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Abstract

Segmental duplications (SDs) constitute a considerable fraction of primate genomes. They contribute to genetic vari-
ation and provide raw material for evolution. Groups of SDs are characterized by the presence of shared core dupli-
cons. One of these core duplicons, low copy repeat (lcr)16a, has been shown to be particularly active in the
propagation of interspersed SDs in primates. The underlying mechanisms are, however, only partially understood.
Alu short interspersed elements (SINEs) are frequently found at breakpoints and have been implicated in the expan-
sion of SDs.

Detailed analysis of lcr16a-containing SDs shows that the hominid-specific SVA (SINE-R-VNTR-Alu) retrotrans-
poson is an integral component of the core duplicon in Asian and African great apes. In orang-utan, it provides break-
points and contributes to both interchromosomal and intrachromosomal Icr1i6a mobility by inter-element
recombination. Furthermore, the data suggest that in hominines (human, chimpanzee, gorilla) SVA recombin-
ation-mediated integration of a circular intermediate is the founding event of a lineage-specific lcr16a expansion.
One of the hominine Icr16a copies displays large flanking direct repeats, a structural feature shared by other SDs
in the human genome.

Taken together, the results obtained extend the range of SVAs’ contribution to genome evolution from RNA-
mediated transduction to DNA-based recombination. In addition, they provide further support for a role of circular

intermediates in SD mobilization.
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Introduction

Segmental duplications (SDs) or low copy repeats (lcrs) are
large (>1 kb) duplicated segments of genomic DNA typic-
ally more than 90% identical in sequence (Bailey et al.
2001). Groups of SDs are characterized by the presence
of core duplicons around which duplication blocks are
organized  (Marques-Bonet and  Eichler ~ 2009).
The best-investigated core duplicon in primates is lcr16a,
a 20 kb segment present in several copies on human
chromosome 16 (Loftus et al. 1999). In the genome,
Icr16a is mostly found associated with other SDs in large
duplication blocks (Johnson et al. 2006; Cantsilieris et al.
2020). A gene family (morpheus; NPIP—nuclear pore com-
plex interacting protein) subject to strong positive selec-
tion has been identified within Icr16a duplication blocks
(Johnson et al. 2001). Lcr16a exists in a single copy in
Old World monkeys (OWM—macaque, baboon). It amp-
lified independently in the orang-utan and hominine (gor-
illa, chimpanzee, human) lineages, respectively (Johnson
et al. 2006). Among these, orang-utans are the only ones
with a substantial number of copies on a single chromo-
some outside of chromosome 16. In orang-utan and
OWMs, only the ancestral NPIPA protein is encoded. In

hominines, the lcr16a expansion led to the emergence
and amplification of NPIPB—a variant characterized by
an alternative first exon and different patterns of alterna-
tive splicing (Bekpen et al. 2017; Cantsilieris et al. 2020).

During their first characterization of lcr16a, Johnson
et al. (2006) observed a 3-fold enrichment of Alu elements
at the boundaries of lcri6a-associated SDs. Alu-mediated
mechanisms have been suggested to play a role in the gen-
eration of copy number variants and SDs (Bailey et al. 2003;
Han et al. 2007; Boone et al. 2014). Alus are the most abun-
dant interspersed repeats in primate genomes (Batzer and
Deininger 2002). In the human genome, there are around 1
million copies (Lander et al. 2001). The hominoid-specific
SVA (SINE-R-VNTR-Alu) elements are present in gibbons;
amplification to higher copy numbers, however, occurred
in great apes only (Wang et al. 2005). SVA expansion in
orang-utan has been independent from that in the homi-
nine lineage (Lupan et al. 2015; Damert 2018).

SVA retrotransposons have been shown to contribute
to genome evolution by co-mobilizing sequences at both
their 5° (Damert et al. 2009; Hancks et al. 2009) and 3’
ends (Xing et al. 2006) in the process of RNA-mediated
transposition (referred to as 5 and 3’ transduction,
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respectively). Reports on the involvement of SVAs in gen-
omic rearrangements at DNA level are scarce and limited
to recombination-mediated deletions (Lee et al. 2012;
Kherraf et al. 2018).

Here | report that SVA elements contribute to the ex-
pansion of lcr16a in great apes: in orang-utan an SVA forms
an integral component of the core duplicon and mediates
its interchromosomal and intrachromosomal spread. In
hominines, a subgroup of lcr16a copies can be traced
back to a duplication event involving a circular intermedi-
ate and SVA-SVA recombination.

