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Summary 5	  

Viruses interact with hundreds to thousands of proteins in mammals, yet adaptation 6	  
against viruses has only been studied in a few proteins specialized in antiviral defense. 7	  
Whether adaptation to viruses typically involves only specialized antiviral proteins or 8	  
affects a broad array of proteins is unknown. Here, we analyze adaptation in ~1,300 9	  
virus-interacting proteins manually curated from a set of 9,900 proteins conserved 10	  
across mammals. We show that viruses (i) use the more evolutionarily constrained 11	  
proteins from the cellular functions they hijack and that (ii) despite this high constraint, 12	  
virus-interacting proteins account for a high proportion of all protein adaptation in 13	  
humans and other mammals. Adaptation is elevated in virus-interacting proteins across 14	  
all functional categories, including both immune and non-immune functions. Our results 15	  
demonstrate that viruses are one of the most dominant drivers of evolutionary change 16	  
across mammalian and human proteomes.  17	  

Introduction 18	  

A number of virus-interacting proteins (VIPs) with a specialized role in antiviral defense 19	  
have been shown to have exceptionally high rates of adaptation (Cagliani et al., 2012; 20	  
Cagliani et al., 2011; Elde et al., 2009; Fumagalli et al., 2010; Kerns et al., 2008; Liu et 21	  
al., 2005; Sawyer et al., 2004, 2007; Sawyer et al., 2005; Sironi et al., 2012; Vasseur et 22	  
al., 2011). One example is protein kinase R (PKR), which recognizes viral double-23	  
stranded RNA upon infection, halts translation, and as a result blocks viral replication 24	  
(Elde et al., 2009). PKR is one of the fastest adaptively evolving proteins in mammals. 25	  
Specific amino acid changes in PKR have been shown to be associated with an arms 26	  
race against viral decoys for the control of translation (Elde et al., 2009). 27	  

However, PKR and other fast-evolving antiviral defense VIPs are not representative of 28	  
the hundreds to thousands of other VIPs. Viruses enter and hijack the cells of their hosts 29	  
by physically interacting with hundreds to thousands of host proteins. Most VIPs are not 30	  
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specialized in antiviral defense, and do not even have any known role in immunity. Many 1	  
VIPs instead have key functions in basic cellular processes subverted by viruses, and 2	  
viruses tend to interact with proteins that are functionally important hubs in the protein-3	  
protein interaction network of the host (Dyer et al., 2008; Halehalli and Nagarajaram, 4	  
2015). It is plausible that many VIPs might evolve to limit the impact of the viruses on the 5	  
host. However, it is unknown whether the war against viruses is fought by a 6	  
“professional” army of specifically antiviral proteins, or whether it is a global war fought 7	  
by a broad range of VIPs. 8	  

One reason to believe that the war against viruses might not affect evolution of a broad 9	  
array of VIPs is that, contrary to the pattern observed for specifically antiviral proteins, 10	  
most VIPs evolve unusually slowly (Davis et al., 2015; Jager et al., 2012). Furthermore, 11	  
very few cases of adaptation to viruses have been studied outside of fast evolving, 12	  
specialized antiviral proteins. Transferrin receptor or TFRC is the most notable 13	  
exception, as a striking example of a non-immune, housekeeping protein hijacked by 14	  
viruses (Demogines et al., 2013; Kaelber et al., 2012). TFRC is responsible for iron 15	  
uptake in many different cell types and is used as a cell surface receptor by diverse 16	  
viruses in rodents and carnivores. TFRC has repeatedly evaded binding by viruses 17	  
through recurrent adaptive amino acid changes. As such, it is the only known clear case 18	  
of a host protein with adaptation in response to viruses that is not specialized in the 19	  
antiviral response. Whether TFRC represents an exception or the rule for VIPs is 20	  
currently unknown. 21	  

Whether the slower evolution of VIPs primarily reflects lower rates of adaptation, greater 22	  
evolutionary constraint, or both is currently unknown. Here we analyze patterns of 23	  
evolutionary constraint and adaptation in a manually curated, high quality set of ~1,300 24	  
VIPs. The vast majority of these VIPs (80%) have no known antiviral or any other more 25	  
broadly defined immune activity. We confirm that VIPs tend to evolve slowly and show 26	  
that this is because VIPs experience stronger evolutionary constraint than other proteins 27	  
within the same functional categories. Most importantly, we show that despite this 28	  
greater evolutionary constraint, VIPs have experienced much higher rates of adaptation 29	  
in humans and other mammals compared to other proteins. This excess of adaptation is 30	  
visible in VIPs involved in most biological functions hijacked by viruses (such as 31	  
transcription or signal transduction), showing that adaptation in response to viruses 32	  
extends well beyond the usual, specialized antiviral proteins. We demonstrate that 33	  
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viruses have driven a substantial proportion of all adaptations across the human and 1	  
mammalian proteomes, establishing that the war against viruses does indeed affect the 2	  
proteome as a whole.  3	  

We finally showcase the power of our global scan for adaptation in VIPs by studying the 4	  
case of aminopeptidase N, a well-known multifunctional enzyme (Mina-Osorio, 2008) 5	  
used by coronaviruses as a receptor (Delmas et al., 1992; Yeager et al., 1992). Using 6	  
our approach we reach an amino-acid level understanding of parallel adaptive evolution 7	  
in aminopeptidase N in response to coronaviruses in a wide range of mammals. 8	  

