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Chromosomal inversions (INVs) are particularly challenging to detect due to their copy-number neutral state and associa-
tion with repetitive regions. Inversions represent about 1/ 20 of all balanced structural chromosome aberrations and can lead
to disease by gene disruption or altering regulatory regions of dosage-sensitive genes in cis. Short-read genome sequencing
(srGS) can only resolve ~70% of cytogenetically visible inversions referred to clinical diagnostic laboratories, likely due to
breakpoints in repetitive regions. Here, we study 12 inversions by long-read genome sequencing (IrGS) (n= 9) or srGS (n = 3)
and resolve nine of them. In four cases, the inversion breakpoint region was missing from at least one of the human reference
genomes (GRCh37, GRCh38, T2T-CHMI3) and a reference agnostic analysis was needed. One of these cases, an INV9 map-
pable only in de novo assembled IrGS data using T2T-CHMI3 disrupts EHMTI consistent with a Mendelian diagnosis
(Kleefstra syndrome 1; MIM#610253). Next, by pairwise comparison between T2T-CHMI3, GRCh37, and GRCh38, as
well as the chimpanzee and bonobo, we show that hundreds of megabases of sequence are missing from at least one human
reference, highlighting that primate genomes contribute to genomic diversity. Aligning population genomic data to these
regions indicated that these regions are variable between individuals. Our analysis emphasizes that T2T-CHMI3 is necessary
to maximize the value of IrGS for optimal inversion detection in clinical diagnostics. These results highlight the importance of

leveraging diverse and comprehensive reference genomes to resolve unsolved molecular cases in rare diseases.

[Supplemental material is available for this article.]

Inversions are intrachromosomal segments rotated 180° and
inserted back into the genome. These copy-number neutral struc-
tural variants (SVs) are characterized by two breakpoint junctions
in cis, each mapping to the same (paracentric inversion) or distinct
chromosomal arms (pericentric inversion). Inversions larger than
the resolution limitation of the screening methodology may not
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be detected due to the need of phasing both junctions in cis.
This is bioinformatically challenging, particularly in short-read ge-
nome sequencing (stGS) analysis, and a feature which makes in-
versions prone to high false-negative and false-positive rates
(Chaisson et al. 2019). Moreover, recurrent inversions formed by
nonallelic homologous recombination (NAHR) use segmental du-
plications (SDs) or other types of highly similar repeats as recombi-
nant substrates (Stankiewicz and Lupski 2002; Dittwald et al. 2013;
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Carvalho and Lupski 2016) which adds to the challenge of detect-
ing junctions mapping to poor quality regions of the genome
(Kidd et al. 2010; Chaisson et al. 2019; Porubsky et al. 2023a).

The clinical impact of inversions ranges from reproductive
problems, due to the production of unbalanced gametes during
meiosis, to severe monogenic disease. Such events may be under-
diagnosed in rare diseases and targeted analysis approaches are
often needed (Grochowski et al. 2021; Pagnamenta et al. 2024).
We previously demonstrated that 28% of cytogenetically visible
inversions are undetected with stGS (Pettersson et al. 2020), sug-
gesting that the breakpoint junctions are located within large
stretches of repetitive sequences, which are challenging to resolve
using short-read lengths.

Long-read genome sequencing (IrGS) has been shown to im-
prove alignment, enable phasing, and provide better resolution
across repetitive regions (Sudmant et al. 2015; Kronenberg et al.
2018; Logsdon et al. 2020). However, inversions with breakpoints
mapping to large repeats remain challenging to resolve even with
IrGS, underlying the importance of a complete reference genome
(Porubsky et al. 2023a,b). The Telomere-to-Telomere assembly of
the CHM13 cell line (T2T-CHM13) may provide increased sensitiv-
ity in inversion detection due to its increased resolution across re-
petitive sequences (Nurk et al. 2022; Porubsky et al. 2023a). This
reference genome is the first complete reference, adding over 200
megabase pairs (Mbp) of sequence compared to GRCh38 (Nurk
et al. 2022). In fact, both GRCh37 and GRCh38 lack information
across hundreds of Mbp of regions such as telomeres, centromeres,
and other repetitive regions (Church et al. 2011; Schneider et al.

2017; Ameur et al. 2018; Pan et al. 2019; Eisfeldt et al. 2020;
Nurk et al. 2022). Often forgotten resources in human genetic
analysis are the closely related nonhuman primate genomes chim-
panzee (The Chimpanzee Sequencing and Analysis Consortium
2005; Gordon et al. 2016) and bonobo (Mao et al. 2021) that
have been fully sequenced, with up to 99% of gaps closed (Mao
et al. 2021). Studies show that sequences unmappable after srGS
analysis may be present in nonhuman primates (Sherman et al.
2019; Eisfeldt et al. 2020).

The aim of this study is to evaluate 1rGS and complete refer-
ence genomes in an effort to better resolve chromosomal inver-
sions, in particular those with breakpoints located in repetitive
regions. This is crucial for improving the accuracy of clinical diag-
nostics and understanding the molecular basis of rare diseases.

Results

Twelve rare inversions affecting Chromosomes 35, 6, 9, 10, 11, 12,
14, 18, and 19 were all initially detected by karyotyping and ge-
nome sequenced using various approaches (Table 1).

Structural variant calling and filtering

Comparing the amount of SV calls between the srGS and the IrGS,
the number of calls is higher in 1rGS (average of 14,859 and 7814,
respectively, for 1rGS and srGS). Overall, SV calling on the
IrGS from the inversion carriers aligned to GRCh38 generates
more calls in 8/9 cases, compared to alignment to T2T-CHM13

Table 1. Overview of investigated inversions
Sequencing
Case ID Ascertainment Karyotype GRCh37 GRCh38 T2T Chimpanzee Bonobo data
RD_P525 Repeated IVF without pregnancy ~ 46,XY,inv(5)(p13923) v 4 4 v v IrGS
P4855_501 Neurodevelopmental disorder, 46,XY,inv(6) x v v v v srGS?, lirGS?, IrGS
hearing loss, visual impairment, (p12q16.3)
anosmia, hypogonadism
P5371_208 Recurrent miscarriages 46,XY,inv(9)(p13922) x x x x x srGS?, lirGS?
BH16643-1 Hypotonia, global developmental  46,XX,inv(9) x x v x x srGS, IrGS, OGM
delay (q12934.3)dn
P4855_106 Family investigation 46,XY,inv(10) x x v x x srGS?, lirGS?
(q11g23)pat
P4855_208 Neurodevelopmental disorder 46,XY,inv(11) x x x x x srGS?, lirGS?, IrGS
(p11.1g12)mat
RD_P541 Recurrent miscarriages 46,XX,inv(12) v v v v v IrGS, OGM
(p11.239q13.3)
RD_P549 Family investigation 46,XY,inv(14) v v v v v IrGS
(924932)
P5370_201 Diabetes type I, Hodgkins 46,XY,inv(18) X X X x X srGS?, lirGS?
lymphoma, hearing loss, (p11.3q11.2)
hypogonadism, retinitis
pigmentosa, acanthosis nigricans,
beta thalassemia
RD_P526 Family investigation 46,XX,inv(18) 4 v v v v IrGS
(p11.23g21.1)
RD_P542 Repeated IVF without pregnancy ~ 46,XX,inv(19) v v v v v IrGS
(p13.2913.4)
RD_P546 Family investigation 46,XY,inv(19)(p13.2? v v v v v IrGS

q13.4)

The table displays the reference genome in which the inversion breakpoint junctions were mapped (v') or absent (x), and the data available (short-
read [sr], linked-read [lir], long-read [Ir] genome sequencing [GS], and optical genome mapping [OGM]).

