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Abstract. Gene duplication has long been recognized as a major force
in genome evolution and has recently been recognized as an important
source of individual variation. For many years the origin of functional
gene duplicates was assumed to be whole or partial genome duplication
events, but recently retrotransposition has also been shown to contribute
new functional protein coding genes and siRNA’s. Here we present a
method for the identification and classification of retrotransposed and
segmentally duplicated genes and pseudogenes based on local synteny.
Using the results of this approach we compare the rates of segmental
duplication and retrotransposition in five mammalian genomes and esti-
mate the rate of new functional protein coding gene formation by each
mechanism. We find that retrotransposition occurs at a much higher and
temporally more variable rate than segmental duplication, and gives rise
to many more duplicated sequences over time. While the chance that
retrotransposed copies become functional is much lower than that of
their segmentally duplicated counterparts, the higher rate of retrotrans-
position events leads to nearly equal contributions of new genes by each
mechanism.

1 Introduction

The impact of changes in gene copy number on both evolution and human health
are under increasing scrutiny. While the creation of new genes and the modu-
lation of gene copy-number via duplication has long been recognized as an im-
portant mechanism for the evolution of lineage-specific traits [14], a number of
recent studies have suggested that variation in gene family size may be even more
widespread than previously appreciated [7] and that gene copy number variation
between individuals may account for differences in disease predisposition within
populations [18].



Three primary mechanisms of gene duplication have been described: whole
genome duplication [9, 31], segmental duplication [3, 23], and retrotransposition
[11, 35]. Whole genome duplication has been important to the evolution of many
lineages [31], but it is a relatively rare event. Unlike whole genome duplication
events, segmental duplications occur continuously and have contributed signif-
icantly to the divergence of gene content between mammalian genomes. Dupli-
cation by retrotransposition also occurs quite frequently, but because these new
retrotransposed gene copies lack the flanking regulatory material of the parental
gene, they have long been believed to give rise primarily to non-functional pseu-
dogenes [16,25]. Recent studies however, have indicated the presence of many
apparently functional retrocopies in various mammalian genomes, challenging
traditional perspectives on the relevance of this event to genome evolution [17,
21,27,32]. Very recently retrotransposition has also been shown to contribute
siRNA’s [28,33].

In this study we compare the rates of new gene formation by segmental
duplication (SD) and retrotransposition (RT) in five eutherian genomes. We
show that, while genes arising from SD events are up to six times more likely to
remain functional than those arising from RT events, the number of RT events
is nearly ten times that of SD events, resulting in roughly equal quantitative
contributions of new genes by each duplication mechanism. Our analysis further
shows that duplicate genes generated by each mechanism are under similar levels
of constraint on their protein coding regions and that silent site substitution
profiles of RT duplicate copies are consistent with bursts of retrotransposition
during mammalian evolution, while segmental duplication appears to occur at a
more stable rate.

2 Methods

2.1 Dataset

Protein sequences for the five species analyzed (human, chimp, mouse, rat and
dog) were obtained from Ensembl (release 37) [8]. For genes with multiple al-
ternative transcripts we developed a collapsed gene model that incorporates all
potential exons of that gene. Resulting exon coordinates were used to obtain a
representative protein sequence used for subsequent homology assignment and
dN/dS computations. Ensembl protein family annotations served as a starting
point for our analysis. Over all five species, there were 17,341 Ensembl families
comprising 113,543 genes. Excluding families with members on unassembled con-
tigs (no reliable synteny information) and families with more than 50 Ensembl
genes (due to the excessive computation time required to generate multiple align-
ments) resulted in 8,872 gene families containing 53,733 genes.

Pseudogenes were identified using Pseudopipe [36] seeded with known tran-
scripts from Ensembl release 37. Over all five species, 17,226 pseudogenes (14,189
processed pseudogenes and 3,037 non-processed pseudogenes) were detected.
Each pseudogene was added to one of the 8,872 Ensembl gene families. This



process resulted in super-families consisting of both protein coding genes and
related pseudogenes.