Results 9	  

Here we analyze patterns of both adaptive evolution and evolutionary 10	  
constraint/purifying selection in a large set of 1,256 manually curated VIPs from the low-11	  
throughput virology literature (Methods and Table S1 available online). We exclude 12	  
interactions identified by high-throughput experiments as we are concerned about a high 13	  
rate of false positives (Mellacheruvu et al., 2013). These 1,256 VIPs were annotated 14	  
from an initial set of 9,861 proteins with orthologs in 24 mammals with high quality 15	  
genomes (Figure S1, Table S2 and Methods). VIPs in our dataset interact with viral 16	  
proteins, viral RNA, or viral DNA. Most of them (95%) correspond to an interaction 17	  
between a human protein and a virus infecting humans (Table S1). Human 18	  
Immunodeficiency Virus type 1 (HIV-1) is the best-represented virus with 240 VIPs, with 19	  
nine other viruses having at least 50 VIPs (Table S1).  20	  

This dataset represents the largest, most up-to-date set of VIPs backed up by individual 21	  
low-throughput publications. Nonetheless, given that many VIPs were discovered only 22	  
recently, with half of all publications reporting VIPs published in the past 7 years (Figure 23	  
S2), it is likely that additional VIPs remain to be discovered. 24	  

These 1,256 VIPs are involved in very diverse cellular processes, as shown by their 25	  
representation in the Gene Ontology (GO) annotation system of cellular biological 26	  
processes (2015; Ashburner et al., 2000) (Table S3) such as transcription (354 VIPs), 27	  
post-translational protein modification (224 VIPs), signal transduction (396 VIPs), 28	  
apoptosis (185 VIPs), and transport (264 VIPs). The supracellular processes notably 29	  
include defense response (103 VIPs) and developmental processes (327 VIPs). Many 30	  
VIPs have no known specifically antiviral immune activity (defined here as any activity 31	  
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restricting viral replication, Methods), and only 241 or 20% of VIPs have any known 1	  
immune function (Methods and Table S4). These 241 immune VIPs include the VIPs 2	  
classified as antiviral (Table S4) throughout this manuscript. In total, 162 overlapping GO 3	  
cellular and supracellular processes have more than 50 VIPs (Table S3). These 4	  
observations confirm that viruses interact with proteins involved in the majority of basic 5	  
cellular processes. 6	  

Patterns of purifying selection in VIPs 7	  

We confirm the observations of several recent studies suggesting that VIPs tend to 8	  
evolve slowly (Davis et al., 2015; Jager et al., 2012). The VIPs have ~15% lower 9	  
mammals-wide dN/dS ratio on average compared to non-VIPs (0.124 versus 0.145, 95% 10	  
CI [0.136,0.148]; Methods). The difference in dN/dS is highly significant as shown by a 11	  
permutation test where VIPs are compared with the same number of randomly chosen 12	  
non-VIPs many times (simple permutation test P=0 after 109 iterations; Table S2).  13	  

To disentangle whether the slower evolution of VIPs is due to stronger purifying 14	  
selection or to a lower rate of adaptation, we use the ratio of non-synonymous 15	  
polymorphisms to synonymous polymorphisms pN/pS rather than the dN/dS ratio. Unlike 16	  
dN/dS that is strongly influenced by both the effects of purifying selection and 17	  
adaptation, pN/pS is primarily determined by the efficiency of purifying selection in 18	  
removing deleterious non-synonymous mutations. 19	  

Genome-wide polymorphisms required to measure pN/pS at the scale of the proteome 20	  
have become available for humans (Abecasis et al., 2012) (1,000 Genomes Project) 21	  
(Table S5), and chimpanzee, gorilla, and orangutans (Prado-Martinez et al., 2013) 22	  
(Great Apes Genome Project) (Table S6). The 1,000 Genomes Project and the Great 23	  
Apes Genome Project are complementary for this analysis. On the one hand, the 1,000 24	  
Genomes Project provides high quality variants with frequencies estimated from a large 25	  
number of individuals. On the other hand the Great Ape Genome project includes fewer 26	  
individuals, but provides substantial pN and pS counts for more genes than the 1000 27	  
genomes data. This is because the great apes populations are more polymorphic than 28	  
modern human populations, and are less affected by the noise due to genetic drift and 29	  
strong bottlenecks. Thus, although the 1,000 genomes are well suited for approaches 30	  
requiring precise frequency estimates (such as the McDonald-Kreitman test 31	  
implemented below (Messer and Petrov, 2013)), the Great Ape genome data is well 32	  
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suited for the estimation of the pN/pS ratio in as many proteins as possible. Specifically, 1	  
we measure pN/pS as the average across non-human great apes (or as the average in 2	  
the 1,000 Genomes African populations; Supplemental Methods) using the data from the 3	  
largest chimpanzee, gorilla, and orangutan populations in order to further limit the noise 4	  
in the estimation of the strength of purifying selection due to drift and bottlenecks (Prado-5	  
Martinez et al., 2013). We use only great ape pN and pS in the analyses that involve 6	  
subsamples of proteins in order to retain sufficient statistical power. 7	  

In human African populations from the 1,000 Genomes project (Supplemental Methods), 8	  
the average pN/pS is 21% lower in VIPs compared to non-VIPs (0.759 versus 0.966, 9	  
95% CI [0.92,1.01], simple permutation test P=0 after 109 iterations). This suggests that 10	  
in the human lineage VIPs have been under stronger purifying selection than non-VIPs. 11	  
In line with this, VIPs also show an excess of low frequency (≤10%) deleterious non-12	  
synonymous variants compared to non-VIPs (Figure S3). In great apes, the average 13	  
pN/pS ratio is 25% lower in VIPs compared to non-VIPs (0.526 versus 0.697, 95% CI 14	  
[0.66,0.72], simple permutation test P=0 after 109 iterations). The distribution of pN/pS in 15	  
VIPs is globally skewed towards lower values compared to non-VIPs (Figure 1A). The 16	  
difference in pN/pS in great apes between VIPs and non-VIPs is robust to a number of 17	  
potentially confounding factors, including gene length, GC content and recombination 18	  
(Table S7). These results show that VIPs do experience stronger purifying selection than 19	  
non-VIPs. Finally, stronger purifying selection acting on the VIPs is widespread and is 20	  
not limited to VIPs interacting with any one particular virus (Figure 1B).  21	  