Previously reported in Pettersson et al. (2020).
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(Supplemental Fig. S1). The number of filtered SV calls rapidly de-
creases when applying allele frequency filters (Supplemental Fig.
S1). The number of SV calls supporting an inversion between the
regions known from the cytogenetic analysis ranged from O to 2
(Supplemental Table S1).

Resolving inversions

Inversion breakpoints were resolved in 9/12 inversions using both
stGS, IrGS, and a reference agnostic approach (Tables 1, 2). The
breakpoint junction information along with proposed formation
mechanisms for all the nine resolved inversions is provided in
Table 2 and Supplemental Figures S2 and S3. Of the nine resolved
cases four inversions (P4855_501, P4855_106, BH16643-1, and
RD_P541) had one breakpoint junction that was located in regions
of the reference which were missing in some genome builds (Figs.
1, 2). One inversion was detected in both GRCh38 and T2T-
CHM13 (INV6, P4855_501) and two only in T2T-CHM13
(INV10; P4855_106 and INV9; BH16643-1). The remaining five in-
versions, all present in individuals referred due to fertility prob-
lems, had breakpoints located in easily mappable genomic
regions represented in all reference genomes (INVS; RD_P525,
INV14; RD_P549, INV18; RD_P526, INV19; RD_P542; and
INV19; RD_P546) (Table 1; Supplemental Fig. S3). Three of them
had breakpoint junction features consistent with nonhomologous
end joining (NHEJ]) (INVS; RD_P525) or microhomology-mediated
end joining (MMEJ) (INV14; RD_P549, INV18; RD_P526). One
case, the INV19 in RD_P542, harbored a 335 bp deletion in one
junction indicative of a replicative mechanisms such as microho-
mology-mediated break-induced replication (MMBIR) and the
final case was complex (INV19; RD_P546) (Table 2). The
inversions with breakpoint junctions mappable only in specific
references as well as the complex rearrangement are detailed
below.

Case P4855_501 suffered hearing impairment, intellectual
disability, autistic features, diplopia, anosmia as well as hypogo-
nadism and had a 43 Mbp pericentric inversion on Chromosome
6 that was not detected using srGS (Pettersson et al. 2020), IrGS
and de novo assembly in GRCh37. Inversion breakpoint junctions
were located upon alignment to GRCh38 and T2T-CHM13, where
it could be detected in srGS, 1rGS, and de novo assembly (Fig. 1A).
In fact, the inversion breakpoints were detectable also by align-
ment to the chimpanzee and bonobo references (Supplemental
Figs. S4, S5). This was due to a 127 kbp gap in GRCh37 at 6p12.3
which was present in all the other human and primate reference
genomes (Fig. 2A,B). The region, located at Chr 6: 51,102,785-
51,230,413 (GRCh38) did not contain any known genes and con-
sists of 51% repeat sequence; 49% interspersed repeats, and 2%
simple repeats (Fig. 6C). Discordant reads pairs in srGS and split
reads in IrGS were present in the GRCh37 alignment at the
6q16.1 breakpoint, partnering with multiple genomic locations
(Supplemental Fig. S4). Both breakpoint junctions contained
microhomology (2-3 bp) indicating MME] (Table 2). No genes
were interrupted by the inversion breakpoints and 324 genes
were located within the inverted segment. By analyzing topologi-
cal associated domains (TADs) in public data sets from 3D genome
browser (Dixon et al. 2012), we find multiple TADs that merge or
fall closer to each other due to the inversion, but none of these
clearly explain the clinical symptoms (Supplemental Fig. S6A).

Case P4855_106, a healthy male whose partner had repeated
miscarriages had a ~53 Mbp inversion on Chromosome 10, unde-
tected by srGS and linked read genome sequencing (lirGS) in

GRCh37 (Pettersson et al. 2020). No DNA was available for IrGS,
but the inversion was identified in T2T-CHM13 (Fig. 1B;
Supplemental Fig. S2), where it was visible by both srGS and de
novo lirGS assembly. The 10q11 breakpoint, located in a region
containing simple repeats, could only be pinpointed to a span at
Chr 10: 42,197,576-42,315,905 (T2T-CHM13). Overlapping this
was a 69 kbp region of simple repeats only present in T2T-
CHM13 (Fig. 2C; Supplemental Fig. S5). The region, spanning
from Chr 10: 42,282,056-42,351,085 (T2T-CHM13) does not con-
tain any known genes and consists of 99% simple repeats and is
surrounded by other regions of simple repeats. The breakpoint
junctions did not show any microhomology but a 14 bp deletion
indicating NHE] (Table 2). The inversion does not interrupt any
known genes, and 2879 genes are located within the inverted seg-
ment. TAD analysis shows that TADs identified in multiple tissues
are broken, merge, or fall closer to each other due to the inversion
(Supplemental Fig. S6B).

Case RD_P541 with repeated miscarriages had a 25 Mbp in-
version on Chromosome 12 (Table 1; Fig. 1D). The initial 1rGS
analysis included both reference and de novo assembly using
GRCh37, GRCh38, and T2T-CHM13. The detailed analysis re-
vealed the 12q14.1 breakpoint was located in an 8844 bp region
only present in T2T-CHM13, chimpanzee, and bonobo (Supple-
mental Fig. S7), which could not have been bridged by srGS. The
region consists of 66% repeats, determined to be an L1 element.
The gap was spanned by both 1rGS as well as optical genome map-
ping (OGM) (Supplemental Fig. S8). The breakpoint junctions did
not show any microhomology, but short (6 bp) duplications were
present on both sides indicating MME] (Table 2). The inversion
does not break any known genes, but TADs identified in multiple
tissues were broken and merged due to the inversion (Supplemen-
tal Fig. S6C).

Case BH16643-1 with global developmental delay, hypoto-
nia, feeding difficulties, congenital heart defect, and dysmorphic
craniofacial features had a ~95 Mbp inversion on Chromosome
9 (Figs. 1C, 3A,B; Supplemental Fig. S9; Supplemental Docu-
ment 1). The inversion was undetected in srGS, IrGS, and OGM us-
ing GRCh37. Manual inspection of the OGM data indicated an SV
breakpoint junction at 9q34.3 that was narrowed down to 150.05-
150.1 Mbp using T2T-CHM13 OGM de novo assembly (Supple-
mental Fig. $9). Using T2T-CHM13, OGM, IrGS, and de novo as-
sembly, we were able to pinpoint the 9q34.3 breakpoint. The
9q12 breakpoint was located in a 28 Mbp region (Chr 9:
48,424,795-77,056,693, T2T-CHM13) consisting of 19% satellite
and 79% simple repeats not represented in reference genomes
GRCh37 and GRCh38 nor in bonobo or chimpanzee (Figs. 2D,
5A). Due to the high repeat level, the 9q12 breakpoint is ambigu-
ously aligned in both OGM, 1rGS, and de novo assembly contigs
(Fig. 1C). Regardless, breakpoint sequence analysis was possible,
revealing presence of 2-3 bp microhomology (Fig. 3D; Table 2)
suggesting an MME] mechanism. The 9q34 breakpoint interrupts
intron 25 of the gene EHMT1 (Fig. 3C), haploinsufficiency of
which causes Kleefstra syndrome 1 (MIM#610253), a diagnosis fit-
ting the clinical phenotype (Supplemental Document 1). RNA se-
quencing revealed a lower expression of EHMT1 (fold change=
0.56, Z-score=—5.54, P-adjusted=0.06) (Supplemental Fig. S10).