2.2 Identification of RT and SD events

Within each super-family a local synteny level was computed for all pairwise
combinations of super-family members. Local synteny is defined as homology of
upstream and downstream neighboring genes. For each pair, we checked homol-
ogy between the 3 nearest up- and downstream neighboring Ensembl annotated
genes. Homology between neighbors was defined by a BlastP [1] score of 50
or more and sequence similarity over 80% of corresponding protein sequences.
After this analysis, for every pair (g;,g;) of family members we obtained two
numbers 0 < n¥, nfij < 3 representing the homology upstream and downstream
neighbors. A synteny level s; ; of 2 was assigned to every pair of genes or pseudo-
genes that had homologous neighbors on both sides, up and down (i.e., whenever
ni,nY > 1). When one side lacked homologous neighbors, we assigned a syn-
teny level s; ; of 1 only if the other side had at least two homologous neighbors;
otherwise (i.e., when ni/ + ngj < 1) we assigned a synteny level s; ; of 0.

Local synteny levels were used in a two-stage clustering algorithm (see Algo-
rithm 1) to identify syntenic ortholog/paralog clusters. In our algorithm, for a
set X of genes and pseudogenes, Sp(X) denotes the set of species represented in
X. For aset S of species, LC'A(S) denotes the last common ancestor in the phy-
logenetic tree. In the first stage, we used a single-linkage clustering algorithm to
obtain core clusters by merging pairs of genes and pseudogenes with local synteny
level of 2, predicted to be either orthologs or paralogs resulting from SD events
which preserve up and downstream neighbors. In the second stage, we merged
pairs of core clusters if every member of one cluster had synteny level of 1 to
every member of the other cluster. Any two non-overlapping clusters from this
two-stage clustering algorithm are mutually non-syntenic. Second stage clusters
spanning a phylogenetically contiguous subset of the species represented in larger
clusters from the same super-family represent putative descendants of RT events
or SD events that have lost local synteny. Since retrotransposed gene copies gen-
erally lack introns due to their RN A-intermediate nature, we distinguish between
these possibilities using intron content conservation scores as described below.

Within each cluster produced by the two-stage clustering algorithm there
may be successive segmental duplication events. We use UPGMA (Unweighted
Pair Group Method with Arithmetic mean) [26] to find these successive SD
events. For input to UPGMA we compute the distance between two mem-
bers g; and g; as the Pearson’s correlation coefficient between the two vectors,
(n®* +niF); and (ndk +n§k) k, i.e. sums of upstream and downstream homologous
neighbors with remaining genes gy, in the cluster. Given the UPGMA gene trees,
we counted the inner nodes as SD events when two subtrees from such an inner
node are in a species-subset relationship. If two subtrees from an inner node had
disjoint species sets, this node was considered as a speciation event (Fig. 1).

We distinguish between putative descendants of RT events or SD events
that have lost local synteny using intron conservation scores between descendant



Algorithm 1 Two-Stage Clustering Algorithm

Input: Family of genes and pseudogenes F' = {g1,g2,...,gn} with species
information and pairwise synteny levels s; ;

Initialization:
C—19
U« {g1,92,...,9n}
(Stagel) Single-linkage clustering with synteny level 2:
While U # () do
Select an arbitrary member g; of U
U —U\{gi}; Copen «— {9:}
‘While there exists g; € U with synteny 2 to a member of Copen, do
U —U\A{gi}; Copen < Copen U {gi} // Add g; to core cluster
C — CUCopen
(Stage2) Merging of clusters with high average pairwise synteny:
While there is a (C}, Cr,) where SYNTENIC_TEST (Cj, C,) is true, do
C —C\{C,Cn}
C —CU{CUCy}
Return C'

SYNTENIC_TEST(A, B)

If Sp(A) and Sp(B) are subsets of different lineages, i.e.
LCA(Sp(A)) # LCA(Sp(AU B)) and LCA(Sp(B)) # LCA(Sp(AU B)), then
If s;,; =1 for every pair ¢g; € A, g; € B then return true

Else, if LCA(Sp(A)) = LCA(Sp(AU B)) then
A’ « set of genes/pseudogenes of A of species descending from LCA(Sp(B))
If s;,; = 1 for every pair g; € A’, g; € B then return true

Else, return false

genes and pseudogenes. The intron conservation rate between two paralogous
genes was calculated as the ratio of the number of shared introns divided by
the total number of intron positions from the protein/intron alignment between
two genes (based upon the method of [20]. An event was identified as an RT
duplication if the average intron conservation rate to paralogs outside the cluster
was below 1/3.