The higher level of purifying selection in VIPs might be due to the fact that VIPs 22	  
participate in the more constrained host functions, or, alternatively, because within each 23	  
specific host function, viruses tend to interact with the more constrained proteins. In 24	  
order to assess these two non-mutually exclusive scenarios we generated 104 control 25	  
sets of non-VIPs chosen to be in the same 162 Gene Ontology processes as VIPs (GO 26	  
processes with more than 50 VIPs; Table S3 and Methods). 27	  

In great apes, GO-matched non-VIPs still have a much higher pN/pS ratio compared to 28	  
VIPs, suggesting that VIPs tend to be more conserved than non-VIPs from the same GO 29	  
category. On average, pN/pS in the GO-matched non-VIPs is 0.647 (95% CI 30	  
[0.621,0.674]). This is only slightly lower than the average ratio in non-VIPs in general  31	  
(pN/pS=0.697, P=2x10-3), but much higher than the average ratio in VIPs (0.526, 32	  
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permutation test P=0 after 109 iterations). The stronger purifying selection acting on VIPs 1	  
is apparent within most functions. Figure 1C shows stronger purifying selection in the 20 2	  
high level GO categories with the most VIPs. In all the 20 GO categories pN/pS is lower 3	  
in VIPs than in non-VIPs, and the difference is significant for 17 of these categories 4	  
(Table S3). This shows that within a wide range of host functions, viruses tend to target 5	  
the most conserved proteins.  6	  

Interestingly, even immune VIPs (Table S4) have a significantly reduced pN/pS ratio 7	  
compared to immune non-VIPs (Figure 1C), which suggests that immune proteins in 8	  
direct contact with viruses are more constrained. The reduction in pN/pS in non-immune 9	  
VIPs (no antiviral or any other immune function, Table S4) is very similar to the reduction 10	  
observed in the entire set of VIPs (Figure 1C). Table S3 further shows stronger purifying 11	  
selection in 124 of the 162 GO categories (77%) with more than 50 VIPs. These results 12	  
suggest that viruses target the most constrained proteins within many diverse host 13	  
functions, rather than specifically targeting only those host functions that are under 14	  
strong evolutionary constraint. 15	  

Frequent adaptation in VIPs in the human lineage 16	  

Our pN/pS analysis demonstrates that viruses tend to interact with proteins that are 17	  
under greater evolutionarily constraint. However, this does not necessarily imply that 18	  
VIPs experience less adaptation than non-VIPs. We estimate the proportion of adaptive 19	  
non-synonymous substitutions (noted α) in VIPs and non-VIPs in the human lineage by 20	  
using the McDonald-Kreitman test (MK test) (Methods). We first use the classic MK test 21	  
(McDonald and Kreitman, 1991) with the 1,000 Genomes Project polymorphism data 22	  
from African populations (Supplemental Methods and Table S5). Since VIPs are more 23	  
constrained than non-VIPs and tend to have more non-synonymous deleterious low 24	  
frequency variants than non-VIPs (Figures 1 and S3), we limit the effect of deleterious 25	  
variants by excluding all variants with a derived allele frequency lower than 10% 26	  
(Supplemental Methods) (Charlesworth and Eyre-Walker, 2008; Eyre-Walker and 27	  
Keightley, 2009; Keightley and Eyre-Walker, 2007; Messer and Petrov, 2013) . We find 28	  
that α is strongly elevated in VIPs compared to non-VIPs (α=0.19 in VIPs versus -0.02 in 29	  
non-VIPs, permutation test P=2.x10-5). This shows that VIPs have a substantial excess 30	  
of adaptation compared to non-VIPs. 31	  
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The classic MK test is known to be biased downward by the presence of slightly 1	  
deleterious non-synonymous variants and this bias is difficult to eliminate fully even by 2	  
excluding low frequency variants (Messer and Petrov, 2013).  Note that our application 3	  
of the classic MK test to discover the higher rate of adaptation in VIPs compared to non-4	  
VIPs is conservative given that the VIPs have a higher proportion of slightly deleterious 5	  
non-synonymous variants and thus should show a stronger downward bias in the 6	  
estimation of α (Figure S3). However, the nominal estimates of α=0.19 and -0.02 in VIPs 7	  
and non-VIPs are likely underestimates of the true proportions of adaptive amino acid 8	  
changes. 9	  

We therefore apply an asymptotic modification of the MK test known to provide 10	  
estimates of α without a downward bias in the presence of slightly deleterious variants 11	  
(Messer and Petrov, 2013). To further validate the asymptotic MK test we carry out 12	  
extensive population simulations (Messer, 2013) to show that this test is indeed robust to 13	  
a number of potential biases (Supplemental Methods and Table S8).  14	  

Using the asymptotic MK test we estimate that in VIPs, ~27% of the 1,897 amino acid 15	  
substitutions along the human lineage were adaptive (Figure 1D). This proportion is 16	  
three times higher than the estimated proportion of ~9% in non-VIPs (Figure 1D). Thus, 17	  
although VIPs represent only 13% of the orthologs in our dataset, we estimate that in 18	  
human evolution they account for almost 30% of all adaptive amino-acid changes. Note 19	  
that both VIPs and non-VIPs in our dataset are limited to the proteins conserved across 20	  
all mammals. 21	  

The high α in VIPs is not explained by higher rates of adaptation in the host GO 22	  
processes where VIPs are well represented (Figure S4 and Methods). Furthermore, the 23	  
large difference in α observed between VIPs and non-VIPs is robust to a number of 24	  
potentially confounding factors such as recombination, GC content or gene length (Table 25	  
S9 and Supplemental Methods). The lower pN/pS in VIPs does not explain their higher α 26	  
either (Table S9). 27	  

