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The (r)evolution of SINE versus LINE distributions
in primate genomes: Sex chromosomes are important
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The densities of transposable elements (TEs) in the human genome display substantial variation both within individual
chromosomes and among chromosome types (autosomes and the two sex chromosomes). Finding an explanation for this
variability has been challenging, especially in light of genome landscapes unique to the sex chromosomes. Here, using
a multiple regression framework, we investigate primate Alu and LI densities shaped by regional genome features and
location on a particular chromosome type. As a result of our analysis, first, we build statistical models explaining up to
79% and 44% of variation in Alu and LI element density, respectively. Second, we analyze sex chromosome versus au-
tosome TE densities corrected for regional genomic effects. We discover that sex-chromosome bias in Alu and LI distri-
butions not only persists after accounting for these effects, but even presents differences in patterns, confirming
preferential Alu integration in the male germline, yet likely integration of Lls in both male and female germlines or in early
embryogenesis. Additionally, our models reveal that local base composition (measured by GC content and density of LI
target sites) and natural selection (inferred via density of most conserved elements) are significant to predicting densities of
Lls. Interestingly, measurements of local double-stranded breaks (a 13-mer associated with genome instability) strongly
correlate with densities of Alu elements; little evidence was found for the role of recombination-driven deletion in driving
TE distributions over evolutionary time. Thus, Alu and LI densities have been influenced by the combination of distinct

local genome landscapes and the unique evolutionary dynamics of sex chromosomes.

[Supplemental material is available online at http:// www.genome.org.]

Transposable elements (TEs), once labeled as “junk” DNA, con-
tribute to unprecedented levels of interspecific divergence (Lander
etal. 2001; The Chimpanzee Sequencing and Analysis Consortium
2005; Han et al. 2007; Rhesus Macaque Genome Sequencing and
Analysis Consortium 2007), intraspecific genome diversity (Batzer
and Deininger 2002; Bennett et al. 2004; Seleme et al. 2006; Han
et al. 2008), and human diseases such as hemophilias A and B, as
well as common cancers (Batzer and Deininger 2002; Chen et al.
2005). Recently, the intra- and interchromosomal distributions of
short and long interspersed nuclear elements (SINEs and LINEs,
respectively), the most abundant classes of TEs in primate genomes
(Rhesus Macaque Genome Sequencing and Analysis Consortium
2007), have received critical attention. For example, although
SINEs are retrotransposed into the human genome via LINE (L1)
reverse transcriptase (Jurka 1997; Cost et al. 2002), the distribution
patterns of SINEs and LINEs within chromosomes are very differ-
ent (Lander et al. 2001). Indeed, Alus (a primate-specific family of
SINEs) and L1s both appear to insert into AT-rich sequences, yet
Alus accumulate over time in GC-rich regions (Yang et al. 2004;
Belle et al. 2005; Abrusan and Krambeck 2006).

TEs are also differentially distributed in the human genome
between the sex chromosomes and autosomes. Young AluYs are
present on chromosomes X, Y, and the autosomes at the ratios
expected according to the relative time spent in the male germline;
chromosome X has 2/3 the autosomal average Alu density, chro-
mosome Y has twice the density of autosomes, and the Y:X ratio of
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Alu densities is 3:1 (Jurka et al. 2002). Furthermore, a larger pro-
portion of Alus occurring in AT-rich regions (i.e., recently inserted)
reside on the Y than on the X chromosome (Jurka et al. 2004). In
contrast, old AluJs subfamily densities are reportedly highest on
the X, intermediate on autosomes, and lowest on the Y, concurrent
with the noted shift in preferred base compositions of young AluYs
(GC-poor) versus old AluJs (GC-rich) (Jurka et al. 2004).

Interestingly, the sex-chromosome distribution of L1 densi-
ties appears to be more complex. Recent analyses suggest that
primate-specific L1 subfamily densities (L1Ps) are significantly
higher on both the Y and X as compared to autosomes (Boissinot
et al. 2001; Abrusan et al. 2008). Sex-chromosome distributions of
older L1 subfamilies have received less attention; thus, the evolu-
tionary timing of establishing their genome-wide patterns remains
unexplained.

How is the sex-chromosome-biased genomic distribution of
TEs achieved, and maintained, over evolutionary time? First, the
male germline integration hypothesis predicts that densities of TEs
on each of the chromosome types will correspond to the amount
of time spent in the male germline (Table 1). Preferential in-
tegration in the male germline could explain the observed Y:A:X
ratio of young Alu densities corrected for GC content (Jurka et al.
2002, 2004). The hypomethylation of Alu repeats during sper-
matogenesis (Rubin et al. 1994) is consistent with this hypothesis,
since reduced levels of methylation lead to transcriptionally active
regions, important to retrotransposition. Yet, L1s appear to have
higher levels of methylation in the male than the female germline
(Rubin et al. 1994), possibly impeding their activity in the former.

Second, recombination-driven deletion is presumed to facil-
itate the preferential loss of TEs on certain chromosomes. As the Y
does not recombine outside of pseudo-autosomal regions and the
X has lower recombination rates than do autosomes (Kong et al.
2002), this mechanism would result in higher TE densities on the
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Sex-chromosome-biased Alu and L1 distributions

Table 1. Mechanisms, contributing factors, predictions, and evidence for biased genome-wide TE distributions according to chromosome

type: sex chromosomes (X, Y) versus autosomes (A)

Prediction for

sex-chromosome Evidence for Evidence for

Mechanism Contributing factor Expected significant predictor® biased TE density Alus L1s

Integration Relative variability of Genome landscape features® Varies® Yes (Fig. 1) Yes (Fig. 1)
preferences features on X, Y, and A

Sex-specific germline Male X and Y chromosome indicator variables Y>A>X Yes (Fig. 2A,B) Yes (Fig. 3A,B)
integration Female X and Y chromosome indicator variables X>A>Y Not significant Yes (Fig. 3A,B)

Recombination- Time spenton a Sex-specific recombination rates Y>X>A Not significant Not significant
mediated recombining Recombination hotspot density
deletion chromosome Genome instability 13-mer frequency

Natural selection Recessive and Gene content X>A Not significant Yes (Fig. 3A,B)

beneficial Most conserved elements density

cis-NATs density

Recessive and Gene content Y>A>X Weak significance  Not significant
deleterious Most conserved elements density (Fig. 2A,B)
cis-NATs density
Genetic drift Fixation of slightly NA A>X>Y Potential (Fig. 2A,B) Not significant
beneficial integrations
Fixation of slightly NA Y>X>A Not significant Potential
deleterious integrations (Fig. 3A,B)

?Genome landscape features used as predictors in models of TE densities (for details, see Supplemental Table S2 and Methods).
PGC content, L1 target site density, Telomere-containing hexamer frequency, Replication timing, CpG island density, CpG content, Nucleosome-
free region density, and Germline-expressed region density are variables used to model local TE integration preferences (for details, see Supplemental

Table S2).

“Genome landscape features significant to predicting variability in TE densities vary for individual subfamilies (for model-specific details, see Fig. 1 and

Supplemental Table S4).
NA, Not available.

Y, lower on the X, and the lowest on autosomes (Table 1). The
importance of recombination in establishing TE distributions
should also be reflected in the significance of recombination-
related features to models of genome-wide TE densities. How-
ever, recombination-driven deletion cannot explain the observed
change to lowest density of AluJs on the non-recombining Y
chromosome (Jurka et al. 2002). Loss of L1 elements due to re-
combination is anticipated to result in the same sex-biased distri-
butions noted for Alus; yet, comparisons of L1s among the chro-
mosome types contradict this expectation (Boissinot et al. 2001;
Abrusan and Krambeck 2006; Abrusan et al. 2008).

