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S| Materials and Methods

Genome Mining. All available mammal genomes were screened in
silico according to a previously described algorithm (1). We first
built a library of amino acids representing a 181-aa alignment of
the reverse transcriptase domain of pol from known endogenous
retrovirus (ERV) and exogenous retrovirus (XRV) species. Each
time we found a pol distantly related to the library, we used it as
a new probe and rescreened the genomes for even more distantly
related loci, continuing until no new loci were found. From our
pol coordinates we extracted an initial 600-nt sequence repre-
senting each locus. Finally, we provisionally allocated all 83,614
recovered loci to a family based on their closest similarity to
sequences in the probe library. In so doing we also created
a group of intracisternal A-type particle (IAP)-like families
containing a total of 5,969 loci.

Selection of Loci. The criteria for exclusion of loci based on se-
quence similarity to the nearest neighbor are explained in the main
text. This exclusion was not necessary for IAPs, all of which in-
vaded their hosts after speciation; if IAPs had colonized the
common ancestor of two species, then we should observe loci in
one genome being phylogenetically closer to loci from the other
species. No expansions in IAPs have this pattern (Fig. 2). In five
invasions of the mouse genome the sister group is in the rat ge-
nome, but in each case the two clades are separated by long in-
ternal branches. This sister-group relationship probably results
from the mouse and rat being the two most closely related species
among the sequenced rodents and host phylogeny affecting the
ability of an IAP to invade a new host.

Alignment. We aligned all the IAP-like loci against the pol gene of
an IAPE [an IAP locus shown to have a functional env (2)], using
the BlastAlign program (3) and kept those loci having gaps in the
alignment representing less than 50% of their length. This process
produced a multiple alignment of 1,037 sites containing 4,929 loci.
We then edited this alignment manually to preserve the correct
reading frame. To confirm the monophyly of the IAPs, we used
Clustal-W (4) to profile-align the IAP alignment with an alignment
of all known XRYV pol sequences. After manual editing we pro-
duced a second, temporary multiple alignment of 400 sites, which
in a phylogenetic analysis (below) showed that 4,913 of our 4,929
loci formed a single clade within the class II ERVs. These 4,913
loci were considered to represent the IAP lineage, and we ex-
cluded the remaining 16 loci. (We assume these 16 loci represent
chimerical or very old sequences or belong to more distantly re-
lated ERYV lineages). To strengthen our phylogenetic analysis, we
then also excluded loci that had <600 nt in the initial IAP align-
ment, giving us a final dataset of 4,089 loci.

We also produced a protein alignment (764 aa) of the pol
regions for selected class II ERVs with Clustal-W, which we
subsequently edited manually (see SI Results).

Phylogenetic Analyses. For analyzing the IAPs, we used the FastTree
program, which uses a combination of distance (neighbor-joining)
and maximum-likelihood heuristics to estimate phylogenetic trees
using the General Time Reversible model accounting for varying
rates of evolution across sites (CAT model) (5). Phylogenetic un-
certainty was assessed by the Shimodaira-Hasegawa test (SH-like
local support values) for each split as implemented in FastTree. SH-
like support values have been shown to be significantly and strongly
correlated with bootstrap values, especially when they are >0.90
(5). We used FigTree (http://tree.bio.ed.ac.uk/software/figtree/) to
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plot the genetic characteristics of each locus onto the estimated
phylogenetic tree. The tree of the sequenced hosts (Fig. 1) was
built by pruning unsequenced species from a published phyloge-
netic tree of mammals (6).

To build our tree of the pol regions for selected class II ERVs
(81 Results), we used MrBayes (7), using the WAG matrix of amino
acid substitutions and running four chains of Metropolis Coupled
Markov Chains Monte Carlo for 10° generations. We visually
inspected the mixing of the parameters with Tracer (http://tree.
bio.ed.ac.uk/software/tracer/) and used 10° generations as burn-in
to obtain a sufficient estimated sample size of at least 100. We
show posterior probabilities >0.7 and consider branches with
a probability of at least 0.9 to be well supported.

All trees presented were midpoint rooted.

