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Abstract
Copy number variants (CNVs) are regions of the genome that vary in integer copy number. CNVs, which comprise both 
amplifications and deletions of DNA sequence, have been identified across all domains of life, from bacteria and archaea 
to plants and animals. CNVs are an important source of genetic diversity, and can drive rapid adaptive evolution and pro-
gression of heritable and somatic human diseases, such as cancer. However, despite their evolutionary importance and 
clinical relevance, CNVs remain understudied compared to single-nucleotide variants (SNVs). This is a consequence of the 
inherent difficulties in detecting CNVs at low-to-intermediate frequencies in heterogeneous populations of cells. Here, we 
discuss molecular methods used to detect CNVs, the limitations associated with using these techniques, and the application 
of new and emerging technologies that present solutions to these challenges. The goal of this short review and perspective 
is to highlight aspects of CNV biology that are understudied and define avenues for further research that address specific 
gaps in our knowledge of these complex alleles. We describe our recently developed method for CNV detection in which a 
fluorescent gene functions as a single-cell CNV reporter and present key findings from our evolution experiments in Sac-
charomyces cerevisiae. Using a CNV reporter, we found that CNVs are generated at a high rate and undergo selection with 
predictable dynamics across independently evolving replicate populations. Many CNVs appear to be generated through DNA 
replication-based processes that are mediated by the presence of short, interrupted, inverted-repeat sequences. Our results 
have important implications for the role of CNVs in evolutionary processes and the molecular mechanisms that underlie 
CNV formation. We discuss the possible extension of our method to other applications, including tracking the dynamics of 
CNVs in models of human tumors.
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Introduction

Variation in DNA copy number has been appreciated since 
the earliest days of molecular genetics. The first gene dupli-
cations and deletions were characterized early in the 1900s 
(Sturtevant 1925; Bridges 1936; Taylor and Raes 2004) and 
later studies revealed the extent of gene family expansions, 
whole-genome duplications, and polyploidy in natural popu-
lations (Avise and Kitto 1973; Hopkinson et al. 1976; Ferris 

and Whitt 1979; Stuber and Goodman 1983; Schughart et al. 
1989). Susumo Ohno and others (Ohno 1970; Anderson and 
Roth 1977; Hughes 1994) demonstrated that gene duplica-
tion is important for generating evolutionary novelty and 
diversity over long time scales (Walsh 1995, 2003; Lynch 
and Force 2000; Lynch and Conery 2000; Conant and Wolfe 
2008), but CNV formation can also drive rapid adaptation 
in response to stress and changes in the environment (Arlt 
et al. 2011, 2014; Hong and Gresham 2014; Greenblum 
et al. 2015; Dulmage et al. 2018; Bussotti et  al. 2018). 
CNVs provide a substrate for natural selection in diverse 
scenarios ranging from niche adaptation to domestication 
and speciation (Stratton et al. 2009; Geiger et al. 2010; 
Clop et al. 2012; Ramirez et al. 2014; Żmieńko et al. 2014; 
Dhami et al. 2016; Turner et al. 2017; Zuellig and Swei-
gart 2018). Despite their clear importance, we do not fully 
understand the causes and consequences of CNV formation 
at the molecular level. In this short review and perspective 
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piece, we discuss existing CNV detection methods and the 
limitations of these methods for studying large, complex 
CNVs compared to single-nucleotide variants (SNVs). New 
technologies have the potential to further our understanding 
of the dynamics with which CNVs are generated, selected, 
and maintained, as well as the mechanistic processes that 
underlie CNV formation. We also summarise the findings 
from our recent study using a phenotypic reporter to detect 
and isolate single cells with CNVs. Our results have broad 
implications for the significant role of CNVs in driving both 
adaptive evolution and disease.