Third, chromosomal differences in genome characteristics such
as base composition (Lander et al. 2001) could affect local retro-
transposition rates and hence TE distributions (Table 1). Integration
by target-primed reverse transcription (Cost et al. 2002) occurs
concurrently with other cellular processes, most notably transcrip-
tion, and possibly replication timing (transcription-rich regions tend
to replicate early) (Woodfine et al. 2004). As the sex chromosomes
are more GC-poor than autosomes (Skaletsky et al. 2003; Ross et al.
2005) and are known to replicate late in S phase (Woodfine et al.
2004), these differences might determine genome-wide TE densities
if integration preferences are the primary source of variation.

Fourth, natural selection might play a role in influencing the
interchromosomal distribution of TEs. On the one hand, natural
selection operating against fixation of TEs capable of promoting
deleterious ectopic recombination (Boissinot et al. 2001; Abrusan
and Krambeck 2006; Sen et al. 2006; Han et al. 2008) would ulti-
mately lead to similar genome-wide distributions as the male
germline integration hypothesis: highest densities on the Y chro-
mosome, due to its lack of recombination (and as a result ineffi-
cient selection) (Muller 1964; Felsenstein 1974), and lowest densi-
ties on the X, due to male hemizygosity and increased efficiency
at purging deleterious recessive mutations (Table 1; Charlesworth
et al. 1987).

On the other hand, natural selection could drive the fixa-
tion of TEs possessing a beneficial nature, particularly on the
X (Charlesworth et al. 1987)—selection is thought to shape the
distribution of L1 elements that are potential mediators of
X-chromosome inactivation (XCI) (Table 1; Lyon 1998; Bailey
et al. 2000; Carrel et al. 2006; Abrusan et al. 2008). As selection is
difficult to measure directly, local gene content (as well as the
content of other functional DNA classes) is often used as a proxy to
reflect its impact (Abrusan et al. 2008). Interestingly, selection
could also influence TE distributions because of their ability to
regulate gene expression via cis-natural antisense transcripts (cis-
NATs) (Conley et al. 2008) capable of RNA interference (Kloc and
Martienssen 2008). L1 elements contain the largest proportion of
TE-derived cis-NATs (Conley et al. 2008) and were recently sug-
gested to accumulate on the X for this selectively advantageous
purpose (Abrusan et al. 2008), although this hypothesis has not
been formally tested.

Finally, sampling effects due to random genetic drift can alter
TE densities among the chromosome types, as the X has effectively
3/4, and the Y 1/4, the population size (N.) of the autosomes. For
instance, random allele fluctuations over time could lead to either
the higher rate of fixation of slightly deleterious or, conversely, loss
of slightly advantageous newly integrated TEs on the sex chro-
mosomes versus autosomes, thus contributing to the observed
sex-chromosome-biased distributions (Table 1).

Here, we aim to distinguish among the above mentioned
explanations for sex chromosome biases in distributions of Alu and
L1 subfamilies of different evolutionary ages. We employ multiple
regression models to account for the variability in TE densities in
1-Mb windows and, here for the first time, considering multiple
genomic landscape features simultaneously. Subsequently, we
analyze corrected TE densities on the sex chromosomes and au-
tosomes. By providing an explanation for the sex bias in Aluand L1
distributions, we shed light on the evolutionary forces shaping
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nearly a third of each primate genome (e.g., Lander et al. 2001; The
Chimpanzee Sequencing and Analysis Consortium 2005) and il-
luminate significant processes in sex chromosome evolution.

Results

Identification of branch-specific transposable elements

To explain genome-wide variability in TE densities in primate ge-
nomes, we applied the following strategy. First, we compared TE
annotations among all possible pairwise combinations of the four
sequenced primate genomes: human (Lander et al. 2001), chim-
panzee (The Chimpanzee Sequencing and Analysis Consortium
2005), orangutan (The Orangutan Genome Sequencing Consor-
tium, in prep), and macaque (Rhesus Macaque Genome Sequenc-
ing and Analysis Consortium 2007). We classified TEs as lineage-
specific, ancestral (integrated in the common ancestor of the
studied species), or intermediate in integration timing (i.e., hu-
man-chimpanzee [HC] or human-chimpanzee-orangutan [HCO]
branch-specific) (Supplemental Table S1; Methods). Consistent
with arecent analysis (Walser et al. 2008), we observed orthologous
repeats in human, orangutan, and rhesus that were not recovered
in chimpanzee, highlighting differences in sequence and genome
assembly quality among primates, and/or chimpanzee-specific de-
letions (e.g., van de Lagemaat et al. 2005; Sen et al. 2006; Han et al.
2008).

Multiple regression analyses

Next, we obtained transposable element densities (as measured by
count per window) and genomic landscape features (Supplemental
Table S2) in 1-Mb nonoverlapping windows for each of the studied
primate genomes (for details, see Methods). TEs found in regions of
segmental duplication (Cheng et al. 2005) were excluded, in order
to focus our analyses on inferences of insertion rather than du-
plication dynamics (Methods). Windows of low sequence coverage
and/or quality for each genome were also excluded to avoid po-
tential biases in the detection of TEs and in the measurements of
genome landscape predictors (Methods). This resulted in 2620,
146, and 21 windows on human autosomes, chromosome X, and
chromosome Y, respectively (for final window numbers retained
after pruning for each model, see Supplemental Table S3); genome-
wide data for additional primates analyzed are provided in Sup-
plemental Table S4.

Finally, for each species, we performed multiple regression
analyses to model variability in each TE subfamily density (re-
sponse) depending on genomic landscape features (predictors)
that reflect particular mechanisms of TE integration preferences
and accumulation over evolutionary time (see introduction and
Methods; Table 1; Supplemental Table S2); however, we acknowl-
edge the possibility that some of the predictors might be associated
with multiple mechanisms. The relative contribution to variability
explained (RCVE) (Kvikstad et al. 2007) was used to detect the
relative predictive power of each predictor in each full model,
when in the context of all other predictors (for details, see
Methods). Initially we applied this framework to repeat densities in
the human genome, not separating windows by location on Y, X,
and autosomes. We compared the densities of TEs on sex chro-
mosomes versus autosomes after adjustment for regional variation
as measured by the residuals from the above genome regression
models. Last, repeat densities in other primate genomes were an-
alyzed, following a similar procedure.

Genomic features shaping the distribution of Alus

Our multiple regression models incorporating genomic landscape
features (Fig. 1A) explain from 20% to 79% of the total genome-
wide variability in Alu repeat densities, depending on the sub-
family. Here, Alus were divided into human-specific AluYs; in-
termediate in integration timing, that is, human-chimpanzee
(HC) or human-chimpanzee-orangutan (HCO) branch-specific
AluYs; and ancestral AluS and AluJ subfamilies that integrated in
the common ancestor of the studied species (Fig. 1A; Supplemental
Tables S1, S3; see Methods). Models increase in explanatory power
(measured by adjusted R?) with the estimated abundance of each
Alu subfamily: the largest variability is explained for the most
prolific (and oldest) AluS and AluJ subfamilies (Fig. 1A; Supple-
mental Table S1).