Results

SVA is an Integral Component of the Icr16a Core
Duplicon in Orang-utan
In the course of an analysis of SVAs in the orang-utan gen-
ome, | noticed a group of nearly identical elements charac-
terized by a common 3’ transduction and similar genomic
context at their 3’ ends. Further analysis revealed that they
are associated with the lcr16a core duplicon. In the
ponAbe3 reference assembly, 11 Icr16a copies could be
identified. Half of them mapped to sequences without de-
finitive chromosome assignment (chrUn or random); cop-
ies mapped to sequences with definitive chromosomal
assignment were found to be associated with assembly
gaps. To obtain a more comprehensive picture, Icr16a-
containing BAC sequences (Cantsilieris et al. 2020 and add-
itional sequences retrieved from the NCBI database) were
analyzed. This way, a total of 33 different Icr16a copies
(ppy_1-33) were identified (supplementary table S1,
Supplementary Material online; note that with the similar-
ity between copies approaching that of allelic variation, in
some cases it cannot be decided whether they represent
independent copies or alleles of the same copy). Once it
became available, the copies were mapped against the
new  orang-utan high-fidelity  (HiFi)  assembly
(Susie_PAB_pri, Vollger et al. 2022). Out of the 33 lcr16a-
containing duplications 21 could be mapped (fig. 1A). In
addition, three copies not represented on BACs
(ppy_10a, 163, and 20a) were found in the HiFi assembly.
Analysis of the junctions linking lcr16a with co-mobi-
lized SDs or unique sequence identified nine independent
breakpoints at the 5’ and nine independent breakpoints at
the 3 end of the lcri6a core duplicon (fig. 1B,
supplementary tables S2 and S3, Supplementary Material
online). Only two of the breakpoints were found to localize
to nonrepetitive sequence; the remainder overlaps with
retrotransposons and, in two instances, with a processed
pseudogene. Strikingly, five out of the nine lcr16a 3’ break-
points localize to the SVA sequence and one to the
SVA-associated 3’ transduction observed in the initial ana-
lysis.  Among the other junctions linking either
Icr16a-associated SDs with each other or with unique se-
quence at the insertion site only a single instance of an
SVA element overlapping a boundary could be identified
(transition between chromosome 10 and chromosome
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13 sequences in ppy_20a). Alu elements, by contrast,
were found at 9 out of 20 of these junctions. Thus, consid-
ering that Icr16a mostly moves in the context of larger du-
plication blocks, in which associated SDs provide the
insertion breakpoints, the contribution of SVA to lcr16a
mobility is limited.

Detailed analysis of the orang-utan BAC sequences re-
vealed that a full-length SVA including the 3’ transduction
(composed of MER and L2 sequences; source loci
chr17:11,873,831-11,874,225 and  chr8:115,061,229-
115,061,470; ponAbe3) is flanked by target site duplica-
tions (TSD) indicative of L1-mediated retrotransposition
in three of the lcr16a copies (ppy_4-6, fig. 2A). The source
element of this insertion, that is, an SVA carrying the char-
acteristic 3’ transduction, could not be identified in the
orang-utan reference genome (ponAbe3) or available
BAC sequences. The insertion site is localized in the NPIP
last exon tandem repeat region. The encoded amino acid
variable number of tandem repeats is species-specific in
its composition and hyper-expanded in orang-utan when
compared with human NPIP (Cantsilieris et al. 2020).
Integration of the SVA/3’ transduction occurred in anti-
sense to NPIP. The insertion provides a stop codon limiting
the length of the last exon to 1,229 amino acids in ppy_4-
6. A potential polyadenylation signal is present in the MER
part of the SVA 3’ transduction.

The evolutionary history of lcr16a in orang-utan was re-
constructed starting with a comparison to the ancestral
lcri6a locus as present on rhesus chromosome 20
(rheMac10; chr20:14,713,088-14,735,664; fig. 2A). In add-
ition to the NPIP gene, the ancestral locus contains an
UBE3A processed pseudogene (UBE3App—also present
in baboon). An orang-utan Icr16a copy corresponding to
the ancestral locus as found on rhesus chromosome 20
(containing the complete UBE3App but lacking the SVA,
i.e, the preintegration allele with respect to the SVA) could
not be identified in the available BAC sequences or orang-
utan reference genome.

UBE3App sequence is present in eight of the orang-utan
copies (ppy_1-8; fig. 2A). In ppy_1-3, the lcr16a 3’ break-
point maps to UBE3App—the 5’ end of the processed
pseudogene has been lost upon duplication. Ppy_4-8 are
characterized by the presence of the full-length
UBE3App. They also share the SVA insertion in the NPIP
3’ terminal exon. In addition, a massive expansion of the
NPIP 3’ terminal repeats to more than 7 kb (compared
with 2.1 kb in ppy_1-3) is observed. With regard to the re-
sulting proteins’ last exon this translates into between
1,116 and 1,229 amino acids for ppy_4-8 (delimited by
the SVA insertion) compared with 365 amino acids in
ppy_1-3.

