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Endogenous retroviruses (ERVs) differ from typical retroviruses in
being inherited throughthehostgermline and therefore are aunique
combination of pathogen and selfish genetic element. Some ERV
lineages proliferate by infecting germline cells, as do typical retro-
viruses, whereas others lack the env gene required for virions to
enter cells and thus behave like retrotransposons. We wished to
know what factors determined the relative abundance of different
ERV lineages, so we analyzed ERV loci recovered from 38 mammal
genomes by in silico screening. By modeling the relationship be-
tween proliferation and replication mechanism in detail within one
group, the intracisternal A-type particles (IAPs), and performing sim-
ple correlations across all ERV lineages,we show thatwhenERVs lose
the env gene their proliferation within that genome is boosted by
a factor of∼30.Wealso show that ERVabundance follows the Pareto
principle or 20/80 rule, with∼20% of lineages containing 80%of the
loci. This rule is observed in many biological systems, including in-
fectious disease epidemics, where commonly ∼20% of the infected
individuals are responsible for 80% of onward infection. We thus
borrow simple epidemiological and ecological models and show that
retrotransposition and loss of env is the trait that leads endogenous
retroviruses to becoming genomic superspreaders that take over
a significant proportion of their host’s genome.

Endogenous retroviruses (ERVs) proliferate by the repeated
integration of new viral sequences into their host’s germline

(1), integrations which can become fixed in the host population
and have led to ERV sequences (loci) comprising 8–10% of the
human and mouse genomes (2, 3) (this number also includes
nonautonomous LTR-retrotransposons, which we do not analyze
here). These loci form phylogenetically distinct lineages tradi-
tionally called “families” (4) (unrelated to the general use of this
term in taxonomy), each of which is the result of the expansion of
a founder infection of the organism’s germline that can have
occurred more than ∼100 million years ago (5).
ERVs can replicate both as transposable elements (TEs) and

viruses. Some lineages copy by an entirely intracellular mechanism
and are functionally indistinguishable from the class of TEs
called LTR-retrotransposons, whereas others copy within the host
germline using cell reinfection in the same manner as the copying
within somatic cells of exogenous retroviruses (XRVs) (6). We
refer to these replication mechanisms as “retrotransposition” and
“reinfection,” respectively. Whether an ERV is reinfecting or ret-
rotransposing can be determined by the integrity of its env gene,
which produces the protein on the surface of the viral particle that is
responsible for cell entry.We can assume that an ERV lineage with
a functional env is reinfecting, whereas an ERV lineage with a dis-
integrated env is retrotransposing (whether reinfection can include
germline cells in other host individuals of the same or other species
is not known). Some retroviruses with a defective env are able to
reinfect by “hitchhiking” the functional env of a coinfecting retro-
virus, a mechanism known as “complementation” (7). However,
complementation does not appear to be common in ERVs; in two
ERV families where complementation of envmight be expected to
occur, because they contain both loci with intact env and loci with
defective env, it has been shown that the former are reinfecting, and
the latter are retrotransposing (8–10).

The relationship between an organism and its TEs poses a series
of questions similar to those in ecology. For example, workers have
attempted to explain the proliferation of individual TE lineages
and why the genomes of more complex organisms tend to contain
more TEs than do simpler ones (11, 12). We take an approach
common in community ecology and ask what controls the relative
abundance of different TE lineages. Our previous work (10) sug-
gested that reinfecting lineages, inferred from detecting past
negative selection on env, tended to be small, but this study was
restricted to the human genome and did not account for a possible
confounding effect of lineage age. Here we (i) model in detail the
relationship between env integrity and proliferation in the intra-
cisternal A-type particle (IAP ) group of ERVs and (ii) compare in
38 mammal genomes the mean env integrity of the largest ERV
lineage with the env integrity of the smaller lineages. IAPs are
a goodmodel system because they invaded their hosts recently, are
well-studied experimentally, and harbor both mechanisms of
replication. Theywere found initially in themouse andwere shown
by electronmicroscopy to replicate via intracellular particles which
budded on the cisternae of the endoplasmic reticulum, hence their
name (13, 14). These retrotransposing loci have a degraded,
nonfunctional env gene (15). Later, however, similar loci with
more intact env genes, IAPEs, were identified in the mouse, and
one was shown experimentally to be able to reinfect cells in the
classic viral manner (9, 16).
We find repeated transformations from reinfecting into ret-

