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Summary 

Centromeres and pericentromeric heterochromatin are involved in a number of essential functions 

including cell division, silencing of repetitive DNA elements and spatial organization of the 

genome. The clustering of these regions around chromocenters during interphase is required for 

their proper function and involves a complex and finely tuned network of protein-protein 

interactions.  

Despite their critical importance, centromeric and pericentromeric chromatin are poorly conserved 

even among closely related species and are, in fact, often involved in the formation of species. 

This apparent paradox is often the result of intrinsically fast-evolving repetitive DNA elements 

embedded into heterochromatin. The rapid evolution of such repetitive elements poses a threat 

to cellular fitness thereby exerting a selective pressure on the silencing machinery responsible for 

their management. Such process typically leads to the rapid coevolution of heterochromatin 

proteins acting like suppressors of fast-evolving DNA elements. This coevolution can, in turn, lead 

two populations once belonging to the same species to diverge by developing species-specific 

heterochromatin, that can eventually function as a postzygotic barrier between the two newly 

generated species. 

The fruit fly sibling species Drosophila melanogaster (D.mel) and Drosophila simulans (D.sim) 

have been a privileged model for studying the formation of species since over a century and 

provide an excellent example of how hybrid incompatibilities can arise within chromatin. Hybrids 

from D. melanogaster mothers and D. simulans fathers fail to develop because of the detrimental 

genetic interaction of the three hybrid incompatibility (HI) genes Hmr, Lhr and gfzf. 

Genetic studies of the three HI genes have revealed pleiotropic phenotypes, with Hmr and Lhr 

mutations disrupting oogenesis, female fertility and repetitive elements silencing and gfzf mutants 

having a broad spectrum of phenotypes including defects in cell cycle regulation.  

In addition to their genetic interaction, HMR and LHR proteins interact within a complex network 

of protein-protein interactions that is important for the architecture and function of centromeric 

and pericentromeric chromatin. For GFZF, on the other hand, few molecular data are available 

and there is no evidence of molecular interactions with the other two HI genes.  

Although the last decade has brought enormous progress in the field, the molecular details 

underlying both the divergent evolution of these hybrid incompatibility factors in the respective 

pure species and their genetic interactions in interspecific hybrids are still poorly understood.  

A major twist in the field has been the finding that the expression of HMR and LHR proteins has 

diverged during the evolution in D.mel and D.sim species and that the two proteins are both 

overrepresented in hybrids. However, while these findings revealed the importance of a proper 

quantitative balance of HMR and LHR, the HMR/LHR protein-protein interaction network could 

only be studied in overexpressing conditions so far.  

Characterizing the HMR/LHR protein complex in native conditions could therefore pave the way, 

on the one hand for understanding how these two proteins interact to mediate normal 
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pericentromeric and centromeric functions in pure species, and, on the other hand, how their 

interaction network is altered in hybrids where they are overexpressed. 

To address these questions, in the first publication, we used affinity purification coupled with Mass 

Spectrometry (AP-MS) and revealed for the first time the existence of a stable six-subunit 

HMR/LHR protein complex in native conditions. In addition to HMR and LHR, the complex 

contains the two nucleolar proteins nucleoplasmin (NLP) and nucleophosmin (NPH), as well as 

the two non-characterized proteins, CG33213 and CG4788. For these last two proteins our 

publication provided the first molecular characterization and we named them Buddy Of HMR 1 

(BOH1) and Buddy Of HMR 2 (BOH2), respectively. In addition, as a resource for the field, we 

published a detailed description of the intricate network of interactions (interactome) involving 

each complex component. 

After identifying the complex we went further and generated two different mutants targeting two 

different Hmr domains, to dissect how HMR interacts with other complex components and how 

disrupting such interactions affects HMR localization and function. Our results suggest that the 

integrity of the HMR/LHR complex is necessary for both HMR physiological function in pure 

species and its toxic function in hybrids. 