The relative predictive power of each feature in each model
corresponds to its RCVE value, depicted in Figure 1. The frequency
(calculated as a ratio of the observed/expected frequency) of
a 13-mer associated with genome instability (Supplemental Table
S2; Myers et al. 2008) is among the most significant predictors that
consistently explain variability in the densities of all Alu elements,
independent of integration timing (Fig. 1A; regression details in
Supplemental Table S3). Indeed, the 13-mer CCNCCNTNNCCNC,
hypothesized to promote double strand breaks (DSBs) (Myers et al.
2008), is a significant positive predictor for the Alu densities of
each analyzed subfamily, explaining ~10%-22% of variability
genome-wide (Fig. 1A; Supplemental Table S3). The frequency of
this oligomer was calculated considering all nucleotides present in
each genomic window, excluding oligomers located at TEs them-
selves, which did not alter our results. Consistent with the im-
portance of L1 endonuclease target sites (TTTTAA) for Alu in-
tegration (Jurka 1997; Cost et al. 2002), all Alu densities strongly
positively correlate with the density of these motifs: this predictor
contributes 6.1%-26.7% of variation in Alu densities (Fig. 1A).

Whereas previous reports (e.g., Lander et al. 2001; Jurka et al.
2004; Abrusan and Krambeck 2006) observed a shift from AT to GC
location preferences of young to old Alus, here, when simulta-
neously considering variability in other genomic features, GC
content is negatively associated with the density of Alus at nearly
all integration time points (except for ancestral AluJs) (Fig. 1A) and
explains between 0.5% and 7% of overall Alu density variability
(Supplemental Table S3). Interestingly, examination of pairwise
correlations (i.e., not in the context of a multiple regression) be-
tween individual Alu subfamilies and GC content reveals that the
negative Pearson correlations between GC content and young
(human-specific, HC, HCO) AluYs decrease in their significance
with time, whereas, conversely, the ancestral (AluS, and AluJ)
subfamilies are weakly positively correlated with GC content
(Supplemental Fig. S1). Thus, correlations between GC content
considered alone and Alu densities recapitulate the previously
noted Alu shift in base composition preferences (see introduction).

The density of germline-expressed genes, a feature related to
potential integration preferences and likely representing tran-
scriptionally active DNA, is a weak positive predictor for all but the
human-specific Alus (RCVEs less than 1% to 1.2%) (Fig. 1A; Sup-
plemental Table S3). Our models further demonstrate that the in-
termediate (HC, HCO) AluYs and AluS elements show a negative
relationship with nucleosome-free regions (e.g., HC RCVE is 3.6%)
(Fig. 1A; Supplemental Table S3).

In addition, our models tested features related to recombi-
nation. Human-specific AluYs strongly negatively correlate with
computationally predicted recombination hotspots (Myers et al.
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Figure 1. Relative contribution to variability explained (RCVE) for each genome landscape feature
significant to modeling variation in densities of Alus (A) and L1s (B) in 1-Mb windows across the human
genome. Results of regressions with either the Alu or L1 density of various evolutionary integration timings
as response and genome-wide features as predictors are depicted as bar plots (for details, see Supplemental
Table S3). Color-coded areas correspond to the relative share (RCVE) that each predictor contributes to the
total variability explained, in the presence of all other predictors (for details, see Methods). Bar plots are
proportional to the sum of the RCVEs for each multiple regression model. (HC) Human-chimpanzee
branch-specific elements; (HCO) human-chimpanzee—orangutan branch-specific elements.

with such hotspots. The frequency of
telomere-containing hexamer TTAGGG,
a hallmark of telomerase-dependent RNA
retrotranscription and repair of DSBs
(Nergadze et al. 2007), is also negatively
associated with particularly young (hu-
man-specificc, HC and HCO) AluY in-
tegrations with RCVEs = 0.6%-1.7%, but
is not significant for ancestral AluS and
Alu] integrations. Other measures of re-
combination, namely, male- and female-
specific recombination rates (Kong et al.
2002), explain <1% of variability in Alu
densities for two subfamilies only (Fig.
1A; Supplemental Table S3). Interestingly,
the distance to the telomere, an impor-
tant factor in determining variability in
substitution and indel rates (Kvikstad
et al. 2007; Tyekucheva et al. 2008), is
a positive predictor for human-specific
AluY densities (RCVE 1.7%), but explains
<1% of AluS and Alu]J variability (Fig. 14A;
Supplemental Table S3).

Several genomic features likely to
reflect local selection pressure also display
(usually weak) associations with local Alu
densities (Fig. 1A). The density of most
conserved elements is negatively associ-
ated with the density of HC AluYs, while
positively correlated with the density of
ancestral AluSs and AluJs, and contributes
up to ~1.6% in the RCVE. Gene content,
on the other hand, explains <1% of the
total variability in Alu density (Supple-
mental Table S3). Additionally, the local
density of cis-NATs thought to regulate
gene expression via RNA interference
(Conley et al. 2008) is a relatively weak
but significant positive predictor for
all Alus except for human-specific ones
(RCVEs ranging up to 1.2%) (Supple-
mental Table $3). The remaining features
together explain only a small fraction
of the overall variability in Alu densities
genome-wide.

Genomic landscape features important
to LI subfamily densities

Depending on repeat integration timing,
our multiple regression models capture
30%-44% of total genome-wide variabil-
ity in L1 densities. Here, separate models
were built for human lineage-specific L1s,
ancestral L1s—L1PB and L1M repeats,
and Ll1s intermediate in integration
timing—HC and HCO L1PA repeats (Fig.
1B; Supplemental Tables S1, S3). In con-
trast to Alus, our explanatory power for

2005), explaining ~5.4% of variability (Supplemental Table S3); individual models of L1 subfamily densities correlates with neither
the remaining Alu subfamilies, however, show relatively weak evolutionary timing of integration nor repeat quantity: for exam-
(RCVEs ranging from less than 1% to 1.8%) positive associations ple, L1Ms are the most abundant and the oldest L1 subfamily
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studied here (Supplemental Table S1), yet models capture a similar
proportion of their variability in repeat density as for the rarer
human-specific L1s (Fig. 1B).

Several predictors, including L1 target sites, most conserved
elements, and GC content, are significant for all (or almost all)
regression models of L1 densities, independent of L1 evolutionary
age. Predictably, L1 target sites (Berry et al. 2006) positively asso-
ciate with the density of all L1 elements (Fig. 1B) and can alone
explain the major portion of total L1 density variability (Supple-
mental Table S3), reflecting target-primed reverse transcription
(Jurka 1997; Cost et al. 2002).

When simultaneously considering variability in other co-
factors, GC content is a strong positive predictor for almost all (but
the human-specific) L1 integrations and contributes up to an ad-
ditional 34% to determining variation in L1 densities genome-
wide (Fig. 1B; Supplemental Table S3). This is observed despite the
known AT preferences of L1 endonuclease cleavage (Jurka 1997;
Lander et al. 2001; Cost et al. 2002). Due to their AT-rich nature, L1
target sites display a strong negative correlation with GC content
(data not shown), requiring an interaction term when both pre-
dictors are selected in the full regression model (Methods). The
negative coefficient for the interaction term in the human-specific
L1 model (Supplemental Table S3), for instance, indicates that
despite the strong positive correlation between L1 density and L1
target site density, the magnitude of this relationship decreases
in regions with increasing GC content. Nevertheless, although
human-specific L1s insert into GC-poor regions, all other L1s in-
crease in density with increasing GC content, as reported in pre-
vious pairwise analyses of L1s and GC content (e.g., Lander et al.
2001; Jurka et al. 2004).

Our models reveal that the density of most conserved elements
is a strong negative predictor for all L1 densities, explaining ~2%-—
11% of L1 density variation genome-wide (Fig. 1B; Supplemental
Table S3). This implies that L1 densities are sparse in regions of the
genome rich in most conserved elements. In contrast, other fea-
tures used as proxies of natural selection, namely, gene content
and cis-NATs, are not significant for any L1 model (Supplemental
Table S3).

