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Two decades of suspect evidence for adaptive molecular
evolution—negative selection confounding
positive-selection signals

Qipian Chen, Hao Yang, Xiao Feng, Qingjian Chen, Suhua Shi*, Chung-I Wu* and
Ziwen He*

ABSTRACT

There has been a large literature in the last two decades affirming adaptive DNA sequence evolution
between species. The main lines of evidence are from (i) the McDonald-Kreitman (MK) test, which
compares divergence and polymorphism data, and (ii) the phylogenetic analysis by maximum likelihood
(PAML) test, which analyzes multispecies divergence data. Here, we apply these two tests concurrently to
genomic data of Drosophila and Arabidopsis. To our surprise, the > 100 genes identified by the two tests do
not overlap beyond random expectation. Because the non-concordance could be due to low powers leading
to high false negatives, we merge every 20-30 genes into a ‘supergene’. At the supergene level, the power of
detection is large but the calls still do not overlap. We rule out methodological reasons for the
non-concordance. In particular, extensive simulations fail to find scenarios whereby positive selection can
only be detected by either MK or PAML, but not both. Since molecular evolution is governed by positive
and negative selection concurrently, a fundamental assumption for estimating one of these (say, positive
selection) is that the other is constant. However, in a broad survey of primates, birds, Drosophila and
Arabidopsis, we found that negative selection rarely stays constant for long in evolution. As a consequence,
the variation in negative selection is often misconstrued as a signal of positive selection. In conclusion, MK,
PAML and any method that examines genomic sequence evolution has to explicitly address the variation in
negative selection before estimating positive selection. In a companion study, we propose a possible path
forward in two stages—first, by mapping out the changes in negative selection and then using this map to
estimate positive selection. For now, the large literature on positive selection between species has to await
reassessment.
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INTRODUCTION

The inferences of adaptive evolution in DNA se-

The detection of positive selection largely falls
into two broad classes [10-14]. One class attempts
to detect positive selection that operates within pop-

quences permit the assessment of the biological sig- ) o
. . . ulations [10,13,15]. The other focuses on positive se-
nificance of genes of interest. Such inferences may . ] . .

lection that operates in the longer term, i.e. the diver-
gence between species [16-18]. Methods of either

class may use data of both polymorphism and diver-

then guide the planning of functional validation. Ex-
tensive reports of adaptively evolving genes can be
found in almost all taxa [1-3] as well as all types of

cancers [4,5]. Indeed, the large-scale genomic data gence [12,16,19]. Positive-selection signals could be

. b t bet ies but tectable withi
amassed in the last two decades have led to the ac-  ° undant between species but undetectable within

. . . opulations, or vice versa. It is hence possible to
ceptance of pervasive adaptive evolution over the pop g p

neutral theory of molecular evolution [3,6-9]. reject the neutral theory in part (either within or

between species) or in whole.

© The Author(s) 2021. Published by Oxford University Press on behalf of China Science Publishing & Media Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original

work is properly cited.
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RESULTS

In this study, we focus on positive selection between
species. The results of analyses between species can
be qualitatively different from the analyses of poly-
morphism data within species. The two approaches
are complementary, rather than redundant (see Dis-
cussion) [20-22]. There are several challenges in
correctly inferring positive selection since DNA se-
quences are simultaneously influenced by multiple
forces that may include mutation, genetic drift, pos-
itive selection and negative selection. To tease apart
these forces often requires making assumptions
about ‘other’ forces. In particular, it is usually as-
sumed that negative selection is constant in the time
frame of interest, often in tens of millions of years.

In between-species tests, one compares the
number of non-synonymous changes per non-
synonymous site (Ka or dy) with the per-site
synonymous changes (Ks or ds) [11,17,23]. The
Ka/Ks (or dy/ds) ratio will deviate from 1 if non-
synonymous changes are under stronger selection
than synonymous substitutions. In the absence of
selection, R = Ka/Ks ~ 1, which is the hallmark
of neutral evolution [24,25]. In among-species
comparisons, genome-wide R ranges mainly be-
tween 0.05 and 0.25 [25,26], thus indicating the
prevalence of negative selection. When R > 1,
positive selection is evident. However, 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 1 [14,27].