Simulating Frequency Distributions. Random generation of family
sizes was done in R. For the generalized Pareto distribution,
parameters “shape” and “scale” were fitted to the real data using
gpd.fit (package gPdtest) and data simulated with these values
using rgpd (package POT). We used rlnorm for the lognormal
distribution. In Fig. 4, the mean of 1,000 replicates is shown;
for clarity, we restricted possible values to the maximum value
shown in the horizontal axis.

Gene Integrity. To measure gene integrity of the IAP loci we
extracted 7,000 nt of sequence from both sides of all pol coor-
dinates. Many of the genomes are only partially assembled be-
cause of low sequencing coverage, so to avoid the bias of
fragmentation caused by incomplete genomic assembly, we re-
tained only extracted fragments having length of at least 13,000 nt
(n = 3,834), which we refer to as “full-length” sequences; that is,
we kept only fragments that were long enough to contain the
entire ERV sequence. We extracted all of the ORF products >300
nt using the getorf program of the EMBOSS suite (8). These
amino acid sequences then were searched by BLASTP (9) using
a probe library of XRV gag, pol, prot, and env genes plus ERVs
that lacked close XRV relatives (2, 10, 11), including the genes
from IAPE. Matches were considered valid when they had an e-
value of at least 107*. We subsequently used the length of the
query nucleotide sequences as our measure of gene integrity, and
when a gene was fragmented into more than one ORF, we used
the longest one. To inspect the clustering of one gene’s degra-
dation against another visually, we used Cyflogic to plot scatter-
grams of the integrity metrics (http://www.cyflogic.com/) (Fig. S1).

A potential problem is that the length of the longest ORF can
show large changes even when only minor postintegration muta-
tional changes (e.g., the acquisition of one premature stop-codon)
have occurred. We therefore also used a second measure of gene
integrity for the IAPs, which is the locus’s nucleotide similarity to
known functional genes. For this assessment, we compared loci
with the amino acid sequences of the published IAPE element
using TBLASTN (9) and used the resulting bit score as a metric of
the nucleotide sequence integrity. Use of this metric gave highly
correlated results to the longest ORF in a set of loci belonging to
a single expansion. We report here only the results using the
former method, because we consider it a better metric, not con-
flating gene integrity with divergence when we compare loci from
different families.

As a second and independent measure of locus age, we
searched full-length IAP loci for paired LTRs having at least
95% similarity using LTR-harvest (12). LTRs are identical at the
time of integration and gradually accumulate mutations during
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the replication of the host. Therefore, more similar paired LTRs
typically represent more recently integrated loci.

For our analysis of all ERVs, we extracted 7,000 nt from both
sides of initial pol coordinates as described above for IAP loci. We
then found the longest ORF matching our env and gag probe li-
braries as described above using a series of Perl scripts. In Table S1
we present the mean values in the family for both genes. env must
be compared with gag, because low values in both can reflect both
age and quality of the genome assembly. To give an indication of
the age of the loci in the family, we also include the mean pairwise
nucleotide sequence similarity, measured with the Water program
of the EMBOSS suite, which implements the Smith-Waterman
algorithm.

For the class IT ERV families analyzed in SI Results, we con-
firmed the absence of env by visually inspecting a random sample
of at least 25% of the loci in each family. To do so, we compared
each ORF that had a length of at least 80 aa with the National
Center for Biotechnology Information online nonredundant pro-
tein database using BLASTP. To locate LTRs, we used the web-
tool LTR_FINDER (13). We also confirmed the presence of env
by visually inspecting all loci that were suggested by our automated
procedures to have an env-like ORF and then using the non-
redundant protein database as described above. The only dis-
crepancies we found with our automated search were the rare
occasions when more than one ERV locus was included in a larger
fragment (hence the occasional single-figure env values in Table S1
that result from inclusion of env from a nearby ERV locus be-
longing to another family).