2.3 Event assignment to tree branches and evidence of function

We use parsimony to assign each inferred duplication event to a specific branch of
the 5-species tree. We assign each event to the tree branch corresponding to the
exact set of species spanned by the descendant genes of the detected duplication
event, which we refer to as assigned events. Intact events are defined as those
duplication events that have no apparent disruption (e.g. in stop codons) of the
protein coding reading frame and an Ensembl annotated gene in each of the
species spanned by the cluster. Functional events are defined by the clusters of
putative protein coding genes with average dN/dS ratio below 0.5 over all pairs
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Fig. 1. Inferring SD and RT events using local synteny and hierarchical clustering.
This example shows how SD and RT events are inferred from a super-family having 9
members: 2 members per each species except for dog, from the results of our clustering
algorithms (on the right side) to corresponding events (on the left side). By using two-
stage clustering algorithm, two syntenic clusters are formed, shown as hollow rounded
rectangles. Loss of introns in one cluster suggests that the loss of synteny was due
to an RT event. UPGMA builds hierarchical clusters within each syntenic cluster and
speciation and SD events are inferred based on species sets.

of genes within the cluster. Pairwise dN and dS measures were estimated using
the YNOO program of PAML [34].

3 Results

3.1 Lineage distribution of duplication events

Events giving rise to clusters of genes with no conservation of synteny relative to
“parental” genes and low inter-cluster intron conservation rates were classified as
RT events, while events giving rise to clusters of genes with high local synteny to
parental genes were classified as SD events. Events corresponding to gene clusters
with indeterminate intron conservation or local synteny to parental genes were
classified as ambiguous. This analysis resulted in the classification of a total of
2,035 SD events, 12,507 RT events, and 2,742 ambiguous events. Using parsimony
to assign non-ambiguous events to branches of the species tree resulted in 52 SD
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Fig. 2. Numbers of gene duplication events from segmental duplication (above the
line) and retrotransposition (below the line). Numbers represent the assigned SD or
RT events on each branch. Numbers typeset in bold on three internal branches are
counts of functional events, defined in this study as intact events that yield clusters
with average dN/dS ratio below 0.5 over pairs of homologous Ensembl genes. For three
internal branches, fractions of the functional events over the total assigned events are
shown, e.g. 53/161 for SD events on primate branch. Evolutionary ages are based on
[30].

and 45 RT events on the branch leading to primates and rodents (the in-group),
161 SD and 1,782 RT events on the primate branch leading to humans and
chimps, and 88 SD and 522 RT events on the rodent branch leading to mice and
rats (Fig. 2). Gene duplication events for the root and terminal branches of the
tree were also counted, but were not used for further analysis due to the difficulty
in estimating the degree of purifying selection on very recent duplication on the
terminal branches and the age of duplications on the root. 386 SD and 429
RT events could not be reliably assigned to specific branches of the tree using
parsimony and were also omitted from further analysis.

Duplication event counts on the three internal branches of the tree reveal an
excess of RT events over SD events along all but the deepest branches of the
tree, suggesting an average rate of RT copy formation 3-10 times higher than
that of SD copy formation (Fig. 2). Deviation from this ratio along the in-group
branch may be the result of a period of relative inactivity of retrotransposition
compounded with the difficulty of detecting the products of old RT events not
under purifying selective pressure [11].



3.2 Rates of duplication

Rates of retrotransposition vary significantly over time and bursts of retrotrans-
position have been reported in several mammalian lineages [11,35]. The syn-
onymous substitution rate (dS) profiles of the duplicates identified in this study
(Fig. 3) are shaped by the rate of generation of new duplicates, the mutation
rates along each lineage, the age of the genes identified in each interval, and our
ability to identify genes uniformly along each lineage. Pseudogenes, for instance,
become increasingly difficult to identify as they get older and diverge from their
original sequence. RT events in all three internal branches show clear peaks in
dS (Fig. 3A). For duplications occurring on the primate branch this peak oc-
curs around dS=0.1, while in rodents it occurs around dS=0.3 and in in-groups
around dS=0.6 ~ 0.8. This pattern is consistent with bursts of retrotransposi-
tion in each of these lineages, a high mutation rate in the rodent lineage, and
the 36Myr gap between the speciation events leading to rodent and primate
lineages. Duplications occurring prior to the rodent/primate split display a dS
distribution significantly shifted toward higher dS values, consistent with the
greater age of these duplicates.

