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Simple Summary 

Transposable elements are DNA sequences that can move around within a genome and sometimes 

affect how genes work. In fruit flies (Drosophila melanogaster), a transposable element called Bari1 is 

found repeated many times in a tightly packed area of the genome known as heterochromatin, which 

can turn off nearby genes. We wanted to understand whether Bari1 sequences can influence gene 

activity and if they remain stable over time when placed in new locations in the fly genome. To test 

this, we created genetically modified flies carrying clusters of Bari1 elements next to a visible marker 

gene that controls the color of the fly’s eyes. We found that these inserted Bari1 clusters did not 

significantly affect the activity of the marker gene, suggesting that Bari1 sequences do not easily 

trigger gene silencing. Additionally, we found that the Bari1 clusters were very stable and did not 

change in size or structure over many generations. These findings help us better understand how 

repetitive DNA sequences behave and influence genomes. This knowledge can improve our use of 

these elements in scientific tools and our understanding of how our genes and genome work. 

Abstract 

Transposable elements (TEs) impact genes and genomes in different ways. In Drosophila, TEs play a 

critical role in establishing heterochromatic loci, such as centromeric and pericentromeric regions, 

and contribute to ectopic heterochromatin formation especially when found in a tandem repeat 

configuration. The Bari transposon family belongs to the Tc1/mariner superfamily. Bari1 is featured 

by a unique tandem repeat arrangement in the heterochromatin of D. melanogaster. Despite its 

conservation could suggest a structural role in both natural and laboratory populations, little is 

known about the role of the Bari1 repeat in the heterochromatin. In this paper, we have studied the 

impact of the Bari1 transposon clusters on chromatin. We obtained transgenic strains of D. 

melanogaster carrying arrays of either three or seven copies of the Bari1 transposon in a typical 

heterochromatic tandem repeat configuration. We performed qualitative and quantitative 

phenotypic assays to evaluate the impact of these arrays on the chromatin status. Besides, we 

performed Southern Blot Hybridization analyses to evaluate the stability of Bari1 repeats over 

multiple generations. Our results suggest that Bari1 arrays are very stable over time and can poorly 

act as heterochromatin seeding sites. Our findings expand the knowledge on the structural and 

functional impact of TEs, whose potentially neutral, beneficial, or detrimental effect cannot be 

envisioned without experimental validation. 
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1. Introduction 

Transposable Elements and Heterochromatin 

Transposable elements (TEs) are structural and functional genetic elements found in virtually 

all the eukaryotic and prokaryotic genomes investigated so far [1]. Decades of studies have 

demonstrated the role of TEs in genome structure and function and their contribution in evolution 

[2], although many aspects of their biology are still obscure. TEs can induce genomic rearrangements 

[3], disrupt genes and regulatory elements [4], or influence the spatial and temporal expression of 

nearby host genes, through the juxtaposition of their own cis-acting regulatory sequences [5].  

As repetitive sequences, TEs constitute a large portion of the constitutive heterochromatin [6], a 

dense, dynamic, and heterogeneous nucleoprotein complex mainly located at the centromeres and 

telomeres. The enrichment of TE density at the transition from eu- to heterochromatin in D. 

melanogaster [7] may reflect insertional preference of TEs into heterochromatin [8], relaxed selection 

[9], or the TE- driven induction of the heterochromatin [10]. The latter is one of the most intriguing 

evolutionary scenarios that sets TEs in a leading role in the establishment and maintenance of 

heterochromatin and represents a possible way to understand how cis-acting sequences and trans-

acting factors influence each other to organize chromatin. Evidence that repetitive DNA can actively 

contribute to heterochromatin formation comes mainly from studies in Drosophila on Position Effect 

Variegation (PEV), a phenotype first observed in the 1930s associated to the mosaic expression of the 

white gene [11]. PEV occurs when euchromatic genes are transcriptionally repressed after relocation 

near heterochromatin by chromosomal rearrangement or transposition [12]. The white gene of D. 

melanogaster has been extensively used as a PEV reporter [13,14]. Using PEV as a sensitive and 

sophisticated reporter to investigate how high order chromatin dynamics affect gene regulation, 

more than 150 genetic modifiers of the PEV phenotype (with possibly more yet to be discovered 

[15,16]), including dominant suppressors [Su(var)] and enhancer mutations [E(var)][17], have been 

identified in D. melanogaster [18]. Many of these loci encode chromatin proteins or enzymes that 

modify chromatin proteins post-translationally [18]. Two major suppressors of PEV are the 

Su(var)205 and the Su(var)3-9 genes, encoding the HP1 (Heterochromatin Protein 1) and the Histone-

lysine N-methyltransferase proteins respectively, two key proteins in heterochromatin formation, 

maintenance, and spreading [19,20].  

Several pieces of evidence elucidate the mechanisms behind the formation of heterochromatin 

around repeated sequences, resulting in the mosaic expression of nearby genes. Heterochromatin 

exerts an additive effect on white gene inactivation [21], and the severity of PEV correlates not only 

with the size of heterochromatic blocks but also with the chromatin conformation determined by the 

nearby repetitive DNA [22].  

To test whether cis-acting factors are required for heterochromatin formation, Dorer and 

Henikoff [23] exploited P-elements carrying a mini-white reporter [24]. They found that arrays of P-

elements induced white variegation and that the PEV phenotype was modulated by classical PEV 

modifiers. Other studies on transgenes containing white or brown as reporter genes, showed that 

reporter silencing increases with the number of copies in the array [23,25]. Interestingly, the 1360 

transposon has been indicated as the initiation site of heterochromatin formation on the fourth 

chromosome but only in a subset of genomic locations near existing heterochromatin masses 

[13,26,27]. It was next demonstrated that 1360 mediates HP1 and H3K9me2 enrichment at its sites, 

through cis-acting internal sequences with homology to piRNAs (Piwi-interacting RNA [28]. This 

feature is also shared with the invader4 transposon [28]. Finally, recent evidence indicates that the 

repetitiveness itself, rather than the sequence and its origin, is sufficient to initiate heterochromatin 

formation, which can have distinct properties compared with endogenous heterochromatin [29–31]. 