The two commonly used methods that relax
the requirement for R > 1 over the entire gene
are the MK (McDonald-Kreitman) [12,16] and
PAML (phylogenetic analysis by maximum likeli-
hood) [28,29] tests. More recent tests, such as those
given in refs. [21,30-32], are not included because
they have been used far less frequently. If the de-
tected adaptive signals are true, the results from the
two tests are expected to show substantial overlap.
However, since their proposals, and after extensive
application, the two tests have rarely been used side
by side. If the results from the two types of analyses
are non-concordant, half, or even more, of the large
literature on positive selection at the genomic level
may have to be cast in doubt.

Theoretical bases of the MK
and PAML tests

While Ka and Ks are cornerstones for detecting nat-
ural selection in coding sequences, they can only in-
form 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
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forces, as described by the basic population genetic
theory:

R=ZKa/Ks=(1—p—q)+ p[N f(N,s)]
+4q[N f(N,s,)]. (1)

For simplicity, we consider an ideal population of
haploids with size N. (For a diploid population, N
should be replaced by 2N.) In Equation (1), pand g
are the proportion of advantageous and deleterious
mutations, respectively [24,33,34]. Also, f (N, s) =
(1 — %)/ (1 — &™) is the fixation probability of
a mutation with a selective coefficient s that can be
>0 (denoted bys; ) or <0 (s,) [34,35]. Both s; and
|s; | are assumed to be larger than 1/2N, below which
selection is too weak to matter. If 5; is small (but no
smaller than 1/2N), then f (N, s;) ~ 2s;. Similarly, if
2] >> 1/2N, f (N, s) ~ 0, meaning no fixation of
deleterious mutations. Equation (1) is then reduced
to

R=Ka/Ks=1+p(2Ns —1) —gq. (1)

Following Equation (1'), if Ka/Ks = 0.2, for ex-
ample, the null hypothesis of neutrality would as-
sume p = 0 and g = 0.8 with 20% neutral muta-
tions. However, it is also possible that p and g could
both be larger, for example, p = 0.01, 2Ns = 11 and
g = 0.9, yielding the same Ka/Ks = 0.2.

A central task of molecular evolutionary studies
is to estimate p (and, when possible, Ns) from a set
of DNA sequences within and between species. Two
typical examples that are used in this study can be
found in Fig. 1a and b, from species in the Drosophila
and Arabidopsis clade, respectively (Fig. 1). In or-
der to estimate p using Equation (1), one would
have to know the value of g. However, the question
is whether g can in fact be estimated, for example, if
q fluctuates in time. The field deals with this ques-
tion not by answering it but by assuming that g is
constant in time and across lineages (and can indeed
be estimated). Hence, the difference between MK
and PAML, as discussed below, is in how to estimate
g. Broadly speaking, MK estimates g explicitly from
the polymorphism of a single species (the blue trian-
gles in Fig. laand b) but PAML takes the average of
q across the entire phylogeny. If g is constant, both
approaches are valid. Comparing the results of MK
and PAML would amount to testing the common
assumption that g is constant.

The MK test is usually applied to a particular phy-
logenetic lineage, marked by the red line in Fig. 1a
and b. The Ka and Ks values in the red line lin-
eage are contrasted with the corresponding poly-
morphisms (Pa and Ps) in the blue triangle. The
value of Pa and Ps denotes, respectively, the level of
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Figure 1. Between-species divergence and within-species polymorphism for detecting positive selection. (a and b) Phylogeny of Drosophila and Ara-
bidopsis species. Both the MK and PAML tests are forced to detect positive selection along the branches marked in red. The MK test uses polymorphisms
(indicated by the blue triangles) for reference. The reference for PAML is described in Supplementary Methods. (c and d) The Pa/Ps ratio as a function
of the mutant frequency in D. melanogasterand A. thaliana. The dashed line, separating low- and high-frequency bins, is placed where the Pa/Ps ratio
reaches a steady level.

non-synonymous and synonymous polymorphism identifies sites with an increase or decrease in non-
(per site) within a species. The rationale of the MK synonymous substitutions in the entire phylogeny
test is that p ~ 0 in the polymorphism data thanksto  [18,28,29]. The branch site model compares sites of
the rapidity with which advantageous mutations are  a preselected branch (the foreground) to other sites

fixed. Thus, Equation (1) becomes on all branches as well as the same sites on other
branches (the background) [8,36,37]. The third sub-
Pa/Ps ~ (1 —q). (2)  modelis not considered here.