Segmental duplications show similar patterns in dS but a more uniform dis-
tribution of dS values than RT duplicates (Fig. 3B and C), suggesting that
segmental duplication is a more uniform process that occurs at less variable
rates than retrotransposition. It is interesting to note that the inferred age dis-
tribution of segmental duplication events is more uniform than that of the RT
duplicates but is not perfectly flat, suggesting that there may be some variation
in the rate of segmental duplication over evolutionary time.

3.3 Functional preservation rates

It is probable that young duplicate genes may escape inactivation for some time
despite lacking any apparent function. Since Ensembl gene predictions rely upon
the presence of an intact coding region rather than any evidence of selection
pressure upon the sequence, the gene clusters resulting from intact duplication
events should be comprised of both functional genes and duplicates that are not
functional, but have escaped inactivation. Evidence of purifying selection is often
used as evidence for function, and the ratio of synonymous to non-synonymous
changes (dN/dS) in the protein-coding region of a gene is a convenient way of
estimating this selective pressure [13]. For example, dN/dS ratio < 0.5 has been
used as stringent functionality criteria between retrotransposed genes and their
parental genes [6]. Also Torrents et al. showed that there is a clear discrimination
between dN/dS ratios of pseudogenes and those of functional genes, supporting
the use of dN/dS ratios as evidence of function [29]. Here we compute dN/dS
ratios between all pairs of descendants from each duplication event. This pairwise
approach is computationally rapid, is independent of precise reconstruction of
the entire gene tree, and allows for the detection of functionalized descendant
clusters of a duplication event that are not constrained relative to the parental
genes.
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Fig. 3. Histograms of average dS over pairs of Ensembl genes and pseudogenes. (A)
for clusters resulting from RT events on the primate, rodent, and the in-group branch
leading to primates and rodents, (B) for clusters resulting from SD events and RT
events on the primate lineages and (C) on the rodent lineages.

Analysis of the dN/dS ratios of clusters derived from duplication events is
quite revealing. Fig. 4A compares clusters of RT duplication event descendants
with intact protein coding reading frames (intact) and clusters of RT duplicates
with inactivated reading frames (inactivated). Aggregate dN/dS values of a sig-
nificant portion of intact clusters overlap with the dN/dS values of inactivated
clusters in the region of the graph where dN/dS is greater than ~ 0.5. Assum-
ing that the vast majority of inactivated clusters (clusters whose members have
inactivating mutations in their protein coding regions) are not under purify-
ing selection for protein coding function, those intact clusters that fall into this
range are unlikely to encode functional proteins, despite lacking any clearly in-
activating mutation. By inference, those clusters that display significantly lower
aggregate dN/dS values (< 0.5) than inactivated clusters are likely to be under
stabilizing selection for protein coding function.

Panels B through D of Fig. 4 compare dN/dS values of duplicate clusters
derived from RT and SD events on each of the three internal branches of the
mammalian tree. In the oldest internal branch of the tree (in-group) very few
clusters generated by either duplication mechanism can be detected that are not
under some degree of purifying selection pressure. This is probably due to the
difficulty in identifying very old non-functional sequences. Such sequences are
expected to drift away from their parental sequence making identification in-
creasingly difficult with advanced age. Clusters derived from duplication events
along the rodent branch have a bimodal distribution of dN/dS ratio resulting
from RT and SD events that gave rise to putatively functional gene copies (ag-
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Fig. 4. (A) Histograms of average dN/dS ratio over pairs of Ensembl genes for clus-
ters resulting from intact RT events and average dN/dS ratio over pairs of genes and
pseudogenes for clusters resulting from inactivated RT events on the rodent lineage.
Histograms of average dN/dS ratio over pairs of Ensembl genes for clusters resulting
from intact SD events and RT events on the (B) in-group branch leading to primates
and rodents, (C) rodent, and (D) primate.

gregate dN/dS values < 0.5), and clusters with no clear evidence of stabilizing
selective pressure. Duplication events along the primate branch gave rise to clus-
ters with more uniformly distributed aggregate dN/dS values spanning the entire
range of measurements. This is likely to be a reflection of the relatively short
period of time these new genes have been under purifying selection and is con-
sistent with the relatively low dS values of duplicates detected along this branch
(Fig. 3B).