Identifying Cross-Species Transmissions and Invasions. We estimated
the history of cross-species transmissions by (i) collapsing all
branches in the tree shown in Fig. 2 where the sister node was in
the same host and (ii) modeling host species as a single multistate
discrete character on the resulting tree (Fig. 3) and reconstructing
ancestral states at the nodes using maximum parsimony im-
plemented in Mesquite. We define an invasion as each terminal
branch in the resulting tree, giving a total of 38, and a cross-species
transmission node as one that has a character state different from
that of the node immediately below it closer to the root, giving
a total of 18. The number of invasions is the most conservative
estimate and lies at the lower boundary of the real number, be-
cause, in some instances, sister nodes in the same host are sepa-
rated by long branches that probably represent independent
invasions by related viruses; however, we could not find an un-
biased criterion for using branch lengths to define invasions.

Quantifying Distance from Cross-Species Transmissions. We used
each of the inferred cross-species transmission nodes as a root of
a subtree and reestimated the evolutionary distinctiveness (ED)
of the loci in this subtree as previously described. We define the
maximum ED here, called “ED,” as a measure of the distance
from the closest inferred cross-species transmission: The larger
the ED¢, the closer the element is to an inferred cross-species
transmission node. We found that ED and ED. are strongly
correlated (Fig. S4), reflecting the fact that most cross-species
transmissions occurred near the root of the IAP tree.

Correlating Gene Integrity with ED and ED;. We also addressed the
following two points in our generalized least squares (GLS) model.

i) We account for the phylogenetic relatedness of the traits in
the regression of ED against gene integrity using Pagel’s A.
This parameter reflects the degree to which traits are corre-
lated to phylogenetic relatedness and can be set to values
between 0, where the phylogeny is ignored, to 1, where the
analyses is fully adjusted to take phylogenetic relatedness into
account. The parameter takes into account nonindependence
of the data caused by phylogenetic relatedness (14) and is an
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extension of the phylogenetic comparative method (15) as
proposed by Pagel (16) through implementation of the estab-
lished GLS methodology. The estimation of the variance-
covariance matrix of the traits was performed assuming a
Brownian motion model of evolution of traits across the phy-
logenetic tree.

ii) A second problem is that the phylogenetic GLS model as-
sumes that the traits evolve uniformly across the tree, e.g.,
that genes degrade steadily from the root of the tree toward
the tips. However, loss of gene integrity should prevent viral
replication, and thus we expect it to occur only at the terminal
branches of the tree, which represent time after integration
into the host genome. The difference in gene degradation
that occurs on internal branches compared with terminal
branches has been demonstrated in one human ERV family
(17). Therefore, it is necessary to import a transformation for
the rate of degradation to model realistically the fact that
degradation is much faster at the postintegration time. Sev-
eral parameters have been used to account for traits’ rate
diversity across the tree (18); all these parameters transform
the branch lengths of the tree to fit better the expected model
of trait evolution. We used the APE package in R, applying
a multiplicative parameter, f, to transform the terminal
branch lengths and allow a faster rate of gene degradation
on the terminal branches of the tree. Other, more realistic
ways to model the gene disintegration in our dataset are
possible, e.g., by using a third rate parameter that is specific
for the expansions in each host. However, we suggest that our
parameterization provides a simple and robust model for our
dataset and that a more realistic and more parameterized
model would not change the significance of our results.

We used a range of different values for each of the parameters ¢
and A and selected the best-fit model by means of the Akaike
Information Criterion (AIC) (19), which is a metric of model
fitness.

The ED has a strongly skewed distribution and so does not fit
well as a dependent variable in our linear multivariate model.
Although the assumptions of normality typically lie at the
residuals and not the dependent variable itself, strongly skewed
distributions of dependent variables are the most probable reason
for the bad linear fit of the overall model. Therefore, we used the
logarithm to base 10 of ED, which provides a symmetric distri-
bution for all genes except env. Because the env gene of most loci
was highly degraded, the distribution of its integrity measure
(length of longest ORF) was strongly skewed, many loci having
zero values. A logarithmic transformation of env length does not
result in a symmetric distribution, so we modeled it as a binomial
variable applying a breakpoint at 600 nt (1: >600 nt; 0: <600 nt).
To assess whether the transformations affected the significance
of the results, we also performed the regression using the non-
transformed values. The significance of the parameters was the
same, proving that the model was robust even under a strongly
skewed parameterization; however, the overall fit of the linear
model was much worse because of the skewed distributions of
the ED and env. We estimated the correlation between ED,
and integrity of the genes using the same approach.

