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Cell lines are invaluable tools for biomedical and evolutionary studies, but their genomic stability over time is often assumed

rather than systematically assessed. In this study, we investigate the dynamics of genomic instability and structural rear-

rangements across multiple batches of a Nomascus siki cell line using a combination of single-cell template strand sequencing

(Strand-seq), whole-genome sequencing (WGS), and fluorescence in situ hybridization (FISH). We identify 22 shared inver-

sions in all the Strand-sequenced batches, confirming a common clonal origin. However, we detect additional large-scale

rearrangements in all the batches, including trisomy of Chromosome 14 and the formation of isochromosomes of the

same chromosome (iso-q and iso-p), leading to the rise of distinct subclonal populations. These rearrangements show evi-

dence of clonal expansion, suggesting a proliferative advantage under in vitro conditions. From an evolutionary perspective,

the gibbon genome is known for its exceptional level of chromosomal reshuffling, and this inherent plasticity may have

contributed to the cell line’s sensitivity to culture-induced structural changes. Despite extensive structural variation, the

cell line remains stable at the nucleotide level, with ∼99% of SNPs shared across all batches. Our results illustrate how

cell culture can recapitulate aspects of karyotypic evolution and underscore the need for regular genomic surveillance, par-

ticularly in long-term cultures. Furthermore, this study demonstrates the power of combining Strand-seq and cytogenetic

approaches to detect both balanced and unbalanced rearrangements, especially those present in subclonal populations that

would be missed by standard WGS.

[Supplemental material is available for this article.]

Since their establishment, cell lines have played a central role in
biomedical research. Their ease ofmaintenance andmanipulation,
and virtually unlimited proliferative potential, makes them a
powerful alternative to in vivo testing across a wide range of
applications.

Although immortalized cell lines are widely used in research,
their genomic integrity is often taken for granted. Accumulating
evidence suggests such cell lines to be prone to significant chromo-
somal instability, yet the extent and nature of such instability, par-
ticularly in long-term cultures, remain poorly characterized (He
et al. 2023;Wang et al. 2025). Although the precise causes of chro-
mosomal instability are not fully understood, several contributing
factors have been proposed, including fluctuations inCO2 levels or
suboptimal temperature regulation (He et al. 2023). Epstein–Barr

virus–transformed cell lines, in particular, often develop aneuploi-
dies, which may trigger further genomic instability and structural
changes (Lacoste et al. 2010; Frattini et al. 2015; Volleth et al.
2020). Structural alterations ranging from aneuploidies to subtle
duplications and deletions can progressively reshape the karyo-
type of a cell line, potentially masking or mimicking naturally oc-
curring genomic rearrangements. Some of these changes can
provide a growth advantage and become dominant in culture
(Frattini et al. 2015; Naumann et al. 2018; He et al. 2023). This is-
sue is especially critical in comparative genomics and evolutionary
studies, in which artifactual rearrangements may be misinterpret-
ed as species-specific traits (Roschke et al. 2002; Banerjee et al.
2022; He et al. 2023; Yoo et al. 2025).
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From an evolutionary perspective, chromosomal rearrange-
ments are relatively rare in primate genomes. An exception to
this rule is foundwithin the lesser apes, or gibbons, whose genome
evolution has been uniquely shaped by recurrent large-scale struc-
tural changes. Gibbons, comprising four genera—Hoolock,
Hylobates, Nomascus, and Symphalangus—display remarkable kar-
yotypic diversity, making them the most chromosomally rear-
ranged group among extant apes (Carbone et al. 2006, 2014; Fan
et al. 2017; Nie et al. 2018).

Within the genus Nomascus (2n=52), seven species are recog-
nized, including Nomascus concolor (western black-crested gibbon),
Nomascus gabriellae (yellow-cheeked gib-
bon), Nomascus hainanus (Hainan gib-
bon), Nomascus leucogenys (northern
white-cheekedgibbon),Nomascusnasutus
(eastern black-crested gibbon), Nomascus
siki (southern white-cheeked gibbon),
and Nomascus annamensis (northern
buffed-cheeked gibbon) (Roos and
Geissmann 2001; Brandon-Jones et al.
2004;Thinhetal. 2010).Speciesclassifica-
tion has relied on a combination of mor-
phological and karyotypic features. For
instance, three of the aforementioned
species can be cytogenetically distin-
guished by two distinctive chromosomal
rearrangements: (1) a balanced reciprocal
translocation between Chromosomes 1
and 22, resulting in a shorter Chromo-
some 1 (1b) and a longer Chromosome
22 (22b), instead of the wild-type 1a and
22a Chromosomes, and (2) a pericentric
inversion on Chromosome 7 yielding a
Chromosome 7b distinguishable from
the 7a. Notably, these rearrangements
are species-specific: N. leucogenys carries
exclusively the pericentric inversion on
Chr 7; N. gabriellae displays only the t
(1;22); whereas N. siki carries both of the
rearrangements (Hirai et al. 2007; Nie
et al. 2018).