We further use the classic MK test (excluding variants below 10%) to investigate the 28	  
excess of adaptation for the specific VIPs of ten human viruses and in the 20 high level 29	  
GO categories with the most VIPs (Figure 1E and F). We do not use the asymptotic MK 30	  
test because it does not have sufficient precision when using a small number of proteins 31	  
(Supplemental Methods). Although the small number of proteins interacting with 32	  
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individual viruses precludes precise estimates of α (see the large confidence intervals on 1	  
Figure 1E), the VIPs show nominally higher values of α for eight out of 10 viruses, with 2	  
HIV-1 and Hepatitis B Virus (HBV) displaying statistically significant increases in 3	  
adaptation. Likewise, VIPs in most GO categories show higher rates of adaptation (14 4	  
out of 20) with 9 of 14 showing statistically significant increases (Figure 1F).   5	  

Finally and importantly, the 80% of VIPs with no known antiviral or broader immune 6	  
function (Table S4) have a strongly increased rate of adaptation according to both the 7	  
classic MK test (α=0.26 in VIPs versus -0.02 in non-VIPs, permutation test P=3x10-7; 8	  
Figure 1F) and the asymptotic MK test, with the latter estimating α=38% in non-immune 9	  
VIPs against only 11% for non-immune non-VIPs. Intriguingly, unlike for non-immune 10	  
VIPs or all VIPs considered together (top of Figure 1F), immune VIPs, including antiviral 11	  
VIPs (Table S4), do not show any increase of adaptation compared to immune non-12	  
VIPs. We speculate that this pattern might reflect the masking effect of balancing 13	  
selection within immune genes that would bias the MK tests downward (Cagliani et al., 14	  
2012). These results show that viruses have been a major selective pressure in human 15	  
evolution, and have had an influence on the rate of adaptation in the human proteome 16	  
that extends far beyond antiviral defense proteins, and on a much greater scale than 17	  
previously appreciated. 18	  

Frequent adaptation in VIPs across mammals 19	  

The increased rate of adaptation in VIPs in the human lineage strongly suggests that 20	  
VIPs in our dataset, 95% of which interact with modern viruses (Table S1), were also 21	  
VIPs during past human evolution. It is also plausible that a substantial proportion of the 22	  
VIPs we study are also VIPs in multiple mammalian lineages. Indeed, viruses infecting 23	  
humans (including the ten viruses with the most VIPs) are known to have close viral 24	  
relatives in many other mammals, with the exception of Hepatitis C Virus (HCV) for 25	  
which only distant relatives are known and primarily in bats (Quan et al., 2013). There is 26	  
also growing evidence that distantly related viruses tend to interact with overlapping sets 27	  
of host proteins (Davis et al., 2015; Jager et al., 2012). We thus hypothesize that VIPs, 28	  
while identified primarily in humans, may have also experienced frequent adaptation in 29	  
mammals in general, with the possible exception of the VIPs interacting with HCV. 30	  

To test this hypothesis we use the Branch-Site Random Effect Likelihood test (BS-REL 31	  
test) (Kosakovsky Pond et al., 2011) available in the HYPHY package (Pond et al., 32	  
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2005) to detect episodes of adaptive evolution in each of the 44 branches of the 1	  
mammalian tree used for the analysis (Methods). For a specific coding sequence, the 2	  
BS-REL test estimates the proportion of codons where the rate of non-synonymous 3	  
substitutions is higher than the rate of synonymous substitutions (dN/dS>1), which is a 4	  
hallmark of adaptive evolution. The BS-REL test then compares two competing models 5	  
of evolution, one with adaptive substitutions and one without adaptive substitutions, and 6	  
decides which of the two models is the best fit. For each branch of the tree, the BS-REL 7	  
test provides a P-value that corresponds to the probability that no adaptation occurred in 8	  
the branch. The product of P-values across all branches in the tree then gives the 9	  
probability that no adaptation occurred anywhere along the entire tree (Supplemental 10	  
Methods).  11	  

The product of P-values is a good measure of whether a specific protein experienced 12	  
adaptation in the history of mammalian evolution. In addition to presence/absence of 13	  
adaptation, we assess the amount of adaptation experienced by a particular protein by 14	  
estimating the average proportion of selected codons along all mammalian branches. 15	  
For example we measure that on average the antiviral protein PKR has had 4.6% of 16	  
positively selected codons across the 44 branches of the mammalian tree.  17	  

We compare the proportion of selected codons detected by the BS-REL test between 18	  
VIPs and non-VIPs. The statistical power of the BS-REL test has been shown to depend 19	  
strongly on the amount of constraint in a coding sequence, with higher 20	  
constraint/purifying selection decreasing the ability to detect adaptation (Kosakovsky 21	  
Pond et al., 2011). We confirm this in our dataset by observing a strong positive 22	  
correlation between the pN/pS ratio in great apes and the proportion of selected codons 23	  
across mammals estimated by the BS-REL test (Spearman’s rank correlation ρ =0.34, 24	  
P<2x10-16, n=9,861). We therefore use a purifying selection-wise permutation test that 25	  
matches VIPs and non-VIPs with similar pN/pS ratios in order to compare VIPs and non-26	  
VIPs that experience similar levels of purifying selection and providing us with similar 27	  
power to detect adaptation (Supplemental Methods and Figures S5 and S6). 28	  