The ability of TEs to establish and maintain heterochromatic domains is well-known in flies, 

mammals [32], plants [33,34], and in fungi [35–37]. But what are the mechanisms that trigger 

heterochromatin formation around TEs? 
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Several papers suggest that individual or clustered TE insertion could recruit specific proteins 

that remodel the chromatin into a silenced state [38], in flies [28,39] and in mammals [40,41]. TE 

silencing and heterochromatin formation differ between germline and somatic cells. In the germline, 

piRNAs direct repressive histone marks at the loci where TEs are inserted [42]. In the soma, evidence 

suggests the involvement of the siRNA (small interfering RNA) pathway in heterochromatin 

formation during early in embryo development [43], although mutations of key factors in the 

pathway, including Piwi, affect heterochromatin formation in somatic tissues [44,45]. The main 

physiological consequence of such molecular events is the heterochromatin-mediated transcriptional 

silencing of TEs, with the side effect that adjacent genes can be also transcriptionally silenced, due to 

the spread of the heterochromatin [18]. While the prevailing view supports the role of TEs in 

heterochromatin formation, studies have also highlighted exceptions to this pattern. Indeed, TEs do 

not always behave the same way, since there are reported instances demonstrating that chromatin 

remains unaffected upon TE insertion. Indeed, in contrast with the observation of Dorer and 

Henikoff, Conte et al. [46] studied the effect of multiple retrotransposon insertions (specifically ZAM 

and Idefix) into the white locus, showing that the accumulation of four copies of transposable elements 

at an euchromatic locus does not induce heterochromatin formation and gene silencing. These 

discrepancies suggest that the outcome of TE insertion may be influenced by multiple factors, 

including the TE insertion context and the presence of regulatory elements. 

Bari1 Transposon 

Bari1 is an active transposon [47] of the Bari family [48] belonging to the widespread ITm (IS630-

Tc1-mariner) superfamily of Class II transposons [49]. It has been detected in species of the 

Drosophilidae family [48,50], suggesting it is an ancient genomic component of the Drosophila 

lineage. 

It moves via the cut-and-paste transposition mechanism [51]. The canonical sequence of Bari1 

comprises 1726 bp featured by 26 bp-long terminal inverted repeats and a 1020 bp-long gene 

encoding for the Bari1 transposase [49,51,52]. Bari1 was originally discovered in the genome of D. 

melanogaster as a block of 80 tandem repeated copies adjacent to the Responder locus (Rsp) [53]. Rsp 

(also known as XbaI repeat) is a component of the Segregation Distorter meiotic drive gene complex 

found in D. melanogaster [54]. Both the Bari1 and the Rsp repeats map into the h39 chromosome band, 

in the deep constitutive heterochromatin of the second chromosome [52]. In addition several copies 

of Bari1 (varying from 2 to 20 in natural population) are dispersed as single copy in the euchromatin 

[55]. An additional Bari1 cluster of 6 copies has been mapped in the heterochromatin of the X 

chromosome, in a region embedded in rDNA [48,56,57]. In both Bari1 arrays the monomers follow 

one another in a head-to-tail fashion, display a high degree of sequence conservation, and many 

copies retain their coding potential [48,56,58]. The Bari1 arrays are uniquely found in the D. 

melanogaster species [48,50,52], suggesting that the events that generated the Bari1 tandem repeat 

occurred early in the lineage that led to the D. melanogaster species [56]. Population genetics studies 

and copy number variation analysis in nearly 90 D. melanogaster populations revealed a low 

variability of the Bari1 cluster [55,57,59]. This is in contrast with similar data regarding other DNA 

repeat arrays, including the Rsp locus that can vary from zero to thousands copies, which have a high 

degree of variability in terms of copy number variation, and are also cause of genomic instability 

[48,56,57]. Compared to the canonical euchromatic Bari1 sequence, Bari1 elements in both arrays 

share a two-nucleotides deletion in the 5’ terminal inverted repat, making them transposition-

incompetent [60]. This feature makes the Bari1 array unique among the transposon arrays discovered 

so far. Despite its intriguing features no function has been yet associated to the Bari1 heterochromatic 

cluster. A few papers describe the interaction of trans-acting factors with Bari1. The Bari1 transposase 

interacts with the Bari1 terminal sequences to operate transposition [47]. The HP1 protein binds the 

heterochromatic Bari1 cluster [61] and single euchromatic insertions [62]. Also, Bari1 is targeted by 

specific piRNAs which possibly regulate its mobility [63].  
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The Bari1 transposon array represents a unique model system to study the effect of a natural 

transposon tandem repeat on the chromatin composition. Inspired by the unique organization of the 

Bari1 arrays and with the aim to fill the knowledge gap associated to its functions, in this work we 

investigated the impact of ectopic Bari1 arrays inserted in the genome of D. melanogaster. Using P-

element mediated integration, we randomly inserted two set of Bari1 repeats consisting of three and 

seven arrayed copies respectively and assessed the effect on the adjacent mini-white reporter gene 

[23,31]. Repeats of comparable size have been used in previous works to assess the effect of arrayed 

DNA sequences on the expression of reporter genes and their ability to form ectopic heterochromatin 

[23]. Collectively, our results demonstrate that Bari1 arrays do not influence the expression of adjacent 

reporter gene and therefore would not initiate de novo heterochromatin assembly, at least under our 

experimental conditions. We also report that the structure of ectopically inserted arrays of the Bari1 

transposon is very stable over time.  