Despite the very different approaches, the MK
The g[N f (N, 5,)] term of Equation (1) should be  and PAML tests can be used to answer the same
treated differently in Equation (2) because delete-  question: How much adaptive evolution has hap-
rious mutations are common in the polymorphism  pened in the chosen genes on a given branch (e.g. the
data, but mainly in the low-frequency range. Touse  red-line branch of Fig. 1a and b)? As stated above,
Equation (2), rigorous data processing is necessary ~ the concordance between the two tests is the best
to remove deleterious mutations (see Fig. Icandd). ~ way to check the validity of the extensive literature
In short, the MK test estimates q from Equation (2) ~ on adaptive DNA evolution.
and applies it to extract p from Equation (1). Because the MK test is about positive selection
In contrast to MK, PAML does not explicitly es-  along the red line, it does not offer any information
timate q. PAML compares the substitution numbers ~ about selection elsewhere in the phylogeny. There-
across many lineages to identify positively (or neg-  fore, it is necessary to compare it to each of the two
atively) selected genes on the assumption that un-  PAML sub-models. If the MK test identifies genes
usually high (or low) numbers could be indicative  that are generally prone to adaptive evolution, the
of selection. In particular, the proportion of adap- ~ proper comparison would be the PAML site model.
tive sites that have a higher non-synonymous than  Alternatively, if the adaptation is specific to a specific
neutral rate is estimated. Neither does PAML use  branch, then the branch site model would be a more
polymorphic data to supplement the estimation of .~ suitable comparison. We will present the site model
There are three (sub-) models in PAML, each repre-  results in the main text and the branch site model
senting a different set of assumptions. The site model ~ results in the supplementary data. The two sets of
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Figure 2. Pvalue distributions of the MK and PAML tests. (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. (c and d)
Pvalues of the PAML test. Results of genes pre-filtered by the MK test are shown in
blue. These two panels are the mirror images of panels (a) and (b) with MK and PAML
switched.

comparisons lead to the same conclusion, although
the site model appears to be statistically more robust.

Part I tests the concordance between MK and
PAML on Drosophila and Arabidopsis data. Part
II examines (and rejects) the methodological ex-
planations. Part III provides evidence for a bio-
logical explanation based on non-constant negative
selection.

Part I. Comparing MK and PAML test
results in drosophila and arabidopsis

Identifying adaptive genes with high
stringency

For a quick overview of the absolute and relative per-
formances of MK and PAML, we first present the
distribution of the P value across genes. The MK test
P values were obtained from Fisher’s exact test site
count contingency tables. The likelihood ratio test
was used to obtain PAML P values. The P value dis-
tributions are shown in the four panels of Fig. 2 for
two taxa and two tests. The distribution is concen-
trated above P = 0.8 (the MK test for Drosophila)
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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 experi-
ence too few changes to be statistically informative.
Furthermore, the null model does not fully incorpo-
rate factors that can affect the test. For example, the
polymorphism data may not reflect the complete re-
moval of deleterious mutations, and the strength of
negative selection is often underestimated [ 3,38,39].

Figure 2 also shows that far fewer than 5% of
genes would be detected as adaptive at the 5% cut-
off. 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, oneline 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 and b, 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 and d,
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 Fig. S1, where the branch
site model of PAML is used.

Knowing the weak correlation between the two
tests, we enumerated the overlap between them
by comparing the candidate adaptive genes with
P < 0.0S. Given the P value distributions shown in
Fig. 2, these genes are merely the most likely candi-
dates proposed by each test. Hence, significant over-
laps would be mutual corroborations. For the ‘in-
dividual 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 ob-
served 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 signif-
icantly higher than the expected 5.55 (P < 0.01,
Fisher’s exact test), but the actual overlap is mini-
mal. 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 compo-
nent genes

Since a gene on average harbors only a few substi-
tutions, the power to reject the null model is often
low. To augment the statistical power, we created
artificial ‘supergenes’ by merging 20 to 30 genes
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Table 1. Proportion of adaptively evolving genes identified by two tests (P < 0.05).