An INV19 (RD_P546) was revealed to be a part of a complex
rearrangement involving five duplications as well as an inversion
(Fig. 4). The small duplications (median size of ~40 kbp) were
spread across 49 Mbp on Chromosome 19 and show patterns cons-
tant with MMBIR (Table 2). The specific individual was investigat-
ed due to fertility problems and was otherwise healthy.
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Figure 1. Reference genome-dependent detection of inversions analyzed by srGS and IrGS. (A) An inversion 6 (P4855_501) visible in srGS, linked read
genome sequencing (lirGS), and IrGS using GRCh38. (B) An inversion 10 (P4855_106) visible in srGS and lirGS data using T2T-CHM1 3. (C) An inversion 9
(BH16643-1) only visible by IrGS de novo assembly using T2T-CHMT13. (D) An inversion 12 (RD_P541) within a 8 kbp DRR.

Comparing variable sequences in human and primate
reference genomes

Our analysis revealed that inversion breakpoints seem to cluster in
regions of the genome that are poorly characterized in some hu-
man reference genomes. This impact of reference genomes on clin-
ical SV calling prompted us to investigate the prevalence and
population frequencies of such differential reference regions
(DRRs), that is, sequences larger than 10 kbp that are present in
one reference and missing in another.

DRRs were identified by pairwise comparison of three human
reference genomes (GRCh37, GRCh38, and T2T-CHM13) and two
primate reference genomes (chimpanzee and bonobo) reference
genomes. In these comparisons, the longest uninterrupted DRR
was found between GRCh38 and GRCh37 (10 kbp—47 Mbp, medi-
an 50 kbp), while the most fragmented DRRs were observed be-
tween T2T-CHM13 and GRCh38 (10 kbp-34 Mbp, median 30
kbp). The chimpanzee-T2T-CHM13 comparison showed DRRs
ranging from 10 kbp to 14 Mbp (median 40 kbp), and the
bonobo-T2T-CHM 13 comparison had DRRs ranging from 10 kbp
to 19 Mbp (median 35 kbp). In total, we identified 203 regions
spanning 260.6 Mbp that are present in T2T-CHM13 and missing
from GRCh37 (T2T-GRCh37). Notably, T2T-GRCh37 contains the
highest total Mbp of DRRs (Table 3; Supplemental Table S2).

When comparing all DRRs where a sequence was present in
T2T-CHM13 and missing from the query genome (T2T DRRs), we

observe clustering of DRRs located in centromeric and telomeric re-
gions as well as SDs, the acrocentric p-arms, and Chr Y (Fig. 5A). Of
all T2T DRRs, 200 Mbp of the sequence was missing from all query
reference genomes (Fig. 5C). For all GRCh38 DRRs, only 33 Mbp of
the sequence was missing in all query reference genomes including
T2T-CHM13 (Fig. 5B; Supplemental Fig. S11).

DRRs introduce repetitive sequences

Inversions are known to be associated with repeat sequences
(Stankiewicz and Lupski 2002; Dittwald et al. 2013; Carvalho
and Lupski 2016). Of the four DRRs involved in inversions report-
ed in this article, 2/4 had a repeat level >80%. Only the 127 kbp
DRR affected by the inversion on Chromosome 6 consisted of
49% unmasked sequence, and 51% repeats; 38% long interspersed
nuclear elements (LINEs), 5.2% short interspersed nuclear ele-
ments (SINEs), 2% simple repeats, 2.6% long terminal repeats
(LTRs), and 2.8% DNA elements (Fig. 6C). Repeat analysis of all
DRRs in GRCh38-GRCh37 and T2T-GRCh38 reveal most to be re-
peat regions, and ~10% to be unique sequence (Fig. 6A). Of all T2T-
GRCh38 DRR sequences, 55% consisted of 100% repetitive DNA,
20% were located inside or within 10 kbp of centromeric regions,
and 30% within SDs (Fig. 6B). Of GRCh38-GRCh37 DRR sequenc-
es, 20% consisted of 100% repetitive DNA, 76% were located with-
in 10 kbp of centromeric regions, and 20% within SDs (Fig. 6B).
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Figure 2. Comparison of the inversion breakpoint region on Chromosome 6p12.3, Chromosome 10q11, and Chromosome 9q12. Reference sequences
were aligned with each other and shown as dot plots. The dashed line or dot represents the position of the breakpoint of the inversions. (A) The
Chromosome 6p inversion breakpoint is located in a 127 kbp region in GRCh38 missing from GRCh37. (B) The Chromosome 6p inversion breakpoint
in GRCh38 and T2T. (C) The Chromosome 10q breakpoint is located in a 69 kbp region missing in GRCh38, with a surrounding 4 kbp duplication which
occurs only once in T2T. (D) The Chromosome 9q12 breakpoint is located in a 28 Mbp region missing in GRCh38 shaded in blue.

DRR sequences in the general population

Next, we wanted to look further into the DRRs and their distribu-
tion in a population data set. We aligned srGS data from 100
Swedish individuals (Ameur et al. 2017) to the five references
and assessed the coverage across the DRR for the population
(Supplemental Figs. S12-S14).

Of the DRRs in T2T-GRCh38, 68% were classified as not de-
tected, meaning that the average coverage per individual was be-
low the cutoff of 8x (Supplemental Fig. S12; Supplemental Table
S3). Of the DRRs detected (32%), 42% were observed in <5%
(rare), 58% were found in >5% (common), and 30% in over 90%
(Supplemental Fig. S12C). Across the 100 individuals, an average
of 1.3% of reads spanning DRRs were multimapping reads, mean-
ing they map to several locations in the genome. We also assessed
the mapping quality of reads from five individuals across DRRs
(Supplemental Fig. S15) where 20% of reads had a mapping quality
above 20.

In comparison, for the GRCh38-GRCh37 DRRs, 60% were
not detected (Supplemental Fig. S14). Of the detected DRRs
(40%), 13% were rare, and 86% were common. Furthermore,
53% were found in over 90% of the queried individuals. The map-
ping quality of reads from five individuals across DRRs was as-

sessed, where 25% of reads had a mapping quality above 20
(Supplemental Fig. S15). The violin plot confirms that most
DRRs lack aligned reads (Supplemental Fig. $12).

Discussion

The availability of IrGS and T2T-CHM13 prompted us to revisit five
previously unsolved and seven novel cytogenetically visible inver-
sions, successfully resolving nine of them (75%). Notably, in four
cases, one inversion breakpoint region was missing from one of the
human reference genomes GRCh37 or GRCh38, necessitating an
analysis with T2T-CHM13. One case required 1rGS and de novo as-
sembly for resolution. This illustrates how reference genome vari-
ability may influence the accuracy of clinical diagnostic SV calling
and that IrGS alone cannot overcome reference genome flaws.
Combining our data with previous work (Pettersson et al.
2020; Grochowski et al. 2021), out of a total of 26 cytogenetically
visible inversions, we were able to molecularly resolve 23/26 (88%)
and are still missing 12%. We have suggested that those missing
cytogenetically visible inversions form through NAHR explaining
why some remain undetected even after srGS analysis (Stankiewicz
and Lupski 2002; Kidd et al. 2008; Carvalho and Lupski 2016;
Pettersson et al. 2020). However, breakpoint junction analysis of
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Inversion affecting Chromosome 9 (BH16643-1). (A) Pedigree displaying inheritance pattern for inversion 9. (B) G-banded chromosome anal-

ysis showed a paracentric inversion in the long arm of one Chromosome 9 between bands 9912 and 9934.3 in the proband. The abnormal Chromosome 9
is to the right. Parental chromosome analysis revealed no evidence of this inversion in either parent, suggesting that this is a de novo event. (C)
Chromosome 9 inversion disrupted intron 25 out of 26 of EHMT]1 at 9934.3. (D) Nucleotide sequence alignment of inversion breakpoint junctions 1

(top) and 2 (bottom).

the nine inversions resolved here shows that they are not mediated
by ectopic recombination between paralogous sequences but
formed through NHEJ, MMEJ, and replicative mechanisms
(Table 2). Hence, the contribution of NHEJ and MME]J to the for-
mation of inversions is ~65% (15/23). Furthermore, complexities
and unbalances >100 bp at the breakpoint junctions were observed
in two of the nine inversions, and combined with the previous
data seem to be a common phenomenon in cytogenetically detect-
ed inversions (26%, 6/23). This result supports that cytogenetically
balanced inversions, like translocations, may result from an error
prone repair of processed double-strand breaks (DSBs) (Nilsson
etal. 2017). In contrast, common polymorphic inversions are typ-
ically formed through NAHR (Stankiewicz and Lupski 2002;
Abergel et al. 2007; Porubsky et al. 2023a), indicating a correlation
between population frequencies and formation mechanisms.