2. Materials and Methods 

Plasmids Construction and Molecular Methods 

Phage clones containing Bari1 in a heterochromatic arrangement were identified by screening of 

an Oregon-R genomic library in EMBL4 vector using a labeled Bari1 probe as described in [52] and 

selected based on both their digestion and hybridization patterns. 

An 11,9 Kbp fragment (corresponding to seven Bari1 copies) was subcloned from a positive 

phage clone into the EcoRI site of the pGEM-T easy vector. This plasmid was further manipulated to 

obtain Bari1 arrays with three copies. 

Inverse PCR (iPCR) [64] was performed using the method described in 

http://www.fruitfly.org/about/methods/inverse.pcr.html. The iPCR primers used in this study were: 

Pry4 (CAATCATATCGCTGTCTCACTCA), Pry1 (CCTTAGCATGTCCGTGGGGTTTGAAT), Plac4 

(ACTGTGCGTTAGGTCCTGTTCATTGTT), Plac1 (CACCCAAGGCTCTGCTCCCACAAT). 

Sanger sequencing of the iPCR products was performed at the BMR-Genomics sequencing 

facility (Padova-Italy). The BlastN tool implemented in FlyBase [65] was used to map the insertion 

sequences. The Release 6 plus ISO1 MT assembly version was used as a reference for sequence 

analyses. 

The 5,1 Kbp or the 11,9 Kbp HindIII fragments (hereafter indicated as 5 Kbp e 12 Kbp fragments) 

containing either three or seven copies of Bari1 in a tandem repeat configuration, were subcloned into 

the pCaSper3 vector[24] to obtain the pCasp-Ba3 and pCasp-Ba7 transformation vectors. 

Drosophila Genetics Methods 

Fly Stocks Were Maintained at 25 °C on Standard Culturing Medium.  

The pCasp-Ba3 and pCasp-Ba7 plasmids were co-injected with the Pπ25.7 helper plasmid [66] 

into w1118 recipient embryos, following the procedure for P-mediated transformation described by 

Rubin and Spradling [67]. 

G0 adults were crossed to w1118 flies, and the red-eyed progeny was selected for further analyses. 

Genetic mapping of transgenes was performed by segregation analyses using strains carrying 

multiple balancer chromosomes. Once established, transgenic lines were continuously monitored to 

assess the stability of the phenotype observed. 

Fly eye phenotypes were imaged under a Leica M165C stereo microscope. At least 50 individuals 

for each sex were observed. 

Two Position Effect Variegation (PEV) modifier strains were used in this work, the Su(var)2055 

[68] (an allele of Su(var205), and the Su(var)3-96 [69] (an allele of Su(var)3-9). 

Stocks used in this study were obtained from the Bloomington Stock Center (NIH P400D180537). 
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Southern Blot Hybridization  

Genomic DNA was extracted en masse from approximately 500 adult flies, according to 

standard protocols [70]. Genomic DNA was subjected to restriction analyses using the either EcoRI 

or SalI (both enzymes release the Bari1 array cloned in the pCasp-Ba3 or pCasp-Ba7 vectors). Standard 

Southern Blot hybridizations were performed using probes labeled by random priming with α32P-

dATP. A 2 Kbp mini-white probe was obtained from a SalI digestion of the pCasper3 vector. A 1,7 

Kbp HindIII fragment containing a full-length Bari1 element [52] was also used as a probe.  

FISH (Fluorescence In Situ Hybridization) Experiments 

Polytene chromosomes were prepared from salivary glands isolated from third-instar larvae of 

the Oregon-R strain and transgenic lines obtained in this study, as described by Kennison [71]. The 

pCasp-Ba7 plasmid was labeled by nick translation with Cy3-dCTP (Amersham). Chromosomes 

were stained with DAPI (4′,6-diamidino-2-phenylindole). Digital images were obtained using a Leica 

DMRXA epifluorescence microscope equipped with a cooled CCD (Charge-Coupled Device) camera 

(Princeton Instruments, NJ). Gray-scale images, obtained separately recording Cy3 and DAPI 

fluorescence by specific filters, were computer-colored and merged for the final image using the 

Adobe Photoshop software.  

PEV (Position Effect Variegation) and Eye Pigment Quantification 

We monitored the impact of the Su(var)2055 allele (carried by the Bloomington strain #6234) and 

the Su(var)3-96 allele on the PEV phenotype of the transgenic lines analyzing offspring eyes 

phenotype. Homozygous females carrying the transgenes were crossed either to Su(var)2055/Cy or to 

Su(var)3-96/TM6 males and the pigmentation extent of heterozygous F1 progeny was observed. 

Crosses were performed at 25 °C to prevent temperature effects on variegation. Extraction of the eye 

pigments and measurement were done according to [72]. Newly hatched adults were aged for six-

nine days then 15 heads were collected by freezing the flies in liquid nitrogen and vortexing for few 

seconds; heads were incubated for three days in 1ml of 30% ethanol acidified to pH 2 with HCl. 

Pigment levels were determined by spectrophotometric assay at 480nm. Measurements for each line 

contained 35 to 40 replicates. Plots were obtained using Prism (version 10.2.3). One-way Anova test 

was performed to evaluate statistical significance. 

