
one read maps while the other one does not. Such pairs form a ‘hang-
ing insertion’ signature5 (Fig. 1i). De novo assembly of such hanging 
reads can be used to reconstruct a small inserted segment, although 
if it is substantially larger than the insert size, hanging reads will not 
cover the entire insertion.

Signatures based on depth of coverage
The high coverage of NGS makes it possible to identify a completely 
different type of signature, based on the depth of coverage (DOC). 
Assuming the sequencing process is uniform, the number of reads 
mapping to a region follows a Poisson distribution and is expected 
to be proportional to the number of times the region appears in the 
donor. Thus, a region that has been deleted (duplicated) will have 
less (more) reads mapping to it. Although earlier work used DOC 
to identify recent segmental duplications in the human genome37 
and compare segmental duplications between human and chimp38, 
Campbell et al.34 were the first to use these ‘gain/loss’ signatures 
to detect CNVs between tumor and healthy samples of the same 
individuals (Fig. 2). Unlike the PEM insertion signatures, the gain 
signature does not indicate where an insertion occurred, but rather 

which is composed of two linking signatures 
where the linked regions are close to each 
other (Fig. 1e). Unlike the basic insertion, 
the linked insertion signature can be used 
to identify the region that has been insert-
ed. However, if the size of the insertion is 
large, then the confidence that the two link-
ing signatures are associated with the same 
insertion decreases, and thus this signature 
becomes weak for very large insertions.

Another type of linking signature is creat-
ed by a region of the reference that has been 
tandemly duplicated in the donor. Cooper et 
al.7 first observed that a mate pair that has 
an end in each of the two copies will have an 
‘everted’ mapping: the order of the mates is 
reversed while the orientation stays the same 
(Fig. 1f). We call this an ‘everted duplication’ 
signature. This signature can only be used 
to detect a novel tandem duplication—for 
example, it cannot detect a tandemly repeat-
ed region whose copy count changes from 
two to three.

All of  the methods outlined above, 
although able to identify approximate loca-
tions of breakpoints, cannot indicate the 
exact locations. The methods below describe 
signatures that address this shortcoming.

Breakpoint identification: split mapping 
and hanging insertion. A read sampled 
across a deletion breakpoint will leave a 
‘split mapping’ signature in the reference, 
with a prefix and suffix of the read map-
ping to different locations. Whereas this 
signature is detectable with longer reads5,35, 
there are too many such spurious mappings 
of short read halves, and hence too many 
spurious signatures, with short read data. 
Nevertheless, Ye et al.36 showed that if one uses the fact that the mate 
of a split read must map nearby, then the search space for the split 
mapping of the hanging read can be much reduced. Thus we have 
the ‘anchored split mapping’ signature, in which one of the mates 
maps to the reference and the other has a split mapping with one of 
its parts about 1 insert size away (Fig. 1g). A similar situation occurs 
when there is an insertion of a few base pairs. This will leave behind a 
similar signature, except that the split read will have a prefix and suf-
fix mapping to adjacent locations, and there will be a middle part of 
the read (the bases inserted) that will not be part of either the prefix 
or suffix mapping (Fig. 1h).

The anchored split mapping signature has the advantage that it 
can pinpoint the breakpoint of the event with base-pair precision. 
However, if the deletion is too large, then there will be too many 
spurious hits for the farther part of the split mapping. Similarly, the 
size of the insertion detectable with this signature is only a few base 
pairs, as every inserted base reduces the fraction of the read that 
matches the genome.

To identify insertions that contain a novel genomic segment, it is 
possible to use mate pairs spanning either of the breakpoints, where 
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Figure 1 | Illustrations of PEM signatures. Mate pairs are sampled from the donor, where they 
are ordered with opposite orientation (the blue mate follows the orange), and are mapped to the 
reference (ref). Basic signatures include (a) insertions and (b) deletions, where the mapped distance 
is different from the insert size, as well as (c) inversions, where the order of the two mates is 
preserved but one of them changes orientation. (d) The linking signature has several discordant mate 
pairs with similar mapped distances identifying adjacency in the donor (dashed orange arrows) of 
two distal segments of the reference. The orientation and order of the mapped mate pairs depends 
on the orientation and order of the two segments in the reference; here, these are unchanged. (e) 
A linked insertion signature is composed of two linking signatures and arises when the inserted 
sequence (green) is copied from another location in the genome. (f) A tandem duplication will 
create an everted duplication linking signature, with mates mapping out of order but with proper 
orientations. These mate pairs link the end of the duplicated region to its beginning. (g,h) In the 
anchored split mapping signature, one mate has a good mapping, whereas the other has a split 
mapping. For a deletion (g) the prefix and suffix surround the deletion, whereas for an insertion 
(h) the split read has the prefix and suffix mapped to adjacent locations, while a middle part does 
not map. (i) When a novel genomic segment is inserted, a hanging insertion signature is created, in 
which only one of the mates has a good mapping.
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