Next, we started from the HMR/LHR native complex and induced HMR/LHR overexpression to 

mimic a hybrid background in a cell culture system and asked how the HMR protein-protein 

interaction network is altered upon their overexpression. A range of new chromatin interactors, 

from architectural proteins like insulators to zinc-finger DNA binding proteins, appear to 

specifically interact when HMR is in excess, suggesting that these may be binding with low affinity 

and therefore only observed when HMR amount is not limiting, such as in hybrids.  

Finally, we set out to study HMR subnuclear localization with respect to CENP-A and HP1a, a 

centromeric and a pericentromeric marker, respectively. Our findings allow us to build a model 

that reconciles previous controversies and suggests that HMR is neither centromeric nor 

pericentromeric but it is rather sitting in the middle, bridging these two types of chromatin by 

forming a complex that interacts with both. 

In the second publication, we focused on the third and less known HI factor and asked how GFZF 

localizes in D.mel, D.sim and hybrids and how it molecularly interacts with HMR to cause hybrid 

incompatibility. We used in situ hybridization in polytene chromosomes to describe for the first 

time GFZF localization in D.mel, D.sim and hybrids. In addition, here we show the first evidence 

of a molecular interaction between GFZF and HMR by looking at their respective localization in 

both polytene chromosomes and cell lines where HMR was present in physiological amounts or 

overexpressed with LHR (hybrid-mimicking condition). Strikingly, while the two HI proteins HMR 

and GFZF occupy distinct and non-overlapping territories in pure species, their localization 

merges in the hybrid background.  
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Zusammenfassung 

Zentromere und perizentromerisches Heterochromatin sind an einer Reihe wesentlicher 

Funktionen beteiligt, darunter die Zellteilung, die Stilllegung repetitiver DNS-Elemente und die 

räumliche Organisation des Genoms. Die Bündelung dieser Regionen um die Chromozentren 

während der Interphase ist für ihre ordnungsgemäße Funktion erforderlich und benötigt ein 

komplexes und fein abgestimmtes Netz von Protein-Protein-Interaktionen. 

Trotz ihrer entscheidenden Bedeutung sind das zentromerische und das perizentromerische 

Chromatin selbst bei eng verwandten Arten oft nur wenig konserviert und an der Entstehung der 

Arten beteiligt. Dieses scheinbare Paradoxon ist oft das Ergebnis von sich schnell entwickelnden 

repetitiven DNS-Elementen, die in das Heterochromatin eingebettet sind. Die schnelle Evolution 

solcher repetitiven Elemente stellt eine Bedrohung für die zelluläre Fitness dar und übt dadurch 

einen Selektionsdruck auf die Stilllegung-Maschinerie aus, der zur schnellen Koevolution von 

Heterochromatin-Proteinen führt, die wie Suppressoren wirken. Diese Koevolution kann dazu 

führen, dass zwei Populationen, die einst zur selben Art gehörten, artspezifisches 

Heterochromatin entwickeln, das wiederum als postzygotische Barriere zwischen den beiden neu 

entstandenen Arten fungieren kann. 

Die Fruchtfleigen Schwesterarten, Drosophila melanogaster (D.mel) und Drosophila simulans 

(D.sim) sind seit über einem Jahrhundert ein bevorzugtes Modell für die Untersuchung der 

Artbildung und liefern ein hervorragendes Beispiel dafür, wie Hybridinkompatibilitäten innerhalb 

des Heterochromatins entstehen können. Hybride aus D. melanogaster-Müttern und D. simulans-

Vätern sind aufgrund der schädlichen genetischen Interaktion der drei Hybrid-

Inkompatibilitätsgene (HI) Hmr, Lhr und gfzf nicht lebensfähig. 

Genetische Untersuchungen der drei HI-Gene haben pleiotrope Phänotypen ergeben, wobei 

Hmr- und Lhr-Mutationen die Oogenese, die weibliche Fertilität und die Unterdrückung der 

Expression von repetitiven Elementen stören und gfzf-Mutanten ein breites Spektrum an 

Phänotypen aufweisen, einschließlich einer fehlerhaften Regulierung des Zellzyklus. 