As observed for Alus, human-specific L1 densities strongly
negatively correlate with the density of recombination hotspots:
this variable explains ~9.9% of total human-specific L1 density
variability genome-wide (Fig. 1B; Supplemental Table S3). Re-
combination hotspots display a positive association with L1PB
densities (RCVE ~ 5.5%), yet, the sex-specific recombination rates
(as for Alus) contribute only small fractions (RCVE = 1.5%) of the
overall variability in L1 densities (Fig. 1B; Supplemental Table S3).
Interestingly, the telomerase-associated hexamer is a weak positive
predictor for human-specific L1 densities (with RCVE ~ 1%),
possibly reflecting an alternative L1 endonuclease-independent
mechanism for integration (Morrish et al. 2007; Sen et al. 2007)
and/or their recruitment during DSB repair (Sen et al. 2007). The
frequency of the genome instability 13-mer, a strong positive
predictor for all Alu densities, displays a negative correlation with
intermediate HCO L1PAs and L1PBs (RCVEs ~ 2.5%) and a strong
positive correlation with ancestral L1Ms explaining an additional
23% of their variability (Fig. 1B; Supplemental Table S3).

Similar to the results for variation in Alu repeat densities,
some genomic features predict genome-wide variability of L1s of
a particular evolutionary age only. For instance, the densities of
intermediate L1s (HC and HCO L1PAs) and ancestral L1PBs posi-
tively associate with density of nucleosome-free regions that ex-
plain ~1%-4% of L1 variability; human-specific L1s and ancestral

L1Ms are not significantly associated with nucleosome-free regions
(Supplemental Table S3).

In contrast to Alus, however, CpG islands are a weak positive
predictor for all L1 elements (RCVEs ~ 1%-1.5%; Fig. 1B; Supple-
mental Table S3). The density of germline-expressed genes is
a significant but weak negative factor in determining variability in
ancestral LIM densities (RCVE < 1%).

Distribution of Alus and LIs on sex chromosomes
versus autosomes

Next, we compared Alu and L1 densities on sex chromosomes with
their corresponding densities on autosomes, separately for each
integration time point. We performed regressions of the observed
TE densities using categorical variables indicating location of
a window on an autosome (A) or sex chromosome (X or Y)
(Methods). Consistent with previous analyses (see introduction),
we detect significant differences in Alu and L1 densities both
among the various chromosome types and the individual sub-
families (Figs. 2, 3). In particular, human-specific AluY densities
measured in 1-Mb windows are significantly higher on Y, followed
by autosomes and lowest on X (categorical regression P-value =
4.02 X 10~%); all other Alu element densities are significantly higher
on the autosomes with respect to both sex chromosomes (P-values
= 2.38 x 1078 for details, see Fig. 2A). In contrast, observed L1
densities are significantly higher on the Y for all relatively recent L1
integrations analyzed here (human-specific, HC, and HCO; P-values
=2.91 x 107 '% Fig. 3A), but highest on X for L1PB (P-value = 2.65 X
10719 and L1M elements (P-value = 0.001; Fig. 3A).

Since observed TE densities on the various chromosome types
reflect the combined influences of local genome landscape features
and location on X, Y, or autosomes, we next analyzed the densities
of TEs on sex chromosomes versus autosomes after accounting for
variation due to inherent chromosomal differences in genomic
properties. In other words, we sought to determine whether the
sex-chromosome-biased distribution observed above is preserved
after we correct for the unique genomic landscapes on sex chro-
mosomes. For each Alu and L1 subfamily, the residuals from the
above genome-wide models (resulting in “corrected” TE densities)
were regressed on categorical variables indicating window location
on a particular chromosome type, similar to above.

Despite substantial variation in many genomic characteris-
tics, almost all of the TEs analyzed here continue to exhibit sex-
chromosome-biased distributions after applying the correction.
Additionally, we frequently note a stark contrast between observed
versus corrected densities in 1-Mb windows, on the autosomes, X,
and Y (Figs. 2, 3)—suggesting that the significance of location on
a particular chromosome type is not merely a reflection of the
differences in landscape features. For instance, the corrected Alu
densities are significantly higher on the Y than on the X chro-
mosome for all subfamilies except for HC AluY (P-values = 1.10 X
10~%; Fig. 2B; regression model details in Supplemental Table S3);
at the same time, the corrected Alu densities are still significantly
higher on autosomes than on X for all subfamilies (Fig. 2B), con-
sistent with the observed densities (Fig. 2A). The explanatory
power for location of a window on the X, the Y, or an autosome
explains an additional ~1%-2% variability for corrected Alu den-
sities (Supplemental Table S3).

The corrected densities of human-specific L1 integrations are
significantly higher on the X, intermediate on the Y, and lowest
on autosomes, in contrast with the pattern for observed densities
(P-value = 1.38 X 107'3; Fig. 3B). The pattern of highest corrected
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Figure 2. Human sex chromosome (X, Y) versus autosome (A) distribution of observed (A) and corrected (B) densities of Alus in 1-Mb windows genome-
wide. (A) Observed densities are plotted for Alu elements of various evolutionary ages including human-specific AluYs; human—chimpanzee branch-specific
(HC) AluYs; and human-chimpanzee-orangutan branch-specific (HCO) AluYs; AluS and Alu) subfamilies, on the autosomes (white), X (light gray), and Y
(dark gray) chromosomes. (B) Residuals from genome-wide multiple regression models represent densities corrected for local variation in genome
landscape features. Notches on boxplots indicate the 95% confidence interval of the median.

densities on the X is also noted for the ancestral L1PB (P-value =
4.44 X 1077) and L1M (P-value = 0.001) subfamilies (Fig. 3B; Sup-
plemental Table S3). The corrected densities of HC L1PAs are not
significantly different among the various chromosome types (re-
gression model P-value not significant) (Fig. 3B; Supplemental
Table S3), whereas corrected HCO L1PAs display the same distri-
bution pattern as the observed densities. Similar to Alus, the sex-
chromosome indicator variables explain relatively small but signif-
icant portions of variability in corrected L1 densities: location of a
window on chromosomes X, Y, or autosomes contributes from <1%
to at most 2% to the variability in corrected densities of the ana-
lyzed human L1s (Supplemental Table S3).

Genome landscape features driving
chromosome-specific effects

We investigated which of the above genome landscape features
could be important to establishing the noted change in observed
versus corrected distribution patterns for Alu and L1 densities,
suggesting that a feature exhibits chromosome-specific effects
leading to the observed relative TE densities on the autosomes, X,
and Y. To accomplish this, we tested each significant predictor in
genome-wide regressions (Supplemental Table S3) for each TE
model as follows. We removed each predictor of interest sequen-
tially, performed multiple regression on the subset of genome
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Figure 3. Human sex chromosome (X, Y) versus autosome (A) distribution of observed (A) and corrected (B) densities of L1 elements in 1-Mb windows
genome-wide. (A) Observed densities are plotted for L1s of various evolutionary ages including human-specific L1s; human—chimpanzee branch-specific
(HC) L1PAs; and human-chimpanzee-orangutan branch-specific (HCO) L1PAs, L1PB, and L1M subfamilies, on the autosomes (white), X (light gray), and
Y (dark gray) chromosomes. (B) Residuals from genome-wide multiple regression models represent densities corrected for local variation in genome
landscape features. Notches on boxplots indicate the 95% confidence interval of the median.

landscape features (reduced model, i.e., excluding the terms
related to the predictor of interest; see Methods), and regressed
residuals of each reduced model on categorical variables indicating
location of a window on the X, Y, or autosomes, as above. If the
resulting pattern (the relative densities among the chromosome
types) was similar to that for the corrected TE densities, we inferred
that the predictor of interest was not important to determining
chromosome-specific effects, since other predictors remaining in
the reduced model contribute to the distribution pattern. However,
a resulting pattern similar to observed densities implied that the
predictor removed from the model was, indeed, driving the change
in pattern, and responsible for chromosome-specific effects.