A median-joining network rooted on the rhesus
UBE3App illustrates the phylogenetic relationships of the
UBE3App-containing orang-utan lcr16a copies (fig. 2A).
The lcr16a copies carrying a full-length SVA insertion fall
into two groups: in ppy_4-6 the order of the 5’ flanking
genes corresponds to that found upstream of NPIP in rhe-
sus; ppy_7/8 possess a 5 flanking SD consisting of genes
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Fic. 1. Distribution of lcr16a duplications in the orang-utan genome and characteristics of their breakpoints. (A) The positions of the lcr16a
duplicates on Susie_PAB_pri (Vollger et al. 2022) are mapped against the ponAbe3 ideogram available at the NCBI genome decoration
page. (B) The number of repetitive elements overlapping the independent breakpoints (BP) at the lcr16a 5 and 3’ end, respectively.

UBE3App, UBE3A processed pseudogene; TD, transduction.

localized downstream of NPIP in rhesus (RRN3, NTANT,
PDXDC1-supplementary table S1, Supplementary Material
online). Additional copies mapping to chromosome 16
and chromosome 11 (ppy_33) can be subdivided into three
groups: ppy_9/10 are characterized by the SVA being trun-
cated in the central VNTR, in ppy_11-16 only the 3’-most
39 bp of the SVA have been retained and in ppy_32 and
ppy_33 the 3’ part of the 3’ transduction is the only rem-
nant of the original retrotransposon insertion (fig. 2B).

Interchromosomal Duplicative Transposition to

and Amplification on Chromosome 13

Orang-utan is the only great ape in which a considerable
number of Icri6a copies is found on a different chromo-
some than chromosome 16. On chromosome 13, seven
copies/groups of copies (ppy_17-ppy_31) can be dis-
cerned. In all of them the lcr16a 3’ breakpoint/junction
maps to the SVA. At the 5’ end five different breakpoints
were used (fig. 3A). From the combination of breakpoints
in the extant copies (e.g, longest 5’ extension combined
with shortest SVA sequence at the 3’ in ppy26/28; fig.
3A) it can be concluded that none of them represents
the structure of the ancestral Icr16a insertion on chromo-
some 13.

To investigate whether recombination involving the
orang-utan Icr16a SVA has been responsible for transloca-
tion of the repeat to chromosome 13, a multiple alignment
including the SVAs and 3’ transductions of chromosome
16 and chromosome 13 copies was generated
(supplementary fig. S1, Supplementary Material online).
A combination of the consensus sequence of ten closely
related SVAs, representing the parental subgroup of the
Icri6a SVA (supplementary table S4, Supplementary
Material online) and of the source sequences of the 3’
transduction, was used as outgroup for comparison.
Visual inspection of the alignment revealed that up to
the 3’ part of the SINE-R there are no substitutions shared
between chromosome 16 and chromosome 13 copies.

Thus, the SVA 5’ parts of the chromosome 16 and chromo-
some 13 copies are unlikely to be derived from the same
source. Further downstream a number of substitutions
are shared by most/all of the copies—suggesting a com-
mon ancestor for this part of the sequence. Separate max-
imum likelihood phylogenetic trees were constructed for
the 5" and 3’ parts of the SVAs, respectively (fig. 3B). The
different topologies (fig. 3C) reflect the findings from the
analysis of the alignment: the 5" parts of the lcr16a SVAs
on chromosomes 16 and 13 do not appear to have a com-
mon ancestor, whereas the 3’ parts likely are derived from
a common precursor. Theoretically the common ancestry
observed for the 3’ part could also be the result of gene
conversion replacing an Icr16a fragment in a chromosome
13 copy by the homologous stretch of a chromosome 16
copy. To test this hypothesis, maximum likelihood phylo-
genetic trees were constructed for two downstream seg-
ments: a 304 bp sequence covering the 5 end of the
NPIP last exon and NPIP exon 2 (not subject to selection
in orang-utan (Cantsilieris et al. 2020)). If gene conversion
had occurred, then—depending on the length of the con-
verted tract—both or only the tree representing exon 2
should show a topology similar to that seen for the SVA
5 end. This is not the case (supplementary fig. S2,
Supplementary Material online). Thus, provided the gene
conversion tract does not extend further than NPIP exon
2, gene conversion cannot account for the change in
tree topology observed when the SVA 5" and 3’ are com-
pared. Due to the lack of shared SVA-flanking sequence,
a similar analysis cannot be performed for the 5 end.
Whether gene conversion has occurred at the SVA 5
end can, thus, not be established.