In BH16643-1 (INV9), the IrGS and T2T-CHM13 analysis re-
sulted in a molecular diagnosis. One breakpoint disrupted
EHMTT1 likely leading to loss of function of the gene, consistent
with the expected underlying biological mechanism for Kleefstra
syndrome 1 (MIM#610253), as supported by the RNA results. We
previously reported a patient with multiple paracentric and peri-
centric copy-neutral inversions affecting Chromosome 6, disrupt-
ing ARIDIB in an individual with a neurodevelopmental
phenotype (Grochowski et al. 2021). These results underscore
the relevance of inversions to unsolved rare disease, which are of-
ten undetected by current clinical genome sequencing.

Our studies of T2T-CHM13 DRRs show that most of the added
sequence compared to GRCh38 consist of repetitive DNA (Fig. 6).
Resolving variants in repeat regions is challenging, especially using
srGS, as exemplified by the INV9 (BH16643-1) where 1rGS with de
novo assembly was necessary to identify a breakpoint located in

the highly repetitive 9q12 region. Still, the 9q12 breakpoint could
not be fully pinpointed. Additionally, OGM was an asset in this
case, as well as for INV12, with the abilities to identify large geno-
mic rearrangements. However, even here, the lack of labels in chal-
lenging regions in the genome limits our findings (Supplemental
Fig. S9). The repetitiveness of the DRRs can also explain the
SweGen srGS results, where reads aligned to T2T-CHM13 DRRs
had a low mapping quality (20% with a mapping quality >20)
(Supplemental Fig. S15).

Regardless, INV10 (P4855_106) residing in a region consist-
ing of 99% simple repeats could be detected using stGS; however,
the details of the 10q11 breakpoint would need further refinement
using 1rGS. These results indicate that the detection of a true pos-
itive SV call is highly dependent on the completeness of the refer-
ence as well as the representation of normal variation, especially
using stGS, but even when applying IrGS. This is important from
a clinical perspective, where IrGS, which improves the resolution
of repeats, is not yet broadly available. As an exception, the
INV6 127 kbp (P4855_501) and INV12 8 kbp (RD_P541) DRRs
only contained 51% and 66% repeat sequence, like other regions
of the genome (Nurk et al. 2022). Notably, both these regions
were present in the chimpanzee (The Chimpanzee Sequencing
and Analysis Consortium 2005) and bonobo (Mao et al. 2021),
highlighting that these reference genomes can add genomic diver-
sity to our present references.

Our results (216 Mbp and 260 Mbp DRR in T2T-CHM13 com-
pared to GRCh38 and GRCh37, respectively) are comparable to
previous work showing that T2T-CHM13 introduce >200 Mbp
compared to GRCh38 (Schneider et al. 2017; Nurk et al. 2022) in-
dicating that the T2T reference is more complete. Although we
now have an almost 100% fully resolved human reference

Genome Research 1791

www.genome.org


http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279346.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279346.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279346.124/-/DC1

Bilgrav Saether et al.

10 Mb 30 Mb 50 Mb 62 Mb
Chr19 | } t } t t {
Derivative: &

<
5412 3

Junction 1
Chr19 (+) 3256970 GACCGAGCCCCAGAACCTGGCTATGCTCCACGTCTAAATTA?%?ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬂTFﬁﬁffrff?ffr?????ﬁﬁ

??T?TT%?T??TT????T?????T%T??TT% .(90)...GCCCAATTCTGGCTGAACCTCCAAATCCAGACT
Chr19 (+) 56644686 GCTATTCGTACTTGGAATGAGAGTCTGATTCAGTGGACTCAGCTGCTGCCTGTACAGTGTTTATAATCCAGCAA
Junction 2
Chr19 (+) 56603650 CTGTCCTTGTGATAGTTTGCTCAGAATGATGGTTT%%?ﬁﬁ{ﬁﬁﬁﬁﬁﬁﬁﬂﬁﬂCFFFFFﬁﬁ????%?T???ﬁﬁﬁ

DI T T gy e e e e e
Chr19 (+) 61454533 ACACCGCCTGACCCAAACACAGCTATGTCTGCCTCACCCACTCCACCCTGGCCGGATCCCTGGGTAGTCCC
Junction 3
Chr19 (+) 11999009 ATATAAATTCATTTACGCTTTATAAAGCTATATTTTTTTCAA?TI%ﬁﬁﬁﬁﬁﬁﬂﬁﬁGrfﬁrﬁF?????T??T??ﬁ

???T????T????T??%?T??T%T%??%T%? .(61)...AATTGCTTTACTGAGTCATAGGAGGCTAATAAA
Chr19 (-) 61440737 GGCTGGAGTGCAGTGGCGTGATCTCGGCTCACTGCAAGCTCTGCCTCCCAGGTTCATGCCATTCTCCTGCCTCA
Junction 4
Chr19 (+) 3281277 T?????ﬁﬁﬁqﬁﬁﬁﬁﬁﬂﬂGFﬁFrrffr?f??T?TGGGTCCTCAATATTTGCTGATTGACCTAAGACATGCATGCC

TCCCGACCAAGGGAGCTGGAGTTCCTCACCTC...(18).. CT%T??%TC%?A???%T%?T??TT%TT%?1??
Chr19 (+) 6700567 CACGGTGCTGTAGGGCAGAGCCTGCATGGTCCTGGTAGCCTGCTCTGCCTCCGAGAGCTCCTGCTTCTTCGTGC
Junction 5

Chr19 (-) 6755880

Chr19 (+) 12044892

TCCTCCCCACACGTGGACACATGTTTATGATCCAACTGGAA%?I??quﬁRﬁﬁﬁCFfFFHFFFFIET?T?T?ﬁW
??T??????T??TTT??T???T???T?TTT%...(16)...CATGAATAATCCCCTCTCTCCTCTCTCTATGCT

ACTGAAGCATGCTTTGGTAGATAGATATTTCATTTTGACTAAAGATCACTAAAGAGAAAACTGTTCACCTAATG

Figure 4. Complex inversion on Chromosome 19 (RD_P546). (Upper panel) Inversion structure with duplicated segments in color and nonduplicated
segments in gray. Junction numbers are given below the resulting derivative. (Lower panel) Breakpoint junction sequences with number of base pairs in-
serted in parentheses.

Table 3. Differential reference regions between reference genomes
Query
DRR (Mbp) GRCh37 GRCh38 T2T Chimpanzee Bonobo
GRCh37 0 8.5 12.6 52.5 59.7
0 84 130 686 717
GRCh38 81.03 0 39.44 117.8 125.5
340 0 814 870 885
T2T 260.6 216.9 0 289.36 295.3
Template 203 687 0 878 922
Chimpanzee 333.2 325.1 315.1 0 263.9
743 827 845 0 849
Bonobo 408.9 400.7 392.48 336.1 0
829 877 855 992 0

For each template on the top row, the total amount of sequence in megabase pairs (Mbp) and on the second row, the total number of DRRs is given in
comparison with the query reference.
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genome, no single genome can represent the full genetic diversity
in humans. To address these shortcomings, the pangenome con-
sortium made a reference genome representing 47 diploid assem-
blies represented as a graph (Liao et al. 2023). This assembly can
represent large genomic variation, complex loci, and increased
number of SVs per haplotype. With future refinement and aspects
of including >700 haplotypes, this will provide a better representa-
tion of the human genome. Along with samples representing the
local population, this approach could provide better alignment
and variant calling (Ten Berk de Boer et al. 2024).