3. Results 

3.1. Strategy for Constructing Artificial Bari1 Arrays 

The strategy devised for obtaining constructs carrying three or seven copies of Bari1 made use 

of a phage clone (λB15) previously isolated from an Oregon-R genomic library during the initial 

characterization of the Bari1 transposon [52]. The phage clone harbors a 12 Kbp EcoRI fragment 

(Figure 1 lane 1 panel A) that hybridizes with the Bari1 probe (Figure 1 lane 1 panel B) and is digested 

as a 1,7 Kbp band with HindIII (Figure 1 lane 2 panel A and panel B). This digestion pattern is 

consistent with the presence of a tandem array of seven Bari1 copies. The phage-ends sequencing 

analysis revealed that the Bari1 copies present at both insert sides are truncated. The leftmost Bari1 

fragment corresponds to position 748-1726 whereas the rightmost Bari1 fragment corresponds to 

positions 3-748, if compared to the reference Bari1 sequence (accession number X67681). We sub-

cloned the 12 Kbp fragment into the pGEM T-easy vector and obtained the plasmid pTBa7 (Figure 1 

lane 4), in order to manipulate the Bari1 copy number in the cloned fragment. Partial digestion with 

the diagnostic HindIII restriction enzyme of the pTBa7 vector, previously digested with EcoRI, 

resulted in a ladder-like hybridization pattern (Figure 1 lane 5 panel A, and lane 5 panel B), which is 

consistently expected due to the repeated configuration of the 1,7 Kbp Bari1 monomer. The partial 

digestion product was re-ligated to the pGEM-T vector to obtain clones containing three Bari1 copies 

(pTBa3) that were selected and further processed. 
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Figure 1. Construction of the P-based integration vectors. Ethidium bromide (panel A) and hybridization 

pattern (panel B) of the digested clones used to construct the pCasp-Ba3 and pCasp-Ba7 transformation vectors. 

M: /HindIII molecular weight marker; lane 1: λB15/EcoRI; lane 2: λB15/HindIII; lane 3: pGEM-T easy/EcoRI; 

lane 4: pTBa7/EcoRI; lane 5: HindIII partial digestion of the pTBa7 plasmid digested with EcoRI; lane 6: pTBa-

7/HindIII; lane 7: pCasper3/EcoRI; lane 8: pCasp-Ba7/EcoRI; lane 9: pCasp-Ba7/HindIII; lane 10: pTBa-3 /EcoRI; 

lane 11: pTBa-3 /HindIII; lane 12: pCasp-Ba3/EcoRI; lane 13: pCasp-Ba3/HindIII; M’: 1Kbp ladder (Roche). The 

arrow in the mini-white gene shows the transcription direction. Clones in pGEM-T (T-series) or pCasper3 (C-

series) carrying either seven (T7 and C7) or three (T3 and C3) copies are grouped with black lines. The number 

of Bari1 repeats represented in each of the hybridization bands of the partial digestion is indicated (lane 5 right 

panel). Panel C. Overall organization of the two pCasper3-based constructs (drawings not to scale). Panel D. 

Schematic map of the constructs showing the position and the size (in Kbp) of the probes used. The position of 

key restriction enzymes is also shown. In panels C and D Bari1 elements are depicted as blue double arrows. Red 

bars represent the mini-white gene. Terminal inverted repeats of P-element are depicted in yellow. 

Both the 12 Kbp fragment of the pTBa7 plasmid and the 5 Kbp fragment of the pTBa3 plasmid 

were independently sub-cloned into the EcoRI site of the destination vector pCaSpeR3 to obtain the 

pCasp-Ba7 and the pCasp-Ba3 respectively. 

These plasmids were microinjected into w1118 embryos collected at the pre-blastoderm stage, and 

the surviving individuals were crossed to w1118 partners. Progeny was selected based on mini-white 

reporter gene expression. White-eyed individuals were excluded, as they lacked transgene insertions. 

However, the reliance on the mini-white-based reporter system may have resulted in an 

underestimation of integration frequencies, since insertions within heterochromatic regions 

(including the Y chromosome) may not have been detected due to complete transcriptional silencing 

of the reporter. Conversely, if the integration is associated to ectopic heterochromatin formation a 

mottled-like phenotype is expected. Twenty Ba3 lines (containing three arrayed copies of Bari1) and 
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nineteen Ba7 lines (containing seven arrayed copies of Bari1) were established from these crosses. We 

subsequently genetically mapped the transgenes in all the established transformant lines and 

carefully inspected them for their eye pigmentation. As showed in Table 1, the recovered insertions 

are equally distributed among chromosomes, suggesting that the presence of the Bari1 array does not 

introduce any bias in the choice of the P-element transposase target (chi-square test not significant at 

the significance level of p<0,05). 

Table 1. Summary of the microinjection experiments results. 
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 II   III 

pCasp-

Ba7 

186 71 63 8 18 20216 19* 5* 8  6 

pCasp-

Ba3 

220 112 75 37 17 16151 20 5  7  8  

           

Asterisk indicates that an additional X-linked insertion was identified in a transgenic line carrying a 

double insertion, and it was established as a separate line (see main text). 

A subset of lines was characterized by FISH or by iPCR (Supplementary Table 1). We assumed 

that if the Bari1 repeats could assemble ectopic heterochromatin, they would influence the closely 

associated mini-white reporter gene, resulting in a variegated eye pigmentation, which in turn reflects 

a mosaic mini-white expression. Moreover, if this effect depended on the number of Bari1 copies in 

the array, differences in the degree of variegation would be expected. However, only two of the 

transgenic lines described and discussed below displayed a PEV-like phenotype, regardless of the 

number of Bari1 in the repeat.  

3.2. Analysis of Two Transgenic Lines that Display Uneven Eye Pigmentation. 

The Ba3/M13B line originated from the integration of the pCasp-Ba3 construct. Adults of the 

Ba3/M13B line display two distinct and differentially pigmented eye sectors. This eye pigmentation 

phenotype is more pronounced in males than in females. The insertion sequence analysis by iPCR 

revealed that the insertion occurred in the CG8079 gene. We will refer to this allele as CG8079Ba3 

throughout the manuscript. CG8079 is still an uncharacterized D. melanogaster gene, and it is 

predicted to encode a nucleic acid binding protein with a possible function in the splicing process 

[73]. 