Based on the sequences analyzed, a contribution of
SVA-SVA recombination to Icr16a interchromosomal mo-
bility appears possible (fig. 3D, left panel). However, as the
ancestral copy on chromosome 13 is not available for ana-
lysis and only a limited range of sequences could be used
for phylogenetic inference, a definitive conclusion cannot
be drawn.
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Fic. 2. SVA is an integral component of Icr16a in orang-utan. (A) Median-joining network of orang-utan Icr16a copies containing the UBE3A
processed pseudogene. The network is rooted on the rhesus macaque UBE3A processed pseudogene (UBE3App) which is shown in the context
of the rhesus ancestral Icr16a locus on top of the network. Except for the path connecting the root and the first node the network is drawn to
scale. The number of substitutions is indicated for each path. In ppy_1-3, the lcr16a 3’ breakpoint localizes to UBE3App (UBE—gray arrows).
Copies ppy_4-8 are characterized by the insertion of an SVA carrying a 3’ TD into the expanded NPIP 3’ tandem repeats. TSDs (black ovals) are
discernible in ppy_4-6 which, based on the order of the upstream genes, represent the orang-utan lcr16a ancestral locus. TR—tandem repeats
downstream of the SVA integration site; pA—potential polyadenylation signal provided by the SVA 3’ transduction. Chromosome numbers
refer to the rhesus genome; a key with the respective numbers in human and orang-utan is provided. MMU, Macaca mulatta; HSA, Homo sa-
piens; PPY, P. (pygmaeus) abelii. (B) Schematic representation of additional lcri6a copies present on orang-utan chromosomes 16 and 11
(ppy_33). Note that in all cases, the 3’ breakpoint localizes to either the SVA or its 3’ transduction. Colored boxes in (A) and (B) represent
lcr16a flanking sequences or flanking SDs (not drawn to scale). Identical colors indicate identical mapping positions (rheMac10) and junctions
between the modules and the low copy repeat. The key to the color code is provided in supplementary table S2, Supplementary Material online.
For reasons of clarity only immediately flanking modules are shown.

Further amplification of Icr16a on chromosome 13 in-
volved two different breakpoints in the SVA Alu-like do-
main and co-mobilization of flanking SDs at the 5’ and/
or 3 end of the lcri6a core (fig. 3A and G
supplementary table S3, Supplementary Material online).
One of the copies, however, does not follow this pattern:
ppy_22 resulted from recombination between one of the
members of the ppy_17-20 group and a different, full-
length SVA (insertion site mapping to hg38
chr13:25,022,161). Again recombination occurred in the
3’ part of the SINE-R region (fig. 3C and D—right panel;
supplementary fig. S1, Supplementary Material online).
Taken together, SVA-SVA recombination likely

4

contributed to both interchromosomal and intrachromo-
somal mobility of lcr16a in orang-utan.

SVA Recombination-mediated Duplicative
Transposition of Icri6a in Hominines

To establish whether there is an association of SVAs with
Icr16a in the human genome, SVAs were intersected with
SDs on human chromosome 16. Two elements were found
overlapping the 3’ ends of lcr16a copies; both in reverse
orientation relative to the NPIP gene. They display identi-
cal 3’ flanking sequences, indicating that they occupy the
same position in lcr16a. One of the elements was found to
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Fic. 3. SVA recombination contributes to lcr16a interchromosomal and intrachromosomal mobility in orang-utan. (A) Structure and extension of the
Icr16a core duplicon in duplication blocks on chromosome 13. Only immediately adjacent flanking sequences/SDs (colored boxes) are shown. Thin
horizontal lines denote lcr16a sequence upstream of the NPIP coding region (drawn to scale). Numbers above vertical arrows refer to the SVA 5’ end
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TCTCCC hexameric repeats at the 5" end are followed by an Alu-like domain, a VNTR and a retrovirus-derived SINE-R. The element present in orang-
utan lcr16a carries a 3’ TD. Black bars indicate the regions used in the phylogenetic analysis shown in C. Numbers denote the length of the sequences
used for the analysis. (C) Different phylogenetic relationships of SVA 5" and 3" ends suggest recombination as the mechanism of lcr16a interchromo-
somal (chromosome 16 to chromosome 13) and intrachromosomal (ppy_22 on chromosome 13) duplicative transposition. Maximum likelihood
phylogenetic trees (Kimura two-parameter; n = 10,000 bootstrap replicates) were generated for SVA sequences up- and downstream of the potential
recombination region (for details see main text and supplementary fig. S1, Supplementary Material online). The SVA 5’ region comprises the part of the
Alu-like domain present in all copies, the first and the last three VNTR subunits as well as the 5 part of the SINE-R. The central part of the VNTR could
not be aligned. The downstream part spans the SINE-R 3’ and the 3’ transduction. Low bootstrap values of, in particular, the interior nodes can be
attributed to the relatively short length of the sequences used in the analysis. (D) Schematic representation of SVA recombination in interchromosomal
(left panel) and intrachromosomal (right panel) lcr16a duplicative transposition. SVAs are shown in orange; the 3’ transduction in purple. The black
arrow denotes lcr16a. Numbers indicate the different SVA elements involved in recombination. X denotes recombination events. Colored boxes in (A)
and (C) represent lcr16a flanking sequences or flanking SDs (not drawn to scale). Identical colors indicate identical mapping positions and junctions
between the modules and Icr16a atits 5 and 3’ end, respectively. Modules derived from the same locus are presented in the same color. The key to the
color code is provided in supplementary table S3, Supplementary Material online. For reasons of clarity only immediately flanking modules are shown.
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be full-length, the other one is 5" truncated. Subsequently,
BAC sequences harboring the two SVAs were retrieved
and analyzed. In two of the clones (AC277974 and
AC145285; supplementary table S5, Supplementary
Material online) the full-length SVA at the Icr16a 3’ end
was found in combination with another full-length elem-
ent at the lcr16a 5’ end (fig. 4A). Analysis of the subfamily
affiliation of the two SVAs revealed that they are chimeras
combining SVA_B and SVA_D subfamily sequences in a re-
ciprocal manner: the 5’ element (upstream) is SVA_D at its
5" end and SVA_B at the 3’ end; the 3’ (downstream) SVA
displays an SVA_B Alu-like region and SVA_D SINE-R (fig.
4A; supplementary fig. S3, Supplementary Material online).
The outer junctions of the cassette as depicted in figure 4A
map to a position downstream of EIF3C; the inner (Icr16a
—SVA) junctions to a position in PLA2G10 intron 1. TSDs
of the EIF3C insertion site (black triangles) are found asso-
ciated with SVA_B sequence (purple) at the 3’ end of the
upstream and the 5 end of the downstream SVA. TSDs
matching the PLA2G10 insertion site (red triangles) are as-
sociated with SVA_D sequence (orange) at the 5 end of
the upstream and at the 3’ end of the downstream chimer-
ic element. In addition, PLA2G10 sequences ranging from
exon 3 to intron 1 are found to be shifted to a position
downstream of NPIP (fig. 4A).