Zusätzlich zu ihrer genetischen Interaktion wirken die HMR- und LHR-Proteine innerhalb eines 

komplexen Netzwerks von Protein-Protein-Interaktionen, die für die Architektur und Funktion des 

zentromerischen und perizentromerischen Chromatins wichtig sind. Für GFZF hingegen liegen 

nur wenige molekulare Daten vor, und es gibt keine Hinweise auf molekulare Wechselwirkungen 

mit den beiden anderen HI-Genen. 

Obwohl das letzte Jahrzehnt enorme Fortschritte auf diesem Gebiet gebracht hat, sind die 

molekularen Details, die sowohl der divergenten Entwicklung dieser 

Hybridunverträglichkeitsfaktoren in den jeweiligen reinen Arten als auch ihren genetischen 

Interaktionen in interspezifischen Hybriden zugrunde liegen, noch immer kaum verstanden. 

Eine wichtige Wendung auf diesem Gebiet war die Feststellung, dass die Expression von HMR- 

und LHR-Proteinen während der Evolution in den reinen Arten D.mel und D.sim divergiert hat und 

dass beide Proteine in Hybriden überrepräsentiert sind. Während diese Ergebnisse die 

Bedeutung eines angemessenen quantitativen Gleichgewichts von HMR und LHR aufzeigten, 
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konnte das HMR/LHR-Protein-Protein-Interaktionsnetzwerk bisher nur unter überexprimierenden 

Bedingungen untersucht werden. 

Die Charakterisierung des HMR/LHR-Proteinkomplexes unter nativen Bedingungen könnte daher 

den Weg ebnen, um einerseits zu verstehen, wie diese beiden Proteine interagieren, um die 

normale perizentromerische und zentromerische Funktion in reinen Spezies zu vermitteln, und 

andererseits, wie ihr Interaktionsnetzwerk in Hybriden, in denen sie überexprimiert werden, 

verändert wird. 

Um diese Fragen zu klären, haben wir in der ersten Veröffentlichung eine Affinitätsreinigung in 

Verbindung mit Massenspektrometrie (AP-MS) durchgeführt und zum ersten Mal die Existenz 

eines stabilen HMR/LHR-Proteinkomplexes mit sechs Untereinheiten unter nativen Bedingungen 

nachgewiesen. Neben HMR und LHR enthält der Komplex die beiden nukleolaren Proteine 

Nucleoplasmin (NLP) und Nucleophosmin (NPH) sowie die beiden nicht charakterisierten 

Proteine CG33213 und CG4788. Für die beiden letztgenannten Proteine haben wir hier die erste 

molekulare Charakterisierung vorgenommen und sie Buddy Of HMR 1 (BOH1) bzw. Buddy Of 

HMR 2 (BOH2) genannt. Darüber hinaus haben wir eine detaillierte Beschreibung des 

komplizierten Interaktionsnetzwerks der einzelnen Komponenten des Komplexes vorgelegt. 

Nachdem wir den Komplex identifiziert hatten, gingen wir noch einen Schritt weiter und 

verwendeten zwei verschiedene Mutanten, die zwei unterschiedliche Hmr-Domänen verändern, 

um zu untersuchen, wie sie mit anderen Komponenten des Komplexes interagieren und wie eine 

Unterbrechung dieser Interaktionen die Lokalisierung und Funktion des HMR Proteins 

beeinflusst. Unsere Ergebnisse legen nahe, dass die Integrität des HMR/LHR-Komplexes sowohl 

für die physiologische Funktion des HMR in reinen Arten als auch für seine toxische Funktion in 

Hybriden notwendig ist. 

Als Nächstes gingen wir vom nativen HMR/LHR-Komplex aus und induzierten eine HMR/LHR-

Überexpression, um einen hybriden Hintergrund in einem Zellkultursystem zu imitieren, und 

untersuchten, wie sich das HMR-Protein-Protein-Interaktionsnetzwerk bei seiner Überexpression 

verändert. Eine Reihe neuer Chromatin-Interaktoren, von architektonischen Proteinen wie 

Isolatoren bis hin zu Zink-Finger-DNS-Bindungsproteinen, scheinen spezifisch zu interagieren, 

wenn HMR im Überschuss vorhanden ist, was darauf hindeutet, dass diese möglicherweise mit 

geringer Affinität binden und daher nur beobachtet werden, wenn die HMR-Menge nicht 

limitierend ist, wie z. B. in Hybriden. 