In this study, we investigate chro-
mosomal instability progression in a
lymphoblastoid cell line derived from
N. siki using both single-cell Strand-seq
and whole-genome sequencing (WGS),
along withmolecular cytogenetic assays.
This integrated approach allows us to
trace the temporal accumulation of
structural chromosomal rearrangements,
as well as single-nucleotide variants,
highlighting the extent to which chro-
mosomal instability can reshape the ge-
nomic architecture of a cell line during
prolonged in vitro culture.

Results

Cell cultures

The first batch of the N. siki cell line,
named batch1 (Fig. 1A), was thawed

from a stock at the University of Bari (Uniba, Italy), kept in culture
for 21 days (9 passages) and used to prepare strand sequencing
(Strand-seq) libraries for 96 cells, metaphase preparation
(prep1A) for FISH analysis (Mercuri et al. 2022), and genomic
DNA for WGS, as shown in Figure 1B and Supplemental Table S1.

The second cell line batch (batch2), derived from the sameN.
siki individual, stocked at the Universidade de Trás-os-Montes e
AltoDouro (UTAD; Portugal), was thawed atUniba and kept in cul-
ture for 7 days (three passages). A first metaphase preparation
(prep2A) was obtained at the end of the culture, and one aliquot
of the cell line was frozen (aliquot 2al1).

A

B

Figure 1. Geographical origin and experimental workflow for the different batches of the Nomascus
siki cell line analyzed in the present study. As shown in panel A, all three batches originated from the
University of Cambridge: batch1 (purple) was directly transferred to Uniba (Italy); batch2 (green) and
batch3 (red) were first shipped to UTAD (Portugal) and subsequently to Uniba for further processing
and analysis. Panel B illustrates the processing of all the batches at Uniba (Italy), specifying culturing time-
lines, with the number of passages indicated in parentheses, the production of frozen aliquots, andmeta-
phase preparations for each batch, along with the sequencing techniques applied to them.
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Later, aliquot 2al1 was thawed and
used for Strand-seq library prepara-
tion, which led to the sequencing of
99 single cells. The culture was further
kept for an additional 22 days (10 passag-
es), after which a second metaphase
preparation (prep2B) was produced, and
a second aliquot (2al2) was frozen.
Following sequencing, aliquot 2al2 was
thawed and cultured for 10 days (five pas-
sages) to obtain a metaphase preparation
(prep2C).

All the metaphase preparations
were used to perform FISH experiments,
as described in the following paragraphs.

A third stock aliquot of the same cell
line from Portugal (batch2.1) was cul-
tured at Uniba to replicate the results.
The culture was maintained for 33 days
(16 passages), and two metaphase prepa-
rations were obtained from this third
batch, one after 1 week of culture
(prep2.1A; three passages) and the other
after 33 days of culture (prep2.1B; 16 pas-
sages). Aliquot 2.1al1 was frozen after 7
days of culture (three passages) and cul-
tured again for 14 days (six passages) to
obtain the last metaphase preparation
(prep2.1C) and genomic DNA.

Finally, a last aliquot from a differ-
ent batch (batch3) of the same cell line
from the UTAD in Portugal was thawed
at Uniba and kept in culture for 7 days
(three passages) to obtain a metaphase
preparation (prep3A) and the genomic
DNA (Fig. 1B; Supplemental Table S1).

All cell line batches originate from
a common source: the University of
Cambridge (Cambridge, United King-
dom). However, detailed information re-
garding their initial handling and precise
transfer timelines to Uniba and UTAD is
limited (Fig. 1A).

Single-cell template strand

sequencing to identify structural

rearrangements

Out of 99 single cells sequenced from N.
siki (aliquot 2al1, batch2), 28 cells passed
quality control and were used for further analyses. First, based on
their orientations, we assigned each sequenced template strand
to either a Crick (C; “+”) or aWatson (W; “–”) state. Then, to select
the informative chromosomes for composite file construction, we
identified those in either a WW or CC state (i.e., displaying tem-
plate strands in the same orientation on both homologs) per
cell. During this process, we observed that Chr 14 showed a differ-
ent pattern for the p- and q-arms, with an increased read depth in
only one of the two arms per cell. Similarly, Chromosome 22 was
noted to behave nonhomogeneously across cells, with the major-
ity of them having a partial switch from WW to WC or from CC
to WC in the terminal region of the q-arm.