Gene category MK PAML Expected overlap Observed overlap
Drosophila

Individual genes 3.43% (186/5425) 2.67% (145/5425) 0.09% (4.97/5425) 0.17% (9/5425)
Supergenes® 56.0% (112/200) 18.0% (36/200) 10.1% 10.0% (20/200)
Component genes® 5.04% (158/3132) 5.77% (60/1040) 0.29% 0.48% (3/619)
Arabidopsis

Individual genes 1.12% (145/12975) 3.89% (505/12975) 0.04% (5.55/12975) 0.11% (14/12975)
Supergenes 8.20% (41/500) 25.6% (128/500) 2.10% 2.00% (10/500)
Component genes 3.63% (38/1048) 7.44% (246/3306) 0.27% 0.78% (2/258)

Supergenes are concatenations of 20-30 neighboring genes by physical location. See Table S1 for supergenes concatenated by gene function.? Component

genes are individual genes within supergenes that have passed the MK and/or PAML test.

into a longer sequence. In the statistical sense, a
supergene is like any individual gene that com-
prises a string of sites, each with a different adap-
tive value. Here, supergenes are either a con-
catenation of neighboring genes (i.e. by physical
location) or genes of the same ontology (by func-
tion). The merger would reduce false negatives due
to low substitution numbers but at the risk of dilut-
ing the 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 Table S1).

Our gene merger approach may create biases in
the MK test, as pointed out before [3]. When the
level of polymorphism is negatively correlated with
the rate of non-synonymous divergence across loci,
false positives would be common in the merger.
Hence, we used the modified MK test to infer pos-
itive selection in merged genes [3]. In Drosophila,
112 of the 200 supergenes reject the MK test null
hypothesis at the 5% level, and 36 of the 200 sig-
nificantly 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 uncorre-
lated. 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 super-
genes than the MK test, in the opposite direction
of Drosophila. However, the overlap is also random,
with 2.0% observed vis-a-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
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the component genes within each adaptive super-
gene. 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 sub-
sets of genes (3132 and 1040), 619 genes are com-
mon, and only 3 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 2 of
the 258 genes, or 0.78%. Clearly, the MK and PAML
tests are uncorrelated by the standard statistical cri-
teria. Comparable analyses using the PAML branch
site model (Table S2) yield results similar to those
in Table 1.

Identifying weakly adaptive genes with low
stringency

We note in Fig. 2 that genes yielding a P value 0f 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 cut-
off in each test at P < 0.224. By doing so, the ex-
pected overlap would be 0.224% = 5% if the two tests
were completely uncorrelated. The results of this re-
laxed stringency are given in Table 2.

The MK and PAML tests identify 824 and 353
genes in Drosophila, respectively. These sets have 91
lociin common, whereas the expected overlap is 53.6
(P < 1077, Fisher’s exact test). In Arabidopsis, the
two tests yield 1014 and 1172 genes with an over-
lap of 119 genes, significantly higher than the ex-
pected number of 91.6 (P < 0.002, Fisher’s exact
test). Hence, the joint call of adaptive genes accounts
for 10.1% (119/1172) t025.8% (91/353) of the loci
identified by every single test. A gene identified by
one test as adaptive has a 10% to 25% chance of be-
ing called adaptive by the other.
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Table 2. Proportion of adaptively evolving genes identified by two tests (P < 0.05, i.e. P < 0.224).

MK MK-PAML overlap PAML Total
Drosophila
No. of genes 824 91¢ 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 19.94 571 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

Proportion of adaptive changes is done using Shapiro et al. (2007)’s method of correction [3]. A2 is based on the PAML-M2a model. °A2’ is based on
the PAML-BEB model. ¢P < 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.

While the overlap between the two testsis 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 num-
ber of adaptive sites per gene, estimated using the
MK test. Al doubles from 2.84 to 5.71 when genes
are pre-screened using PAML in Drosophila and in-
creases from 14.98 to 19.94 in loci identified 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 per-
formance of the MK test.

The procedure is now applied in the reverse di-
rection 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 calcu-
lated using two methods in PAML (A2 and A2’ in
Table 2; Nielsen and Yang 1998 [40]; Zhang et al.
2005 [41]; see Supplementary 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 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 (Table S3). It is clear that
the MK and PAML tests are correlated, but the cor-
relation is too weak to be of any practical use.

Page 6 0f 13

Part Il. The non-concordance hetween
MK and PAML—possible methodological
reasons

In the first systematic comparisons of the MK and
PAML tests on the same set of genes along the same
phylogenetic branch, the detected adaptive signals
are highly non-concordant. We first explore the pos-
sible technical reasons for the non-concordance.

One test is right and the other is (nearly com-
pletely) wrong

Strong opinions have been expressed that either test
is unreliable. This may also be the reason that few
studies have used both tests to boost confidence,
even when the data are amenable to both tests. How-
ever, as shown in Table 3, the two tests appear com-
parable in performance. When PAML is done on
genes selected by the MK test, the subset of genes
yields a much stronger signal than the full set. This
is also true when the MK test is done on PAML-
selected genes. Since both tests have passed many
prior simulations and applications [39,42-46] be-
fore becoming widely used, we now explore other
explanations.