Of the Alus analyzed here, HCO AluY, AluS, and Alu] densities
noticeably change in pattern between observed versus corrected
densities (Fig. 2). Interestingly, the reduced models for each of
these Alus, regardless of which predictor of interest is excluded,
display patterns similar to the corrected density distributions on A,
X, and Y (data not shown).

Several L1 subfamilies also exhibit a stark contrast in their
distribution patterns on the chromosome types, before versus
after correction for genome landscape features (Fig. 3). Reduced
models for the human-specific L1s, when excluding most con-
served elements density and recombination hotspot density, sep-
arately, each display distribution patterns similar to observed
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densities (Supplemental Fig. S2) and thus likely drive the ob-
served sex-chromosome-biased distributions. Similarly, for the
HC L1s, the only TE model analyzed here that shows no signifi-
cant difference in corrected densities among the chromosome
types (Fig. 3B), the reduced model omitting most conserved ele-
ments shows a pattern similar to observed densities (Supplemental
Fig. S2).

Distributions of Alu and LI subfamilies in primate genomes

Following the strategy described above, we analyzed lineage-spe-
cific TE densities in chimpanzee and orangutan, separately, using
landscape features available for each of these genomes (Supple-
mental Table S4). Despite fewer annotated features, our models
explain considerable fractions of variability in primate lineage-
specific Alu and L1 densities (from ~20% to 64% of variability)
(Supplemental Table S4). Shared model
characteristics across primates reveal di-
agnostic patterns predictive of Alus and
L1s: Alus negatively correlate with GC
content; most conserved elements, rather
than genes, provide substantial explana-
tory power in predicting TE densities ge-
nome-wide; and, the 13-mer associated
with DSBs is a positive predictor for Alus
in all analyzed primates (Supplemental
Table S4).

‘We observe similar sex-chromosome-
biased distributions of corrected lineage-
specific L1 and Alu densities in both the
orangutan and the human genomes
(Fig. 4; Supplemental Fig. S3). Orangutan
(for which Y chromosome sequence is
not yet available), like human, exhibits
higher corrected densities of lineage-
specific Alus on autosomes than on the X,
but densities of lineage-specific L1s are
highest on X relative to autosomes.

However, corrected lineage-specific
TE distribution trends in chimpanzee,
the only non-human primate species for
which Y-chromosome sequence is avail-
able (The Chimpanzee Sequencing and
Analysis Consortium 2005; Hughes et al.
2005; Kuroki et al. 2006), exhibit differ-
ences to those in human (Fig. 4; Supple-
mental Fig. S4). Interestingly, the distri-
butions by chromosome type for both
observed and corrected densities of
chimpanzee-specific AluYs and L1s share
the same patterns: densities are highest
on Y, intermediate on X, and lowest on
the autosomes (Fig. 4; Supplemental Fig.
S4). To test whether differences between
human- and chimpanzee-specific sex
chromosome distributions are due to the
limited subset of genomic features avail-
able for chimpanzee, we reanalyzed hu-
man-specific TEs using the subset of ge-
nomic features common for all primates
(Supplemental Table S2). Despite a mod-
erate decrease in the variability explained,

A

AluJ: Y>A>X

L1M: X>Y2A

AluS: Y>A>X

L1PB: X>A2Y

the sex-chromosome patterns observed for human-specific TE
densities hold (Supplemental Table S4).

Discussion

Here, we demonstrate that local genome landscape features and
location on sex chromosomes versus autosomes contribute sig-
nificantly to shaping Alu and L1 densities over evolutionary time
(Fig. 4). To our knowledge, this is the first comprehensive study
combining local variation modeling and sex-chromosome versus
autosome analysis of TE densities. The multiple regression models
of TE densities presented here explain substantial proportions of
variability in Alu and L1 genome-wide densities and illuminate the
mechanisms shaping TE integration and fixation preferences over
evolutionary time.

Human

Y>A>X

~6Mya YX>A_ opi

A>X>Y

~14 Mya A>X Or.

Y>A>X

~25 Mya Rh

Human

X>Y2A

~6Mya YSX>A  opi

Y2A2X

~14 Mya X>A Orangutan

Y>X>A

~25 Mya Rh

Figure 4. Sex-chromosome biased patterns of corrected TE densities in primates. Relative densities of
Alus (A) and L1s (B), after accounting for regional variation in local genome landscape features, are
compared among the X, Y, and autosomes (A) for each branch in the primate phylogeny. Statistically
significant differences are indicated with inequality symbols (>), whereas insignificant differences are
indicated with equality symbols (=).
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Mechanisms contributing to the genome-wide
distribution of Alu densities

What mechanisms could be shaping the genome-wide distribution
of Alus? Here (and also below for L1s), we highlight the most likely
mechanisms associated with each significant genomic factor
(Table 1; Table S2); we cannot exclude the possibility that other
processes might also be involved. Our analysis confirms the role
of previously identified target site sequences for Alu integration
(Supplemental Tables S3, S4; Jurka 1997; Cost et al. 2002), and
the AT-rich local base composition preferences of young (here,
human-specific) Alus (Fig. 1; Lander et al. 2001; Hardison et al.
2003; Yang et al. 2004). As previously noted (e.g., Lander et al.
2001; Hardison et al. 2003; Yang et al. 2004; see introduction),
both Alu and L1 densities strongly associate with GC content.
However, here we observe that, when simultaneously considering
other genome features, GC content is a negative predictor for al-
most all Alus analyzed but decreases in its explanatory power over
time (Fig. 1; Supplemental Table S3). This distinction between
pairwise and multiple regression analyses could be due to several
factors. For example, our observations might emphasize the im-
portance of scale for genomic analysis (Berry et al. 2006); previous
analyses of Alus and the dependence on local GC content have
focused on scales of 50 kb (Jurka et al. 2004; Yang et al. 2004) and
5 Mb (Hardison et al. 2003), but not 1 Mb, as done here. Addi-
tionally, the subtle changes noted for Alus over evolutionary time
could be masked when all Alus (or all SINEs) are analyzed together.
Alternatively, differences could be attributed to the ability of
multiple regression models to tease apart the underlying correla-
tions between GC content and additional genome characteristics
that are aggregated when GC content is modeled individually (e.g.,
Lander et al. 2001; Hardison et al. 2003; Yang et al. 2004). Re-
maining features related to integration preferences, such as mea-
surements of transcriptional activity (CpG island density, nucleo-
some-free region density, and germline-expressed gene density),
each contribute comparatively small fractions to explaining vari-
ation in Alu densities (Supplemental Table S3).

We demonstrate that simple sequence degradation (via ac-
cumulation of substitutions and/or small indels) is not a likely
explanation for establishing Alu densities over evolutionary time
because these predictors did not contribute to any of the Alu
models (Supplemental Table S3; Belle et al. 2005). Nor do the
genome regression models indicate a significant role for recom-
bination-mediated deletion in shaping Alu densities. Male- and
female-specific recombination rates display very weak correlations
with older Alu elements (Supplemental Table S3), whereas com-
putationally predicted recombination hotspots most strongly
negatively associate with human-specific Alu densities (Fig. 1A),
suggesting that Alus insert into regions of the genome experienc-
ing low levels of recombination. The corresponding contributions
of recombination hotspots to models of Alu densities decrease with
the age of TE integration (Supplemental Table S3), consistent with
the rapid evolutionary movement of hotspots (for review, see Coop
and Przeworski 2007). In addition, the high explanatory power of
Alu models (37%-51%) for each primate species analyzed here,
including species that yet lack recombination data, suggest that
features other than recombination contribute more to shaping Alu
densities over evolutionary time scales (Table 1; Supplemental
Table S4).