We then grouped the WW and CC chromosomes of 22 cells
with an increased read depth on the q-arm of Chr 14 into a com-
posite file (Fig. 2A) and those from six cells with increased read
depth on the p-arm into a separate composite file and analyzed
them separately. All the cells belonging to the first group (q-arm
increased read-depth) showed a 17 Mb heterozygous inversion
on the q-arm of Chromosome 22, whereas no such inversion
was detected in the second group (p-arm increase). No additional
structural differences were observed between the two composite
files.

To further interpret these findings, we compared the com-
posite files from batch2 with the one previously generated by

A

B

Figure 2. Detection and validation of heterozygous inversions. (A) Composite file for the Chromosome
14 iso-q subpopulation from batch2, built using the GGSC Nleu3.0/nomLeu3 reference genome.
Orange and blue bins represent Watson (W) and Crick (C) strand inheritance, respectively, and pink
ones represent centromeres. Chromosome 14 exhibits increased read depth and a clear p/q switch pat-
tern, consistent with the presence of an isochromosome of the q-arm. Red squares highlight two of the
detected heterozygous inversions. (B) Experimental validation by interphase FISH using locus-specific
BAC probes (Supplemental Table S2). The schematic on the left shows the probe design and expected
signal patterns for the directly oriented chromosomes. On the right, representative FISH images from nu-
clei in preparations prep2A (Exp3) and prep2B (Exp4) confirm the presence of the predicted heterozy-
gous inversions (dir/inv configuration).
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Mercuri and colleagues (2022) from batch1, which was based on
62 informative cells from the same N. siki individual. That
analysis had identified 22 inversions larger than 500 kb, including
a 17 Mb heterozygous inversion on the terminal q-arm of
Chromosome 22 (Chr 22a: 103,740,071–122,121,000, GGSC
Nleu3.0/nomLeu3), consistently present in all sequenced cells
(Fig. 3). This was confirmed to be the same event detected in
batch2.

Read-depth analysis of Chr 14 in batch1 revealed consistent
trisomy across all informative cells. In contrast, batch2 displayed
increased read depth restricted to either the p-armor the q-arm, in-
dicating potential subclonal variation. When comparing the in-
version profiles detected by Strand-seq in batch1 with those in
the two batch2 subgroups (defined by p- or q-arm read-depth in-
creases on Chr 14), no additional structural differences were ob-
served (Fig. 3).

Characterization of structural variants

Chromosome inversions and translocations

To perform a cytogenomic characterization of the N. siki cell line,
we first tested two major chromosomal rearrangements known to
be variable in Nomascus genus (Hirai et al. 2007; Nie et al. 2018):
the translocation between Chromosome 1 and Chromosome 22
(Exp1) and the pericentric inversion on Chromosome 7 (Exp2)
(Table 1; Supplemental Table S2). Both experiments were conduct-
ed on metaphase preparations prep1A, prep2A, prep2B, prep2C,
prep2.1A, and prep3A.

Exp1 showed that all the tested metaphase preparations carry
the 1b/22b form,whereas Exp2 revealed that all of them are homo-
zygous for the 7b form.

Next, we tested three inversions that resulted heterozygous
by Strand-seq in both batch1 and batch2, as shown in Figure 2:

Figure 3. Circular plot displaying themap of chromosomal rearrangements detected by Strand-seq. Each concentric ring represents the read-depth pro-
file (copy number [CN]) across chromosomes for a specific batch: batch1 (innermost ring, green inversions), iso-q subpopulation of batch2 (middle ring, red
inversions), and iso-p subpopulation of batch2 (outermost ring, blue inversions). Yellow segments indicate regions with a CN of two, and orange segments
mark regions with CN=3, such as Chromosome 14 (trisomy) and the isochromosome arms in iso-p and iso-q subpopulations. Inversion events are shown
as colored bars (green for batch1, red for iso-q batch2, and blue for iso-p batch2): Inversions plotted outside the corresponding ring indicate heterozygous
events, and those plotted inside the ring denote homozygous inversions.
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one inversion on Chromosome 11 (Chr 11: 120,740,681–
123,032,604, GGSC Nleu3.0/nomLeu3; Exp3), one inversion on
Chromosome 7 (Chr 7b: 59,498,669–62,277,588, GGSC Nleu3.0/
nomLeu3; Exp4), and one on Chromosome 22 (Chr 22a:
103,740,071–122,121,000, GGSCNleu3.0/nomLeu3; Exp5) (Table
1; Supplemental Table S2).