rotransposing ERVs and show that this transformation results in
a rapid proliferation within the genome. Considering our results
together with those from studies of transmission diversity in in-
fectious disease epidemics, we propose that retrotransposition is
the trait that leads ERVs to become genomic superspreaders.

Results
Distribution of IAPs in Hosts. We found 5,969 IAP loci in 17 host
genomes (Figs. 1 and 2 and Table S1). These loci formed a mono-
phyletic clade within a tree containing all XRV species and rep-
resentatives of other ERV families. The IAP loci were foundmostly
in rodents: Three species—Mus, Spermophilus, andCavia—account
for more than 80% of the loci. In addition, every sequenced ro-
dent, as well as both representatives of the sister order Lago-
morpha, has been invaded by IAPs. Among the equally well-
sampled primates, IAPs were found only only in the more basal
lineages represented by Tarsius and Microcebus; no IAP was
found in monkeys and apes. Mapping host species as a character
onto the IAP tree, we estimate a total of at least 18 cross-species
transmission events among the IAPs (Fig. 3). Mouse and rat IAP
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lineages frequently are sister clades but are all independent
invasions that occurred after the mouse/rat speciation.

Loss of env Is Associated with Proliferation in IAPs. The phylogenetic
tree of the 4,089 IAP loci with more complete pol sequences (Fig.
2) shows repeated invasions by an IAP-like virus with env and
subsequent degradation of this gene as measured by the length of
the longest ORF: Most loci in the largest Mus expansion have an
env ORF of <200 aa and have lost >80% of their env nucleotides.
The extent of env degradation appears to determine the size of the
expansion within the genome; e.g., the great majority of the loci in
the largest expansions have lost most of their env gene. This
change is unidirectional: We find no cases of env gain (or switch-
ing) during an expansion. However, the independent invasions of
the guinea pig (Cavia) and shrew (Sorex) were preceded by a switch
in env (Fig. 2), both gaining their env gene from viruses more
closely related to extant betaretroviruses (∼50% amino acid sim-
ilarity in the transmembrane region to Mason–Pfizer monkey vi-
rus) than are IAPs (maximum of ∼20% similarity, which is to
Jaagsiekte sheep retrovirus).
The env degradation is not caused primarily by locus age because

(i) other genes are not so extensively degraded (Figs. S1 and S2),
and (ii) unlike with other genes, env degradation is not positively
associated with sequence divergence between the paired LTRs,
which is an independent measure of the postintegration age of the
locus. As shown in Fig. 2, env is more intact at basal branches, which

are obviously older integrations. Also, with the exception of Sper-
mophilus, all the large expansions have predominantly more similar
paired LTRs, indicating that they are relatively young (i.e., in-
tegrating roughly within the last 12 million years) (Fig. S3). The
short terminal branch lengths seen in Fig. 2 also are consistent
with this relative youth. There is a striking difference between the
larger Spermophilus expansion and that in Cavia: The two expan-
sions have similar degradation of env, but the Cavia expansion is
markedly younger.
To assess statistically the relationship between env integrity

and both expansion and cross-species transmission in IAPs, we
used evolutionary distinctiveness (ED) to measure if a locus is
a result of low or high expansion history and performed a mul-
tivariate analysis based on generalized least squares (GLS) and
accounting for phylogenetic correlation and changes in rate be-
tween internal and terminal branches. Our analysis showed that
expansion is negatively correlated with env integrity (P < 0.01)
but is not significantly correlated with the integrity of other ERV
genes (gag, prot, and pol) (Tables S2 and S3). The results were
similar when we adjusted ED for cross-species transmissions,
confirming that env degradation occurs after the transmission
(SI Results and Fig. S4). The model predicts that an IAP family
with more than 80 loci is predominantly retrotransposing (at
least 50% of its loci have lost at least 90% of their env ORF).