The insertion occurred in the first exon of the CG8079 (at nucleotide 15218444 of the AE013599 

accession, Figure 2) and the strain is homozygous viable. Even though we do not have tested the 

expression level of CG8079Ba3 in the transgenic line Ba3/M13B, the homozygous state suggests that 

CG8079 is a dispensable gene that potentially affects the pigment distribution in the eye. Furthermore, 

the second intron of CG8079 contains the Hex-C gene on the antisense strand. This gene, encoding the 

hexokinase-C protein, was already known to be not essential either for fly viability and fertility [74], 

and indeed our fly stock is homozygous, viable, and fertile. Finally, this phenotype is not modified 

by the PEV modifier Su(var)2055 (not shown), strongly supporting the hypothesis that the observed 

phenotype is independent from chromatin remodeling across the insertion site in the Ba3/M13B line. 

Moreover, the locus does not display heterochromatic epigenetic marks in proximity of the insertion, 

as can be inferred from the modEncode data displayed in the FlyBase “JBrowse” genome browser 

[75] (Figure 2).  
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From these observations it is possible to conclude that the observed phenotype of the Ba3/M13B 

strain could possibly be the result of the CG8079 gene inactivation rather than an epigenetic effect 

exerted on the mini-white transgene by the three tightly linked Bari1 copies. 

 

Figure 2. The Ba/M13B line. The CG8079 locus is represented as reported in the JBrowse tool in FlyBase [65]. 

The eye-color phenotype of males and females is shown in the pictures. The shadowed region corresponds to 

the sequenced iPCR fragment that allowed mapping the insertion. The orientation of the pCasp-BA3 construct 

(blue double-headed arrows: Bari1 elements; red bar: mini-white gene) is shown in the upper part of the figure. 

The picture also shows nearby mapped genes and their transcripts. The epigenetic status of the locus as defined 

by Kharchenko et al. [76]. Legends show the chromatin types detected in three cellular models [76,77]. 

Among the selected lines in which seven copies of Bari1 have been inserted, the BA7/1A line 

displays a non-uniform eye pigmentation pattern, reminiscent of the well-known variegated 

phenotype associated with the white-mottled (wm4) allele [12]. However, the eye pigmentation 

observed in the Ba7/1A line differs markedly from the wm4 phenotype since it shows darker spots of 

different areas over a light-red background (Figure 3). We anticipate that this line carries two 

insertions, both contributing to generating the observed phenotype. 

Inverse PCR yielded a single amplification fragment and the subsequent sequence analyses 

revealed that the insertion occurred within the frizzled 2 (fz2) gene, which maps in the 76A1 region of 

the polytene chromosomes and encodes a G-protein coupled receptor of the Fz/Smo family (Figure 

3). The insertion occurred into the 5th intron of the fz2 (precisely at nucleotide 19171766 of the 

AE014296.5 accession) gene, exactly 334 bp upstream of a region characterized by heterochromatic 

epigenetic marks [76], in two cellular models (Figure 3), as defined by the modEncode data displayed 

in the FlyBase “JBrowse” genome browser [75,78]. State 6 is a repressive chromatin state mediated by 

the Polycomb group proteins. This repressed chromatin region is flanked by an actively transcribed 

region (state 4) due to the presence of an alternative promoter of the fz2 gene. 
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Figure 3. The Ba7/1A insertion. The fz2 locus representation is as reported in the JBrowse tool in FlyBase [65]. 

The shadowed region corresponds to the sequenced iPCR fragment that allowed mapping the insertion. The 

orientation of the pCasp-BA7 construct (blue double-headed arrows: Bari1 elements; red bar: mini-white gene) is 

shown in the upper part of the figure. Legends show the chromatin types detected in three cellular models 

[76,77]. 

While the position effect, i.e. proximity to a repressed chromatin site, could be the simplest 

hypothesis explaining the variegated expression of the mini-white reporter gene in the BA7/1A line, 

we had evidence that the BA7/1A line carried an additional insertion. We mapped genetically the 

second insertion on chromosome X, and the eye phenotype was analyzed separately in the two 

segregant lines. The sub-line carrying the insertion on the 3rd chromosome displayed a uniformly 

pigmented eye, while the insertion on chromosome X showed a strongly variegated phenotype 

(Figure 4A, left column). To distinguish the two insertions, we will refer to XBA7/1A (X-linked insertion) 

and to fz2BA7/1A (insertion on the 3rd chromosome) hereafter. 

To gain further insights into the nature of the variegated reporter expression observed in the 

XBA7/1A, we checked if the variegated phenotype could be influenced by the PEV modifiers Su(var)205 

and Su(var)3-9. The extreme variegated phenotype displayed by heterozygous females and 

hemizygous males is mitigated by the Su(var)2055 loss-of-function mutation (Figure 4 central 

column). Consistently, a nearly uniform red-eye pattern is completely restored in XBA7/1A/+; Su(var)3-

96 /+ flies (Figure 4 right column). These observations confirm that the PEV phenotype in the original 

XBA7/1A line is due to heterochromatin wrapped around the X-linked pCasp-BA7 insertion. The 

qualitative phenotypic observation reported in Figure 4A are supported by the spectrophotometric 

quantitation of the pigment level in fly heads isolated from males and females of the same genotype 

(Figure 4B). Su(var)3-9 acts as a stronger suppressor compared to Su(var)2055 and overall, the pigment 

content analysis confirms a correlation between the observed eye phenotype and the drosopterin 
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amount detected. We also tested additional PEV modifiers, such as Pol32 [79], that resulted in a 

similar suppression of the variegated phenotype in this transgenic line (not shown). No significative 

change in pigment amount was detected when the line carrying the insertion on the third 

chromosome was combined with PEV suppressors. 