Exp3 was conducted on prep1A (Mercuri et al. 2022), prep2A
(Fig. 2B), prep2B, prep2C, prep2.1A, and prep3A, confirming the
heterozygous state of the inversion of Chromosome 11 on all prep-
arations. Exp4, conducted on prep1A (Mercuri et al. 2022), prep2B
(Fig. 2B), prep2C, and prep2.1A, similarly showed the presence of
the heterozygous inversion on Chromosome 7 in all tested
preparations.

Exp5was conducted on awide set ofmetaphase preparations,
including prep1A, prep2A, prep2B, prep2C, prep2.1A, prep2.1B,
and prep3A. The results revealed that the inversion on
Chromosome 22a was not uniformly detected across samples: In
some preparations, only the direct (noninverted) form of Chr
22a was observed; in others, both the direct and inverted forms
were present, indicating a heterozygous inversion. The relative fre-
quency of cells carrying the inversion varied considerably across
preparations (Table 1).

iso-p, iso-q, trisomy, and Chromosome 22 inversion characterization

To investigate the increased read-depth on Chr 14 observed by
Strand-seq in batch2 subpopulations, we performed a dedicated
FISH experiment (Exp6) (Table 1; Supplemental Table S2). This
consisted of a cohybridization with probes specific for the short
(p) and long (q) arms of Chromosome 14 (Supplemental Table
S2) and was performed on metaphase preparations from batch1
(prep1A), batch2 (prep2A, prep2B, prep2C), batch2.1 (prep2.1A),
and batch3 (prep3A).

The results showed that batch1 and
batch3 were trisomic for Chromosome
14, whereas in batch2 and batch2.1,
metaphases contained either an isochro-
mosome of the p-arm (iso-p) or of the q-
arm (iso-q), in addition to the two nor-
mal homologs. This finding explains
the arm-specific read-depth increases
seen in Strand-seq and suggests the pres-
ence of distinct subclonal populations
within the cultures.

To further clarify the relationship
between the inversion on Chromosome
22 and the structural status of
Chromosome 14, we designed a com-
bined FISH experiment (Exp7) by cohy-
bridizing the probes from both Exp5
and Exp6 on the same metaphases. This
experiment was carried out on prep2B,
prep2C, prep2.1A, prep2.1B, and
prep2.1C (Fig. 4; Supplemental Fig.
S1). In line with the Strand-seq results,
the heterozygous inversion on
Chromosome 22 was observed only in
metaphases carrying the iso-q (Fig. 4A;
Supplemental Fig. S1). Conversely, the
inversion was never detected in meta-
phases in which the iso-p was present
(Fig. 4B; Supplemental Fig. S1). These

findings support a clear association between the presence of the in-
version in Chromosome 22 and a specific subpopulation defined
by the structure of Chromosome 14.

To clarify how such rearrangements might have functionally
impacted the cell line, we performed an enrichment analysis on
the human orthologs of the genes detected on the gibbon reference
genome (GGSC Nleu3.0/nomLeu3) in the rearranged regions. We
detected 136 genes in the inverted region on Chromosome 22,
none of which are disrupted by the breakpoints; 386 genes on the
p-arm of Chromosome 14; and 530 genes on the q-arm
(Supplemental Table S3). Enrichment analysis, performedon thehu-
man orthologs using the GENE2FUNCmodule of FUMA, revealed a
significant overrepresentation of genes involved in cell cycle regula-
tion and progression (Supplemental Fig. S2A), along with a signifi-
cant enrichment of genes that have been implicated in various
tumor types when upregulated among those located on the p-arm
of Chromosome 14 (Supplemental Fig. S2B).

Batch comparison at the SNP level

To assess the differences between the batches at a single-nucleotide
level, we performed SNP-calling on WGS short-read data from
batch1, batch2.1, and batch3. We obtained 14,373,821 calls,
which were reduced to 10,843,361 by retaining only SNPs with fil-
tered depth (DP) > 10 and genotype quality (GQ)>20 in all the
samples (see Methods). Among these, 10,651,171 SNPs displayed
identical genotypes across the three batches: 6,252,888 were het-
erozygous (Ref/Alt) and 4,398,283 were homozygous for the alter-
native allele (Alt/Alt). Only 22 SNPs showed a fully divergent
genotype among the three samples, in which each batch carried
a different allelic state (one Ref/Ref, one Ref/Alt, one Alt/Alt).