Distribution of Other ERVs in Hosts.We found a total of 83,614 ERV
loci in the 38 mammal genomes screened. Although the IAPs are
a relatively young group, in that all loci integrated after the di-
vergence of their host genomes, some other ERV families aremuch
older, and therefore some loci in different genomes are homologs.
To avoid pseudoreplication we excluded loci that (i) did not have
90% nucleotide sequence identity with at least one other locus
(retaining over half of the loci) or (ii) were in genomes that di-
verged within the last ∼25 million years, the date that corresponds
approximately to 90% sequence identity assuming that integrated
ERVs diverge at a similar rate to their hosts (17) (namely Rattus,
Papio, and the nonhuman hominoids). The high sequence di-
vergence across all ERVs necessitated the use of clustering using
pairwise nucleotide similarity, and the resulting ERV dendrograms
showed that, as with the IAPs, family size is very uneven. In most
genomes the largest family accounts for more than half of the loci;
extreme examples are Erinaceus and Monodelphis, in which the
largest family accounts for >80% of the loci (Fig. 1 and Table S1).
Pooling the ERVs from all genomes, we find that the largest

22% of families account for 80% of the loci, and a similarly un-
balanced distribution was observed in IAPs, where 18% (3/17) of
the genomes contain 80% of the loci. This lack of homogeneity
closely resembles the 20/80 rule observed in a range of infectious
disease epidemics (e.g., HIV, parasites), where the most in-
fectious ∼20% of individuals account for 80% of the onward
transmissions (18–21). In infectious disease epidemics, homoge-
neity of onward transmission is severely violated by super-
spreaders, who create many more secondary infections than the
rest of the population. By analogy with superspreaders, who can
be defined statistically as the most infectious 1% of the infected
individuals (21), we introduce the term “megafamily” to describe
ERV families that have expanded abnormally. We define a meg-
afamily as the largest family in a genome that also has significantly
more loci than would be expected if loci were distributed ran-
domly among families (P < 0.01). Six of the genomes had more
than one abnormally large family, so we applied this test to the
second largest family also.

Loss of env Is Associated with Proliferation in Other ERVs. All meg-
afamilies except perhaps one in the lemur Microcebus appear to
be retrotransposing rather than reinfecting, because they have lost
or possess only a degraded env (e.g., Fig. S5). We compared the
env integrity of each megafamily with that in a representative
small family in the same genome, which was selected from the
dendrogram to be of similar age and to represent between 1% and
10% of the loci (Table S1). We determined env integrity only for

Fig. 1. Phylogeny of mammals (57) with ERV megafamilies (see text) shown
as colored circles (area is proportional to the percentage of the ERV loci in
the genome represented by that family). The placing of megafamilies on the
tree shows relative age but not origin (which may be considerably earlier).
Scale bar shows approximate dates in host phylogeny. Asterisked taxa are
treated as duplicates and excluded from our analysis of all ERV families.
Name color shows how many IAP loci were found in each species (Table S1).
A typical megafamily in one genome (Spermophilus) is shown colored red.
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the selected families and only after their selection, which was done
without prior knowledge of their biology. Therefore, we consider
the comparison of family size with gene integrity to be a blinded
experiment. We found that 23 of 24 megafamilies have a more
degraded env gene [x2 = 20.2; P < 0.001]. As in our analysis of
IAPs, we can exclude a possible confounding effect of time inside
the genomes because the gag gene, necessary for both replication
mechanisms, was not similarly degraded: In 12 of the 24 com-
parisons the gag integrity was lower in the megafamily; this 50%
finding would be expected by chance. In Fig. 4 we show this re-
lationship between env integrity (as a ratio with gag) and family
size. Themegafamilies are, on average,∼30-fold larger than other