Both tests yield correct results, but for differ-
ent aspects of positive selection

A common explanation for the non-concordance is
that the two tests detect different aspects of posi-
tive selection. A more obvious scenario is the low
power of the tests. We address the problem using
supergenes. For example, the fraction of Drosophila
supergenes yielding adaptive signals is 0.560 and
0.180, respectively, for MK and PAML (Table 1).
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Table 3. MK and PAML tests on simulated sequence data.

Total PAML? MK Overlap Concordance
Type of genes number (% false) (% false) (% false) (overlap/MK)
Individual genes® 3000 1058 (5.5%) 307 (17%) 256 (0%) 83.4%
Supergenes I (constant selection)? 300 297 (0%) 169 (0.6%) 168 (0%) 99.4%
Supergenes II (variable selection)® 300 242 (0.8%) 137 (2.9%) 134 (0%) 97.8%

“Number of positive-selected genes identified by the PAML site model test (likelihood ratio test, P < 0.05). "Number of positive-selected genes identified

by the MK test (Fisher’s exact test, P < 0.05). “There are 1000 positive-selected genes and 2000 neutral genes in the simulated dataset.  Groups of 10 genes

were merged into supergenes randomly. Every 10 individual genes were merged into supergenes through a certain combination. A set of 60, 50, 30, 30,

30, 30, 20, 20, 10, 10 and 10 supergenes, which respectively contained 0, 1, 2, 3, ... and 10 positive-selected genes, was established to represent a case of

variable selection.

The observed overlap at 0.100 is exactly the same as
the overlap between random picks (0.101). Hence,
high false negatives is not a correct explanation.

A set of more sophisticated scenarios is as fol-
lows. Since the evolution of DNA, sequencers pro-
ceed in a large space of parameters that vary in the
strength, frequency and mode of selection. It may
be possible that some combinations of parameters
may account for the discordance. For example, genes
under strong selection, both positive and negative,
may yield better signals in the MK test, while genes
under weak selection may be more amenable to the
PAML test. Most such conjectures can be tested by
simulations. Nevertheless, given that the two tests
were developed for the same purpose, the parameter
sub-space yielding non-concordance might be very
small and localized, if it can be found at all. We hence
carried out extensive simulations that span a wider
range of parameter values.

In simulating DNA sequence evolution, we al-
low all genes to harbor neutral and negatively se-
lected sites. In a portion of these genes, a fraction
of sites is further assumed to be driven by positive
selection. Since an individual gene may not have
a sufliciently large number of informative sites, we
also bundle 20-30 randomly chosen genes into a
supergene. Both false positives and false negatives
are recorded. The test results on the simulated se-
quences are given in Fig. S2. Given the consistency,
the condensed results are shown in Table 3.

In these simulations, PAML is more powerful
than MK, although their relative power may be re-
versed under other conditions. The false positive
rates are generally low. The number most relevant to
this study is the concordance rate between the two
tests (see Table 3). Because PAML is always more
powerful in our simulations, the MK-detected genes
are usually nested in the PAML-detected gene set.
We therefore present the concordance rate as the
number in the overlap (detected by both tests) di-
vided by the number reported by the MK test. The
concordance rate in our simulations is 83.4% for in-
dividual genes and close to 100% for supergenes.
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This high concordance rate thus presents a stark con-
trast with the results shown in Tables 1 and 2. The
simulations show nearly full concordance between
MK and PAML tests. In general, changing the pa-
rameters in the simulation would have substantial
impacts on the detection rate of the two tests, but
not their concordance. Therefore, the less sensitive
method would detect a subset of genes reported by
the more powerful method.

The efforts of Table 3 and Fig. S2 suggest that
PAML and MK should generally be concordant. Af-
ter all, they were developed for the same purpose. It
is conceivable that the two tests might be less con-
cordant than expected in some parts of the parame-
ter space with the right combination of strength, fre-
quency and mode of selection. Such parameter com-
binations must be very rare as we could not find them
in Fig. S2. Obviously, if genes that yield genuine in-
congruent signals between MK and PAML can be
found, they must be driven by selection of a highly
specific kind and would be most interesting. Never-
theless, instead of the continual search for the un-
usual, Part III below offers a much simpler explana-
tion for the non-concordance.