3.4 Distribution of duplication events within the mammalian tree

The total number of RT and SD duplication events detected in this study is
illustrated in Fig. 2. Along each branch the number of events giving rise to clus-
ters with evidence of purifying selective pressure on their protein coding regions
is in bold typeset, while the total number of events detected is in denominators.
From these numbers it is clear that that we detect far more RT events than SD
events, but that far fewer of these events give rise to functional protein coding
genes than their SD counterparts. Analysis of the internal branches individually
reveals possible differences in the relative probability of these events giving rise
to functional genes in different lineages. In the most basal branch shared by
rodents and primates there is a slight excess of functional SD events over func-
tional RT events, while the two mechanisms appear to contribute equal numbers
of functional events in the rodent lineage. The primate and rodent branches
show similar rates of assigned SD events, but in primates fewer of these events
give rise to functional descendants (Table 1). A decreased rate of functionaliza-



tion is apparent in the RT events on the primate lineage. Despite an RT event
rate nearly twice that seen in rodents, the number of functional RT events in
primates is only ~ 25% greater than that in rodents.

Table 1. Rates of duplication events for rodent and primate lineages.

Events per SD events RT evnets

million yrs Assigned Intact Functional Assigned Intact Functional
Rodents 1.76 1.56 0.96 10.4 1.42 0.92
Primates 1.87 1.31 0.62 20.7 341 1.21

4 Discussion

4.1 Identification and characterization of gene duplications during
mammalian evolution

Identifying gene duplication events and placing them in a phylogenetic frame-
work depends upon sensitive identification of duplicate copies, reliable cluster-
ing of orthologs, and differentiating between lineage specific gene loss events and
more recent duplications. To identify groups of duplicated sequences we combine
Ensembl gene predictions with Pseudopipe pseudogene identification. Combin-
ing predicted genes and pseudogenes in our gene families significantly reduces
the complexity of placing duplication events on the phylogenetic tree; gene loss
events are represented by pseudogenes and need not be inferred. Of course, this
approach is less effective as pseudogenes age and become more difficult to detect
deep in the tree. Undetected gene loss events deeper in the tree may lead to mis-
assignment of some duplication events to younger branches and a consequent
underestimation of the age of these gene families. But using local synteny to
help classify duplication events appears to work relatively well for the species
analyzed in this study.

Once duplicated genes have been identified and assigned to large gene fam-
ilies, clusters of orthologs within those families must be constructed to infer
the time of the duplication event that gave rise to each cluster. Our clustering
algorithm uses both the protein-coding information embedded in the Ensembl
gene family assignments, and the local genome structure surrounding duplicate
copies, to differentiate between DNA and RNA based duplications and to or-
der successive segmental duplication events. This method is effective because
random insertion of a retrocopied cDNA into the genome is very unlikely to
recreate any significant synteny with orthologs or paralogs (data not shown).
The very low false-positive rate associated with measures of local synteny means
that genes that share synteny with paralogs are almost certainly the result of
segmental duplications regardless of intron content. Therefore this method is



unlikely to misclassify RT duplicates as segmental duplications. Segmental du-
plications, however, can lose synteny to their paralogs over time [10,19], which
may result in some segmental duplications being mis-assigned to the RT class.
To account for this we use conventional intron content criteria [32] to further
discriminate between non-syntenic DNA based duplications and RT duplicate
copies. Duplicate pairs that maintain synteny with their paralog are most likely
DNA based, while non-syntenic paralogs with significant intron loss are likely
RT duplicates. Comparison with other studies identifying RT duplicates in mam-
malian genomes suggest that using synteny criteria in addition to intron based
criteria improves the reliability of RT duplicate classification and that duplica-
tions characterized as RT duplicates on the basis of intron content alone may in
fact be SD duplicates.

While the gradual degradation of synteny can create problems for placing du-
plication events on a phylogenetic tree, it conversely enables the differentiation
of successive segmental duplication events. Gene families generated by rounds
of segmental duplication can be difficult to classify into definitive orthologous
groups using protein-coding sequences alone. By examining flanking gene con-
tent, however, orthologous groups of paralogs can often be clearly resolved and
iterative DNA based duplications placed on the phylogenetic tree. As a result we
can see that while synteny decays over time, dN/dS values may also decrease,
reflecting the prolonged influence of stabilizing selection.