families. An additional comparison between env degradation in
megafamilies compared with all other loci in the same genome
shows the same result: In the same 23 of 24 comparisons, there is
more degradation of env in the megafamily (Table S4).
ERVs are divided into three classes (22), and we find retro-

transposing megafamilies in all of them (Fig. 1). Class I (most
closely related among the XRVs to gammaretroviruses) has eight
retrotransposing megafamilies, which together make up 33% of
the total class I loci; class II (closest to betaretroviruses) has
nine, including four IAPs, which make up 41% of the class II
loci; class III (closest to spumaviruses) has six, all ERV-Ls, which
make up 71% of the class III loci.

Fig. 2. Phylogenetic tree of IAP loci. Expansions in host species that have had multiple invasions are colored. Integrity of env gene is shown by color of
terminal branch: orange indicates the longest ORF (at least 75% of the full length); red indicates an ORF between 25 and 75% of the full length; blue indicates
an ORF <25% of the full length. Black shows loci for which we could not extract sequences >13 kb. Solid and open circles show Shimodaira–Hasegawa (SH)
support values > 0.90 and >0.75, respectively. The two blue triangles show switches of env. The published IAPE and IAP sequences are indicated.
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Frequency Distribution of ERV Family Sizes Is Skewed. The 20/80 rule
mentioned above (also referred to as the “80/20 rule” or “Pareto
principle”) is simply a description of power-law distributions, such
as the Pareto distribution, which have a fat right-hand tail: i.e.,
a majority of the instances belong to a minority of the groups.
Although the mechanisms that generate them are varied, such
power-law distributions also describe abundance in a variety of
areas, including other genomic systems (23, 24). As shown in Fig. 4
and Fig. S6, the Pareto distribution matches the observed right-
hand side of our observed frequency distribution of family sizes
better than the log-normal distribution, which commonly matches,
albeit crudely (25), the observed distribution of individual organ-
isms among species (26).

Discussion
The center of IAP diversity appears to be the rodents with some
spill-over infections into other species, chiefly small mammals in
similar habitats but also including the dolphin Tursiops. There
also is some evidence of host phylogeny affecting cross-species
transmission: IAPs appear to have invaded only the basal lineages
among the well-sequenced primates. Moreover, mouse and rat
IAP expansions frequently are sister clades, a result that is com-
patible with mouse and rat being sister species among the se-
quenced rodents. Interestingly, the abundant env-less IAP loci in
mouse are not, as originally thought, the degraded descendants of
the IAP loci shown to have a functional env (i.e., IAPEs) (9) but
rather, as shown in Fig. 2, are from an independent invasion of the
mouse genome. It is not known whether the inbred status of the
laboratory mouse has facilitated the proliferation of IAPs (27),

but we find a similarly large proliferation in the nondomesticated
ground squirrel Spermophilus.
Our study shows that mammalian ERVs have evolved in-

dependently into retrotransposons multiple times, and this process
underlies their relative abundance in mammal genomes. In-
tegrating this information into the known biology of ERVs (1, 6, 9,
28) suggests that genome invasion by XRVs generates ERV line-
ages that typically expand through reinfection in the initial stages
but often adapt to become intracellular retrotransposons. This
adaptation leads to the degradation of the now-redundant env
gene and confers increased intracellular but diminished interhost
mobility. ERV lineages do not persist indefinitely in their host but
rather cease replicating after a predictable time (28): Proliferation
and cross species transmission might be regarded as alternate
responses to lineage extinction. Among IAPs, we find no cases of
cross-species transmission after loss of env, and, indeed, no cases of
env capture by env-less vertebrate ERVs are known (29). However,
we cannot preclude the possibility that such capture might occur.
Rare events such as complementation and recombination might
restore the capability of the extracellular life cycle; for example, in
invertebrates there have been multiple evolutionary transitions
from LTR-retrotransposons to retrovirus-like elements by the
gaining of a thirdORF analogous to env and an assumed shift from
retrotransposition to reinfection (30). There also are examples of
cross-species transmission by various TEs that lack an obvious
mechanism for reinfection (31).
Why should a shift to retrotransposition lead to greater pro-