To assess the robustness of the ED metric to phylogenetic
uncertainty, we estimated the ED for 100 bootstrap replicates and
compared this estimate with the ED measured from the original
alignment with linear regression (Fig. S9). The high Pearson’s
coefficient (0.83, P < 0.01) suggests that ED used in the analyses
is robust to phylogenetic uncertainty.

Recombination Analysis of envin 1APs. The IAPE env gene is known
to be very divergent from those of extant retroviruses (20), and
we found that even in the more conserved transmembrane re-
gion there was <20% amino acid identity to the closest extant
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XRYV, the betaretrovirus Jaagsiekte sheep retrovirus. To detect
possible recombination events that have caused a change in the
env gene among our IAPs, we compared pairwise similarity
scores with our XRV protein libraries to find examples where
loci had a low env match to the virus in the library to which they
had the best pol match. We therefore made a library of env
amino acid sequences from all XRV species plus ERVs that
lacked close XRYV relatives, including IAPE (2, 10, 20). We then
screened all potentially full-length ORFs of our loci with our env
library and built a matrix containing PBLAST bit scores. The loci
were classified according to the library member that had the
closest match. We found that only the transmembrane domain of
the IAPE env gene has a significant similarity with any other env
genes in both our library and the nonredundant sequence data-
base. However, in this transmembrane domain there is only
a short region that can be aligned among all of the different
clades of IAP, and it does not contain enough information to
infer recombination through a phylogenetic approach. However,
the results obtained from our classification as IAPE vs. non-
IAPE were striking and strongly supportive of recombination.

S| Results

Degradation of env is most marked in the large (>200 loci) ex-
pansions, and a pattern of gradual loss of env in the large ex-
pansion in Mus is suggested because env is less degraded at the
basal terminal branches (Fig. 2 and Fig. S7). However, the small
expansions have widely varying levels of env integrity, as perhaps
would be expected, given that they represent small samples. To
assess statistically the relationship between env integrity and both
expansion and cross-species transmission, we performed a multi-
variate analysis based on GLS accounting for phylogenetic cor-
relation and changes in rate between internal and terminal
branches. The AIC analysis showed that the best-fit model was
achieved by setting A=1 (Table S2) and ¢ = 30 (Table S3), i.e.,
where the phylogeny is taken into account fully and the rate of
gene degradation is 30 times faster at the terminal branches than
at the internal ones. Although our interest is in env, our model
takes into account the integrity of all genes to control for possible
confounding effects. The analysis showed that expansion, as
measured by ED, is not significantly correlated with integrity of
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gag, prot, and pol, whereas for env’s integrity the correlation was
negative (Table S3). Thus, our best-fit model suggests that ex-
pansion of the IAPs is accompanied by env degradation.

This degradation tends to occur after cross-species trans-
mission. At least 18 cross-species transmission events have oc-
curred in the evolutionary history of the IAPs (Fig. 3). They tend
to be close to the midpoint root of the tree, consistent with the
expansions occurring after the speciation of the hosts (also
reflected in the high correlation between ED and ED.). After
selecting the best-fit model in the same way as before, we found
that the distance of elements from the closest cross-species
transmission event, ED.y, was inversely associated with the in-
tegrity of the env and was not associated with the integrity of the
prot, pol, and gag genes. The behavior of EDqwas very close to
that of ED (e.g., Table S2), and the best-fit model was the same
(A = 1, t = 30). Thus elements with more intact env gene tend to
be closer to the inferred cross-species transmission events. The
cessation of cross-species transmission after the loss of env also is
shown by the fact that we were not able to find any cross-species
transmissions nested within the large expansions where env ap-
parently was nonfunctional.