Challenges to studying the role of CNVs 
in adaptive evolution

Determining the functional consequences of a CNV is chal-
lenging. While SNVs encompass a single base pair, and 
indels can include several base pairs of DNA, CNVs range 
in size from  102 to  106 base pairs. As a result, CNVs are fre-
quently alleles of large effect that can simultaneously impact 
multiple protein-coding genes and regulatory regions. CNVs 
can lead to changes in organismal fitness through a variety 
of mechanisms including: increases or decreases in dos-
age for genes within the CNV allele as well as neighboring 
genes (Molina et al. 2008; Merla et al. 2006; Gamazon et al. 
2011), global changes to the transcriptome (Henrichsen et al. 
2009), re-organization of chromatin domains (Lupiáñez et al. 
2015; Lupiáñez et al. 2016; Franke et al. 2016; Spielmann 
et al. 2018), promoter capture and other modifications to 
the regulatory landscape (Koszul et al. 2004; Blount et al. 
2008; Chan et al. 2010; Blount et al. 2012), and formation 
of chimeric genes (Arguello et al. 2006; Rippey et al. 2013; 
Aigner et al. 2013; Schrider et al. 2013; Mayo et al. 2017). 
Because CNVs can impact cell physiology at multiple levels, 
predicting how a CNV will affect the properties of a cell 
can be difficult. Because CNVs can encompass such large 
regions of the genome, they are likely to have pleiotropic 
effects (Gamazon and Stranger 2015). Disentangling the role 
of CNVs in evolution can be particularly challenging, espe-
cially in natural populations in which genetic manipulations 
cannot readily be performed.

CNVs can be detected using a variety of molecular and 
imaging methods. Cytogenetics, microscopy, and gel elec-
trophoresis were among the first methods used to study 
CNVs (reviewed in Taylor and Raes 2004). Southern blot-
ting and quantitative PCR (qPCR) can also be used to detect 
increases and deletions of specific DNA sequences (Gon-
zalez et al. 2005; Aitman et al. 2006). Global comparative 
genomics techniques such as array comparative genomic 
hybridization (aCGH) vastly improved genome-wide CNV 
detection (Sebat et al. 2004; LeCaignec et al. 2006; Michels 
et al. 2007; Konings et al. 2012; Hong and Gresham 2014; 

Payen et al. 2014). The development of next-generation 
sequencing technologies launched a new era of CNV dis-
covery, enabling the detection of smaller and more complex 
CNVs in the genomes of diverse organisms (Greenblum 
et al. 2015; Hartmann and Croll 2017; Pham et al. 2017; 
Zhou et al. 2018; Yang et al. 2018; Wang et al. 2019; Rigau 
et al. 2019). One of the first comprehensive CNV maps of 
the human genome, generated using aCGH, uncovered 1447 
copy number variable regions across 360 megabase pairs 
of the genome (Redon et al. 2006). Nearly 10 years later, a 
data set that collated 23 studies (the majority of which used 
next-generation sequencing) identified 202,431 copy number 
variable regions (Zarrei et al. 2015). Improved detection by 
genome sequencing has revealed how prevalent CNVs are 
in nature, and that de novo CNVs affect more base pairs of 
human DNA each generation than point mutations (Itsara 
et al. 2010).

A variety of approaches have been developed to detect 
CNVs from short-read DNA sequencing data. The number 
of reads that map to each nucleotide position (often referred 
to as the read depth) can be compared across regions of 
the genome. Those regions with increased or decreased 
read depth are used to infer the presence of duplications and 
deletions, respectively. Other methods use the existence of 
unique classes of sequence reads to map novel junctions cre-
ated at the breakpoints of CNVs. Split reads are single reads 
that map to two distinct locations in the reference genome, 
whereas discordant reads are paired-end reads that map in 
the improper orientation or with an atypical distance in the 
reference genome. The accuracy of these methods is limited 
by both the quality and depth of sequencing reads. Further-
more, duplications are repetitive by nature and CNV break-
points are often located within repetitive sequences or trans-
posable elements, such as Alu elements (Chen et al. 2014; 
Gu et al. 2015; Kim et al. 2016). The repetitive nature of 
these features can make detection of CNVs using reference-
based alignment extremely challenging. Detection of break-
points that correspond to the novel sequence generated by 
CNVs is frequently impossible in these regions. Long-read 
sequencing technologies are poised to overcome the inherent 
challenges in using short reads, especially when mapping 
to repetitive regions (Huddleston et al. 2017; Chakraborty 
et al. 2018). However, there are still limitations with these 
technologies (Couldrey et al. 2017) and the low throughput 
and comparatively high cost of long-read sequencing tech-
nologies remains prohibitive for high-resolution, real-time 
analysis of CNV dynamics.
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A phenotypic reporter for CNV detection