The purifying selection-wise permutation test shows that adaptation has been much 29	  
more common in VIPs than in non-VIPs across mammals (Figure 2). We estimate that 30	  
VIPs have experienced 77% more adaptation compared to non-VIPs (Figure 2A). In 31	  
total, this represents ~76,000 more adaptive amino acid changes in VIPs compared to 32	  
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non-VIPs. We further use an increasingly strict level of evidence for the presence of 1	  
adaptation, by including only proteins with increasingly low products of P-values; that is, 2	  
increasingly low probability that no adaptation occurred (Figure 2A). Figure 2A shows 3	  
that VIPs with the strongest evidence of adaptation (product of P-values lower than 10-9) 4	  
have a ~200% excess of strong signals of adaptation. This excess of adaptation in VIPs 5	  
across mammals is due to i) more VIPs with signals of adaptation than non-VIPs, ii) 6	  
more branches of the tree per VIP showing adaptation, and iii) a greater proportion of 7	  
codons evolving adaptively per branch (Figure S7). 8	  

As mentioned above, HCV stands out among the ten viruses with the largest number of 9	  
VIPs in humans in that it has no known close viral relatives despite extensive screening 10	  
of diverse mammalian species (Quan et al., 2013). If this reflects a true lack of close viral 11	  
relatives of HCV, then we predict a limited excess of adaptation in HCV VIPs. In line with 12	  
this prediction, the 109 VIPs of HCV are the only ones where we do not detect any 13	  
excess of adaptation (Figure 2B) despite being one of the largest groups of VIPs. VIPs 14	  
that interact with all other viruses all show substantial elevation of adaptation (Figure 15	  
2B).  16	  

GO processes with a strong excess of adaptation include cellular processes such as 17	  
transcription, signal transduction, apoptosis, or post-translational protein modification, 18	  
but also supracellular processes related to development (Figure 2C and Table S3). 19	  
Importantly, VIPs with no known immune function (Table S4) show a 40% excess of 20	  
adaptation, and a ~130% excess of adaptation in the proteins with the highest evidence 21	  
of adaptation (Figure 2A). These results show that the arms race with viruses has 22	  
strongly increased the rate of adaptation in a wide range of VIPs. 23	  

Since 95% of the VIPs were discovered for viruses infecting humans, it is possible that 24	  
the observed excess of adaptation in VIPs in mammals is due to higher rates of 25	  
adaptation exclusively in the primate branches of the mammalian tree (Figure S1). 26	  
However, all mammalian clades in the tree show a similar excess of adaptation in VIPs 27	  
(Figure 2D). Primates stand out due to their low overall proportions of positively selected 28	  
codons compared to the other mammalian clades in the tree (Figure 2D). This is most 29	  
likely due to a lower statistical power of the BS-REL test in the short primate branches 30	  
(Kosakovsky Pond et al., 2011). In line with this, VIPs with strong signals of adaptation 31	  
show such signals in all the mammalian clades represented (Figure 3). This includes 32	  
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well-known antiviral VIPs (Figure 3A), antiviral VIPs where adaptation was previously 1	  
unknown (Figure 3B), and non-antiviral VIPs with diverse, well-studied functions in the 2	  
mammalian hosts (Figure 3C). This phylogenetically widespread excess of adaptation 3	  
implies that many of the VIPs annotated in humans were also VIPs for a substantial 4	  
evolutionary time in a wide range of mammals. 5	  

From global patterns of adaptation to understanding specific instances of 6	  
adaptation to viruses: the case of coronaviruses and aminopeptidase N 7	  

We have shown that rates of adaptation are globally elevated in VIPs in humans and 8	  
mammals in general, suggesting the existence of tens of thousands of isolated events of 9	  
adaptations to a diverse range of viruses. Here, we test if our global approach has 10	  
enough power to isolate new specific cases of adaptation to viruses by looking for 11	  
instances where viruses are the plausible cause of adaptation in a VIP with no known 12	  
antiviral activity. This is particularly relevant because, to our knowledge, the transferrin 13	  
receptor is the only well understood case of a non-antiviral protein adapting in response 14	  
to viruses (Demogines et al., 2013). 15	  

To identify a new non-antiviral protein we first exclude all VIPs with a well-known 16	  
antiviral activity (Table S4) and then select all remaining VIPs with strong overall 17	  
evidence of adaptation (Table S10) and at least 10 branches with signals of adaptation. 18	  
Because we want to understand how adaptation to viruses proceeded, we then select 19	  
proteins with i) at least one available tertiary structure, ii) amino acid level resolution of 20	  
the interaction with one or more viruses, and iii) host tropism. 21	  

The most positively selected non-antiviral VIP that fulfills all these requirements is 22	  
aminopeptidase N, abbreviated ANPEP, APN or CD13 (Mina-Osorio, 2008). The 23	  
analysis of a phylogenetic tree including 84 mammals (Table S11) confirms pervasive 24	  
adaptation of ANPEP across mammals, with 76 out of 165 branches in the tree evolving 25	  
adaptively (Figure 4A). ANPEP is a cell-surface enzyme well known for its surprisingly 26	  
wide range and diversity of functions (Mina-Osorio, 2008). It is used by group I 27	  
coronaviruses as a receptor, including the Human Coronavirus 229E (HCoV-229E) 28	  
(Yeager et al., 1992), Transmissible Gastroenteritis Virus (TGEV) (Delmas et al., 1992), 29	  
Feline Coronavirus (FCoV) (Tresnan and Holmes, 1998), Canine Coronavirus (CCoV) 30	  
(Tusell et al., 2007), Porcine Respiratory Coronavirus (PRCV) (Delmas et al., 1993) and 31	  
Porcine Epidemic Diarrhea Virus (PEDV) (Oh et al., 2003). Reguera et al. (Reguera et 32	  
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al., 2012) have solved the structure of porcine ANPEP bound together with TGEV and 1	  
PRCV. The authors identified in the extracellular domain of ANPEP 22 amino acids that 2	  
form a surface of contact with TGEV and PRCV (Figure 4B) (Pettersen et al., 2004). The 3	  
most important component of this contact surface for host tropism is a N-glycosylation 4	  
site at position 736 in porcine ANPEP (orthologous position 739 in human ANPEP) that 5	  
forms hydrogen bonds with TGEV and PRCV (Reguera et al., 2012; Tusell et al., 2007). 6	  
Deleting this site abolishes the ability of TGEV and PRCV to bind porcine ANPEP 7	  
(Reguera et al., 2012). Adding the glycosylation site in human ANPEP that natively lacks 8	  
it transforms it into a receptor for TGEV and PRCV (Reguera et al., 2012). 9	  