In our analysis of all ERV families, we were able to confirm the
absence of env in one of the class II retrotransposing mega-
families in Ochotona, e.g., finding a complete element with only
880 nt of no detectable homology between the end of pol and the
start of the 3’ LTR. Retroviruses typically have the 3" UTR here,
but the 3 UTR usually is much shorter, especially in simple
retroviruses (~30 nt), so much of the 880 bases probably rep-
resents vestigial env. This megafamily is nested within a tree of
reinfecting ERVs and XRVs (Fig. S5), and it is more parsimo-
nious to infer that it lost its env. Our ERV-L families (i.e.,
families that form a monophyletic clade containing HERV-L
and MuERV-L) do not appear to have any remnant of an env
gene (21), but these families are all very old, and we cannot
determine if they lost env a long time ago or were primitively
env-less. The HERV-H megafamily is dominated by largely env-
less loci but also has a smaller number of loci with env, which
tend to be more basal in the phylogenetic tree (22, 23), consis-
tent with the pattern of gradual env loss that we see in the IAPs
(but see Discussion in the main text).
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Fig. S1. Scatterplots of the TBLASTN bit scores associated with axes-specific histograms from the Mus IAP elements for prot against (A) the pol/ genes and (B)
the env genes (gag is similar to pol). The striking observation is that the env scores, unlike those of the other genes, are strongly skewed toward the left-hand
side of the horizontal axes with spikes (clusters) occurring only at a very low percentage of integrity (<1/3 of the env bit score).
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1. Ribet D, et al. (2008) An infectious progenitor for the murine IAP retrotransposon: emergence of an intracellular genetic parasite from an ancient retrovirus. Genome Res 18:597-609.
2. Dewannieux M, et al. (2006) Identification of an infectious progenitor for the multiple-copy HERV-K human endogenous retroelements. Genome Res 16:1548-1556.
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Phylogenetic tree of pol sequences from analyzed class Il ERVs plus (i) extant betaretroviruses [mouse mammary tumor virus (MMTV), Jaagsiekte
sheep retrovirus (JSRV), squirrel monkey retrovirus (SMRV), and Mason-Pfizer monkey virus (MPMV)], (ii) representatives of the other main XRV clades [equine
foamy virus (EFV), murine leukemia virus (MLV), human T-cell leukemia virus type 2 (HTLV-2), feline immunodeficiency virus (FIV), and avian leukosis virus
(ALV)], and (iii) two published ERVs: IAPE (1) and HERV-K(HML2)] (2). We were unable to recover a good pol sequence from the class Il ERV family in Dasypus.
All viruses included have env except for the two env-less class Il ERV megafamilies in Ochotona shown in red. The schematic at the top if the figure shows the
LTRs and ORFs in a single provirus belonging to one of these families; the sequence is available at our RNA virus database as PikaDtype-1 (3).

3. Belshaw, et al. (2009) The RNA Virus Database. Nucleic Acids Res 37:D431-D435.
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env integrity are as in Fig. 2.
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PNAS

Fig. S8. Distribution of ED on the IAP tree shown in Fig. 2. Intensity of red shading is proportional to ED value. Smaller clades and the basal loci in larger clades
tend to be darker, with higher ED values showing a less abundant replication history.

Log(ED)

0 0.2 0.4 0.6 0.8 1 1.2 1.4
Bootstrapped Log(ED)

Fig. S9. Scatterplot of the logarithm to base 10 of the ED [log(ED)] estimated from the original alignment against the respective values from 100 boot-
strapped pseudo replicates [bootstrapped Log(ED)]. The regression line and the Pearson coefficient are shown also.
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Table S2. Multivariate GLS regression of ED and ED.; against
gene, accounting for different levels of phylogenetic
dependence (Pagel’s )

Pagel’s A

Gene 0.0 0.1 0.2 03 04 05 06 0.7 0.8 09 1.0 Parameter

gag - - - - - - - - = - = ED

- - - - - - - - - - 0 EDm
prot - 0 + + + + + + + + + ED

- 0 4+ + + 4+ + + + + + EDcst
pol - - - - - - - - - - ED

- - - - - - - - - - - D
env + + + + + + + + 0 0 O ED

+ + + + + + + + + + 0 Edcst

Minus and plus symbols show a significant (P < 0.05) negative or positive
relationship, respectively, and zero (0) shows a nonsignificant relationship.
The rate of degradation was uniform across the tree (t = 1).