We were motivated to develop a CNV reporter by the obser-
vation that CNVs are frequently selected during evolution 

experiments performed using microbes. Studies, since the 
1960s, have reported the occurrence of CNVs in populations 
of microbes evolving in nutrient-limited chemostats (Hori-
uchi et al. 1963; Hansche 1975; Sonti and Roth 1989; Brown 
et al. 1998; Gresham et al. 2008). However, the limitations 
of existing methods for detecting CNVs in heterogeneous 
populations have impeded progress in understanding the 
diversity and dynamics of de novo CNVs in the context of 
these experiments. To overcome the challenges in detecting 
and isolating cells with CNVs in evolving populations, we 
developed a phenotypic reporter that relies on duplication 
or deletion of a constitutively expressed green fluorescent 
protein (GFP) gene (Fig. 1). The GFP reporter is integrated 
adjacent to a gene of interest and simultaneous duplication 
of the two genes results in a quantitative increase in cel-
lular fluorescence (Fig. 1). Simultaneous deletion of the 
target gene and the reporter results in a decrease in fluores-
cent signal. Cellular fluorescence can be measured every 
few generations during experimental evolution using flow 
cytometry, providing a high-resolution and real-time view of 
CNV dynamics. An additional advantage of this approach is 
that single cells with CNVs can be efficiently isolated from 
heterogeneous populations using fluorescence-activated cell 
sorting (FACS) (Fig. 2). 

We used the CNV reporter to investigate the role of 
CNVs in mediating adaptation to nitrogen poor conditions 

in Saccharomyces cerevisiae under two selective condi-
tions: glutamine limitation and urea limitation (Lauer et al. 
2018). We performed long-term experimental evolution in 
chemostats and tracked gene duplications and deletions at 
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Fig. 1  Use of a fluorescent protein gene as a CNV reporter. a GAP1 
encodes the high-affinity general amino acid permease, which is 
responsible for uptake of amino acids from the environment. b GAP1 
duplications lead to an increased abundance of transporters on the 
cell membrane, providing a selective advantage to cells growing in 
glutamine-limited environments (Gresham et  al. 2010; Hong and 
Gresham 2014). c Insertion of a green fluorescent protein (GFP) 
gene immediately adjacent to GAP1 provides a phenotypic reporter 
for GAP1 CNVs. d Co-duplication of GAP1 and GFP results in an 
increase in cellular fluorescence that can be measured using flow 
cytometry
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Fig. 2  Fluorescence-activated cell sorting (FACS) can be used to iso-
late cells with CNVs. Single cells from a heterogeneous population 
are sorted after defining one (black) and two copy (red) gates based 
on fluorescent signals from control populations. Whole-genome 

sequencing and other downstream applications can be performed 
using the fractionated CNV subpopulation. Forward scatter is propor-
tional to measurements of cell size
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the GAP1 locus. GAP1 encodes the general amino acid per-
mease, which is responsible for transporting amino acids 
such as glutamine into the cell (Fig. 1). Previous studies 
indicated that CNVs occur at the GAP1 locus under these 
conditions, but these experiments relied on sampling clonal 
isolates from late in the history of the population, and thus, 
the dynamics were unknown (Gresham et al. 2008, 2010; 
Hong and Gresham 2014). For all nine experimental popu-
lations evolving in the presence of glutamine limitation, we 
observed increases in fluorescence, indicating that GAP1 
duplications occurred predictably and repeatedly. These 
results demonstrate that GAP1 duplications are beneficial 
and strongly selected in this condition. We also detected 
a complete loss of fluorescent signal in one of nine urea-
limited populations, consistent with the occurrence and 
selection of a GAP1 deletion. GAP1 CNVs identified using 
flow cytometry were independently confirmed by whole-
genome sequencing as well as pulsed-field gel electropho-
resis and Southern blot analysis. Our results demonstrate 
that the CNV reporter successfully and accurately measures 
a variety of copy number and structural variants including 
duplications, deletions, translocations, aneuploidies, and 
large segmental aneuploidies. Furthermore, the fluorescent 
signal measured by flow cytometry correlates with the num-
ber of copies of GAP1, providing comparable resolution to 
molecular methods such as qPCR or genome sequencing.

Although our CNV reporter was informative only about 
CNVs at the GAP1 locus, we also identified structural vari-
ants and CNVs at other genomic loci using whole-genome 
sequencing data. Interestingly, the urea permease, DUR3, 
was duplicated in more than half of the urea-limited popula-
tions. Further characterization of CNV alleles revealed that 
DUR3 was always present in five copies (Fig. 3a). Compared 
to GAP1, which was present at 2–4 copies and had a wider 
variety of CNV sizes and structures, DUR3 CNVs were 
only ~ 25 kilobase pairs in length (Fig. 3b).