Taken together, the structure observed is consistent
with a duplication mechanism involving circular inter-
mediates as recently established by Chicote et al. (2020).
In the case described here recombination between two
SVA elements mediates reintegration of the circular inter-
mediate into the genome (fig. 4B): duplication starts with
circularization of an lcr16a copy containing an SVA_D in-
sertion in PLA2G10 intron 1. In the resulting circle, the NPIP
3’ end is joined to PLA2G10 intron 3. At the insertion site,
the SVA_D recombined with an SVA_B element facilitat-
ing integration of the SVA_D-flanked lcri6a sequence.
The resulting structure is the one observed on the BAC
clones and is also represented in the human reference gen-
ome (hg38 chr16:28,737,136-28,781,237).

Duplication must have occurred in the common homi-
nine ancestor, as a similarly structured Icr16a copy is also
found in chimpanzee (AC275224.1) and the two flanking
SVAs could be identified in gorilla PacBio reads
(supplementary table S5, Supplementary Material online).
In the gorilla reference genome (gorGor6) they map at a
distance of ~0.4 Mb (as opposed to 50 kb in the human
genome), suggesting that either the original copy has
not been retained in gorilla and the two SVAs are now
found on separate descendants or that the SD harboring
the original copy has not been correctly included into
the reference build.

Insertion of the SVA-flanked Icr16a is the seeding event
for an entire group of copies (fig. 4G supplementary table
S5, Supplementary Material online). In addition to NPIPBY,
which contains the complete cassette, there are copies in
which either the 5’ (chimpanzee AC097264) or the 3’ end
(NPIPB7/8) of it is preserved. In some copies, a 3’ break-
point in the SVA is used (the 5" truncated SVA element

6

identified in the initial screen). It is always found fused
to a segment derived from the MPV17L locus. The struc-
ture observed in NPIPB12/13 suggests initial integration
into MPV17L using a 5’ breakpoint upstream of NPIP.
Subsequent recombination events then gave rise to the
“chimeric” copies combining MPV17L and EIF3C modules.
The 5" MPV17L segment is also found in NPIPB3/4/5/11,
where it has served as accretion point for lcr16u (Eichler
et al. 2001) and in the lcr16a localized on chromosome 18.
Taken together, the majority of the NPIPB copies in hu-
mans (NPIPB3-NPIPB13 and NPIPB_chr18) can be traced
back to the SVA recombination-mediated duplication
event described above (fig. 4B and G supplementary
table S5, Supplementary Material online). In NPIPB2 and
NPIPB15, breakpoints internal to the Icr16a as present in
NPIPB12/13 have been used; flanking SDs derived from
the EIF3C or MPV17L loci are missing in these copies. It
is, therefore, not possible to unambiguously establish their
descent from one or the other of the NPIPB copies.