We use the MEME test from HYPHY (Murrell et al., 2012) to identify codons in ANPEP 10	  
that were under episodic adaptive evolution in mammals. MEME detects significant 11	  
adaptation (MEME P≤0.05) in 85 of the 931 aligned codons. Interestingly, several of 12	  
these adaptively evolving codons are within, or right next to the surface of contact with 13	  
TGEV and PRCV (Figure 4B,C). The codons in contact with TGEV and PRCV and their 14	  
neighbors are strongly enriched in adaptation compared to ANPEP codons as a whole 15	  
(Figure 4C). This enrichment fades very rapidly as one gets further from the surface of 16	  
contact with TGEV and PRCV, which shows that it is due to the interaction with viruses, 17	  
and not to a more diffuse, less specific enrichment within a wider segment of ANPEP 18	  
(Figure 4C). 19	  

Adaptively evolving codons in the contact surface with TGEV and PRCV most notably 20	  
include two codons within the consensus motif for the N-glycosylation site responsible 21	  
for host tropism (Figure 4B). N-glycosylation is governed by a three amino acids 22	  
consensus, NX[ST], where X can be anything except proline (Bause, 1983). The first 23	  
and third positions in the consensus evolved adaptively in mammals (MEME P=0.005 for 24	  
both). The ancestral states of the two positions shows that the mammalian ancestor had 25	  
a fully functional consensus for N-glycosylation, and that the consensus was lost 26	  
independently 11 times in mammals, either by modification of the first or by modification 27	  
of the third position (Figure 4D). The consensus was regained only two times after loss 28	  
(Figure 4D). This means that the signals of adaptation detected at the first and third 29	  
positions in the consensus mainly reflect parallel, adaptive losses of the N-glycosylation 30	  
site in multiple mammalian lineages. Given the crucial role of this N-glycosylation site in 31	  
the binding of TGEV, PRCV, FCoV and CCoV to ANPEP, it is very likely that these 32	  
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parallel adaptive losses were the result of the selective pressure exerted by ancient 1	  
coronaviruses. 2	  

Discussion 3	  

Here, we have shown that viruses have been a major selective pressure in the evolution 4	  
of the mammalian proteome. Indeed viruses appear to drive ~30% of all adaptive amino 5	  
acid changes in the conserved part of the human proteome, as evidenced by the MK 6	  
test. Furthermore, the footprints of the arms race with viruses are visible in a large 7	  
number of VIPs, and in a broad range of mammals. Importantly, we find a substantial 8	  
enrichment in strong signals of adaptation in VIPs with no known antiviral or other 9	  
immune functions (Figures 1F and 2A).  Instead adaptation to viruses is visible in VIPs 10	  
with a very diverse range of functions including such core functions as transcription or 11	  
signal transduction (Figure 2C and Table S3). Our results thus draw a broader picture 12	  
where the war against viruses is a global war that involves not only the specialized 13	  
soldiers of the antiviral response, but also the entire population of host proteins that 14	  
come into contact with viruses. The best-known case of a housekeeping protein having 15	  
adapted in response to viruses, the transferrin receptor, may in this respect represent 16	  
the rule more than an exception (Demogines et al., 2013). 17	  

Although we already find a strong signal of increased adaptation, the amount of adaptive 18	  
evolution that can be attributed to viruses is probably underestimated by our analysis. 19	  
First, there may still be many undiscovered VIPs. Within the past few years, there has 20	  
been no sign that the pace of discovery of new VIPs is slowing down (Figure S2). A 21	  
slowdown would happen if we were getting close to the point where only few, hard to 22	  
discover VIPs remain to be found. This means that a substantial number of proteins 23	  
classified as non-VIPs in this analysis actually are VIPs. This makes the current non-24	  
VIPs a conservative control. 25	  

Second, adaptation in response to viruses is most likely not restricted to proteins that 26	  
physically interact with viruses. For example, adaptation to viruses might happen in 27	  
proteins that act downstream of VIPs in signaling cascades, or in non-coding sequences 28	  
that regulate the expression of VIPs. 29	  

Third, not all of the 1,256 VIPs we use here have been consistently interacting with 30	  
viruses during evolution. Most VIPs in the dataset (95%) were discovered in humans, 31	  
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and how frequently these VIPs have also been interacting with viruses in other mammals 1	  
is currently unknown. Some VIPs like PKR have probably been in very frequent contact 2	  
with diverse viruses. Conversely, other VIPs may have been in contact with viruses for a 3	  
very limited evolutionary time in mammals, and only in a limited range of lineages. This 4	  
would apply to VIPs that interact with viruses with a limited host range and few other 5	  
phylogenetically closely related viruses, as is the case with HCV (Figure 2B). 6	  

Our analysis greatly extends the prospects for paleovirology by making it possible to 7	  
detect past infections with great statistical power (Emerman and Malik, 2010; Patel et al., 8	  
2011).  Indeed, globally increased adaptation in VIPs means that we have far more 9	  
statistical power to study the adaptive footprints viruses have left in host proteins. This is 10	  
a very complementary approach to the usual scans for integrated viral genomes in host 11	  
genomes, especially for viruses that do not infect the germ line or for viruses that 12	  
integrate in the host genome only rarely (Katzourakis and Gifford, 2010). In the dataset 13	  
analyzed here, only HCV does not show any excess of adaptation in mammals. Two of 14	  
the ten viruses listed in Figure 2B, HIV-1 and HBV, have VIPs with highly increased 15	  
adaptation in humans. In other words, these results demonstrate that viruses related to 16	  
HIV-1 and HBV have repeatedly infected humans since their divergence with 17	  
chimpanzees. These results show that it should be possible to detect the footprint of 18	  
past infections by specific viruses in specific evolutionary lineages with great statistical 19	  
power. 20	  