For the remaining 192,168 SNPs, we performed pairwise com-
parisons to assess the number of identical genotypes shared

A B

Figure 4. Validation of isochromosomes and the Chromosome 22 inversion (inv22) by FISH.
Cohybridization on metaphases from prep2.1A of BAC clones CH271-162A04 (red) and CH271-
113K11 (blue) on Chromosome 14 and CH271-74O21 (red) and CH271-119L09 (green) on
Chromosome 22. A wild-type Chromosome 14 exhibits one red hybridization signal on 14p and one
blue signal on 14q. i(14p) shows two red signals on the same chromosome, and i(14q) shows two
blue signals on the same chromosome. Similarly, the wild-type Chromosome 22 displays a centromere
red–green signal pattern, whereas an inverted Chromosome 22 shows a centromere green–red signal
pattern. This experiment confirms the presence of a supernumerary isochromosome i(14p)/i(14q) and
demonstrates the presence of the inversion on Chromosome 22 in a heterozygous state but only inmeta-
phases in which i(14q) is present. (A) FISH image of a metaphase with i(14q) and inversion on
Chromosome 22 in a heterozygous state. (B) FISH image of metaphase with i(14p) and no
Chromosome 22 inversion.
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between each pair. Batch1 and batch2.1 shared 55,613 identical
SNPs, of which 1890 were homozygous for the reference allele,
24,490 were heterozygous, and 29,233 were homozygous for the al-
ternative allele. The comparison between batch1 and batch3 re-
vealed 64,133 shared SNPs, including 2212 homozygous for the
reference allele, 28,281 heterozygous, and 33,640 homozygous for
the alternative allele. Finally, batch2.1 and batch3 exhibited the
highest number of identical SNPs, with 72,422 in total, comprising
2116 homozygous for the reference allele, 35,583 heterozygous,
and 34,723 homozygous for the alternative allele. These results cor-
respond to a shared SNP proportion of 98.74% between batch1 and
batch2.1, 98.82%betweenbatch1andbatch3, and 98.90%between
batch2.1 and batch3 (Supplemental Table S4).

To further confirm the genetic identity of the batches, identi-
ty-by-descent analysis was performed using PLINK v1.9, showing a
proportion of identical alleles of approximately 0.95 in all pairwise
comparisons. Relationship inference using KING v2.2.6 supported
these findings, with kinship coefficient ranging from 0.4845 to
0.4859 across all pairs, consistentwith all three batches originating
from the same individual (Supplemental Table S4).

Discussion

In this study, we demonstrated the emergence of large-scale chro-
mosomal rearrangements across different batches of a N. siki lym-
phoblastoid cell line. By combining single-cell Strand-seq with
cytogenetic assays, we uncovered a complex scenario of structural
variation arising during in vitro culture.

Strand-seq analysis revealed that batch1 and batch2 not only
share the same set of 22 inversion events but also display identical
zygosity for each inversion (i.e., homozygous or heterozygous),
strongly confirming their origin from the same individual.

This level of conservation across batches confirmed the clonal
nature of the starting material, while enabling the detection of
new, batch-specific alterations.

Crucially, additional rearrangementswere detected in batch2,
in which two distinct subpopulations could be identified. The first
subpopulation carries the inversion profile of batch1, along with
an extra iso-q of Chromosome 14. The second lacks the 17Mb het-
erozygous inversion onChromosome 22 and instead harbors a iso-
p of Chromosome 14. The co-occurrence of the heterozygous in-
version on Chromosome 22 and iso-q was further confirmed by
FISH experiments, which consistently showed that these two rear-
rangements are found together in the same cells.

An evident progressive increase in the frequency of cells car-
rying both rearrangements was observed over time in batch2meta-
phase preparations (prep2A, prep2B, prep2C) (Table 1), suggesting
a possible clonal expansion andproliferative advantage of this sub-
population. A similar trend was also observed in the second repli-
cate of the same batch (batch2.1), in which the proportion of cells
with the inversion and iso-q increased by ∼10% between prep2.1A
and prep2.1B, further supporting the hypothesis of selection-driv-
en expansion under culture conditions.

The two batches lacking an isochromosome 14 (batch1 and
batch3) were instead trisomic for Chromosome 14. This trisomy,
like the isochromosomes observed in the other batches, likely rep-
resents a culture-induced rearrangement, as such alterations are
generally incompatible with life. We propose that the extra copy
of Chromosome 14 served as the substrate for isochromosome for-
mation, which subsequently occurred clonally in batch2 and its
replicate (batch2.1). In these, two distinct subpopulationswere ob-
served: one exhibiting loss of the p-arm and duplication of the q-