 

Figure 4. Suppression of the PEV phenotype associated with the XBA7/1A insertion (XBA7 in the picture). Panel A: 

the variegated eye phenotype of females (top row) and males (bottom row) carrying one copy of the insert (left 

column) and the suppression operated by the Su(var)2055 (central column) or by the Su(var)3-96 (right column) 

alleles are shown. Cy and Sb in the genotype indicate the presence of balancer chromosomes (CyO or TM3 

respectively) Panel B: pigment quantitation analysis. ****=p<0,0001. 

Fine mapping of the X-linked insertion by iPCR was unsuccessful, possibly due to a local 

rearrangement of the insertion (see discussion). However, the insertion site was mapped by 

recombination very close to yellow (not shown) and this observation was confirmed by FISH 

mapping, that revealed a hybridization signal in the 3A region of the polytene chromosomes (Figure 

5). 

 

Figure 5. FISH mapping of the pCasp-Ba7 insertions on the polytene chromosomes in the XBA7/1A line. (A) Control 

strain. (B) XBA7/1A line. In panel (B), the arrow in region 3A indicates the insertion site of the construct on the X 

chromosome, while the arrow in 76A points to the insertion in the frizzled 2 gene, on the left arm of the 3rd 

chromosome (3L); both signals are absent at the corresponding positions in the control strain (panel A). The 
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hybridization signal indicated by the arrow in 3B6, present in both samples, corresponds to the white gene and 

is due to the presence of mini-white in the probe. Other signals correspond to euchromatic Bari1 copies. The 

signal corresponding to the heterochromatic Bari1 clusters (arrowhead) is faintly visible in the chromocenter, as 

heterochromatin is under-replicated in polytene chromosomes. 

3.3. Bari1 Repeats Stability Over Time 

The initial establishment of the Drosophila transgenic lines described in this study occurred in 

2003. We performed Southern Blot Hybridization analysis on genomic DNA extracted three 

generations after the establishment of the transgenic lines, with the aim to verify if the Bari1 copies 

(three or seven respectively for the Ba3- and Ba7-carrying transgenic strains) were retained in the 

selected transgenic lines. Most of the transgenic lines of the Ba7 series tested positive for the expected 

band (Figure 6 A). Ten lines of the Ba7 series, over 15 tested, contain the expected 12 Kbp 

hybridization fragment. Four lines displayed a hybridization band of smaller size, while a single line 

showed a heavier hybridization fragment. Among the lines containing unexpected hybridization 

bands, the Ba7/1A line (that contains two insertions, see description in the paragraphs above) displays 

several high molecular weight bands which could be suggestive of a rearrangement associated with 

the X-linked Bari1 array, mapped in the 3A region of the polytene chromosome. It can be concluded 

that in 31% of the lines tested a rearrangement occurred in the ectopically inserted Bari1 array within 

three generations after the establishment of the lines.  

The Ba3 lines were similarly assayed (Figure 6 C). A Southern Blot with a SalI genomic digestion 

was hybridized with a mini-white probe. The expected 7 Kbp hybridization fragment is clearly visible 

in nine lines over 16 lines tested. Four lines displayed a hybridization band smaller than expected 

while two had a heavier band. In summary, 40% of the lines analyzed had a rearranged transgene 

soon after the establishment of the lines (within the third generation). 
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Figure 6. Analysis of the Bari1 tandem repeats stability. Southern blotting analyses of the transgenic lines 

obtained with the pCasp-Ba7 (panels A and B) and pCasp-Ba3 (panels C and D) vectors, at the time of the 

transgenic lines’ establishment (panels A and C) and after 10 years (panels B and D). The restriction enzymes 

and probes used in the single experiments are indicated in the figure. Arrowheads point to the expected 

hybridization bands. The subset of transgenic lines analyzed after 150 generations is shown in blue (Ba7 lines) 

or red (Ba3 lines) fonts. The BA3/M13 and BA7/1A are circled. Note that the λ/HindIII marker has been manually 

inserted based on the superimposition of the ethidium bromide and the hybridization images. Original Southern 

Blot figures are included in the supplementary materials. 

We have next evaluated the stability of the insertions obtained over time. To establish if the 

rearrangements initially observed in some of the lines analyzed could be symptomatic of a repeat-

induced instability, we performed again the experiment after approximately 150 generations 

(roughly equivalent to 10 years at 18 °C) on a subset of the above-described lines. The hybridization 

pattern after 150 generations suggests that no rearrangements occurred during this time (Figure 6 B 

and D) if compared with the hybridization pattern of the third generation, (Figure 6 A and C), leading 

to the conclusion that the few initially observed rearrangements are the result of ectopic 

recombination occurred soon after the microinjection, or at least within the three generations after 

the establishment of the transgenic lines. 

4. Discussion 

Bari1 Arrays do not Induce Heterochromatin Formation 

How tandem repeated sequences impact genome stability and gene expression remains a 

debated topic in functional genetics and genomics. The current knowledge and technological 

advancement in the fields of genome sequencing [80], gene expression [81], and epigenetics [82] 

enable functional studies aimed to get insights into the role of satellite DNA and transposon arrays 

on chromosome stability, gene expression, and the interaction between genomic loci. Functional 

studies are also needed to solidify evidence provided by “omics” studies, particularly those 

concerning repetitive DNA. Overall, heterochromatin remains still poorly studied from a functional 

point of view. Emerging evidence suggest that TEs play a pivotal role in generating and maintaining 

heterochromatic structures in the eukaryotic genome [6,33]. In an evolutionary perspective, 

repositioning of gene clusters and their conversion in heterochromatic blocks is apparently associated 

with an increase of TE content in the repositioned loci [83]. TEs also contribute to short-term effects 

on gene expression since they carry cis-acting elements that impact the resident gene expression, and 

their ability to form heterochromatin de novo.  