Schließlich untersuchten wir die subnukleare Lokalisierung von HMR in Bezug auf CENP-A und 

HP1a, einem zentromerischen bzw. perizentromerischen Marker. Unsere Ergebnisse erlauben 

es uns, ein Modell zu erstellen, das frühere Kontroversen in gewisser Weise ausräumt und 

nahelegt, dass HMR weder zentromerisch noch perizentromerisch ist, sondern eher in der Mitte 

sitzt und diese beiden Arten von Chromatin überbrückt, indem es einen Komplex bildet, der mit 

beiden interagiert. 

In der zweiten Publikation konzentrierten wir uns auf den dritten und weniger bekannten HI-Faktor 

und fragten, wie GFZF in D.mel, D.sim und Hybriden lokalisiert ist und wie er mit HMR molekular 

interagiert, um Hybridinkompatibilität zu verursachen. Mit Hilfe der In-situ-Hybridisierung von 

Polyten-Chromosomen konnten wir erstmals die Lokalisierung von GFZF in D.mel, D.sim und 



 XVII 

Hybriden beschreiben. Hier konnten wir den ersten Nachweis für eine molekulare Interaktion 

zwischen GFZF und HMR liefern, indem wir ihre jeweilige Lokalisierung sowohl in Polyten-

Chromosomen als auch in Zelllinien untersuchten, in denen HMR in physiologischen Mengen 

vorhanden war oder mit LHR überexprimiert wurde (Hybrid-ähnliche Bedingungen). Auffallend ist, 

dass die beiden HI-Proteine HMR und GFZF in reinen Spezies unterschiedliche und sich nicht 

überschneidende Territorien besetzen, während ihre Lokalisierung im Hybrid-Hintergrund 

verschmilzt.



 1 

1.  Introduction 

1.1. Chromatin organizes genome structure and regulates its 

function 

1.1.1.  Nucleosomes are the basic structural unit of chromatin 

Eukaryotic genomes are packaged together with different protein and RNA molecules into a 

complex structure called chromatin. This macromolecular architecture responds to the need of 

fitting DNA molecules as large as the almost 2 meters long human genome into a nucleus 

spanning only a few micrometers in diameter. On the other hand, chromatin must be dynamic 

enough to continuously reorganize and allow access to the genetic information, in order to 

regulate its expression, replication and repair.  

Histones are the prevalent chromatin proteins and they form, together with DNA, repetitive 

structures called nucleosomes that resemble beads-on-a-string under the electron microscope, 

and that are the basic structural units of chromatin (Fig. 1). The histone proteins H3, H4, H2A and 

H2B are organized in an octamer, constituted by a tetramer with two molecules each of H3 and 

H4, held between two dimers formed by H2A and H2B (Luger et al., 1997). A nucleosome consists 

of 147 base pairs (bp) of DNA wrapped in 1.65 left-handed superhelical turns around a histone 

octamer (Luger et al., 1997). The N-terminal parts of histones, protruding as tails from the octamer 

structure, can be modified (histone post-translational modifications or PTMs), and the combination 

of these modifications has been proposed to form the histone code, a defined regulatory system 

that allows a fine modulation of the chromatin structure and the expression of the underlying 

genes (Jenuwein & Allis, 2001). These modifications are handled by a specific set of proteins: 

"writers", "readers" and "erasers", that are responsible for the deposition, the recognition, and the 

removal of histone marks, respectively, and whose expression can in turn be regulated (reviewed 

in Cosgrove, 2012). Indispensable for giving chromatin its dynamic properties are other proteins, 

chromatin remodelers, that modulate nucleosomes spacing and phasing through eviction, 

deposition and sliding (reviewed in Baldi, Korber & Becker 2020). Further regulation is provided 

by different histones variants with different properties that can substitute conventional histones 

within nucleosomes (reviewed in Baldi, Korber & Becker 2020). Besides nucleosomes and their 

modulators, chromatin also includes a large number of other proteins involved among others in 

transcription, replication and DNA damage repair. A steadily increasing number of small and large 

non-coding RNAs has also been found to participate in both chromatin structure (Schubert et al., 