arm of Chr 14, and the other showing the opposite pattern, the
loss of the q-arm and duplication of the p-arm. We hypothesize
that the additional copy of Chromosome 14 underwent trans-
verse, rather than longitudinal, division during mitosis, with the
two chromatid arms remaining joined at the half centromere
(Schulz-Schaeffer 1980). As a result, an isochromosome of the p-
arm would have segregated into one daughter cell, whereas an iso-
chromosome of the q-arm segregated into the other (Fig. 5). Both
cell lines subsequently expanded clonally, giving rise to the two
observed subpopulations. Aneuploidies, such as the trisomy of
Chromosome 14 observed in batch1 and batch3, may have initiat-
ed a cascade of genomic instability, increasing susceptibility to rep-
lication stress and DNA damage and ultimately promoting the
accumulation of additional structural variants, including both
copy-number and copy-neutral changes. Some of these karyotypic
alterations may have conferred a proliferative advantage and grad-
ually dominated the culture over time (Passerini et al. 2016). This
framework could explain the selection of distinct subclones carry-
ing isochromosomes in batch2 and its replicate batch2.1.

Notably, Chromosome 14 also stands out as the chromosome
with the highest number of inversions,with four events >500 kb in
size (present study and Mercuri et al. 2022), three in homozygous
and one in heterozygous state, as well as 12 smaller inversions re-
ported previously (Mercuri et al. 2022). Chromosome 14 is also
known for its pronounced instability from an evolutionary per-
spective, as it represents the chromosome with the highest
number of synteny blocks (n =10) when comparing human and
gibbon genomes. These blocks are derived from human Chromo-
somes 2 and 17 (Roberto et al. 2007; Capozzi et al. 2012; Carbone
et al. 2014). Notably, human Chromosome 17 is among the top
three human chromosomes most frequently involved in isochro-
mosome formation (Kanagal-Shamanna et al. 2012; Onaka et al.
2020). Isochromosomes of the q-arm of Chromosome 17 in hu-
mans are among the most recurrent chromosomal aberrations in
hematologic malignancies. These events are often associated with
microdeletions of the 17p11 region and are believed to be facilitat-
ed by the presence of palindromic sequences at breakpoint sites
(Fioretos et al. 1999; Barbouti et al. 2004).

Despite the presence of large-scale rearrangements arising in
the different batches, the cell lines remained stable at the nucleo-
tide level: ∼99% of SNPs maintained the same genotype across all
batches. The high level of primary sequence conservation was fur-
ther supported by both the identical-by-descent analysis and the
relationship test, which classified the samples as duplicate individ-
uals and monozygotic twins, respectively. These findings are

Figure 5. Hypothetical model for the generation of iso-p and iso-q chro-
mosomes duringmitosis. When enteringmitosis, one of the three copies of
Chromosome 14 (p-arm in red, q-arm in blue) undergoes transversal
division instead of the canonical longitudinal one, leading to the inheri-
tance of the iso-p chromosome, shown in red, along with two copies of
Chromosome 14 on one daughter cell and of the iso-q, shown in blue,
and two copies of Chromosome 14 in the other.
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consistent with previous studies, which have shown that cultured
cell lines accumulate large chromosomal rearrangements more
readily than single-nucleotide variants over time (Scheinfeldt
et al. 2018; Volleth et al. 2020).

Notably, the rearrangements described here encompass hun-
dreds of intact genes, including a significant overrepresentation of
genes involved in cell cycle control and oncogenic processes, yet
occur in the absence of detectable gene disruption or SNP diver-
gence. This supports the view that karyotypic reorganization
can modulate cellular behavior through system-level effects on
gene networks, such as altered dosage balance or regulatory land-
scapes, rather than through classical gene-centric mutational
mechanisms.

From an evolutionary perspective, the gibbon genome is
uniquely characterized by an exceptional degree of chromosomal
structural rearrangements compared with other apes. Numerous
studies have shown that gibbons, unlike great apes and humans,
have undergone a rapid rate of karyotypic evolution, with frequent
inversions and translocations (Carbone et al. 2006, 2014; Roberto
et al. 2007; Capozzi et al. 2012; Mercuri et al. 2022). However, the
mechanisms underlying this genomic plasticity remain poorly un-
derstood. In this context, the N. siki cell line emerges as a promis-
ing in vitro model system to explore the mechanisms of genome
reshaping. Its intrinsic susceptibility to genomic instability may
amplify the effects of culture-induced stress, making it a valuable
model to explore the interplay between culture conditions and ge-
nome architecture in primates.