In conclusion, IrGS shows great promise in advancing clinical
SV analysis. However, solving of rearrangements in variable geno-
mic regions depends heavily on the reference genome and its
completeness. Therefore, novel IrGS databases and verification
methods are needed. To fully understand 1rGS findings and offer
digital karyotyping as a first-line test, we must understand the lim-
its of the analysis. Furthermore, our results highlight that to im-
prove clinical genomic analysis genomic diversity needs to be
considered. The available human and primate genomes are a valu-
able resource to improve our understanding of repetitive and com-
plex regions which have previously been understudied.

Methods

Study participants

Eleven inversion carriers were enrolled at Karolinska University
Hospital, Stockholm, Sweden. Of these individuals, five
(P4855_.501, P5371.208, P4855_106, P4855_208, and
P5370_201) had previously been analyzed with srGS and lirGS
without results (Pettersson et al. 2020) and six individuals
(RD_P525, RD_P541, RD_P549, RD_P526, RD_P542, and
RD_P546) were newly enrolled. Patient BH16643-1 was enrolled
using research protocol H-47281/Pacific Northwest Research
Institute WIRB #20202158 and 15HGO130 with the NIH IRB

pate and publish was provided by the
subject or their legal guardians. Patient
BH16643-1 was enrolled using research
protocol H-47281/Pacific Northwest
Research Institute WIRB #20202158 and 15HGO0130 with the
NIH IRB as part of the Undiagnosed Diseases Network (UDN).
Written informed consent to participate and publish was obtained
from the legal guardians.

The research conformed to the principles of the Helsinki
Declaration.

Public data sets

The SweGen data set (n=1000) (Ameur et al. 2017), consists of
1000 unrelated Swedish individuals representing the genetic vari-
ation in the Swedish population. In brief, the individuals were se-
lected from the Swedish Twin Registry, a nationwide cohort of
10,000 Swedish-born individuals. The samples were sequenced us-
ing [llumina short-read sequencing to an average of 30x coverage.
From these, we selected 100 unrelated samples for further use in
this study.

Genome sequencing

For samples (P4855_501, P5371_208, P4855_208, P4855_106, and
P5370_106) srGS and 10x Genomics lirGS was performed as single-
tons at the National Genomics Infrastructure (NGI) at Science for
Life Laboratory (SciLifeLab) Stockholm as previously mentioned
(Pettersson et al. 2020).

IrGS was performed using Pacific Biosciences (PacBio) Sequel
II (P4855_501, P4855_208) or Revio (RD_P541, RD_P525,
RD_P526, RD_P542, RD_P546, and RD_P549) with one SMRTcell
per sample, to an average read length of 16.4 kbp (NGI SciLifeLab).

For the BH16643 family, short-read trio genome sequencing
was performed at the Baylor College of Medicine Human
Genome Sequencing Center (HGSC) with KAPA Hyper PCR-free re-
agents on the NovaSeq 6000 to an average of 37x coverage.
Postsequencing data analysis was performed using the HGSC
HgV analysis pipeline (Regier et al. 2018). IrGS of the trio was
done on the PacBio Sequel II instrument using two SMRTcells.
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Figure 6. Repeat characterization across DRRs. (A) Percentage of repeat elements (masked by RepeatMasker) in the DRR sequences from GRCh38-
GRCh37 and T2T-GRCh38. (B) Distribution of DRR sequences and their repeat percentage in GRCh38-GRCh37 and T2T-GRCh38. (C) Pie chart displaying
repeat content in the GRCh38-GRCh37 DRR sequences affected by the inversion 6 at the 6p12 junction in GRCh38.

Genome analysis

The srGS and lirGS data were aligned to reference genomes
GRCh37, GRCh38, T2T, chimpanzee, and bonobo using BWA-
MEM (Li and Durbin 2009) and Long Ranger (Marks et al. 2019),
respectively (Supplemental Code).

Variant calling was performed using FindSV as described pre-
viously (Pettersson et al. 2020). FindSV allows for annotation of
variant frequency using a database, where an in-house database
was used (n=1000 for GRCh38 and n=100 for T2T).

The IrGS data were aligned to GRCh37, GRCh38, and T2T.
Analysis was done using an in-house developed pipeline LOMPE
(https://github.com/kristinebilgrav/LOMPE). LOMPE uses mini-
map?2 for alignment and combines Sniffles (v1) (Sedlazeck et al.
2018) and CNVpytor (Suvakov et al. 2021) for SV calling, and pro-
duces a single VCF file which is annotated using variant effect pre-
dictor (VEP) (McLaren et al. 2016). Additional annotation of
population frequency is performed with an in-house database
(n =10 for GRCh38 and n=>5 for T2T) and SVDB (Eisfeldt et al.
2017). The resulting 1rGS data had a read depth of 24 (invS5), 13
(inv6), 26 (inv9), 10 (invll), 18 (inv12), 23 (inv14), 27 (inv18),
25 (inv19), and 27X (inv19) and an average read length of
18 kbp (Hinrichs et al. 2006).

De novo assembly

De novo assembly using 1rGS from samples P4855_501,
P4855_208, and RD_P541 was performed using hifiasm (Cheng
et al. 2022) (Supplemental Code). For sample BH16643-1, trio-
binned assemblies were produced using yak (https://github.com/
1h3/yak) and hifiasm (Cheng et al. 2022). Quality control was per-
formed using quast (Mikheenko et al. 2018). Alignment to refer-

ence genomes GRCh37, GRCh38, and T2T was performed using
minimap2 (Li 2018), and variant calling was performed using
SVIM-asm (Heller and Vingron 2021). On lirGS from sample
P4855_106 a de novo assembly was performed using 10x
Genomics Supernova (Weisenfeld et al. 2017).

RNA sequencing

Transcriptome analysis was conducted similar as previously de-
scribed (Murdock et al. 2021). Briefly, RNA from skin fibroblasts
was quantified and processed using a stranded, poly(A)-tailed kit
(lumina) before being multiplexed and subjected to 150 bp
paired-end sequencing with ~150 million reads generated per sam-
ple. Aberrant expression events were detected by Detection of RNA
Outlier Pipeline (DROP) (Yépez et al. 2021) using the default, rec-
ommended settings for OUTRIDER (Brechtmann et al. 2018).

Optical genome mapping

OGM of sample BH16643-1 was performed as described previously
(Grochowski et al. 2024). Briefly, ultra-high molecular weight
(UHMW) genomic DNA for use in genomic optical mapping was
extracted from blood using Bionano Prep Blood and Cell Culture
DNA Isolation Kit (Bionano Genomics) with an input of 1.5 mil-
lion cells. Subsequent DNA quantity and size were confirmed us-
ing Qubit dsDNA BR Assay Kit. A total of 0.75 ng of HMW DNA
was labeled by DLE-1 using the Bionano Prep direct label and stain
(DLS) method (Bionano Genomics) and loaded onto a flow cell to
run on the Saphyr System (Bionano Genomics). Raw optical map-
ping molecules in the form of BNX files were run through a prelim-
inary bioinformatic pipeline that filtered out molecules <150 kbp
in size and with <9 motifs per molecule to generate a de novo
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assembly of the genome maps. The data collected provided 1637
Gbp of data >150 kbp, with at least nine labels per molecule.
Data were then aligned to an in silico reference genome
(GRCh37, GRCh38, and T2T-CHM13) using the Bionano Solve
v3.7 RefAligner module. SV calls were generated through a com-
parison of the reference genome using a custom Bionano SV caller.
Manual inspection of proposed breakpoint junctions was visual-
ized in the Bionano Access software program v1.7.2.

