8 2 8 -
[ [
= 2
= o
© ©
© ©
© ©
s o | 5 o |
@Q o Q N
o o
c (=
© ©
© ©
c c
3 =
o Qo
C o S o
O «~ 7 O~ 7
=2 =
kS kS
Q Q
o o
o - o
T T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8 1.0
Functional importance of the mutated gene (x < Ns:) Functional importance of the mutated gene (xo<Ns:)

Figure 3. Models for detecting positive selection under different strength of negative selection. x,
an arbitrary scale for the functional importance of the mutated gene, determines the strength of
negative selection. a, The fixation probability of deleterious mutations based on Eq. (2). b, The
probability of detecting adaptive mutations (P") by MK or PAML. For MK, the blue line follows the
equation Pk (x) = (1-c) + cx' and, for PAML, the red line follows the equation Ppami (x) = (1-¢) + c(1-
x)\. The assumption is that MK and PAML has the maximal efficiency at x = 1 and x = 0, respectively
(see text). ¢, The relative number of adaptive mutations, M = ¢*!™, as a function of x (black line). The
blue line, the product of M P* =M [(1-c) + cx'], denotes the relative number of genes detected by MK.
The red line, M [(1-c) + ¢(1-x)'], denotes the corresponding number detected by PAML. It is assumed
that both tests detect 50% of the adaptive genes. Note that the high detection rate is based on the
number of adaptively-evolving genes whereas the empirical observations in Table 1 are based on the
number of all genes. The overlap in detection [ = Min (Pmk (x), Ppami (X))] between the two tests is 87%
of the detected genes. d, same as ¢ but M = e**. The MK test still detects 50% but the PAML test can
only detect 30% due to the higher density of genes with a larger x. The overlap accounts for 44% of
the MK detection. In short, the overlap between the two tests depends on the distribution of adaptive
mutations as a function of x; hence, the overlap in Fig. 3d can be much smaller than that in Fig. 3c.
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Extended Data Table 1 - Proportion of adaptively evolving genes identified by two tests (P <
0.05)
(Same as Table 1 but genes were merged into supergenes by ontology)

Gene MK PAML Expected Observed
Category (site model) overlap overlap

Supergenes?® 31.52% 14.67% 4.62% 8.70%
(58/184) (27/184) (16/184)

Component genes” 6.01% 7.54% 0.45% 0.00%
(51/849) (36/477) (0/306)

Supergenes? 10.57% 19.38% 2.05% 2.42%
(48/454) (88/454) (11/454)

Component genes® 4.46% 7.19% 0.32% 0.29%
(45/1008) (184/2556) (1/341)

2 Supergenes are the concatenations of genes of the same ontology.
b Component genes are individual genes within supergenes that have passed the MK and/or PAML tests.
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Extended Data Table 2 - Proportion of adaptively evolving genes identified by two tests (P <
0.05)

(Same as Table 1 but using the PAML branch-site model)

Gene MK PAML Expected Observed
Category (branch overlap overlap
-site)
Individual genes 3.43% 5.40% 0.19% 0.35%
(186/5425) (293/5425) (10.05/5425) (19/5425)
Supergenes® 56.00% 18.00% 10.08% 8.00%
(112/200) (36/200) (16/200)
Component genes” 5.04% 9.41% 0.47% 1.76%
(158/3132) (92/978) (8/455)
Individual genes 1.12% 10.02% 0.12% 0.16%
(145/12975) (1300/12975) (14.53/12975) (21/12975)
Supergenes 8.20% 47.20% 3.87% 2.20%
(41/500) (236/500) (11/500)
Component genes 3.62% 12.24% 0.44% 1.36%
(38/1048) (750/6129) (4/295)

@ Supergenes are concatenations of 20-30 neighboring genes by physical location.
b Component genes are individual genes within supergenes that have passed the MK and/or PAML tests.
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Extended Data Table 3 - Proportion of adaptively evolving sites identified by two tests (P? < 0.05, i.e. P < 0.224)

(Same as Table 2 but using the PAML branch-site model)

MK MK-PAML PAML Total
overlap (branch-site)
No. of genes 824 1274 530 5425
Expected overlap / 80.50 / /
Proportion of adaptive changes by MK*® 0.69 0.65 0.31 0.26
No. of adaptive sites per gene by MK (A1) 14.98 20.22 6.24 2.84
No. of adaptive sites per gene by PAML (A2)° 8.33 23.96 22.40 5.02
No. of adaptive sites per gene by PAML (A2’)° 1.95 9.69 9.53 1.23
No. of genes 1014 233¢ 1172 12975
Expected overlap / 193.89 / /
Proportion of adaptive changes by MK 0.69 0.69 0.06 0.04
No. of adaptive sites per gene by MK (A1) 19.36 24.07 1.50 0.84
No. of adaptive sites per gene by PAML (A2) 4.48 9.94 7.78 3.33
No. of adaptive sites per gene by PAML (A2’) 2.72 9.00 7.69 2.06

a Proportion of adaptive changes is done using Shapiro et al.’s method of correction®.
b A2 is based on PAML-M2a model.