From a broader evolutionary perspective, the decoupling ob-
served here between extensive chromosomal restructuring and
near-complete conservation at the nucleotide level raises impor-
tant questions about the nature of genetic change during clonal
evolution. Although evolutionary and cancer genomics have tradi-
tionally emphasized gene- and nucleotide-level variation, several
genome-based frameworks propose that chromosomal architec-
ture itself constitutes a distinct layer of biological information
(Heng and Heng 2021, 2022). In this view, large-scale rearrange-
ments alter the organization, dosage, and regulatory context of
genes without necessarily changing their primary sequence.
Such genome-level alterations have been proposed to drive sys-
tem-level evolutionary transitions—sometimes referred to as mac-
roevolutionary phases—followed by periods of relative nucleotide
stability characterized by gene-level fine-tuning (Liu et al. 2014).
Within this framework, the karyotype is not merely a passive car-
rier of genes but an active determinant of genetic networks and cel-
lular behavior, such that identical genes can exhibit different
functional outputs when embedded in different chromosomal
contexts (Heng and Heng 2021).

Interpreted through this lens, the N. siki cell line provides an
example of genome-level evolution occurring in real time:
Distinct karyotypic configurations emerge, expand clonally, and
appear to be selectively favored, despite sharing an almost identi-
cal SNP landscape. The observed chromosomal rearrangements,
including isochromosome formation and inversion occurrence,
may therefore represent alternative, heritable genomic states rath-
er than transient by-products of instability. Similar patterns,
marked chromosomal plasticity accompanied by limited nucleo-
tide divergence, have been reported in cellular immortalization
models and cancer evolution, supporting the idea that chromo-
somal variation itself can act as a primary substrate for selection
(Duesberg et al. 1999; Ye et al. 2009). This interpretation does
not exclude culture-induced stress or mechanistic drivers of rear-
rangement but instead highlights that chromosomal variation it-

self may constitute a primary substrate for selection during clonal
expansion.

Our findings are therefore consistent with both mechanistic
models of culture-induced genomic instability and genome-based
evolutionary frameworks that emphasize chromosomal architec-
ture as a key driver of genetic system reorganization.

Despite this study being limited to a single cell line, it under-
scores the critical importance of implementing routine monitor-
ing of cell lines with increased culture time. More broadly, this
work illustrates how cell culture conditions can act as a powerful
accelerator of genome evolution, particularly in genomes already
predisposed to structural plasticity. This work demonstrates the
power of combining Strand-seqwith cytogenetic assays to uncover
genomic mutational events that might otherwise go undetected.
In particular, the single-cell resolution of Strand-seq proves to be
exceptionally effective for identifying subclonal populations and
balanced rearrangements present in only a subset of cells, whereas
FISH remains crucial to define the structural nature of the rear-
rangements, as exemplified by the case of isochromosomes.

By tracking the emergence, clonal behavior, and fixation of
de novo chromosomal aberrations, this study offers a rare, dynam-
ic view of genome instability in real time. To our knowledge, this is
the first direct observation of isochromosome formation and selec-
tive clonal dynamics in a gibbon cell line. It provides novel in-
sights into the interplay between inherent genomic plasticity
and culture-driven evolution in primates and lays the groundwork
for future investigations into mechanisms of structural mutagene-
sis across species.

Methods

Cell culture

The EBV-transformed lymphoblastoid N. siki cell lines were cul-
tured in RPMI medium supplemented with 16% FBS, 1% L-gluta-
mine, and 1% penicillin–streptomycin in a 5% CO2 humidified
incubator at 37°C. At Uniba, growth was monitored daily by
means of inverted microscopy, and cells were split 1:2 every 2
days. At UTAD, cells were cultured for two passages following the
same procedure.

Strand sequencing and inversion identification

Strand-seq libraries were obtained from the cell culture following
the protocol described by Sanders and colleagues (Falconer et al.
2012; Sanders et al. 2017) and sequenced on NextSeq 500 (MID-
mode, 75 bp paired-end protocol). We demultiplexed according
to the barcodes and converted raw data to FASTQ using bcl2fastq
v2.19.0.316. Reads were then aligned to the gibbon reference ge-
nome (GGSC Nleu3.0/nomLeu3) with BWA-MEM (version
0.7.17) (Li 2013). The obtained SAM files were converted to BAM
files and sorted with SAMtools view and SAMtools sort (version
0.7.17) (Li et al. 2009), and duplicate reads were marked using
Picard MarkDuplicates (version 2.20.4-SNAPSHOT; https://
broadinstitute.github.io/picard/). Strand-seq reads for each cell
were counted and plotted with mosaicatcher v.0.3.1 (Weber et
al. 2023) to assess the sequencing quality. Cells that had low cov-
erage, had incomplete BrdU incorporation, or had already started
the second round of BrdU incorporation were excluded during
the manual quality evaluation.