liferation? First, reinfection might reduce host fitness more.
Reinfection probably involves more replication in somatic cells,
with the consequent risks of insertional mutagenesis. Production
of endogenous Env protein may interfere with the normal func-
tion of the receptor and can cause cell fusion (32), a dangerous
effect even though several env genes have been co-opted for this
purpose in the host placenta (33). The transmembrane domain
of the Env protein also has immunosuppressive properties (34,
35) that might have a negative effect on host fitness. Second,

Fig. 3. Phylogenetic tree of the IAPs with the inferred ancestral states of
their host species. Expansions are collapsed into single taxa (white triangles),
and cross-species transmission events are indicated by yellow pentagons.
Colored lines show ancestral states that, according to the available host
sampling, can be attributed to a single host. Dashed lines show ancestral
states that could not be resolved.

Fig. 4. Histograms showing (A) how common are ERV families of different
size (Inset shows right-hand tail expanded for clarity) and (B) how many loci
in total are in these families. Lines are generated assuming a lognormal
(solid black) or generalized Pareto (dashed red) distribution. (C) env integrity
(relative to gag) for megafamilies and randomly selected smaller families.
The horizontal axes have been scaled using the logarithm to base 2.
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production of endogenous Env protein might be disadvantageous
to the ERV, e.g., possibly leading to receptor interference in
which intracellular binding of the cellular receptor to endoge-
nously expressed Env protein results in down-regulation of the
receptor required for viral reentry (36). A functional env gene
thus might inhibit proliferation through reinfection. In addition,
retrotransposition simply might be a more efficient way to gen-
erate new integrations into germline cells (27), circumventing
the requirement for survival in a hostile extracellular environ-
ment and evading some innate antiviral defenses [e.g., tetherin, a
membrane-bound protein that inhibits the replication of envel-
oped viruses by tethering budding virus to the cell-surface (37–
39)]. That retrotransposing ERVs are more common than rein-
fecting ones is consistent with ERVs as a group being rarer than
the entirely retrotransposing Long Interspersed Nuclear Ele-
ments (LINEs) in the mouse and human genomes (2, 3).
Is loss of env a cause or a consequence of the shift to retro-

transposition? In mouse IAPs, loss of env appears to be a conse-
quence: It has been shown experimentally that polymorphisms in
theMAdomain of theGag protein direct the packaging of the IAP
particles either toward the cell membrane or within the cisternae
of the endoplasmic reticulum (14, 40). TheMAdomain inGag has
been shown to play the same role in an unrelated family of mouse
ERVs called “musD” (41). Also, changes in the myristoylation
signal of Gag in HIV restrict budding on the plasma membrane
(42, 43). Thus the Gag protein appears to play a key role in de-
termining the extracellular or intracellular fate of a retroviral life
cycle. We assume that the Env protein, with its role in attachment
and entry into the cell, becomes redundant when packaging occurs
at the endoplasmic reticulum, and we see rapid loss on the phy-
logenetic trees (Fig. 2). However, as discussed above, the loss of
env might determine the success of the shift to retrotransposition.
As mentioned in the Introduction, we did not analyze

nonautonomous LTR-retrotransposons such as Mammalian ap-
parent LTR-retrotransposons (MaLRs), which are ERV-like
elements that lack pol and gag genes as well as env and replicate
using proteins produced by other ERVs. For example, in the
mouse genome there are four distinct groups of nonautonomous
LTR-retrotransposons, each with a phylogenetically related
ERV family that is assumed to replicate them (44). Our mining
relies on the presence of pol, so these retrotransposons would be
unlikely to be recovered. Loci can be copied by segmental ge-
nomic duplication, but this copying is negligible compared with
other replication mechanisms in the ERV lineages (1, 6, 10).
Can we say anything about the generating process that creates