For RD_P541, UHMW DNA was extracted from frozen EDTA-
blood using SP Blood and Cell Culture DNA Isolation Kit v2
(Bionano Genomics) and following SP Blood and Cell Culture
DNA Isolation Protocol v2 (document no. 30398, revision B).
The UHMW DNA was labeled and stained using the Bionano
Prep Direct Label and Stain Generation 2 (DLS-G2) kit (Bionano
Genomics) with the corresponding protocol (document no.
30553-1, revision D). The labeled HMW DNA was loaded on a
chip, and subsequently captured and analyzed in the Saphyr in-
strument (Bionano Genomics) and Bionano Solve v3.8. The inter-
pretation was performed in Bionano Access software v1.8.

TAD analysis

BED files containing TADs identified in the hippocampus, cortex,
epidermal cells, prostate cells, and aorta were downloaded from
http://3dgenome.fsm.northwestern.edu/ (Dixon et al. 2012)
and visualized using the Integrative Genomics Viewer (IGV)
(Robinson et al. 2011). BED files with TADs in GRCh38 were con-
verted into T2T coordinates using UCSC liftOver (Hinrichs et al.
2006).

Reference genome analysis

Reference genomes GRCh37 (GCF_000001405.13), GRCh38
(GCF_000001405.26), T2T-CHM13 (v2.0, GCF_009914755.1),
bonobo (GCF_029289425.1), and chimpanzee (GCF_0288587
75.1) were downloaded from National Center for Biotechnology
Information (NCBI) (Sayers et al. 2022). Alternative sequences
were excluded for all reference genomes. They were aligned to
one another using minimap2 using the settings for cross-species
full genome alignment and overlap between long reads (2.24-
r1122) (Li 2018; Supplemental Code). This enables sequence com-
parison between the two reference genomes.

Coverage analysis of the resulting pairwise compared refer-
ence genomes was performed using TIDDIT v.3.6.0 (Eisfeldt et al.
2017), producing a BED file with gaps between the query and tem-
plate. Files with known gap regions were downloaded from UCSC
Table Browser (Karolchik 2004) and these regions were excluded
from the coverage analysis. A DRR was identified as a region of
the template genome which was not covered by the query
genome.

Repeat content within DRRs was assessed using RepeatMasker
(Smit et al. 2013).

Differential reference regions in SweGen

One hundred SweGen (Ameur et al. 2017) samples were aligned to
each of the five reference genomes and coverage analysis across the
genome was performed as described above. Coverage across DRRs
identified above was extracted. A DRR was considered present in
SweGen if the coverage across the DRR >8x and <100x, and absent
if the coverage was <8x. Regions with coverage >100x were not
considered. The thresholds were set based on coverage experienced
to support the presence of one or multiple genomic copies
(Supplemental Table S1). On a populational level, a DRR was con-
sidered common if it was present in >5% of the population and ab-
sent if none had it (Supplemental Code).

For the VENN diagrams, a DRR was considered overlapping if
the region was missing in all query genomes, but present in the
template genome.

Multimapping reads were identified by extracting the num-
ber of times a read was aligned in the BAM file. Mapping quality
was assessed by extracting the mapping quality of all reads in the
BAM file (Supplemental Code).

Data access

The raw 1rGS data from patient BH16634-1 have been submitted to
the NCBI BioProject database (https://www.ncbi.nlm.nih.gov/
bioproject/) under accession number PRJNA1092654. The raw
1IrGS data for patients RD_P525, RD_P541, RD_ P549, RD_P526,
RD_P542, RD_P546 have been submitted to the European
Genome-phenome Archive (EGA; https://ega-archive.org) under
accession number EGASS50000000436. Custom scripts and code
used in the analysis can be found in Supplemental Code.

Competing interest statement

A.L. has received honoraria from Illumina and PacBio. The
Department of Molecular and Human Genetics at Baylor College
of Medicine receives revenue from clinical genetic testing conduct-
ed at Baylor Genetics Laboratories. The remaining authors have
nothing to declare.

Acknowledgments

The authors thank the families and individuals enrolled in this re-
search. Thank you to Davut Pehlivan, from Baylor College of
Medicine and Texas Children’s Hospital. We gratefully acknowl-
edge the support from the National Genomics Infrastructure
(NGI) Stockholm at Science for Life Laboratory in providing assis-
tance in massive parallel sequencing. The computations were per-
formed on resources provided by SNIC through the Uppsala
Multidisciplinary Center for Advanced Computational Science
(UPPMAX) under Project SNIC sens2017106 and sens2020021.
Two of the authors of this publication are members of the
European Reference Network on Rare Congenital Malformations
and Rare Intellectual Disability ERN-ITHACA (EU Framework
Partnership Agreement ID: 3HP-HP-FPA ERN-01-2016/739516).
This work was supported by the Swedish Research Council
(2019-02078), the Swedish Brain Fund (FO2022-0256, FO2024-
0128), the Stockholm City Council, and the Swedish Rare
Diseases Research Foundation (Sdllsyntafonden). The funders
had no role in study design, data collection and analysis, decision
to publish, or preparation of the manuscript. C.M.B.C. is support-
ed by the National Institute of General Medical Sciences NIGMS
RO1 GM132589. Research reported in this publication was sup-
ported by the National Institute of Neurological Disorders and
Stroke of the National Institutes of Health under Award numbers
UO01HGO007709 and UO1HG007942. Additional support was re-
ceived from the National Institutes of Health (NIH S10,
1S100D028587). The content is solely the responsibility of the au-
thors and does not necessarily represent the official views of the
National Institutes of Health.

Author contributions: K.B.S., CM.B.C,, J.E., and A.L. designed
the study; J.E., CM.B.C., and A.L. supervised all aspects of the
study; K.B.S., J.E, CM.B.C,, and A.L. wrote the manuscript;
K.B.S, J.E,, A.A, M.Y.L, F]J.S., W.B., and H.D. performed the bio-
informatics analyses; ]J.B., CM.G., J.P.H., W.B,, J.§.,, M.M,, P.L,,
and M.E. conducted the wet-bench experiments; H.T.-C., J.A.R,,
RM. AN, and J.W. collected clinical information. All

Genome Research 1795

www.genome.org


http://3dgenome.fsm.northwestern.edu/
http://3dgenome.fsm.northwestern.edu/
http://3dgenome.fsm.northwestern.edu/
http://3dgenome.fsm.northwestern.edu/
http://3dgenome.fsm.northwestern.edu/
http://3dgenome.fsm.northwestern.edu/
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279346.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279346.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279346.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279346.124/-/DC1
https://www.ncbi.nlm.nih.gov/bioproject/
https://www.ncbi.nlm.nih.gov/bioproject/
https://www.ncbi.nlm.nih.gov/bioproject/
https://www.ncbi.nlm.nih.gov/bioproject/
https://www.ncbi.nlm.nih.gov/bioproject/
https://www.ncbi.nlm.nih.gov/bioproject/
https://www.ncbi.nlm.nih.gov/bioproject/
https://ega-archive.org
https://ega-archive.org
https://ega-archive.org
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279346.124/-/DC1

Bilgrav Saether et al.

contributing coauthors have read, edited, and agreed to the con-
tents of the manuscript.