In contrast, the frequency of a 13-mer defining genome in-
stability (Myers et al. 2008) is positively associated with all human
Alu subfamilies (Fig. 1A) and with lineage-specific Alus in all pri-

mate species analyzed here (Supplemental Table S4). We calculate
motif’s frequency as the ratio of observed to expected frequencies;
thus, the observed positive correlation implies that Alus increase
in density with regions enriched for this motif, and thus double-
stranded breaks, after correction for sequence similarity. Alu den-
sities also strongly negatively correlate with GC content, consis-
tent with elevated inter-Alu recombination in GC-rich regions (Sen
et al. 2006). Together, these results imply that Alus contribute to
instability themselves by providing sequences that promote non-
allelic homologous recombination (NAHR) (Batzer and Deininger
2002; Sen et al. 2006). Conversely, Alu elements might contribute
to the evolution of the recombination landscape; in light of recent
findings that revealed a lack of correspondence between the 13-
mer and current recombination hotspot activity in chimpanzee
(Myers et al. 2010), a potential role for Alus in this process awaits
further investigation.

Interestingly, NAHR could potentially explain the contradic-
tory pattern for observed versus corrected densities of Alus on the Y
chromosome: over time, we note a decline in observed densities of
Alus on Y, while the relative corrected densities are highest com-
pared to autosomes and X (Fig. 2). Gene conversion is known to
occur frequently on the Y (Rozen et al. 2003; Skaletsky et al. 2003).

Our results suggest that selection could be at most a weak
determinant in shaping the distribution of Alus. Gene content
explains only small fractions in models of genome-wide Alu den-
sities (Supplemental Table S3), and although most conserved ele-
ments and cis-NATs increase in their explanatory power for an-
cestral integrations, together they explain only a small proportion
of genome-wide variability of Alu densities (Fig. 1A; Supplemental
Table S3).

Mechanisms contributing to the genome-wide
distribution of LI densities

Which mechanisms act to establish the distribution of L1s? First,
several features related to potential integration preferences were
tested in our analysis. Similar to Alus, we confirm that previously
identified target site sequences (Jurka 1997; Cost et al. 2002) are
a major determinant for L1 integration (Fig. 1B). In fact, the den-
sity of L1 target sites is consistently among the most significant
predictors explaining variability in all TEs analyzed here, particu-
larly for the L1s (Supplemental Tables S3, S4; Berry et al. 2006).
However, in contrast to Alus, GC content positively correlates with
densities of all but human-specific L1s and remains a highly sig-
nificant factor at all integration time points (Fig. 1; Supplemental
Table S3). Associations with replication timing and transcription-
ally active DNA, measured by CpG island density, contribute only
small fractions to the genome-wide variability in L1 densities;
whereas, in contrast to Alus, germline-expressed gene density
is significant to L1Ms only (Supplemental Table S3). Thus, L1
genome-wide densities are predominantly determined by the lo-
cal DNA sequence composition.

Second, natural selection could be a significant factor in
shaping genome-wide L1 densities (Table 1). Interestingly, the
density of most conserved elements rather than gene content is
a significant predictor for TE densities in all primates analyzed,
confirming previous observations (Simons et al. 2006; Sironi et al.
2006). Indeed, most conserved elements explain up to ~11% of
genome-wide variability in L1 densities (Fig. 1); young L1s are not
tolerated in regions rich in these elements, and older L1s maintain
this strongly negative association throughout the evolutionary
time studied here (Fig. 1B). These results indicate a possible role for
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natural selection, since most conserved elements are likely to
contain functional DNA (Siepel et al. 2005). Third, neither sub-
stitution rates nor small indel rates were significant in our genome-
wide models of L1 densities (Supplemental Table S3); thus, simple
degradation over evolutionary time is an unlikely explanation
(Belle et al. 2005). Fourth, like the case for Alus, meiotic re-
combination is not sufficient to explain the densities of L1s be-
cause of the minimal contributions of recombination-related fea-
tures in our models. Human-specific L1s strongly negatively
correlate with the density of recombination hotspots (Fig. 1; Sup-
plemental Table S3), yet such hotspots explain smaller fractions of
variability for the ancestral L1PBs only (Fig. 1; Supplemental Table
$3). Moreover, male and female sex-specific recombination rates
contribute only ~1% to variability in HC and HCO L1 models,
again diminishing the potential role of recombination in de-
termining L1 densities over time (Supplemental Table S3).

Genome landscape features and mechanisms
accounting for sex-chromosome-biased
distributions in Alu and LI densities

Our results indicate a drastic change, hence “revolution,” in pat-
tern of sex-chromosome-specific densities for many Alu and L1
subfamilies after correcting for variation in genome landscape
features. Which genomic variables might account for such a sub-
stantial difference? None of the features alone was significant in
shaping the observed density patterns of AluSs, AluJs, and HCO
AluYs, suggesting that either a combination of several variables
accounts for Alu chromosome-specific effects, and/or that chro-
mosomal location produces a true effect that cannot as yet be
captured by the features in our models. For human-specific L1s, the
densities of most conserved elements and recombination hotspots,
separately, reproduced the observed density pattern—meaning
that these features themselves have significantly different densi-
ties between the sex chromosomes and autosomes that assist in
establishing the sex-chromosome-biased distribution. Interestingly,
only most conserved elements’ density was a significant predictor
in determining the observed distribution pattern of HC L1s. To-
gether, these results reinforce the potential for natural selection to
have shaped the genome-wide densities of L1s throughout the
evolutionary time frame investigated here.

Mechanisms explaining sex-chromosome-biased
TE distributions, after accounting for local
genomic landscapes

The persistence of the sex chromosome bias in many analyzed Alu
and L1 subfamilies, after applying a correction for local genomic
factors, implies that location on X, Y, or autosome is important to
establishing TE density variation in addition to the genomic
landscape differences among chromosomes. What could poten-
tially explain this?

First, patterns for Alus are consistent with elevated integration
in the male germline, whereas L1s appear to integrate both in the
male and female germlines (Table 1). Indeed, after correcting for
genome landscape features (Supplemental Table S2), the densities
for all Alus become highest on Y, intermediate on autosomes, and
lowest on X (Fig. 2B). This pattern is consistent with the amount of
time each chromosome type spends in the male germline (Jurka
et al. 2002).

The situation is different for L1s: distribution patterns for
corrected human-specific L1 densities (Fig. 3) are not consistent

with either exclusively male- or female-specific germline in-
tegration, nor are they consistent with equal integration in both
sexes (Table 1). Nevertheless, male germline integration of L1 ele-
ments is suggested by the higher densities (both observed and
corrected) of human-specific L1s on the Y chromosome relative to
autosomes, after accounting for many genomic characteristic dif-
ferences between the sex chromosomes and autosomes. Further-
more, the X chromosome exhibits higher observed and corrected
densities of human-specific L1s than do autosomes (Fig. 3), sug-
gesting that L1 integration is likely to occur prior to meiotic sex
chromosome inactivation (MSCI) (for review, see Ellis and Affara
2006), when the X is inactivated during spermatogenesis. Impor-
tantly, the sex chromosomes, not the autosomes, remain mostly
unpaired during prophase I, thus accommodating the integration
of TEs on the sex chromosomes in male germ cells (Morelli and
Cohen 2005). L1 integration is likely to occur in the female
germline as well, since the X exhibits higher corrected densities of
human-specific L1s than either autosomes or Y (Fig. 3); thus, our
results agree with the integration of L1s in early embryogenesis
(Kano et al. 2009). Consistent with recent evidence suggesting
that telomerase might facilitate noncanonical L1-endonuclease-
independent integrations in the rodent female germline (Morrish
et al. 2007), we observe a positive correlation between the human-
specific L1s and the frequency of telomerase hexamer motif
(Supplemental Table S3). L1s are hypothesized to act as genomic
“bandages” that repair DSBs (Sen et al. 2007), and female meioses
are known to be more error-prone than male meioses during re-
combination, DSB formation, and repair pathways (Morelli and
Cohen 2005).