our observed ERV family size distribution? If so, such a discus-
sion might provide a method of producing null distributions and
thus help detect biologically significant deviations. The widely
used and well-described Gibrat’s law (the law of proportionate
effect) states that if the size of an entity and its growth rate are
independent, and the entities are of the same age, then the re-
sulting distribution will be lognormal (45). However, if the en-
tities are of different age (time is a random variable), then the
resulting distribution will be lognormal with a power-law tail
(46); such a distribution is called a “double Pareto-lognormal”
distribution (24). ERV family size might be operating through
Gibrat’s law; i.e., the size of the family and its growth rate might
be independent, and because the family ages are different, the
resulting distribution would then be a double Pareto-lognormal
distribution. (Note, we are not suggesting that our megafamilies,
which lie within this power-law tail, are larger because they are
older than the other families; simply by mixing lognormal dis-
tributions from different time points we can generate a double
Pareto-lognormal distribution in which megafamilies from dif-
ferent time points would lie within the power-law tail and have
the same age as the smaller families within the lognormal body.)
Perhaps most importantly, our findings suggest that retroviral

abundance, measured both horizontally and vertically, is on
a continuum specified by the env gene: Gain of env allows the
acquisition of new hosts by horizontal transfer (cross-species
abundance), and loss of env is associated with substantially

greater expansion within the genome (genomic abundance). The
env gene thus has a key role in defining both the occurrence of
ERVs in host species and their abundance within each genome.

Materials and Methods
Genome Mining. We used an in silico approach detailed in SI Materials and
Methods. We are confident that our rescreening with new divergent
sequences allowed us to find the great majority of the pol-containing ERVs
in the available genome sequence data.

Selection of Loci. All IAPs invaded their hosts after speciation, but other ERV
loci probably integrated around the origin of vertebrates and, although
detectable, will have diverged to the extent that little sense can be made of
their phylogenetic relationships. We therefore excluded all loci that did not
have a 300-nt-long match of at least 90% sequence identity with at least one
other locus. This criterion excluded less than half of the loci (46%) and, as-
suming that the ERV sequence divergence is not markedly dissimilar to that of
their hosts, represents the exclusion of loci that had ceased replicating ∼25
million years ago (17), which is less than half the life of most mammalian
orders. As shown in Fig. 1, a large majority of the mammals sequenced had
diverged before this time, so loci in one genome should not have homologs
in others. However, some primate and possibly the Mus/Rattus genomes di-
verged after this date. To avoid counting the same locus twice (i.e., commit
pseudoreplication), we only usedMus, Homo, and Macaca to represent these
clades In our analyses of family sizes. In theory, this process could exclude
single-locus families; however, previous analyses of ERVs in the well-studied
human genome have not revealed any single-locus families (47). Therefore,
we do not expect this limitation to bias our analysis of family sizes.

Allocating Loci to Families. The number of ERV families in each genome was
measured using silhouette width, s, a composite index that reflects the
compactness and separation of clusters. The procedure, automated in Perl
software, was as follows. (i) For each genome, a matrix was made of all
pairwise dissimilarities between recovered ERV nucleotide sequences using
the EMBOSS water program (48), an implementation of the Smith–Waterman
alignment algorithm (with gap opening and extension penalties of 10 and 4,
respectively). (ii) Using silhouette from the partitioning around medoids
method included in the Cluster package in R (49), the n sequences were
partitioned into k clusters (where 2 < k < n − 1), and the mean value of s was
calculated for each value of k. (iii) The k clusters associated with the highest
mean value of s were designated as families, each of which was named
provisionally according to the most common reference sequence allocated to
that cluster. We then manually corrected the assignment to families, fusing
or breaking clusters, by visually inspecting the dendrograms and taking into
account large tree asymmetries, which the clustering algorithm fails to
identify. We finally determined as megafamilies the two largest families
within each genome that are larger than the top 1% of the expected family
size assuming a random equal distribution of the loci among the families.