References

Abergel C, Monchois V, Byrne D, Chenivesse S, Lembo F, Lazzaroni JC,
Claverie JM. 2007. Structure and evolution of the Ivy protein family, un-
expected lysozyme inhibitors in Gram-negative bacteria. Proc Natl Acad
Sci 104: 6394-6399. doi:10.1073/pnas.0611019104

Ameur A, Dahlberg J, Olason P, Vezzi F, Karlsson R, Martin M, Viklund ],
Kédhari AK, Lundin P, Che H, et al. 2017. SweGen: a whole-genome
data resource of genetic variability in a cross-section of the Swedish pop-
ulation. Eur ] Hum Genet 25: 1253-1260. doi:10.1038/ejhg.2017.130

Ameur A, Che H, Martin M, Bunikis I, Dahlberg J, Hoijer I, Higgqvist S, Vezzi
F, Nordlund J, Olason P, et al. 2018. De novo assembly of two Swedish
genomes reveals missing segments from the human GRCh38 reference
and improves variant calling of population-scale sequencing data. Genes
(Basel) 9: 486. doi:10.3390/genes9100486

Brechtmann F, Mertes C, MatuseviCitte A, Yépez VA, Avsec Z, Herzog M,
Bader DM, Prokisch H, Gagneur J. 2018. OUTRIDER: a statistical method
for detecting aberrantly expressed genes in RNA sequencing data. Am |
Hum Genet 103: 907-917. doi:10.1016/j.ajhg.2018.10.025

Carvalho CM, Lupski JR. 2016. Mechanisms underlying structural variant
formation in genomic disorders. Nat Rev Genet 17: 224-238. doi:10
.1038/nrg.2015.25

Chaisson MJP, Sanders AD, Zhao X, Malhotra A, Porubsky D, Rausch T,
Gardner EJ, Rodriguez OL, Guo L, Collins RL, et al. 2019. Multi-platform
discovery of haplotype-resolved structural variation in human ge-
nomes. Nat Commun 10: 1784. doi:10.1038/541467-018-08148-z

ChengH, Jarvis ED, Fedrigo O, Koepfli KP, Urban L, Gemmell NJ, Li H. 2022.
Haplotype-resolved assembly of diploid genomes without parental data.
Nat Biotechnol 40: 1332-1335. doi:10.1038/s41587-022-01261-x

The Chimpanzee Sequencing and Analysis Consortium. 2005. Initial se-
quence of the chimpanzee genome and comparison with the human ge-
nome. Nature 437: 69-87. doi:10.1038/nature04072

Church DM, Schneider VA, Graves T, Auger K, Cunningham F, Bouk N,
Chen HC, Agarwala R, McLaren WM, Ritchie GR, et al. 2011.
Modernizing reference genome assemblies. PLoS Biol 9: e1001091.
doi:10.1371/journal.pbio.1001091

Dittwald P, Gambin T, Gonzaga-Jauregui C, Carvalho CM, Lupski JR,
Stankiewicz P, Gambin A. 2013. Inverted low-copy repeats and genome
instability—a genome-wide analysis. Hum Mutat 34: 210-220. doi:10
.1002/humu.22217

Dixon JR, Selvaraj S, Yue F, Kim A, Li Y, Shen Y, Hu M, Liu JS, Ren B. 2012.
Topological domains in mammalian genomes identified by analysis
of chromatin interactions. Nature 485: 376-380. doi:10.1038/
nature11082

Eisfeldt J, Vezzi F, Olason P, Nilsson D, Lindstrand A. 2017. TIDDIT, an ef-
ficient and comprehensive structural variant caller for massive parallel
sequencing data. F1000Res 6: 664. d0i:10.12688/f1000research.11168.1

EisfeldtJ, Martensson G, Ameur A, Nilsson D, Lindstrand A. 2020. Discovery
of novel sequences in 1,000 Swedish genomes. Mol Biol Evol 37: 18-30.
doi:10.1093/molbev/msz176

Gordon D, Huddleston J, Chaisson M]J, Hill CM, Kronenberg ZN, Munson
KM, Malig M, Raja A, Fiddes I, Hillier LW, et al. 2016. Long-read se-
quence assembly of the gorilla genome. Science 352: aae0344. doi:10
.1126/science.aae0344

Grochowski CM, Krepischi ACV, Eisfeldt J, Du H, Bertola DR, Oliveira D,
Costa SS, Lupski JR, Lindstrand A, Carvalho CMB. 2021.
Chromoanagenesis event underlies a de novo pericentric and multiple
paracentric inversions in a single chromosome causing Coffin-Siris syn-
drome. Front Genet 12: 708348. doi:10.3389/fgene.2021.708348

Grochowski CM, Bengtsson JD, Du H, Gandhi M, Lun MY, Mehaffey MG,
Park K, Hops W, Benito E, Hasenfeld P, et al. 2024. Inverted triplications
formed by iterative template switches generate structural variant diver-
sity at genomic disorder loci. Cell Genom 4: 100590. doi:10.1016/j.xgen
.2024.100590

Heller D, Vingron M. 2021. SVIM-asm: structural variant detection from
haploid and diploid genome assemblies. Bioinformatics 36: 5519-
5521. doi:10.1093/bioinformatics/btaal034

Hinrichs AS, Karolchik D, Baertsch R, Barber GP, Bejerano G, Clawson H,
Diekhans M, Furey TS, Harte RA, Hsu F, et al. 2006. The UCSC
Genome Browser Database: update 2006. Nucleic Acids Res 34: D590-
D598. doi:10.1093/nar/gkj144

Karolchik D. 2004. The UCSC Table Browser data retrieval tool. Nucleic Acids
Res 32: D493-D496. doi:10.1093/nar/gkh103

Kidd JM, Cooper GM, Donahue WF, Hayden HS, Sampas N, Graves T,
Hansen N, Teague B, Alkan C, Antonacci F, et al. 2008. Mapping and se-

quencing of structural variation from eight human genomes. Nature
453: 56-64. doi:10.1038/nature06862

Kidd JM, Graves T, Newman TL, Fulton R, Hayden HS, Malig M, Kallicki J,
Kaul R, Wilson RK, Eichler EE. 2010. A human genome structural varia-
tion sequencing resource reveals insights into mutational mechanisms.
Cell 143: 837-847. doi:10.1016/j.cell.2010.10.027

Kronenberg ZN, Fiddes IT, Gordon D, Murali S, Cantsilieris S, Meyerson OS,
Underwood JG, Nelson BJ, Chaisson MJP, Dougherty ML, et al. 2018.
High-resolution comparative analysis of great ape genomes. Science
360: 360. doi:10.1126/science.aar6343

Li H. 2018. Minimap2: pairwise alignment for nucleotide sequences.
Bioinformatics 34: 3094-3100. doi:10.1093/bioinformatics/bty191

Li H, Durbin R. 2009. Fast and accurate short read alignment with Burrows—
Wheeler transform. Bioinformatics 25: 1754-1760. doi:10.1093/bioinfor
matics/btp324

Liao WW, Asri M, Ebler J, Doerr D, Haukness M, Hickey G, Lu S, Lucas JK,
Monlong J, Abel HJ, et al. 2023. A draft human pangenome reference.
Nature 617: 312-324. doi:10.1038/541586-023-05896-x

Logsdon GA, Vollger MR, Eichler EE. 2020. Long-read human genome se-
quencing and its applications. Nat Rev Genet 21: 597-614. doi:10
.1038/s41576-020-0236-x

Mao 'Y, Catacchio CR, Hillier LW, Porubsky D, Li R, Sulovari A, Fernandes JD,
Montinaro F, Gordon DS, Storer JM, et al. 2021. A high-quality bonobo
genome refines the analysis of hominid evolution. Nature 594: 77-81.
d0i:10.1038/541586-021-03519-x