Part lll. The biological reasons
for the non-concordance—
fluctuating negative selection

In Part II, we rejected the methodological reasons
for the discordance between MK and PAML. We
now propose a simple biological mechanism. As
shown in Equation (1'), most tests, including MK
and PAML, have to assume constant q (the rela-
tive amount of negative selection) in the phylogeny
of interest. Given the constancy, different tests may
obtain g from various stages or lineages to achieve
the same objective. We now test this fundamental
assumption.

Equation (2) shows that g can be estimated by
Pa/Ps (~1 — q) from the polymorphism data within
each species. Thus, a simple test of the constancy of g
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Figure 3. Pa/Ps ratios within species and Ka/Ks ratios between species. (a and b) The
Pa/Ps ratios grouped by frequency and Ka/Ks ratios in Drosophila and Brassicaceae.
Variants with a frequency below 0.20 are grouped into Low-Freq bins, and other poly-
morphisms are grouped into High-Freq bins. The bars at Divergence bins represent
lineage-specific Ka/Ks ratios.

is to compare the Pa/Ps ratio in each species of inter-
est. For example, between Arabidopsis thaliana and
Arabidopsis lyrata, the Pa/Psratiois 0.152 and 0.248,
and the Ka/Ks ratio is 0.184 (Table S4). Clearly,
the strength of negative selection has changed in
this short time span. In this case, the MK test would
reach opposite conclusions depending on whether
the polymorphism data used come from A. thaliana
or A. lyrata. Obviously, if two MK tests do not agree,
MK should not be expected to agree with the PAML
test. How fluctuating negative selection would affect
the PAML tests is more complicated since PAML is
a collection of tests, each with a set of assumptions
about how positive and negative selection operates
[7,18,36,41]. How the PAML results are affected
will be discussed in Supplementary Notes.

We now use the polymorphism data (including
the diploid genomes of single individuals) to inves-
tigate the variation in negative selection among ex-
tant species. The taxa are Drosophila (4 species),
Arabidopsis (4 species or subspecies), primates (17
species) and birds (38 species). These data cover
plants, invertebrates and vertebrates.

Drosophila

The four Drosophila species shown in Fig. 3a are
taxa commonly used for probing adaptive molecu-
lar evolution [3,12,26,47]. Clearly, the selective con-
straint fluctuates wildly, even in this small group.
Most notable is Drosophila sechellia, which has a
much higher Pa/Ps value than others. Among the
rest, Pa/Ps at low frequency (<0.2) is higher in
Drosophila melanogaster than in Drosophila simulans
and Drosophila yakuba, but above 0.2 the Pa/Ps
values are similar (0.054-0.062, see Fig. 3a and
Table SS).

The patterns raise some interesting issues. If one
wishes to use the MK test to detect positive selec-
tion among the four species, one would compare
the Pa/Ps ratio(s) with the Ka/Ks value between
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species. Figure 3a shows that the lineage-specific
Ka/Ksratios are comparable, ranging between 0.113
and 0.160. Hence, the comparison between the in-
terspecific Ka/Ks and the polymorphic Pa/Ps of D.
sechellia would show no evidence of adaptive evo-
lution. Among the remaining three species, the re-
sults are more nuanced. If all variants are used (as is
commonly done), the conclusion for adaptive evo-
lution would depend on the source of the polymor-
phism data—negative when using the data from D.
melanogaster but positive when using the data from
the other two species. Fay et al. (2002) proposed
a cut-off of gene frequency depending on the poly-
morphism profile, as shown in Fig. 1c and d [38].
Many other procedures have since been introduced.

The main difficulty in detecting positive selection
in Drosophila is that negative selection is not con-
stant. Both MK and PAML may interpret the relax-
ation of negative selection as positive selection, al-
beit in different manners.