Large Direct Repeats Flank SDs in the Human
Genome

The Icr16a copy on chromosome 18 presents a unique
structure: it is flanked by ~4 kb of directly repeated
chromosome 18 sequence (fig. 5; light blue bars—
chr18_SD). The duplicated segments are delimited by an
SVA_B and the 3’ transduction (3’ TD—shown in red) of
an SVA_C element, respectively. In this case, however,
the SVAs did not play a role in the integration process of
the core duplicon. A subsequent scan of the human gen-
ome identified four more instances of SDs flanked by large
direct repeats (supplementary table S6, Supplementary
Material online): RhD (1p36.11) flanked by 9 kb direct re-
peats and DPY19L2 (12q14.2) flanked by a duplication of
27 kb have already been described in the literature
(Wagner and Flegel 2002; Elinati et al. 2012). The other
two instances comprise three genes each—MMP23A/
CDK11A/SLC35E2A  on chromosome 1p36.33 and
CASTOR3/SPDYE/PMS2P1 on chromosome 7q22.1. Based
on the UCSC genome browser alignment net and available
data from the literature DPY79L2 has integrated on
chromosome 12 prior to mammalian divergence, the
CDK11-containing duplication dates back to the great
ape common ancestor, whereas the other instances ob-
served are hominine-specific (Matassi et al. 1999; Carson
et al. 2006; Johnson et al. 2006; Cantsilieris et al. 2020).
DPY19L2 and NPIPB represent interchromosomal SDs;
the remaining duplications originate from loci of the
same chromosome.

Analysis of the junctions between flanking direct re-
peats and inserted SDs revealed 1-4nt microhomologies
and the insertion of extra nucleotides or unrelated seg-
ments of DNA (supplementary table S6, Supplementary
Material online). The lcr16a copy shows a complex junc-
tion at its 3’ end (fig. 5). Insertion-flanking direct repeats
could, theoretically, arise when double-strand breaks gen-
erate overhanging ends which are then complemented
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Fic. 4. SVA recombination-mediated insertion of an lcr16a circular intermediate is the founding event for the NPIPB clade in hominines.
(A) Schematic representation of lcr16a on AC277974 (hg38 chr16:28,737,136—28,781,237). The core duplicon is flanked by two SVA_B (purple)-
SVA_D (orange) chimeric elements, the corresponding TSDs are found at the inner (SVA_D—red triangles) and outer (SVA_B—black triangles)
boundaries of the cassette. The SVA preintegration site sequences (pre-B and pre-D) are shown together with the TSDs and surrounding se-
quences. TSDs are highlighted in yellow, SVA sequences in purple (SVA_B), and orange (SVA_D). Mismatches present in the human TSDs
are absent in gorilla and chimpanzee. PLA2G10 exons (E) 3 and 2 are found at the NPIP 3’ end. (B) SVA recombination-mediated insertion
of a circular intermediate can explain the structure presented in (A). An lcr16a copy carrying an SVA_D insertion in PLA2G10 intron 1 circu-
larizes, connecting PLA2G10 exon 3 and the NPIP 3’ end. Reinsertion occurs through recombination between the SVA_D and an SVA_B down-
stream of EIF3C. The resulting copy is characterized by flanking SVA_D/B and SVA_B/D chimeric elements and translocation of PLA2G10 exons 3
and 2 to the NPIP 3’ end. TSDs of the SVA elements are shown as red and black triangles, respectively. The inset shows the dot plot for the
alignment of the human copy (AC277974) to the rhesus ancestral locus. The segment corresponding to PLA2G10 exons 2 and 3 is highlighted
in red. E—exon (C) Expansion of the NPIPB clade of hominine lcr16a. Duplicative transposition of Icr16a with breakpoints (BP) in the lcri6a 5
and in the 3’ flanking SVA_B/D chimera into the MPV17L locus gives rise to the ancestor of NPIPB12/13. SD structures observed in chimpanzee
(ptr) AC097264.4 and human NPIPB8 can be explained by recombination between the NPIPB12/13 duplicon and the ancestral copy (with a
structure as present in NPIPB9). NPIPB copies associated with Icr16u and the chromosome 18 copy could be derived from either NPIPB12/13
(1) or from NPIPB8 (2). NPIPB7 could be derived from NPIPB9 by use of breakpoints in lcr16a and in the 3’ flanking SD. Only flanking modules
relevant to the model are shown. Identically colored boxes are derived from the same locus. Where genes are annotated in the reference genome,
gene symbols have been included. For detailed mapping data, see supplementary table S5, Supplementary Material online. lcri6u—chromosome
16 low copy repeat u; contains the SMG1 gene and is frequently found associated with lcr16a (Eichler et al. 2001).
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Fic. 5. The chromosome 18 Icr16a duplication is flanked by 4 kb direct repeats. A modified UCSC genome browser representation of the Icr16a
integration on chromosome 18 is shown. The core duplicon is flanked by ~4 kb direct repeats (light blue bars; chr18_SD). Breakpoints of the
flanking repeats are localized in the 3’ transduction (3’ TD—red bars) of an SVA_C element and directly downstream of an SVA_B element.
The inset shows the complex junction at the 3’ Icr16a integration site involving, among others, the insertion of an unrelated DNA segment
and the inversion of part of the SVA_C 3’ transduction. The marmoset alignment net is provided to illustrate the different origins of the se-

quences. The RepeatMasker track has been reduced to show SVA only.