Quantifying ERV Expansion. Wemeasuredwhether a locus is a result of a low or
high expansion history using ED, a measure originally conceived to provide
a rational metric for prioritizing species conservation policies (50) and corrected
byMay (51) for nonbifurcating trees (polytomies). The EDmetric is based on the
idea that some lineages contain few species, and therefore their conservation
should be prioritized (50, 51). It is implemented in the Tuatara package of
Mesquite (52). ED is defined as the sum of the branches arising at each and for
all subtending nodes (node score, s) standardized by dividing into the sum of it
across the tree. For each taxon i in the N taxon tree the ED is thus defined as:

EDi ¼

PN

i¼1
si

si
:

We use this formula instead of the inverse because it has better statistical
properties: It is defined as a subset of the positive real numbers (1, +∞),
whereas the inverse is a proportion and thus defined in the space (0,1).

The basal loci of an ERV lineage, which are thought to be closer to the
initial events of the genome invasion and thus are the result of fewer rep-
lication cycles, would score a high ED value. On the other hand, more derived
loci of an ERV lineage, which are thought to be the later events in an ex-
pansion and thus are the result of more replication cycles, would score a low
ED value. Therefore, ED and the expansion of ERVs have a monotonically
inverse correlation. Examples of calculating ED and the distribution of ED
scores on the IAP tree are shown in Figs S7 and S8, and the robustness to
phylogenetic uncertainty in Fig S9.
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Correlating Gene Integrity with ED.Weused the GLS approach as implemented
by the Analysis of Phylogenetics and Evolution (APE) package (53) in R (49),
taking into account both nonindependence of the data caused by phyloge-
netic relatedness (54) and nonuniform trait evolution on the tree [for one
human ERV family it has been shown that gene degradation is concentrated
on the terminal branches on the tree (55)]. The effect of phylogenetic re-
latedness can be incorporated in APE by modifying the value of Pagel’s λ, and
we created a multiplicative parameter (t) to transform the terminal branch
lengths and allow a faster rate of gene degradation on the terminal branches

of the tree. We used a range of different values for λ and t, and selected the
best-fit model using the Akaike Information Criterion (56).

Further details on methodologies and details about alignment, phylo-
genetic analyses, simulating frequency distributions, gene integrity, inden-
tifying and quantifying cross-species transmissions and invasions, and
recombination analysis of env in IAPs are given in SI Materials and Methods.
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SI 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 themain
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 XRV 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 ERV 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 theFastTree
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

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

(SI Results), we usedMrBayes (7), using theWAGmatrix of amino
acid substitutions and running four chains of Metropolis Coupled
Markov Chains Monte Carlo for 106 generations. We visually
inspected the mixing of the parameters with Tracer (http://tree.
bio.ed.ac.uk/software/tracer/) and used 105 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 10−4. 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. envmust
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 theWater program
of the EMBOSS suite, which implements the Smith–Waterman
algorithm.
For the class II 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 “EDcst,” as a measure of the distance
from the closest inferred cross-species transmission: The larger
the EDcst, the closer the element is to an inferred cross-species
transmission node. We found that ED and EDcst 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 EDcst.We also addressed the
following twopoints 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 λ.
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

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, t, 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 t
and λ 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 EDcst
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 env in IAPs. 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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XRV, 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 XRV 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.

SI 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 λ=1 (Table S2) and t = 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

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 EDcst). 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, EDcst, 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 EDcstwas very close to
that of ED (e.g., Table S2), and the best-fit model was the same
(λ = 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).

Magiorkinis et al. www.pnas.org/cgi/content/short/1200913109 4 of 13

www.pnas.org/cgi/content/short/1200913109


Fig. S2. Distribution of gene integrity on the IAP tree shown in Fig. 2 and described in the legend of Fig. 2. (A) gag. (B) prot. (C) pol.
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Fig. S3. Distribution of LTR similarity on the IAP tree shown in Fig. 2. Blue shows elements with more-similar LTRs (≥ 95% similarity). Black shows elements
with less-similar LTRs.
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Fig. S4. Scatterplot of ED against EDcst showing high correlation between the two values.
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Fig. S5. Phylogenetic tree of pol sequences from analyzed class II 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 II ERV family in Dasypus.
All viruses included have env except for the two env-less class II 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).