Arabidopsis
A. thaliana and its relatives are the main model or-
ganisms among plants, with high-quality reference
genomes and polymorphism data [48,49]. The di-
vergence of A. thaliana and A. lyratais 11%, similar to
the divergence between D. melanogaster and D. sim-
ulans (10.5%). However, negative selection in Ara-
bidopsis fluctuates more wildly than in Drosophila.
With the low-frequency Single Nucleotide Poly-
morphisms (SNPs) (<0.2) removed, Pa/Ps is
substantially higher in A. lyrata (subsp. lyrata) than
in A. thaliana and A. lyrata (subsp. petraea) (see
Fig. 3b), whereas their lineage-specific Ka/Ks ratios
are similar, ranging from 0.174 to 0.194. The results
raise the question of the MK test again. When using
the two taxa with the lower Pa/Ps (A. thaliana
and subsp. petraea), one would conclude positive
selection. But, using the ratios from subsp. lyrata,
one would reach the opposite conclusion.
Compounding the issue, the polymorphism pat-
terns are rather different among these species, and
the cut-off to filter out the low-frequency variants
should be different for each species (Fig. 3b and
Table S4). Arabidopsis is, therefore, a typical exam-
ple of the fact that the variation in the strength of
negative selection, as manifested in Pa/Ps, is so large
that the detection of positive selection based solely
on DNA sequence data would be unreliable.

Primates

For primates, we compile the data from 17 species
(plus 1 subspecies) belonging to 6 genera. Since
hominoids and old-world monkeys (OWM:s) have
diverged by <6% in their DNA sequences, these two
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Figure 4. Pa/Ps ratios within species and Ka/Ks ratios between species. (a and b) Pa/Ps (or Ka/Ks) ratios in primates and
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error bars. Each gray boxplot represents the distribution of Ka/Ks ratios between that species and other species on the
phylogenetic tree. Note that the Ka/Ks ratios between species in the same family are excluded in panel (a).

families are very close in molecular terms. This level
of divergence would be suitable for detecting posi-

tive selection by both the MK and PAML tests. (For

comparison, the two morphologically identical sib-
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ling species of D. melanogaster and D. simulans have
diverged by more than 10%.)

The polymorphism and divergence data are pre-

sented in Fig. 4a and Table S6. The polymorphism
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Pa/Ps ratio again varies considerably among species.
The trend appears to be an increasing Pa/Ps ra-
tio toward the human. With singleton and CpG
sites removed, the polymorphism Pa/Ps ratio in
primates decreases in the following order: human
and bonobo (0.400-0.384), chimpanzee and go-
rilla (0.353-0.295), orangutan (0.298-0.282) and
macaque monkeys (0.245-0.237) (see Tables S6
and S7). The snub-nosed monkey (0.349-0.332), an
old-world monkey, is the only group that deviates
from the general trend.

The trend of a larger Pa/Ps ratio toward apes
and humans casts doubt on the inferences of adap-
tive evolution in the genomic sequences of primates.
Note that Ka/Ks > Pa/Ps is often assumed to be
the hallmark of positive selection. The Ka/Ks ratio
for each lineage, say humans (any ape species), is
the comparison with every OWM species, thus yield-
ing a distribution as shown. Likewise, each OWM
species is compared with every ape. If we com-
pare the human and any OWM species, the Ka/Ks
value is 0.305-0.344. Since the Pa/Ps in humans is
~0.382, there is no evidence of adaptive evolution
between humans and OWMs (see Tables S6 and
S7). However, since Pa/Ps ranges between 0.269
and 0.304 among OWMs, one would conclude pos-
itive selection between the same two taxa.

The contradiction just stated is very general when
one compares any ape species with any OWM
species. In Fig. 4a, the top half (including all apes,
Rhinopithecus and Colobus) shows that the Pa/Ps
ratios (red dots) generally fall in the higher range
of 0.320-0.413 while the seven OWM species in
five genera of the lower half have Pa/Ps between
0.269 and 0.304. Importantly, the Ka/Ks ratio gen-
erally falls between the two sets of Pa/Ps values. In
short, the assumption of constant negative selection
is violated between apes and OWMs, thus preclud-
ing the inference of adaptive evolution in genomic
sequences between them.

Birds

For birds, we analyze the genomic data of 38 species
from 30 orders. The general trend is the same as
those of the three taxa shown in Figs 3 and 4a.
In Fig. 4b, the Pa/Ps ratios are scattered between
0.131 and 0.266 among all bird species with a mean
of 0.179 and a standard deviation of 0.035 (see
Table S8). In contrast, the Ka/Ks ratio falls in a rel-
atively small range of 0.152-0.235. Again, the vari-
ation in the strength of negative selection in birds,
as seen in the Pa/Ps value relative to the interspe-
cific divergence in Ka/Ks, is far too large to permit
the analysis of positive selection based solely on the
genomic sequences.
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DISCUSSION

A central task of molecular evolution studies is to
quantify the amount of positive selection acting on
genomes. The identification of genes under positive
selection will then permit further functional studies.
The ultimate goal is to connect adaptive evolution
to its mechanistic bases. In the neutral theory that
has dominated the field in the last S0 years, genomic
sequences, driven mainly by negative selection and
genetic drift, carry few signals of adaptive evolution
[50-54].