2012) and active complexes (Akhtar et al., 2000; Franke & Baker, 1999). 
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1.1.2.  Chromatin has a complex and dynamic structure 

On top of nucleosomes, chromatin is organized into higher order structures that can span large 

portions of the genome and allow the compartmentalization and coregulation of defined genomic 

regions (Fig. 1).  

 

 

 

Fig. 1. The modular organization of chromatin. DNA is wrapped into histones that are, in turn, organized into higher 

order structures. Architectural proteins like insulators, condensin and cohesin can form chromatin loops. At a higher 

scale, chromatin domains of similar composition are usually organized into topologically associated (TADs). Specific 

parts of chromosomes like centromeres and telomeres, are characterized by specific chromatin types and form 

chromosome compartments. At the nuclear scale, each chromosome occupies a specific territory (Figure adapted 

from Magaña-Acosta & Valadez-Graham, 2020). 

  

Almost one century ago, chromatin was first described to form two distinct types: on the one hand 

heterochromatin, intensely stained, highly condensed and genetically inert throughout the cell 

cycle and, on the other hand, euchromatin, gene-rich and with a looser structure that becomes 

invisible due to decondensation and lower staining contrast during mitosis (Heitz 1928).  

These two types of chromatin have long been thought to underlie two well defined and separated 

structural organizations, with heterochromatin organized in a regular higher order structure, the 

30 nm fiber, and euchromatin being mostly unstructured (reviewed in Sanulli & Narlikar, 2020; 

Baldi, Korber & Becker, 2020). This model has been challenged by several observations in higher 
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resolution thanks to more recent technologies in both genomics (Chromosome Conformation 

Capture, HiC) and imaging (Super-Resolution Microscopy, SRM). In fact, chromatin appears to 

be far less regularly structured, with even constitutive heterochromatin being much more dynamic 

than previously thought (reviewed in Di Stefano & Cavalli 2022; Sanulli & Narlikar, 2020; Baldi, 

Korber & Becker, 2020). 

The emerging picture is a complex structural organization of the genome that is tightly connected 

to its function. 

 

1.1.3.  The linear genome is partitioned into chromatin domains  

After the early subdivision into euchromatin and heterochromatin (Heitz 1928), nearly a century 

of studies using different methods and technologies have allowed looking at chromatin from 

different perspectives, describing both its linear and its spatial organization (reviewed in Schwartz 

& Cavalli, 2018; Bickmore & Van Steensel, 2013). 

Before the genomics era kicked in, cytological studies in polytene chromosomes from salivary 

glands of the fruit fly Drosophila melanogaster, have allowed a systematic pre-genomic mapping 

of proteins by fluorescent in situ hybridization (FISH) (reviewed in Schwartz & Cavalli, 2018). 

These studies revealed the existence of a well-defined banding pattern along chromosomes as 

well as a specific binding for chromatin proteins, thereby demonstrating that interphase 

chromosomes are partitioned into stable chromatin domains on the linear scale. Despite their 

invaluable contribution to the understanding of chromatin organization, polytene chromosomes 

come from a polyploid tissue, making these observations difficult to generalize.  

The subsequent advent of genomics as well as the continuous progress in microscopy towards 

super-resolution methods, allowed to expand these studies to more conventional cell types and 

learn general principles of chromatin organization in both the linear and the three-dimensional 

scale (3D) (Fig. 1) (reviewed in Schwartz & Cavalli, 2018; Bickmore & Van Steensel, 2013). 

Methods such as Chromatin Immunoprecipitation (ChIP-Seq; Ren et al., 2000; Barski et al., 2007; 

Robertson et al., 2007) and DNA adenine methyltransferase identification (DamID; van Steensel 

& Henikoff, 2000), relying on Next Generation Sequencing (NGS) techniques, were systematically 

used to map the genomic localization of chromatin proteins in high resolution.  