Globally increased adaptation in VIPs also raises the question of pleiotropy. To what 21	  
extent have adaptive amino acid changes in VIPs affected their native functions in the 22	  
host? We show that there has been so much adaptation in VIPs that it is very hard to 23	  
imagine that none of these adaptive events had any consequences on host phenotypes. 24	  
Interestingly, VIPs tend to be multifunctional proteins. Indeed they represent 13% of all 25	  
the orthologs in the analysis, 33% of the orthologs with 60 or more annotated GO 26	  
processes, and 40% of orthologs with 100 or more GO processes (Figure S8A). 27	  
Pleiotropy is more likely in proteins with many functions (He and Zhang, 2006), and the 28	  
subset of VIPs with many annotated GO processes has an excess of adaptation that is 29	  
very similar to the one observed when using all VIPs (Figure S8B). Adaptation to viruses 30	  
could thus have affected the evolution of host phenotypes in unexpected ways. In this 31	  
respect, it is particularly intriguing that VIPs have experienced highly increased rates of 32	  
adaptation within host functions such as development or neurogenesis (Table S3). 33	  
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Finally, our results might explain a puzzling observation that rates of protein adaptation 1	  
appear relatively invariant across different biological functions (Bierne and Eyre-Walker, 2	  
2004). Because viruses (and likely other pathogens) interact with diverse proteins across 3	  
most GO functions, they elevate the rate of adaptation across the whole proteome in a 4	  
way that appears independent of specific functions in the GO analysis. We argue that 5	  
grouping genes together based on the way they interact with diverse pathogens or other 6	  
environmental stimuli might be a profitable way for discerning the nature of selective 7	  
pressures that have molded animal genomes. 8	  

In conclusion, our analysis demonstrates that viruses have exerted a very powerful 9	  
selective pressure across the breadth of the mammalian proteome, and suggests the 10	  
possibility that pathogens in general are the key driver of protein adaptation in mammals 11	  
and likely other lineages and might have driven many pleiotropic effects on diverse 12	  
biological functions.  13	  

Methods 14	  

Manual curation of virus-interacting proteins 15	  

We identified 1,256 VIPs out of a total of 9,861 proteins with orthologs in the genomes of 16	  
the 24 mammals included in the analysis (Figure S1 and Tables S1 and S2).  Annotation 17	  
of the 1,256 VIPs was performed by querying PUBMED for publications reporting 18	  
interactions found by low-throughput methods (Gray	  et	  al.,	  2015) 19	  

(http://www.ncbi.nlm.nih.gov/pubmed). We completed our own annotations of 982 VIPs 20	  
with 274 additional proteins identified with low throughput methods listed in the 21	  
VirHostNet (http://virhostnet.prabi.fr/) (Guirimand et al., 2015) and HPIDB 22	  
(http://www.agbase.msstate.edu/hpi/main.html) (Kumar and Nanduri, 2010) databases. 23	  
See Supplemental Methods for details. 24	  

Multiple alignments of mammalian orthologs 25	  

We aligned 9,861 orthologous Ensembl coding sequences (Flicek et al., 2012) from 24 26	  
mammals using a combination of Blat (Kent, 2002) and PRANK (Fletcher and Yang, 27	  
2010; Jordan and Goldman, 2012; Loytynoja and Goldman, 2008). See Supplemental 28	  
Methods for details. 29	  

  30	  
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Annotation of antiviral and immune mammalian orthologs 1	  

In addition to annotating VIPs, we also annotated which VIPs have known antiviral or 2	  
broader immune activities. See Supplemental Methods for details. 3	  

Quantifying adaptation in human 4	  

We use the classic and the asymptotic McDonald-Kreitman tests to compare adaptation 5	  
in VIPs and non-VIPs in human. See Supplemental Methods for details. 6	  

Quantifying adaptation in the mammalian phylogeny 7	  

We use the CDS alignments of the 24 mammals to quantify adaptation in their 8	  
phylogeny. To do so we use the Branch-Site REL test (Kosakovsky Pond et al., 2011) 9	  
from the HYPHY package (Pond et al., 2005). See Supplemental Methods for details. 10	  

The pN/pS-based purifying selection-wise permutation test 11	  

We created a permutation test that compares VIPs and non-VIPs with the same amount 12	  
of purifying selection. This is achieved by using the pN/pS ratio as a proxy for purifying 13	  
selection. See Supplemental Methods for details. 14	  

Retrieving of ANPEP mammalian coding sequences 15	  

We analyzed patterns of adaptation in ANPEP in a tree of mammals including 84 16	  
species. These species are the ones with annotated, known or predicted mRNAs (Table 17	  
S11 for their Genbank identifiers). The coding sequences were extracted from the 18	  
mRNAs and aligned with PRANK. 19	  

Gene Ontology-matching control samples 20	  

We created a permutation scheme that compares VIPs with random samples of non-21	  
VIPs with the same representation of GO categories. See Supplemental Methods for 22	  
details. 23	  
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Figures 5	  