We further characterized CNVs at both the GAP1 and 
DUR3 loci using short-read sequencing data to define the 
breakpoints. We found that pairs of short, interrupted, 
inverted-repeat sequences were present at the breakpoints 
for all identified DUR3 CNVs. These short inverted repeats, 
which have a median length of 8 nucleotides, are indica-
tive of DNA replication-based mechanisms of CNV forma-
tion such as origin-dependent inverted-repeat amplification 
(ODIRA) (Brewer et al. 2011, 2015) or microhomology-
mediated break-induced replication (MMBIR) (Lee et al. 
2007; Hastings et  al. 2009). Approximately half of the 
resolvable GAP1 CNV breakpoints also contained pairs of 
inverted-repeat sequences, indicating that replication-medi-
ated CNV formation may be an underappreciated source of 
de novo CNVs in S. cerevisiae.

The discrepancy in copy number and CNV allele 
size between GAP1 and DUR3 is surprising given that 

replication-based mechanisms are likely to be involved in 
generating both types of CNVs. This suggests that there are 
fundamental differences in the generation and selection of 
CNV alleles at these two loci and more broadly across other 
regions of the genome. GAP1 is located on the right arm 
of chromosome XI, positioned midway between the cen-
tromere and telomere, where it is flanked by long termi-
nal repeats (LTRs) and adjacent to an origin of replication. 
DUR3 is positioned on the left arm of chromosome VIII, 
approximately 10 kilobase pairs from a long repetitive track 
that includes LTRs and retrotransposon genes. Determining 
how the intrinsic properties of a gene and its neighboring 
features (including DNA replication origins, centromeres, 
telomeres, tRNA genes, and repetitive elements) contribute 
to the molecular and mechanistic processes that underlie 
CNV formation is an important next step that can now be 
efficiently tested using our CNV reporter (Qian and Adhya 
2017; Tosato et al. 2017; Mason and McEachern 2018).

Potential applications of a CNV reporter

The use of a phenotypic CNV reporter can be readily 
extended to additional applications to address heretofore 
intractable problems. Follow-up experiments using fluctuat-
ing or complex environments in chemostats are particularly 
interesting. For example, analyzing GAP1 CNV dynamics 
in a nitrogen-limited chemostat where glutamine and urea 
are both present in limiting concentrations would allow us 
to simultaneously track divergent ecological niches and 

Fig. 3  GAP1 and DUR3 CNVs differ in copy number and length. 
DUR3 CNVs were characterized from a total of 9 clones, isolated 
from 6 independently evolving populations. GAP1 CNVs were char-
acterized from a total of 25 clones, isolated from 11 independently 
evolving populations (9 experimental populations with the GAP1 
CNV reporter and 2 additional control populations with the CNV 
reporter at a neutral locus). Clones were isolated from generation 150 
and generation 250 of the evolution experiment. a DUR3 CNVs are 
present at significantly higher copy number than GAP1 CNVs (t test, 
p value < 0.01). b DUR3 CNVs are significantly smaller than GAP1 
CNVs (t test, p value < 0.01)
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adaptive strategies (i.e., the presence of GAP1 amplifications 
vs. GAP1 deletions in independent replicates). Extension of 
the approach to a two-color system (for example, using GFP 
at the GAP1 locus and mCherry at the DUR3 locus) would 
enable direct comparisons of CNV dynamics at these two 
loci in this type of complex environment. A two-color sys-
tem could also be useful for differentiating between diploidi-
zation or aneuploidy and amplification of a specific gene 
of interest (Steinrueck and Guet 2017; Harari et al. 2018).

A prevailing view in evolutionary biology is that muta-
tions are randomly generated, and then, selection acts on 
them to dictate their ultimate fate in a population. However, 
recent studies suggest that CNV formation may be linked to 
replication, transcription, and environmental stress (Chen 
et al. 2015; Wilson et al. 2015; Thomas and Rothstein 1989; 
Skourti-Stathaki and Proudfoot 2014; Mason and McEach-
ern 2018). Induction of replicative stress leads to increased 
formation of CNVs (Foster 2007; Galhardo et al. 2007; Shor 
et al. 2013). Active transcription units may be “hotspots” for 
CNV formation, as collisions between the replisome and 
RNA polymerase (as well as other transcription-mediated 
events) can lead to DNA damage and a higher probability of 
improper DNA repair (Wilson et al. 2015). It has been pro-
posed that gene duplication may occur in response to envi-
ronmental stimuli, with compelling evidence from studies 