Genetic evidence demonstrates that tandem arrays of transgenes are able to create or enhance 

mosaic patterns of gene silencing [23] and as little as three tandem copies of P[lacW] are sufficient to 

establish a repressive chromatin domain in D. melanogaster [23,25]. The structural analogy of these 

arrays with heterochromatin has been demonstrated using genetic criteria, such as suppression by 

modifiers of classical PEV, including mutations in the genes encoding the heterochromatin protein 

HP1 and the histone methyltransferase Su(var)3-9. However, there are many variables that influence 

repeat induced heterochromatin formation such as the presence of permissive sites [31] that seem to 

be required to trigger PEV of reporter genes. Moreover, these observations are challenged by 

experimental evidence showing that some large transgene arrays do not form heterochromatin and 

maintain a uniform eye pigmentation [84]. In addition, studies in maize suggest that only a limited 

number of retrotransposon families act as nucleation center for heterochromatin that can influence 

the expression of neighboring genes [85]. 

Based on the above information, we wonder if the tandem repetitive configuration of the Bari1 

transposon represents a sufficient condition to trigger heterochromatin seeding. 

After nearly seven decades of research on the h39 region, the role of the Bari1 repeat in this 

genomic region remains unclear, especially its relationship with the Responder (Rsp) repeat. We can 
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bona fide exclude that the Bari1 cluster has no role in the genome of D. melanogaster, since it has been 

positively selected and it is found in all the populations analyzed so far [55,57]. It is not yet known 

whether Bari1 influences the physical size of the Rsp locus in different D. melanogaster populations, or 

whether it affects the responsiveness of the Rsp locus to Sd. Previous evidence suggests that the h39 

region influences the nucleosomal organization of the centromere of chromosome 2 without altering 

its functionality [86]. However, the absence of chromosomal aberrations that physically separate the 

Rsp and Bari1 repeats makes it difficult to dissect the individual roles of these clusters in centromere 

function. It is hoped that the combination of modern genetic and molecular strategies will help fill 

this knowledge gap. 

As a first step in this direction, we asked whether the tandemly repetitive configuration of the 

Bari1 transposon represents a sufficient condition to trigger heterochromatin seeding. 

Among the 40 transgenic lines analyzed, 19 harbored a tandem array of seven Bari1 copies. Our 

observations suggest that this configuration does not support heterochromatin assembly or at least 

has a limited power of perturbing the native chromatin status. First, a single line - segregated from 

transgenic line harboring a double insert - exhibited a variegated expression of the mini-white reporter 

gene – a hallmark of heterochromatin formation. Several lines of evidence suggest that the variegated 

phenotype observed in the XBA7/1A line might be possibly generated by uncontrolled genetic factors. 

For example, precise mapping of the insertion associated to the variegated stock remains elusive. 

Multiple ineffective attempts were made to amplify the flanking sequence of the insertion via iPCR, 

i.e. using different restriction enzymes and primers. We hypothesize that a possible rearrangement 

involving the X-linked synthetic transposon may have occurred. This hypothesis is supported by the 

Southern blot hybridization analysis (Figure 6A, lane Ba7/1A), which reveals additional unexpected 

hybridization fragments in the BA7/1A (harboring insertions on both the 3rd and the X chromosomes), 

which are not noticed in the negative control. An additional suggestion of a possible rearrangement 

comes from FISH hybridization results. Indeed, the hybridization signal at the 3A region is weaker –

than expected if compared to the signal at the 76A region (Figure 5 B). However, the low intensity of 

the hybridization signal could be attributed to under-replication of the locus which could have been 

induced by the pCasp-BA7 insertion. Indeed, the 3A region of the polytene chromosomes is not a 

known under-replicated region [87]. Further genetic and molecular characterization will shed light 

on the molecular basis of this phenotype. 

Additional evidence supports the limited chromatin-altering capacity of the Bari1 array. Even 

when inserted in close proximity of a potential transcriptionally silent genomic locus, seven copies of 

Bari1 are not able to seed heterochromatin. Indeed, the fz2BA7/1A insertion occurs in a region 

characterized by a PcG-type (Polycomb Group) chromatin, thus potentially subjected to epigenetic 

silencing (state 6 type of chromatin according to the 5-state model in Kc cells and the 9-states model 

in S2 cells [76]). Suggestively, Bari1 contains Polycomb Responsive Elements (PREs) [62] that do not 

mediate enrichment of the H3K9me3 histone mark in some associated loci [62]. It could be 

hypothesized that the introduction of seven arrayed PREs should act cooperatively with the local 

epigenetic marks and finally trigger chromatin compaction around the mini-white reporter gene. 

However, no difference has been observed between the fz2BA7/1A insertion and other P-based 

insertions in the same region (Supplementary Table 2). Additional experimental conditions (such as 

oxidative stress) should be tested to clarify whether Bari1 mediates heterochromatin seeding. Taken 

together, this information suggests a neutral effect of the Bari1 sequences in chromatin assembly.  