after insertion has occurred—in a manner similar to that
suggested for repeats observed at the ends of pericentric
inversions (Kehrer-Sawatzki et al. 2005). However, especial-
ly the complex junction found at one end of the Icr16a in-
sertion (comprising four different DNA fragments—not
shown) cannot be explained by such a mechanism. Only
replication-based models involving multiple template
switches (FoSTeS/MMBIR—Lee et al. 2007; Hastings et al.
2009) can account for complex junction structures. The
microhomologies and insertions of sequence derived
from other regions of the genome at the junctions are con-
sistent with these mechanisms.

Discussion

Early on in the analysis of human SDs an enrichment of Alu
elements at their boundaries has been observed and a role
for Alu—Alu-mediated recombination in the generation
and expansion of SDs has been proposed (Bailey et al.
2003). A recent analysis of lcr16a across primates found
Alu repeats significantly enriched in both donor and ac-
ceptor regions—but not SVAs (Cantsilieris et al. 2020).

Based on the literature, SVA-SVA recombination ap-
pears to be a rare event. Re-analysis of the data provided
by Lee et al. (2012) revealed that the one event attributed
to recombination between SVA elements more likely re-
presents the loss of an SVA element in the human and gor-
illa lineages. The only other report published postulated
SVA-SVA recombination as the cause of a deletion in
the WDR66 gene (Kherraf et al. 2018). Indeed, a global as-
sessment of structural variation in the human genome sub-
sequently identified an SVA insertion at the 3’ end point of
the deletion (gnomAD:INS_12_86171; nsv4574453, Collins
et al. 2020). A comprehensive analysis of SVA inter-element
recombination is not available. Considering the relatively
low copy number of SVAs (2,800 in the human genome,
Wang et al. 2005) compared with more than 1 million
Alu elements (Lander et al. 2001), the probability for
such events to occur is, however, rather low.

Thus, SVA appeared to be an unlikely candidate to in-
vestigate in the context of SD formation and expansion.
SVA elements and their gibbon counterparts, LAVA,
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have previously been shown to coamplify with SDs
(RHOT1 transduction group, Damert et al. 2009; Hancks
et al. 2009; LAVA_C3, Carbone et al. 2014). The finding
that they can provide SD breakpoints and contribute to
SD mobility by inter-element recombination was unex-
pected. In the orang-utan lcri6a copies analyzed here
breakpoints in three of the four SVA structural domains
are used: in the Alu-like region, the VNTR, and the
SINE-R. Thus, there is no obvious breakpoint preference
determined by sequence/structure. The second break-
point in the Alu-like domain (pos. 235 relative to the
RepeatMasker consensus) does, however, coincide with a
recombination hotspot described for Alu elements
(Rudiger et al. 1995). In case of the first breakpoint in
the Alu-like region (pos. 202 relative to the
RepeatMasker consensus) there are two possible scenarios.
Either there has been recombination of the chromosome
16 full-length SVA with a truncated SVA on chromosome
13 (fig. 3D—Ileft panel) or recombination occurred be-
tween two full-length elements with a subsequent break
in the Alu-like region upon generation of one of the
chromosome 13 copies. Overall, the analysis of lcr16a
alone already identified two and one SVA inter-element
recombination events in orang-utan and humans, respect-
ively. This suggests that SVA-SVA recombination might be
more frequent than expected from previous reports in the
literature.

To accurately appreciate SVAs’ contribution to lcri6a
mobility, it has to be taken into account that for the extant
complex lcr16a duplication blocks the interaction at the
insertion site occurred with lcri6a-associated SDs and
does not involve SVAs. In orang-utan evolutionary history,
however, SVA contributed to lcr16a dispersal and acquisi-
tion of core duplicon-associated SDs.