of the rDNA array and the CUP1 locus in yeast (Jack et al. 
2015; Hull et al. 2017; Mansisidor et al. 2018). An intrigu-
ing possibility is that the high level of GAP1 transcription 
in nitrogen-limited chemostats (Airoldi et al. 2016) may 
enhance GAP1 CNV formation rates. To dissect the rela-
tionship between environmental stimulation and CNV for-
mation, GAP1 CNVs could be tracked and compared under 
activating and repressive conditions. To determine if tran-
scription is directly responsible for mediating environmen-
tal stimulation, GAP1 transcription could be manipulated 
using an estradiol-inducible system (McIsaac et al. 2014), 
a Tet-on/Tet-off system (Das et al. 2016), or by blocking 
GAP1 transcription with a nuclease-deficient Cas9 (Jensen 
2018). Findings from these types of studies would have 
broad implications and could challenge our current belief 
that natural selection is driven by genotypic variation that 
arises solely as a result of random mutation.

In addition to the types of experiments described above, 
the CNV reporter could be potentially integrated into ani-
mal and plant cell lines at specific loci of interest. In newer 
work from our lab, we tested whether cells containing a gene 
duplication could be distinguished from cells containing a 
single gene copy using a microcolony growth-rate assay 
(Ziv et al. 2013, 2017). In these experiments, cells with two 
copies of GFP have distinctly higher levels of fluorescence 
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Fig. 4  Cells with two copies of GFP can be distinguished from cells 
with one copy of GFP using live-cell imaging. A high-throughput 
microcolony growth-rate assay (Ziv et al. 2013, 2017) was performed 

using live-cell imaging. Cells with two copies of GFP cluster together 
and have higher fluorescent signal than cells with one copy of GFP. 
Image courtesy of Naomi Ziv
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when measured using live-cell imaging (Fig. 4). This sug-
gests that the CNV reporter could be used to track CNV for-
mation within developing tissues or cancer cell lines using 
imaging methods. Moreover, as our study demonstrated that 
subpopulations of cells with de novo CNVs can be isolated 
by FACS (Fig. 2), this approach would be ideal for fraction-
ating heterogeneous tumor populations. RNA sequencing 
or chromatin conformation capture of fractionated popu-
lations could then be performed to investigate how CNV 
alleles alter gene expression and chromatin organization, 
respectively.

Using a CNV reporter to track and isolate cancer cells 
with amplification of known oncogenes, such as those in the 
MYC and RAS families, would be an interesting avenue to 
pursue. Depending on the level of MYC gene dosage, cells 
can undergo apoptosis, proliferative arrest, or cellular senes-
cence (Gabay et al. 2014; Bagci and Kurtgöz 2015; Chen 
et al. 2018). While MYC amplification certainly plays a role 
in tumorigenesis, tumor progression is typically coupled 
with other oncogenic events (Gabay et al. 2014). Use of a 
CNV reporter could, therefore, be advantageous for deter-
mining the temporal order or genetic context of oncogene 
amplification, especially if additional fluorescent reporters 
were used to track CNVs at multiple loci. This would enable 
further dissection of the causal links between CNVs and 
tumorigenicity.

Conclusions

In summary, we have developed a phenotypic reporter that 
overcomes many of the inherent challenges in studying 
CNVs in heterogeneous populations of cells, which we have 
discussed here in a short review of existing and emerging 
technologies used for CNV detection. In our recent study 
using the CNV reporter, we showed that CNVs arise early 
and predictably during experimental evolution in nutrient-
limited chemostats. GAP1 CNVs are generated at a high 
rate and can be variable in both size and copy number. The 
extent of CNV diversity is surprising given that the majority 
of CNVs are formed through replication-mediated processes 
involving short, inverted-repeat sequences. These findings 
suggest that much remains to be learned about the mecha-
nisms and molecular processes underlying CNV formation, 
especially across different genomic contexts. We believe 
that our phenotypic CNV reporter opens the door to numer-
ous questions that were previously intractable, including an 
investigation of the role of environmental stimulation in gen-
erating CNVs. Although our initial study was performed in 
yeast cells, we are enthused about the prospects for applying 
this approach broadly to study the role of duplications and 
deletions in disease and evolution.
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