 6	  

Figure 1. Patterns of purifying selection and human adaptation in VIPs 7	  

A) Distribution of pN/pS in VIPs (blue) and non-VIPs (pink). The blue curve is the density 8	  
curve of pN/(pS+1) for 1,256 VIPs. We use pN/(pS+1) instead of pN/pS to account for 9	  
those coding sequences where pS=0. pN and pS are measured using great ape 10	  
genomes from the Great Ape Genome Project (Supplemental Methods). The pink area 11	  
represents the superimposition of the density curves for each of 5,000 sets of randomly 12	  
sampled non-VIPs. B) Average pN/pS in VIPs (blue dot) versus average pN/pS in non-13	  
VIPs (red dot and red 95% confidence interval) within ten viruses with more than 50 14	  
VIPs The number between parentheses is the number of VIPs for each virus. KSHV: 15	  
Kaposi’s Sarcoma Herpesvirus. HIV-1: Human Immunodeficiency Virus type 1. HBV: 16	  
Hepatitis B Virus. ADV: Adenovirus. HPV: Human Papillomavirus. HSV: Herpes Simplex 17	  
Virus. EBV: Epstein-Barr Virus. Influenza: Influenza Virus. HTLV: Human T-lymphotropic 18	  
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Virus. HCV: Hepatitis C virus. C) Same as B), but for the 20 most high level GO 1	  
processes with the highest number of VIPs. The full GO process name for “protein 2	  
modification” as written in the figure is “post-translational protein modification”. D) 3	  
Asymptotic MK test (Supplemental Methods) for the proportion of adaptive amino acid 4	  
substitutions (α) in VIPs (blue dots and curve) and non-VIPs (red dots and curve). Pink 5	  
area: superposition of fitted logarithmic curves for 5,000 random sets of 1,256 non-VIPs 6	  
(as many as VIPs) where the estimated α falls within α‘s 95% confidence interval. E) 7	  
Classic MK test (Supplemental Methods) for VIPs (blue dot) and non-VIPs (red dot and 8	  
95% confidence interval) for the ten viruses with 50 or more VIPs. F) Same as E) but for 9	  
the 20 top high level GO processes with the most VIPs below the dotted black line. 10	  
Above the dotted black line: the classic MK test for all VIPs, for non-immune VIPs and 11	  
for immune VIPs (Table S4). See also Tables S3, S4, S5, S6, S7, S8 and S9 and 12	  
Figures S3 and S4 13	  

 14	  
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 1	  

Figure 2. Excess of adaptation across mammals in VIPs 2	  

A) Thick white curve: average excess of adaptation in all VIPs. Narrow white curves: 3	  
95% confidence interval for the excess of adaptation in all VIPs. The grey background 4	  
represents the density distributions of the excess of adaptation based on 5,000 iterations 5	  
of the purifying selection-wise permutation test (Supplemental Methods). Thick black 6	  
curve: excess of adaptation in non-immune VIPs. Narrow black curve: lower bound of 7	  
the 95% confidence interval for the excess of adaptation in non-immune VIPs. B) Virus-8	  
by-virus excess of adaptation in VIPs. Black dot is the average excess and the 9	  
represented interval is the 95% confidence interval. C) Excess of adaptation within the 10	  
top 20 high level GO processes with the most VIPs. D) Proportions of selected codons in 11	  
VIPs (blue dot) and non-VIPs (red dot and 95% confidence interval) in the mammalian 12	  
clades represented by more than one species in the tree. All: entire tree. Primata: 13	  

.CC-BY 4.0 International licensea
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 

The copyright holder for this preprint (which was notthis version posted October 18, 2015. ; https://doi.org/10.1101/029397doi: bioRxiv preprint 

https://doi.org/10.1101/029397
http://creativecommons.org/licenses/by/4.0/


	   23	  

primates. Glires: rodents and rabbit. Cetartyodactyla: sheep, cow, pig. Zooamata: 1	  
carnivores and horse. See also Tables S4 and S4 and Figures S5, S6, S7, S8 and S9. 2	  

 3	  

 4	  

Figure 3. Examples of mammalian orthologs with adaptation spread across clades 5	  

A) Signals of adaptation in eight antiviral proteins with well-known adaptation. Red: BS-6	  
REL P≤0.001. Orange: BS-REL P≤0.05. Yellow: BS-REL P≤0.1. B) Top eight antiviral 7	  
proteins with the highest number of branches under selection, and no previously know 8	  
adaptive evolution. C) Top eight non-antiviral proteins with well-known functions and the 9	  
highest number of branches under selection. Proteins are ordered according to the 10	  
number of branches with signals of adaptation. All proteins in the figure have their 11	  
product of BS-REL test P-values lower than 10-9. 12	  

 13	  
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 1	  

Figure 4. Patterns of adaptation to coronaviruses in aminopeptidase N 2	  

A) BS-REL test results for ANPEP in a tree of 84 mammalian species. Legend is on the 3	  
figure. B) Contact surface with PRCV and TGEV on ANPEP structure (PDB 4FYQ). The 4	  
figure includes visualizations of all the six different faces of ANPEP. Legend is in the 5	  
figure. C) Excess of adaptation in and near the contact interface with PRCV and TGEV. 6	  
Within the contact interface plus a given number of neighboring amino acids (one, five, 7	  
ten or 20 in the figure), adaptation excess (y axis) is defined as the number of observed 8	  
codons with a MEME P-value lower than the P-value threshold on the x axis, divided by 9	  
the average number of codons under the same P-value threshold obtained after 10	  
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randomizing the location of adaptation signals over the entire ANPEP coding sequence 1	  
5,000 times. Dark red curve:  adaptation excess within the contact interface with TGEV 2	  
and PRCV plus one neighboring amino acid. Red curve: plus five neighboring amino 3	  
acids. Orange: plus ten neighboring amino acids. Light orange: plus 20 neighboring 4	  
amino acids. Numbers in the figure represent the number of adapting codons, and the 5	  
stars give the significance of the excess. One star: excess P≤0.05. Two stars: P≤0.01. 6	  
D) Losses and gains of the N-glycosylation across the mammalian phylogeny. See also 7	  
Tables S10 and S11. 8	  
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