For two decades, the search for signals of adaptive
sequence evolution appears to have strongly refuted
the neutral theory. However, the studies have been
done under a fundamental constraint in the analy-
sis of genomic evolution between species. The con-
straint is that negative selection (q of Equation (1"))
has to be a constant pressure if one wishes to ex-
tract information about positive selection from the
sequences. If g is a constant, in principle it can be
estimated from any lineage and at any stage of evo-
lution. Thus, although MK and PAML differ in how
they estimate g, the results are expected to converge.
However, it is surprising how weakly the two meth-
ods converge, as shown in Tables 1 and 2.

In this current report, negative selection is found
to deviate strongly from the assumed constancy in
all taxa analyzed. Hence, the reported adaptive evo-
lution in DNA sequences in the last two decades,
by either MK or PAML, could be seriously con-
founded by the fluctuation in negative selection.
Given that positive and negative selection may both
fluctuate in time and between lineages, could the
extraction of information on adaptive evolution
from genomic sequences, in fact, be theoretically
untenable?

In light of the current report, we now outline a
path forward that is elaborated in the companion
study [55]. In taking the new path, we are concerned
with measuring the fluctuation in negative selection
without addressing the many factors underlying
the fluctuation. These factors may include envi-
ronment, genetic background, population size
and so on, and are briefly commented on in the
Supplementary Notes. The central idea of the
path forward is to analyze genomic sequences in
two stages. In the first stage, a complete map of
negative selection, including the frequency and
strength of negative selection and the variation
in time and across lineages, will be worked out
for the phylogeny of interest. This is feasible if
the number of deleterious mutations is much
larger than that of beneficial ones, ie. ¢ >> p.
In the second stage, the inference of positive se-
lection will then be built on this detailed map of
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negative selection. It is important to note that
prior efforts have been cursory in the first stage by
assuming constancy of negative selection.

In the first stage, it is necessary to track the
changes in negative selection in each lineage through
time. This can be done indirectly by estimating the
effective population size at each evolutionary time
interval using the Pairwise Sequentially Markovian
Coalescent (PSMC) method [56] or the step-ladder
method [57]. It is the basic population genetic prin-
ciple that the larger the effective population size (N,)
the more effective selection would be. Hence, the
Pa/Ps ratio would be lower due to stronger negative
selection when N, becomes larger. With the knowl-
edge of N, changes, it is often (but not always) pos-
sible to know the changes in negative selection. In
Chen et al. (2020), the indirect inferences of changes
in negative selection through time as a function of
Ne changes have been done in several species of pri-
mates [S5]. Most interestingly, by using PSMC one
could take the direct approach to negative selection
by calculating Pa/Ps for each time interval. In short,
a detailed map of changes in negative selection may
be feasible although the methodologies are still in-
completely developed.

Finally, the strengths of positive selection and
negative selection are strongly correlated (partly be-
cause both are functions of N, ). For example, large-
step mutations, when measured by the physico-
chemical distances between amino acids, are both
more deleterious and more beneficial than small-
step mutations [21,22]. Therefore, knowledge of
how negative selection works would be informative
about the operation of positive selection and vice
versa. In conclusion, to understand adaptive evolu-
tion at the DNA level, we must have a complete
understanding of negative selection first and in the
same context.

MATERIALS AND METHODS

The DNA sequence data of Drosophila, Brassi-
caceae, primates and birds were obtained from pub-
lic databases. Detailed information regarding the se-
quence database and screening process for each cat-
egory is given in Supplementary Methods.

We used an approximate method to estimate
Ka/Ks ratios with an improved Nei-Gojobori model
[11,20,58]. The values of Pa and Ps were observed
from polymorphism data using the same method.
To avoid the confounding effect of negative selec-
tion on the MK test, we only used common muta-
tions with derived allele frequencies larger than 0.2,
as was done previously [3,59]. We used both the
site model and the branch site model in PAML. De-
tailed methods for MK and PAML tests, the simu-
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lations of coding sequence evolution and the super-
gene construction are also given in Supplementary
Methods.

SUPPLEMENTARY DATA

Supplementary data are available at NSR online.
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