Second, in addition to the germline integration of L1s, our re-
sults suggest that a potential involvement of L1s in XCI (Lyon 1998)
might also contribute to determining their sex-chromosome-biased
densities. Indeed, regulation of gene expression is critical on the X,
where dosage compensation between males and females is achieved
via XCI (Carrel and Willard 2005; Chow et al. 2005). Interestingly,
arecent study suggested that L1M elements, rather than recent L1PA
integrations, are more likely to play a role in XCI (Abrusan et al.
2008). Our models of sex-chromosome-biased distributions of L1s
indicate a stronger significant difference for corrected densities of
the L1P elements on the X, in contrast to this hypothesis and con-
sistent with another study (Carrel et al. 2006).

Third, comparisons with other primate species highlight ad-
ditional peculiarities of the sex-chromosome-biased distributions
of Alu and L1 densities over evolutionary time (Figs. 3, 4). Indeed,
sex-chromosome L1 densities in human and chimpanzee are likely
more than mere reflections of original integration preferences. For
instance, although models of human- and chimpanzee-specific
L1s show parallel associations with genomic features (Supple-
mental Tables S3, S4) and similar observed TE distributions (Fig.
3A; Supplemental Fig. S4A), the patterns of corrected distributions
are strikingly different: chimpanzee densities are highest on Y,
intermediate on X, and lowest on autosomes (Supplemental Fig.
S$4B), whereas human-specific densities are highest on X, in-
termediate on Y, and also lowest on autosomes (Fig. 3B). This im-
plies that L1s experienced a relative increase in density on the
human X, or conversely, decreased density on the human Y since
the time of human-chimpanzee divergence.

We hypothesize that genetic drift could potentially account
for the higher corrected Alu densities on the chimpanzee X versus
autosomes (Fig. 4; Supplemental Fig. S4), since chimpanzee effec-
tive population size is estimated to be relatively large, about 35,000
individuals compared to about 11,000 for human (Kaessmann
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et al. 1999) and about 10,000 for orangutan (Goossens et al. 2006).
An alternative would be preferential integration of Alus on chim-
panzee X rather than autosomes; however, since models of lineage-
specific Alus in primates share significant predictors (and thus in-
tegration preferences), we are unaware of a mechanism that would
lead to such a pattern.

Methods

Classification of primate transposable elements

Repeat densities for various L1 (L1PA, L1PB, L1M) and Alu (AluY,
AluS, Alu]) subfamilies were obtained from RepeatMasker (AFA
Smit, R Hubley, P Green. 1996-2004. RepeatMasker Open-3.0,
http://www.repeatmasker.org) annotations for each genome ana-
lyzed here (hgl8 for human, panTro2 for chimpanzee, ponAbe2
for orangutan [The Oranguntan Genome Sequencing Consortium,
in prep.], and rheMac2 for macaque), available at the UCSC Ge-
nome Browser (Karolchik et al. 2008). Given the well-established
phylogeny of these species (Fig. 4; Glazko and Nei 2003; Burgess
and Yang 2008), we considered the following evolutionary sce-
narios for integration of transposable elements: lineage- or species-
specific (along external branches), intermediate (along internal
branches), and ancestral (in the common ancestor of the studied
species).

To determine TE integration timing, we modified previous
methods (Walser et al. 2008). Namely, we determined the co-
ordinates of orthologous TEs in target genomes (e.g., chimpanzee)
by converting the coordinates of species-specific TEs from the
query genome (e.g.,, human), using the lift-Over utility imple-
mented in Galaxy (minimum mapping ratio of 0.9 bases)
(Blankenberg et al. 2007). Each studied primate genome was se-
quentially considered as a query. This was performed for recently
active subfamilies of L1PA (active ~3-100 million years ago [Mya])
(Khan et al. 2006) and AluY (0~30 Mya) (Batzer and Deininger
2002) for each target genome. “Lineage-specific TE integrations”
were inferred as repeat annotations unique to the target lineage,
that is, not aligning (or aligning at most by 10% coverage of
repetitive sequence) with orthologous repeats from any other
studied genome. In addition, annotated species-specific TEs, for
example, L1HSs for human (Smit et al. 1995), and L1Pts for
chimpanzee (The Chimpanzee Sequencing and Analysis Consor-
tium 2005; Mills et al. 2006), were added to our lineage-specific
data set (Supplemental Table S1).

“TE integrations corresponding to intermediate timing” were
defined as repeats of the same subfamily annotation present in
the same genomic location: in human and chimpanzee (HC) and
absent from orangutan and rhesus; or in human, chimpanzee,
and orangutan (HCO), and absent from rhesus. We allowed for
up to 10% variability in the lengths of orthologous repeat copies,
consistent with allowed indel divergence between repeat and
consensus sequences during the annotation process (AFA Smit,
R Hubley, P Green. 1996-2004. RepeatMasker Open-3.0. http://
www.repeatmasker.org). The Y chromosome was an exception to
this strategy, as the orangutan genome was sequenced from a fe-
male and thus currently lacks Y sequence. Since sequence for
chimpanzee Y is of finished quality (Hughes et al. 2005; Kuroki
et al. 2006), we analyzed the distribution of human—chimpanzee
coverage for TEs on Y, in comparison to the coverage on X, and
autosomes (data not shown). We confirmed that a strict filtering
criterion was appropriate to distinguish HC shared integration
from HCO integration on Y (100% length match was inferred as
HC integration, otherwise we allowed up to 10% variability to infer
an HCO integration); however, altering these thresholds did not
influence our final results.

“Ancestral integrations” were defined as those elements in-
serted into the common ancestor of the species analyzed: events
of the same subfamily annotation, present in the same genomic
location, and overlapping at >90% of their lengths in each of
human, chimpanzee, orangutan, and rhesus genomes. We in-
vestigated various thresholds (100%, 95%, 90%) of orthologous
repeat coverage for classification of all repeat integrations, to
confirm the robustness of general regression model trends (data
not shown). Ancestral integrations were represented by TE sub-
families that ceased active retrotransposition prior to the di-
vergence of the analyzed primates, namely, L1PB (active ~46-96
Mya), LIM (61-102 Mya), AluS (~35 Mya), Alu] (55-65 Mya)
(Supplemental Table S1; Batzer and Deininger 2002; Khan et al.
2006). A limited number of repeats from AluYs and L1PAs inserted
in the common ancestor of the primates analyzed (data not
shown) and were not studied here.

To focus on the forces shaping TE insertions, we excluded all
TEs that intersected with segmental duplications, which could be
the result of duplication rather than retrotransposition. We
obtained coordinates of duplicated regions for both human and
chimpanzee (Cheng et al. 2005). Next, using Galaxy, we used the
lift-Over utility to convert to hgl8, and intersected human TEs at
all integration time points with resulting coordinates of both
human-specific and human-chimpanzee-shared duplication
(Blankenberg et al. 2007); these events were removed from
analysis. Although we applied a similar strategy intersecting
chimpanzee-specific TEs with chimpanzee-specific and human-
chimpanzee-shared segmental duplications, together, the result-
ing numbers were sufficiently small (178 AluYs and 183 L1s,
<1.5% of each subfamily) (Supplemental Table S1) that filtering
was not deemed necessary. Since human-chimpanzee-shared seg-
mental duplications could have occurred prior to orangutan di-
vergence, coordinates of these segmental duplications were de-
termined in ponAbe2 and intersected with orangutan-specific TEs;
again, small numbers (74 AluYs and 85 L1PAs, <1% of events)
precluded filtering.