Detection of duplicate genes will always depend strongly on the depth and
quality of genome annotation. This fact is reflected in our results in the highest
number of duplicates detected in the two most well annotated genomes in the
study, human and mouse. While it is difficult to predict how many duplicates
have been missed in current genome annotations, estimates of duplication rates
from the most well-annotated genomes are now judged to be quite accurate
[4,22,32]. The consistency of these estimates across the tree suggests that the
number of duplications events is not highly variable between these species, but
definitive demonstration of that finding must await further annotation (see also

[5])-

4.2 Rates of duplication

Lineage specific gene duplication, by retrotransposition or segmental duplication,
is a major force in the evolution of differences between genomes. Thousands of
new genes have been born over the course of mammalian evolution, and while
not all of these new genes live, they provide significant quantities of raw material
for species-specific evolution and account for many of the known differences be-
tween closely related mammalian genomes [5]. Retrotransposition, in particular,
appears to be peppering the genome with large numbers of duplicate retrocopies
that can act as insertional mutagens [12], new duplicate genes [32], and siRNA’s
[28,33]. Analysis of retrotransposon activity during vertebrate evolution shows
strong peaks of activity [15] and it is therefore not surprising that RT duplication
of genes shows similar peaks in birth rates. Segmental duplications, however, are



not expected to be dependant on retrotransposon duplication machinery and ap-
pear to occur at a more stable rate. Consistent with these expectations, the age
profiles of the segmental duplications identified in our study are more broadly
distributed than the RT age profiles, but interestingly, they are not perfectly
uniform over time and may indicate of bursts of segmental duplication activity
in the evolutionary history of these genomes (see also [2,24]).

4.3 The fate of newly duplicated genes

At the moment a newly duplicated gene is born it is presumed to be an ex-
act copy of the duplicated portion of the parental gene (cDNA for retrocopies;
and introns, exons, and flanking material for segmental duplicates). Over time,
however, mutation, coupled with selection, leads to the divergence of the new
copy’s sequence from its parent/paralog. The progressive aging of a duplicate
is revealed in its dS profile, as we move deeper on the tree, dS values between
duplicate pairs become progressively larger, reflecting the age of the duplica-
tions. If a new duplicate is functional, purifying selection will serve to remove
deleterious non-synonymous mutations from the population, and the ratio of
non-synonymous to synonymous changes (dN/dS) will diverge from that of non-
functional copies. Full resolution of the degree of purifying selective pressure
however, takes time, and estimating this pressure on young duplicates can be
difficult. Indeed, we find significant separation between putative functional and
non-functional descendants of a duplication event in populations of genes that
have had sufficient time for this difference to become apparent (see the rodent
branch Fig. 4A and C). For the young primate branch the divergence between
functional and non-functional descendants is less clear. At virtually all time-
points, however, there are duplicates that have not yet been inactivated, but
also show no evidence of purifying selection on their protein coding sequence.
Whether this is the result of copies evading inactivation simply due to chance,
or the reflection of some other phenomenon is unknown. We also observe the
converse phenomenon, old copies that appear to have dN/dS ratios consistent
with purifying selection, but inactivating mutations in their protein-coding re-
gion. This could be the result of recent inactivating mutations after long periods
of purifying selection, or the result of purifying selection acting on fragments of
the original protein coding sequence.

While the general effects of time, mutation, and selective pressure discussed
above apply to all new duplicates, we wondered if RT duplicates and SD dupli-
cates would show different degrees of purifying selective pressure. Interestingly,
in age-matched populations of segmental and retrotransposed duplicates, there
is no dramatic difference in selection pressure on genes born by these two mech-
anisms (Fig. 4). What is most clearly different between these two populations is
the proportion of copies that show evidence of purifying selective pressure. Of
the duplication events assigned to the branches leading to primates and rodents,
only about six percent (150/2,304) of RT events give rise to duplicates show-
ing evidence of purifying selection, while forty percent (101/249) of SD events
appear to generate functional descendants (Fig. 2). The very high rate of RT



events coupled with the very low rate of functionalization of gene copies gener-
ated by these events, and the lower rate of SD events with much higher rate of
descendant gene functionalization, results in nearly equal contributions of new
genes to eutherian genomes by each of these two mechanisms.
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