Starting from a few anecdotal observations (Fujimura
et al. 2011; Durkin et al. 2012) integration of extrachromo-
somal circular DNA (eccDNA) has only been recognized as
a mechanism of SD formation in the last years. Recently,
SDs were found to be significantly overrepresented
in sperm eccDNA (Mouakkad-Montoya et al. 2021). To
date, only a relatively small number of duplication events
generated by this mechanism has been characterized
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(Chicote et al. 2020; Takahashi and Innan 2020).
Fundamental questions regarding circularization and inte-
gration are still unanswered. Based on the analysis pub-
lished homology-based mechanisms did not appear to
play a role in the integration process (Chicote et al.
2020). The structure of the NPIPB9 lcr16a copy analyzed
here (fig. 4A), however, is consistent with the reintegration
of a circular intermediate through recombination between
homeologous SVA elements. Whether this has been a un-
ique event remains to be seen. Based on the analysis of des-
cendent copies (see fig. 4C, supplementary table S5,
Supplementary Material online) it is, however, very likely
that this particular event stands at the base of the entire
lcr16a/NPIPB expansion in African apes. Much of the
positive selection detected in gorilla, human, and chim-
panzee can be attributed to the NPIPB subfamily
(Cantsilieris et al. 2020). It is tempting to speculate
that SVA-mediated transposition to a more distal loca-
tion, by increasing the distance to other Icr16a (NPIPA)
copies, decreased the probability of homogenizing gene
conversion and, thus, permitted independent evolution
of NPIPB. Taken together, the data presented here reveal
a previously unrecognized role for the hominid-specific
SVA retrotransposon in the mobilization of the Icr16a
core duplicon.

Up to now, there had only been two isolated observa-
tions of gene duplicates flanked by large direct repeats
(RHD and DPY19L2, Wagner and Flegel 2002; Elinati
et al. 2012). The identification of three more instances
in the study presented here (NPIPBP_chr18, MMP23A/
CDK11A/SLC35E2A, and CASTOR3/SPDYE/PMS2P1) raises
the question of whether this might represent a more gen-
eral phenomenon. In the reference genome additional
events of this type may be hidden by complex rearrange-
ments at sites of SD, especially in the subtelomeric and
pericentromeric regions—and, therefore, difficult to de-
tect. In addition, SDs flanked by direct repeats are prone
to deletion involving NAHR (nonallelic homologous re-
combination) between the flanking sequences, leaving
behind a single chimeric copy of the original flanking dir-
ect repeats. Indeed, such deletion events have been de-
scribed for all five cases reported here—either as
duplication-specific observations (Wagner and Flegel
2000; Elinati et al. 2012) or in the framework of whole-
genome structural variation surveys (Korbel et al. 2007;
The International HapMap 3 Consortium 2010; Mills
et al. 2011; Wong et al. 2013, dgv accession numbers are
provided in supplementary table S6, Supplementary
Material online). Interestingly, a recent comprehensive
survey of structural variants (SVs) in the human genome
does not list the combination of insertion and duplica-
tion observed here among the subclasses of complex
SVs (Collins et al. 2020); neither are there, to my knowl-
edge, any reports of disease-associated SVs of this type.
Thus, de novo generation of such duplication/insertion
structures appears to be extremely rare or it escapes de-
tection due to the simultaneous presence of duplication
and insertion signatures at the same site.

Materials and Methods

BACs, Mapping, and Identification of Repeat-flanked
SDs

BACs analyzed are those reported in Cantsilieris et al. (2020).
Additional BACs spanning Icr16a copies were identified by
BLAST using the NPIPA coding region or SVA sequences as
queries in searches against the NCBI nucleotide (nr/nt) and
htgs databases. Sequences were mapped against the rhesus
(rheMac10), human (hg38), and orang-utan (ponAbe3,
Susie_PAB_pri, Vollger et al. 2022) genomes. All mapping
was done using BLAT at the UCSC genome browser.
Susie_PAB_pri sequences were analyzed using the NCBI
Genome Workbench (Kuznetsov and Bollin 2021). Where
possible and appropriate, conclusions based on the analysis
of BAC sequences were cross-checked against the respective
reference genomes and/or available sequence read archives
(PacBio) at NCBI. The dot plot was generated using YASS
(Noe and Kucherov 2005) with repeat-masked input se-
quences. SDs flanked by large direct repeats were identified
by visual screening using the UCSC genome browser SD track
and nonoverlapping 0.5 Mb windows.

Phylogenetic and Recombination Analysis

All multiple alignments were calculated using ClustalW
(Thompson et al. 1994) in Bioedit. The median-joining net-
work was constructed using Network (Bandelt et al. 1999)
with default parameters (equal weight for all positions, no
preprocessing, or postprocessing) and external rooting.
Maximum likelihood phylogenetic trees were generated
with MEGA X (Kumar et al. 2018) (Kimura two-parameter;
n=10,000 bootstrap replicates). For analysis of SVA re-
combination in orang-utan, the SVAs were separated at
the point of an internal 34/67 bp sequence duplication
in ppy_17-20 which divides the potential recombination
interval (between last chromosome 16-specific substitu-
tion and first chromosome 16—chromosome 13-shared
substitution—306 bp) approximately in half.

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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