Genome landscape features

Sequence features available for hg18 were obtained from the UCSC
Genome Browser (Karolchik et al. 2008) and placed in 1-Mb win-
dows (Supplemental Table S2). Several window features were
computed directly for hg18 sequences. We defined three statistics
to measure features in 1-Mb windows: density (counts per win-
dow), content (fraction of a window in base pairs [bp]), and fre-
quency (ratio observed/expected frequency). The ratio of ob-
served/expected frequency for a particular K-mer motif was
calculated as the number of K-mers per site of length K divided by
the total of all possible K-mers. Given that K is the motif length and
L is the total window sequence length, then (L — K + 1) is the
number of sites of length K, and 1/ (4%) is the number of all possible
sequences of length K (under the null assumption of equal base
frequencies).

Several predictors likely affect TE integration, namely: GC
content to reflect the local base composition; density of TTTTAAL1
target site sequence characteristic of target-primed reverse tran-
scription (Jurka 1997; Cost et al. 2002); frequency of a telomerase
hexamer TTAGGG characteristic of telomerase-dependent RNA
retrotranscription and of noncanonical L1 integrations (Morrish
et al. 2007; Nergadze et al. 2007); average replication timing in the
S phase of the cell cycle, calculated as a ratio of S:G;-phase DNA
(Woodfine et al. 2004); CpG island density as a measure of local
transcription activity (Jones 1999; Hellmann et al. 2005); density
of nucleosome-free regions, predicted from MNase cleavage
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(Ozsolak et al. 2007); and density of germline expressed genes to
model transcriptional activity, corresponding to the number of
genes per window expressed (defined as average difference >200)
(Su et al. 2002) in either testis germ cell or ovary tissue (Su et al.
2004).

Genome sequence features contributing to mechanisms of
simple sequence degradation were also incorporated. Lineage-
specific nucleotide substitution rates in the primate phylogenetic
tree (Fig. 4, also including marmoset) were estimated in ancestral
repeats (ARs) (Hardison et al. 2003) in 1-Mb windows according to
the REV model (Rodriguez et al. 1990) implemented in HyPHY using
the Galaxy interface (Kosakovsky Pond et al. 2005; Blankenberg
et al. 2007). Human-specific (since divergence from chimpanzee)
insertion and deletion rates were calculated using previous methods
(Kvikstad et al. 2007).

Several predictors were included to model the effects of re-
combination: sex-specific recombination rates (Kong et al. 2002),
density of computationally predicted recombination hotspots es-
timated from linkage disequilibrium among SNPs (Myers et al.
2005), and the frequency of a 13-mer CCNCCNTNNCCNC as-
sociated with genome instability (Myers et al. 2008). To reflect
the influence of selection we included gene content, density of
most conserved elements that likely contain regulatory sequences
(Siepel et al. 2005), and density of cis natural antisense transcripts
(cis-NATs) capable of regulating gene expression (Conley et al.
2008). cis-NATs were determined following previously established
methods (Conley et al. 2008): briefly, transcription start sites (TSSs)
determined by cap analysis of gene expression (cage) from Japan'’s
National Institute of Genetics (http://genomenetwork.nig.ac.jp/
public/download/cage_Database_e.html; release 2007.3.28) were
mapped to hg18 using Galaxy (Blankenberg et al. 2007). TSSs were
intersected with human known genes (Karolchik et al. 2008) using
the longest annotated transcription start and end coordinate (to
score a putative TSS only once); TSSs were defined as “sense” if
mapping to the same orientation as the transcribed gene, or “an-
tisense” if mapping to the opposite orientation. Our numbers, al-
though slightly different, were consistent with those reported in
Conley et al. (2008). Last, we scored densities of cis-NATs per 1-Mb
window genome-wide. A subset of sequence features in common
to all primates analyzed here were obtained for each lineage, fol-
lowing the above methods (Supplemental Table S2).

Regression analysis

Prior to regression analyses, we applied filters to account for the
lower sequence quality and coverage of draft genomes. Windows
of low coverage (containing >50% Ns) and/or low sequence quality
(>50% bases with phred scores < 20) were excluded. Additionally,
we excluded X- and Y-chromosome windows corresponding to
pseudo-autosomal regions (PAR; defined as ancestral to human-—
rhesus last common ancestor) (Ross et al. 2005; Rhesus Macaque
Genome Sequencing and Analysis Consortium 2007), and human-
specific X-transposed regions (Skaletsky et al. 2003; Hughes et al.
2005; Kuroki et al. 2006).

Multiple regression analyses, implemented in the R statistical
package (R Development Core Team 2005), were performed for
each repeat subfamily’s density in 1-Mb windows as the response,
using the various sequence features as predictors (Supplemental
Table S2). First, orthogonal polynomials of second degree were
included for each predictor to test for nonlinear relationships with
the response, and to reduce the impact of multicollinearity (Kutner
et al. 2005). Subfamily densities were log;o-transformed (after ad-
dition of a constant of 1) to produce normally distributed errors
and assure constant error variance; the power transformation was
determined by the Box-Cox test (Kutner et al. 2005). Second, the

best subsets selection procedure was used to determine the best
model (smallest Mallow’s Cp) (Kutner et al. 2005) from among this
set of terms. Third, standard regression diagnostics were performed
to identify outliers (e.g., according to Cook’s distance and residuals
>3 standard deviations), and assess model performance—for ex-
ample, additive variable plots, residual analysis, interaction terms,
variance inflation factor (VIF), and spatial autocorrelation (Kutner
et al. 2005). Last, the best model was refined by excluding any
non-significant predictors (P-values of the t-tests) determined by
Bonferroni multiple hypothesis testing. The relative contribution
to variability explained (RCVE) (see Kvikstad et al. 2007) was cal-
culated to summarize each predictor’s contribution to the full
model in the context of all other predictors. Briefly, this statistic is
similar to the commonly used measure partial R* (share of vari-
ability explained); RCVE compares the regression sum of squares
(SSR) of the full model (including all significant terms) to that of
the reduced model (i.e., the full model excluding terms related to
the predictor of interest), to quantify the improved reduction in
error of the regression model (i.e., “increased fit”) attained by in-
clusion of the predictor of interest.

Next, the residuals of above regressions were used as “cor-
rected” subfamily densities (i.e., accounting for inherent variabil-
ity in the genome features), to determine chromosomal biases due
to location of a 1-Mb window on an autosome (A), or sex chro-
mosome (X and, where available, Y). We performed a one-way
analysis of variance (ANOVA) with three categorical variables (one
for each chromosome type) to determine the significance (F-test)
of the regression model, applied Tukey HSD test to correct for
multiple comparisons and determine significant differences among
variables, and assessed the explanatory power of each model us-
ing adjusted R?.

During calculation of RCVE (above), we used the reduced re-
gression models to determine each significant predictor’s contri-
bution to chromosome-specific effects for each TE model. We
performed regressions of the residuals from each reduced model
(minus predictor of interest) using the sex-chromosome categori-
cal variables. Resulting patterns of residuals on the X, Y, and au-
tosomes were compared to observed and corrected densities to
infer the action of the excluded predictor of interest in shaping
chromosomal biases.
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