Marks P, Garcia S, Barrio AM, Belhocine K, Bernate J, Bharadwaj R, Bjornson
K, Catalanotti C, Delaney J, Fehr A, et al. 2019. Resolving the full spec-
trum of human genome variation using Linked-Reads. Genome Res 29:
635-645. do0i:10.1101/gr.234443.118

McLaren W, Gil L, Hunt SE, Riat HS, Ritchie GRS, Thormann A, Flicek P,
Cunningham F. 2016. The ensembl variant effect predictor. Genome
Biol 17: 122. doi:10.1186/5s13059-016-0974-4

Mikheenko A, Prjibelski A, Saveliev V, Antipov D, Gurevich A. 2018.
Versatile genome assembly evaluation with QUAST-LG. Bioinformatics
34:i142-i150. doi:10.1093/bioinformatics/bty266

Murdock DR, Dai H, Burrage LC, Rosenfeld JA, Ketkar S, Miiller MF, Yépez
VA, Gagneur J, Liu P, Chen S, et al. 2021. Transcriptome-directed anal-
ysis for Mendelian disease diagnosis overcomes limitations of conven-
tional genomic testing. J Clin Invest 131: e141500. doi:10.1172/
JCI141500

Nilsson D, Pettersson M, Gustavsson P, Forster A, Hofmeister W, WincentJ,
Zachariadis V, Anderlid BM, Nordgren A, Mikitie O, et al. 2017. Whole-
genome sequencing of cytogenetically balanced chromosome translo-
cations identifies potentially pathological gene disruptions and high-
lights the importance of microhomology in the mechanism of
formation. Hum Mutat 38: 180-192. doi:10.1002/humu.23146

Nurk S, Koren S, Rhie A, Rautiainen M, Bzikadze AV, Mikheenko A, Vollger
MR, Altemose N, Uralsky L, Gershman A, et al. 2022. The complete se-
quence of a human genome. Science 376: 44-53. doi:10.1126/science
.abj6987

Pagnamenta AT, Yu J, Walker S, Noble AJ, Lord J, Dutta P, Hashim M, Camps
C, Green H, Devaiah S, et al. 2024. The impact of inversions across
33,924 families with rare disease from a national genome sequencing
project. Am ] Hum Genet 111: 1140-1164. doi:10.1016/j.ajhg.2024.04
.018

Pan B, Kusko R, Xiao W, Zheng Y, Liu Z, Xiao C, Sakkiah S, Guo W, Gong P,
Zhang C, et al. 2019. Similarities and differences between variants called
with human reference genome HG19 or HG38. BMC Bioinformatics 20:
101. doi:10.1186/512859-019-2620-0

Pettersson M, Grochowski CM, Wincent J, Eisfeldt J, Breman AM, Cheung
SW, Krepischi ACV, Rosenberg C, Lupski JR, Ottosson ], et al. 2020.
Cytogenetically visible inversions are formed by multiple molecular
mechanisms. Hum Mutat 41: 1979-1998. doi:10.1002/humu.24106

Porubsky D, Harvey WT, Rozanski AN, Ebler J, Hops W, Ashraf H, Hasenfeld
P, Human Pangenome Reference C, and , Human Genome Structural
Variation C, Paten B, et al. 2023a. Inversion polymorphism in a com-
plete human genome assembly. Genome Biol 24: 100. doi:10.1186/
$13059-023-02919-8

Porubsky D, Vollger MR, Harvey WT, Rozanski AN, Ebert P, Hickey G,
Hasenfeld P, Sanders AD, Stober C, Human Pangenome Reference C,
et al. 2023b. Gaps and complex structurally variant loci in phased ge-
nome assemblies. Genome Res 33: 496-510. doi:10.1101/gr.277334.122

Regier AA, Farjoun Y, Larson DE, Krasheninina O, Kang HM, Howrigan DP,
Chen BJ, Kher M, Banks E, Ames DC, et al. 2018. Functional equivalence
of genome sequencing analysis pipelines enables harmonized variant
calling across human genetics projects. Nat Commun 9: 4038. doi:10
.1038/s41467-018-06159-4

Robinson JT, Thorvaldsdéttir H, Winckler W, Guttman M, Lander ES, Getz
G, Mesirov JP. 2011. Integrative genomics viewer. Nat Biotechnol 29: 24—
26. doi:10.1038/nbt.1754

1796 Genome Research
www.genome.org



Resolving inversions in genome gaps with T2T

Sayers EW, Bolton EE, Brister JR, Canese K, Chan J, Comeau DC, Connor R,
Funk K, Kelly C, Kim §, et al. 2022. Database resources of the National
Center for Biotechnology Information. Nucleic Acids Res 50: D20-D26.
doi:10.1093/nar/gkab1112

Schneider VA, Graves-Lindsay T, Howe K, Bouk N, Chen HC, Kitts PA,
Murphy TD, Pruitt KD, Thibaud-Nissen F, Albracht D, et al. 2017.
Evaluation of GRCh38 and de novo haploid genome assemblies demon-
strates the enduring quality of the reference assembly. Genome Res 27:
849-864. doi:10.1101/gr.213611.116

Sedlazeck FJ, Rescheneder P, Smolka M, Fang H, Nattestad M, von Haeseler
A, Schatz MC. 2018. Accurate detection of complex structural variations
using single-molecule sequencing. Nat Methods 15: 461-468. doi:10
.1038/541592-018-0001-7

Sherman RM, Forman J, Antonescu V, Puiu D, Daya M, Rafaels N, Boorgula
MP, Chavan S, Vergara C, Ortega VE, et al. 2019. Assembly of a pan-ge-
nome from deep sequencing of 910 humans of African descent. Nat
Genet 51: 30-35. doi:10.1038/s41588-018-0273-y

Smit AFA, Hubley R, Green P. 2013. RepeatMasker. http:/www
.repeatmasker.org.

Stankiewicz P, Lupski JR. 2002. Genome architecture, rearrangements and
genomic disorders. Trends Genet 18: 74-82. doi:10.1016/S0168-9525
(02)02592-1

Sudmant PH, Rausch T, Gardner EJ, Handsaker RE, Abyzov A, Huddleston J,
ZhangY, YeK, Jun G, Hsi-Yang Fritz M, et al. 2015. An integrated map of
structural variation in 2,504 human genomes. Nature 526: 75-81.
doi:10.1038/nature15394

Suvakov M, Panda A, Diesh C, Holmes I, Abyzov A. 2021. CNVpytor: a tool
for copy number variation detection and analysis from read depth and
allele imbalance in whole-genome sequencing. GigaScience 10: giab074.
doi:10.1093/gigascience/giab074

Ten Berk de Boer E, Ameur A, Bunikis I, Ek M, Stattin EL, Feuk L, Eisfeldt J,
Lindstrand A. 2024. Long-read sequencing and optical mapping gener-
ates near T2T assemblies that resolves a centromeric translocation. Sci
Rep 14: 9000. doi:10.1038/541598-024-59683-3

Weisenfeld NI, Kumar V, Shah P, Church DM, Jaffe DB. 2017. Direct deter-
mination of diploid genome sequences. Genome Res 27: 757-767. doi:10
.1101/gr.214874.116

Yépez VA, Mertes C, Miiller MF, Klaproth-Andrade D, Wachutka L, Frésard
L, Gusic M, Scheller IF, Goldberg PF, Prokisch H, et al. 2021. Detection
of aberrant gene expression events in RNA sequencing data. Nat Protoc
16: 1276-1296. doi:10.1038/541596-020-00462-5

Received March 15, 2024; accepted in revised form September 12, 2024.

Genome Research 1797

www.genome.org


http://www.repeatmasker.org
http://www.repeatmasker.org
http://www.repeatmasker.org
http://www.repeatmasker.org
http://www.repeatmasker.org