To detect germline inversions, wemerged single-cell data in a
directional pseudobulk file, called a composite file, as previously
described (Maggiolini et al. 2020; Mercuri et al. 2022). To do so,
we used an in-house R script to identify all the chromosomes
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inherited in a CC (Crick; “+”) orWW(Watson; “–”) state among all
the cells and merged those bulks into two files with SAMtools
merge (Li et al. 2009). Then, we filtered both BAM files by
SAMtools view (Li et al. 2009) to keep only the first read of each
proper pair with a mapping quality greater than 10 and reverse-
complemented all the reads of the WW chromosomes by con-
verting the WW BAM file to BED file (BEDTools bamtobed), man-
ually changing the mapping strand, and converting the BED file
back to BAM file (BedToBam) (Quinlan and Hall 2010). The latter
BAM file was merged with the one containing all the reads of the
chromosomes inherited in a CC state with SAMtools merge (Li
et al. 2009). The obtained composite BAM file was then sorted
and indexed by using SAMtools sort and index (Li et al. 2009)
and used as input for a breakpointR run (Porubsky et al. 2020), in-
tending to identify inversion breakpoints and obtain a BED file
loadable into the UCSC Genome Browser (Kent et al. 2002;
Raney et al. 2024). Circular plots of the detected rearrangements
in composite files were generated using the ggbio (v1.52.0) pack-
age (Yin et al. 2012) in R (v4.4.1) (R Core Team 2021).

SNP analysis

Genomic DNA was extracted from the cell cultures using FastPure
blood/cell/tissue/bacteria dna isolation mini kit (Vazyme) and se-
quenced using NovaSeq X with a coverage of 30×.

Reads were then aligned to the gibbon reference genome
(GGSC Nleu3.0/nomLeu3) with BWA-MEM (version 0.7.17) (Li
2013). The obtained SAM files were converted to BAM files and
sorted with SAMtools view and SAMtools sort (version 0.7.17) (Li
et al. 2009), andduplicate readsweremarked using PicardMarkDu-
plicates (version 2.20.4-SNAPSHOT; https://broadinstitute.github
.io/picard/). Germline short variants were called using GATK best
practices workflows (Van der Auwera et al. 2013). We kept only
SNPs with a DP between 10 and 75 and a GQ greater than 20.
We then compared the state of all the retained SNPs in the se-
quenced samples using an R custom script.

Identity-by-descent analysis was performed using the option
–genome fromPLINK v1.9 (Chang et al. 2015) and the relationship
inference using KING v2.2.6 (Manichaikul et al. 2010).

FISH

Three-color FISH experiments were conducted using human (n=
4) and gibbon BAC clones (n= 10) as detailed in Supplemental
Table S2. The clones were directly labeled by nick-translation
with Cy3-dUTP (PerkinElmer), Cy5-dUTP (PerkinElmer), and fluo-
rescein-dUTP (Enzo), following the method described by Lichter
et al. (1990) with minor adjustments. Hybridization took place at
37°C in a solution containing 2× SSC, 50% formamide, 10% dex-
tran sulfate, and 3mg of sonicated salmon spermDNA, totaling 10
mL. Posthybridization washes were performed at 60°C in 0.1 × SSC
(three times for high stringency hybridizations using species-
specific clones) or at 42°C in 2× SSC (four times each for cross-spe-
cies hybridizations). Nuclei and metaphases were stained with
DAPI. Digital images were captured using a Leica DMRXA2 epi-
fluorescencemicroscopewith a cooled CCD camera (Princeton In-
struments). Fluorescence signals from DAPI, Cy3, Cy5, and
fluoresceinwere detectedwith specific filters, recorded as grayscale
images, and later pseudocolored and merged using Adobe Photo-
shop. Interphase nuclei FISH involved three-color FISH with two
probes within the predicted inversion and one reference probe
outside, whereas metaphase chromosome FISH used two probes
within the inverted region.

Enrichment analysis

Gibbon genes located within the 17 Mb inversion on
Chromosome 22, as well as on the p- and q-arms of
Chromosome 14, were extracted from the curated subset of the
RefSeq track in the UCSC Genome Browser for the GGSC
Nleu3.0/nomLeu3 reference genome (Pruitt et al. 2014). Human
orthologs of these genes were analyzed using the GENE2FUNC
module of FUMA, which annotates genes in a biological context
by mapping associated diseases and known drug targets based on
OMIM and DrugBank identifiers, assesses tissue-specific expres-
sion patterns usingGTEx v6 RNA-seq data, and evaluates function-
al enrichment of gene sets using a hypergeometric test against
curated biological pathways and functional categories derived
from MSigDB and WikiPathways (Watanabe et al. 2017).

Data access

The Strand-seq library sequence data and WGS data generated
from this study have been submitted to the NCBI BioProject data-
base (https://www.ncbi.nlm.nih.gov/bioproject/) under accession
number PRJNA1131178. The custom code used for SNP analysis is
available as Supplemental Code.
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