¢ A2’ is based on PAML-BEB model.

4P < 107 by Fisher’s exact test, given 80.5 as the expected value.

¢ P < 10'1° by Fisher’s exact test, given 193.9 as the expected value.
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Extended Data Table 4 - The polymorphism A/S ratios of related species in Arabidopsis

A/S Ratios ~0.1 0.1~0.2 0.2~0.3 0.3~0.5 0.5~0.8 0.8~0.9 0.9~ Poly Fixed
Ancestral state inferred by dataset of five species: A. thaliana, A. lyrata, Capsella grandiflora, C. rubella and Boechera stricta
A. thaliana 1.233 0.632 0.589 0.505 0.440 0.457 0.430 1.029 0.504

A. lyrata 1.082 0.950 0.854 0.760 0.671 0.637 0.599 0.773 0.479
Ancestral state inferred by the other species: A. thaliana and A. lyrata

A. thaliana 1.275 0.661 0.610 0.513 0.428 0.425 0.400 1.029 0.493

A. lyrata 1.079 0.952 0.874 0.758 0.668 0.639 0.605 0.773 0.493
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Extended Data Table 5 -The polymorphism A/S ratios of related species in Drosophila

A/S Ratios ~0.1 0.1~0.2 0.2~0.3 0.3~0.5 0.5~0.8 0.8~0.9 0.9~ Poly Fixed
Ancestral state inferred by dataset of five species: D. melanogaster, D. simulans, D. sechellia, D. yakuba, and D. erecta
D. melanogaster 0.561 0.260 0.217 0.193 0.172 0.177 0.194  0.434  0.289
D. simulans 0.307  0.169 0.162 0.166 0.184 0.219 0.285 0.275 0.360
Ancestral state inferred by the other species: D. melanogaster and D. simulans

D. melanogaster 0.570  0.266 0.220 0.192 0.171 0.168 0.200  0.434  0.320
D. simulans 0.313 0.171 0.164 0.169 0.176 0.193 0.196  0.275 0.320
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Extended Data Figure 1. P value distributions of MK and PAML tests (the branch-site model).
In panels (a) and (b), the P values of the MK test for all genes are shown in green, and that for genes
selected by PAML test are shown in yellow. In panels (c) and (d), the green distributions represent the
P values of the PAML test for all genes, and the yellow distributions the genes selected by MK test.

24


https://doi.org/10.1101/417717
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/417717; this version posted December 7, 2018. The copyright holder for this preprint (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
available under aCC-BY-NC-ND 4.0 International license.

a b
b= =
o MK only o MK only
® PAML only ® PAML only
X ® PAML+MK X ® PAML+MK
= Others = Others
& 9 Z 9
= 2 = 2 -
T S S o = o .
3 3 o' iy
34 ¢ b 2 . R R
@ @ oyt Sl |
2 X i ] 2 e o e B
g 8 | ST ;-./-"t' g 8 | s o et 3 .“’3'
< e .o e © o * ) LA G R
o . o . . H LA PPN
®© . ] © . e
Y . . Y . L
] v . o . & o 2
@ . @ IR . .
s 8 s 8 L ¥
s oS s S
Q I o I
o o
o o
o o
o c T
! T T T T T T ! T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
(o d
< b
© © MK only o © MK only
g ® PAML only % ® PAML only
_'1 ® PAML+MK _'1 ® PAML+MK *
= Others s T Others
< o £ ©
a I o
> >
a a
< < o | .
< < 3
2 2
N < @ .
o © o
2 = .
: g oo
o % o ©
®© X © . .
Y —
5] > S »
%) s » .
[ = o c . .
o . g T .
= . 3 s o . ‘s
o . . o % . [o] . . s . 2
a . = 3 Q 5 .
e . @ . . *e . e - .: .. . ‘ A -
o 3 s Slamei. B Zal o e : N A T
= 2.8 LR R & TR TR " SN -y T T L X
T I I | I | T T I T T I
0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
1-pA/pS in Drosophila 1-pA/pS in Arabidopsis

Extended Data Figure 2. Scatter plots of the proportion of average adaptive sites identified by
MK and PAML tests (the site model). The orange dots represent genes chosen by the MK test as
candidate genes under positive selection, but not chosen by the PAML test. Genes with more than
eight polymorphisms are shown. Genes identified by the PAML but not the MK test, are depicted by
dark blue dots. Red dots are genes called by both tests. The remaining genes are represented by light
blue dots.
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