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.
3. Belshaw, et al. (2009) The RNA Virus Database. Nucleic Acids Res 37:D431–D435.
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Fig. S6. Overlaid scatter plots of the logarithmically transformed inverse cumulative distributions (vertical axis) vs. their logarithmically transformed family
sizes (horizontal axis) for the observed family sizes (blue circles) and a single lognormally simulated one (red triangles).

Fig. S7. The ED and env integrity metrics. (A) A five-taxon tree as an example of calculating ED. The S column shows the number of nodes from the root, and
the ED column shows the calculation of ED. Taxa that result from more replication events (larger expansion) have lower ED. (B and C) ED and env integrity
values in the largestMus IAP expansion (from bottom left of Fig. 2); ED is highest where the color of the terminal branches is dark red. Conventions for showing
env integrity are as in Fig. 2.
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0.08

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.
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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 EDcst against
gene, accounting for different levels of phylogenetic
dependence (Pagel’s λ)

Gene

Pagel’s λ

Parameter0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

gag − − − − − − − − − − − ED
− − − − − − − − − − 0 EDcst

prot − 0 + + + + + + + + + ED
− 0 + + + + + + + + + EDcst

pol − − − − − − − − − − − ED
− − − − − − − − − − − EDcst

env + + + + + + + + 0 0 0 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 λ 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 Class I megafamily 174 94 237 0.40
Class I megafamily 138 9 159 0.06
All nonmegafamilies 312 139 159 0.88

Canis familiaris Class I megafamily 57 63 213 0.30
All nonmegafamilies 33 131 186 0.70

Cavia porcellus IAP megafamily 629 7 439 0.02
All nonmegafamilies 1,500 138 226 0.61

Choloepus hoffmanni ERV-L megafamily 1,037 1 83 0.01
All nonmegafamilies 676 49 123 0.40

Dasypus novemcinctus ERV-L megafamily 768 2 115 0.02
All nonmegafamilies 2,305 46 147 0.31

Dipodomys ordii Class II megafamily 106 33 206 0.16
IAP megafamily 91 80 314 0.25
All nonmegafamilies 226 58 151 0.39

Echinops telfairi ERV-L megafamily 557 0 100 0.00
All nonmegafamilies 176 55 95 0.58

Erinaceus europaeus Class II megafamily 2,251 5 159 0.03
All nonmegafamilies 161 102 147 0.70

Felis catus Class I megafamily 111 37 240 0.15
All nonmegafamilies 193 86.09 158 0.54

Homo sapiens Class I megafamily 879 30 99 0.30
All nonmegafamilies 794 123 174 0.71

Loxodonta africana ERV-L megafamily 494 2 98 0.02
All nonmegafamilies 526 51 77 0.66

Macropus eugenii Class I megafamily 146 1 117 0.01
All nonmegafamilies 121 36 100 0.36

Microcebus murinus Class II megafamily 344 189 264 0.72
IAP megafamily 195 80 142 0.56
All nonmegafamilies 501 75 109 0.68

Monodelphis domestica Class I megafamily 2,986 4 186 0.02
All nonmegafamilies 679 132 255 0.52

Mus musculus IAP megafamily 1,188 152 685 0.22
ERV-L megafamily 799 11 484 0.02
All nonmegafamilies 1,675 204 266 0.77

Ochotona princeps Class II megafamily 117 3 417 0.01
Class II megafamily 111 1 442 0.00
All nonmegafamilies 219 121 160 0.76

Procavia capensis Class I megafamily 476 60 154 0.39
ERV-L megafamily 372 3 148 0.02
All nonmegafamilies 993 127 230 0.55

Spermophilus tridecemlineatus IAP megafamily 1,359 30 280 0.11
All nonmegafamilies 1,056 76 149 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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