Table S3. Multivariate GLS regression of ED against gene integrity with differing values for the
multiplying factor (t) applied to the terminal branches

Terminal branch multiplicative

rate parameter (t) env gag prot pol AIC

1 0 - + - —-17066.9
2 0 0 0 0 —15840.7
3 0 0 0 0 -15113.8
5 0 0 0 0 —-14203.5
10 0 0 0 0 -12976.7
20 + 0 + 0 —19338.3
30 + 0 0 0 —24384.8
40 + 0 0 0 —22495.5
50 + 0 0 0 —-18576.1
60 + 0 0 0 -21789.6
70 + 0 0 0 —-18576.1
80 + 0 0 0 —19249.8
90 + 0 0 0 -19186.9
100 + 0 0 0 —-19787.3

Minus and plus symbols show significant (P < 0.05) negative (—) and positive (+) relationship respectively, and
zero (0) shows a non significant relationship. Pagel’s ) is fixed at 1, which is the best-fitting value. The best-fit
model (lowest AIC) is shown in bold.
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Table S4. Degradation of env in megafamilies compared with that in all other loci in the same genome

Host species

ERV family

No. of loci analyzed

Mean longest env ORF

Mean longest gag ORF

env/gag ratio

Bos taurus

Canis familiaris
Cavia porcellus
Choloepus hoffmanni
Dasypus novemcinctus

Dipodomys ordii

Echinops telfairi
Erinaceus europaeus
Felis catus

Homo sapiens
Loxodonta africana
Macropus eugenii

Microcebus murinus

Monodelphis domestica

Mus musculus

Ochotona princeps

Procavia capensis

Spermophilus tridecemlineatus

Class | megafamily
Class | megafamily
All nonmegafamilies
Class | megafamily
All nonmegafamilies
IAP megafamily

All nonmegafamilies
ERV-L megafamily
All nonmegafamilies
ERV-L megafamily
All nonmegafamilies
Class Il megafamily
IAP megafamily

All nonmegafamilies
ERV-L megafamily
All nonmegafamilies
Class Il megafamily
All nonmegafamilies
Class | megafamily
All nonmegafamilies
Class | megafamily
All nonmegafamilies
ERV-L megafamily
All nonmegafamilies
Class | megafamily
All nonmegafamilies
Class Il megafamily
IAP megafamily

All nonmegafamilies
Class | megafamily
All nonmegafamilies
IAP megafamily
ERV-L megafamily
All nonmegafamilies
Class Il megafamily
Class Il megafamily
All nonmegafamilies
Class | megafamily
ERV-L megafamily
All nonmegafamilies
IAP megafamily

All nonmegafamilies

174
138
312
57

33
629
1,500
1,037
676
768
2,305
106
91
226
557
176
2,251
161
111
193
879
794
494
526
146
121
344
195
501
2,986
679
1,188
799
1,675
117
111
219
476
372
993
1,359
1,056

94
9
139
63
131

138

49

46
33
80
58

55

102
37
86.09
30
123

51

36
189
80
75

132
152

11
204

121
60

127
30
76

237
159
159
213
186
439
226

83
123
115
147
206
314
151
100

95
159
147
240
158

99
174

98

77
117
100
264
142
109
186
255
685
484
266
417
442
160
154
148
230
280
149

0.40
0.06
0.88
0.30
0.70
0.02
0.61
0.01
0.40
0.02
0.31
0.16
0.25
0.39
0.00
0.58
0.03
0.70
0.15
0.54
0.30
0.71
0.02
0.66
0.01
0.36
0.72
0.56
0.68
0.02
0.52
0.22
0.02
0.77
0.01
0.00
0.76
0.39
0.02
0.55
0.1
0.51

To take differences in ages into account, this degradation is shown by the ratio of the mean longest ORFs (number of amino acids) in env compared with gag
(gag is essential for replication and hence will decay over time after integration). Older loci are excluded as described in the text, except for the non-
megafamilies in Erinaceus and Loxodonta.
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