In conclusion, the overall trend of the transgenic lines analyzed in this study would suggest that 

the Bari1 array, at least with this number of repeated copies and in this orientation, is not such a 

potent heterochromatin assembly site as demonstrated for other TEs [23,28]. While our results may 

at first appear to contrast with previously published observations, other studies have shown that only 

certain types of satellite DNA are capable of triggering heterochromatin formation. For example, a 

cassette carrying human alphoid satellite DNA induced significant silencing of an adjacent reporter 

gene, consistent with heterochromatin formation [88]. In contrast, when human gamma-satellite 

DNA was used, the reporter gene remained highly expressed, indicating that this sequence favored 
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an open chromatin state rather than heterochromatinization [88]. These findings provide direct 

experimental evidence that different satellite DNA sequences can differentially modulate chromatin 

structure, resulting in either heterochromatic repression or an open chromatin configuration. 

However, we acknowledge several limitations of our study that highlight opportunities for future 

improvements. First, it is possible that insertions resulting in complete suppression of reporter 

expression were not recovered, as they may have been misclassified as lines lacking the insertion. 

This scenario could have led to the underestimation of the total number of insertions analyzed. This 

limitation could be addressed in future studies using dual reporter constructs (such as white, yellow 

and brown), as described in previous works [13,31]. Second, only a single orientation of the array 

relative to the reporter gene was tested, which may represent an additional source of bias. Third, the 

number of insertions analyzed in this study was relatively limited. In contrast, other studies have 

identified permissive sites by analyzing a larger set of insertions. Expanding the number of insertions 

studied, for example by remobilizing some of the lines identified here, could enable the identification 

of permissive regions, similar to those observed in other studies [13]. Finally, the length of the array 

itself may represent a further limitation. This constraint could be overcome in the future by 

employing longer arrays or by directly manipulating the Bari1 array within the h39 region using 

genome-editing technologies. Such approaches could also provide direct in vivo experimental 

evidence for the functional role of the Bari1 repeat. 

Bari1 Arrays Are Stable over Time 

It is known that DNA repeats represent a source of genomic instability both in prokaryotes [89] 

and in eukaryotes [90,91]. The most common consequence of such instability is the expansion or 

contraction of the repeat due to the non-homologous (i.e. out-of-registry) recombination between 

different monomers of the array, leading to gain/loss of copy number [92]. This phenomenon also 

results in several types of human genetic disorders [93]. 

Heterochromatin is very dense in DNA repeats whose variability, in terms of sequence and 

number of repetitions, is reflected at the population level as chromosome polymorphism, that is 

sometimes detectable through simple cytogenetical analyses. There is a particular class of satellite 

DNA in D. melanogaster, which is the target of a segregation distortion systems (the Sd/Rsp system) 

and this poses a special interest on this DNA repeat class. The Responder locus is indeed the target of 

the Sd protein that lead to the loss of the chromosome carrying a responsive Rsp allele [94], a DNA 

satellite locus composed of a variable number of repetition of the 240 bp repeat (or XbaI repeat) in 

the h39 region of the second chromosome, a cytological band adjacent to the centromere locus (the 

h38 band). The Responder locus represents one example of satellite DNA exhibiting a strong length 

polymorphism [54] in D. melanogaster populations. Contrastingly, the Bari1 repeat displays a 

homogeneous composition in the same region, and a limited length polymorphism in different 

populations [55,57], suggesting a differential structural role of both repeats in the h39 region. Even 

the small clusters mapped on the third chromosome (Rsp) and on the X chromosome (Bari1) behave 

the same as the main cluster, in that the Responder cluster is composed of divergent copies [54], 

whereas the Bari1 elements in the cluster are very similar to each other and to euchromatic elements 

[48].  

It has been shown that HP1 is a key chromatin component driving heterochromatin phase 

separation, and that Polycomb complexes mediate long-range interactions between transcriptionally 

repressed domains. [95]. The documented binding of HP1 [61] and, although under specific 

conditions, Polycomb protein [62] to Bari1 suggests that this repeated element may act as a structural 

heterochromatic node. The stability of the Bari1 array over time and the lack of deletions that 

specifically target the Bari1 cluster in the h39 region further support the possibility that the Bari1 

cluster plays a role in maintaining correct nuclear architecture and heterochromatin–euchromatin 

segregation. From an evolutionarily perspective, it should be noted that the Rsp repeats exist in other 

species of the melanogaster complex (i.e. D. simulans, D. sechellia, D. mauritiana, D. erecta, and D. 

yakuba) [54] whereas only single Bari1 insertions are found outside the D. melanogaster species [48,96]. 
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The above observation suggests that the Bari1 clusters originated more recently, possibly after the 

separation of the D. melanogaster species, and it is therefore possible that the Bari1 clusters are still in 

the process of being homogenized by ectopic recombination. 

The observed stability of the transgenes obtained in this study resembles the stability of the Bari1 

cluster in the h39 region in both laboratory and wild collected D. melanogaster populations 

[52,55,57,97]. 

While the stability of the Bari1 heterochromatic cluster - in terms of copy number variation – 

could be in part explained considering the reduced recombination rate in the heterochromatin [98], 

it should be underlined that the transgenes carrying the Bari1 arrays analyzed in this study map all 

in euchromatic loci. Therefore, the stability of ectopic Bari1 arrays appears associated to a reduced 

recombination rate around the insertion point of the constructs. This feature makes the ectopic Bari1 

arrays a good model for studying the stability of heterochromatic transposon arrays. 

5. Conclusions 

Our study on ectopic Bari1 clusters inserted in the fly genome suggests that this kind of 

arrangement, which is stably maintained over time, may not strongly drive the formation of ectopic 

heterochromatin. Additional studies are required to understand the functional role of Bari1 repeats 

especially in the contexts of the structure and the stability of the second chromosome 

heterochromatin.  

Supplementary Materials: The following supporting information can be downloaded at the website of this 

paper posted on Preprints.org, Table S1. Mapping data of the transgenic lines analyzed in this work. Table S2. 

List of the available stocks carrying P-element insertions in the fz2 gene. Figure S1-S4: Original southern blot 

figures. 
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