With these genomic tools available, one could ask if chromatin could be partitioned into 

functionally defined domains by unique combinations of chromatin proteins and histones PTMs. 

A pioneering attempt to answer this question measured the genomic distribution of 53 non-histone 

chromatin proteins with DamID in D. melanogaster cultured cells (Filion, van Bemmel, 

Braunschweig et al., 2010). The resulting binding profiles were used to partition the Drosophila 

genome into domains characterized by five different chromatin flavors, corresponding to specific 

combinations of chromatin proteins, to which they assigned specific colors. Yellow and red to 

transcriptionally active regions (euchromatin), blue and green to facultative and constitutive 

heterochromatin, respectively, and black to a chromatin type mostly devoid of specific marks, 
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whose function remains rather obscure to date. A later work using ChIP-Seq profiles of histone 

marks, largely confirmed this model, although with a deeper genome partitioning into nine 

chromatin states (Kharchenko et al., 2011). 

In conclusion, at the linear scale, distinct combinatorial patterns of chromatin factors partition the 

genome into distinct chromatin domains (also called epigenomic domains) (Fig. 1).  

At the chromosome scale, however, these linear chromatin domains are unevenly distributed (Fig. 

1). Large islands of green constitutive heterochromatin marked by the heterochromatin hallmark 

heterochromatin protein 1 (HP1a) and the histone PTM H3K9me2/3 typically accumulate in 

proximity to centromeres (the chromosome’s kinetochore assembly sites) and to the 

chromosome’s ends (telomeres). Throughout the rest of the genome yellow/red active 

euchromatin alternates with black/void chromatin domains and blue chromatin domains 

characterized by the binding of Polycomb-group proteins (PcG) associated with H3K27me3 

(Filion, van Bemmel, Braunschweig et al., 2010; reviewed in Schwartz & Cavalli, 2018). 

 

1.1.4.  Higher order chromatin architecture is modular 

The segmentation of the linear (or one-dimensional) genome reflects in many ways its three-

dimensional architecture in the nuclear space. 

Visual approaches such as immunofluorescence and DNA FISH have repeatedly shown that 

heterochromatin, with very few known exceptions (Solovei et al., 2009), associates with nuclear 

lamina at the nuclear periphery (Akhtar & Gasser, 2007; Falk et al., 2019) and with nucleoli 

(Padeken & Heun, 2014), a membraneless nuclear organelle where ribosome biogenesis occurs. 

In contrast, euchromatin and actively transcribed genes are typically localized in the nuclear 

interior (Falk et al., 2019). The purification and sequencing of DNA sequences associated with 

specific nuclear features like the nucleolus (Guelen et al., 2008) and the nuclear lamina (Nemeth 

et al., 2010; van Koningsbruggen et al., 2010) largely supported these observations with the 

newly-defined nucleolus-associated domains (NADs) and lamina-associated domains (LADs) 

mostly containing green HP1a heterochromatin. 

The understanding of the basic principles underlying genome folding was dramatically boosted 

by the development of Hi-C, a technology based on the ‘‘3C’’ (chromosome conformation capture) 

method that allows the genome-wide mapping of chromatin contacts (Lieberman-Aidenet al. 

2009). 

This method associated with increasingly deeper sequencing revealed that metazoan genomes 

fold into distinct sub-megabase-sized modules, called physical domains or topologically 

associated domains (TADs) (Fig. 1), characterized by strong genomic interactions within them 

and sharply defined borders where the interactions are strongly depleted (reviewed in Schwartz 

& Cavalli, 2017). Although not universal, TADs have a surprising degree of conservation in 

evolution and among different cell types within the same species (Dixon et al. 2012).  
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The three-dimensional organization of the genome into TADs shows a remarkable agreement 

with its linear organization into chromatin domains, suggesting that TAD formation is mostly driven 

by homotypic or “like-with-like” interactions (Fig. 1) (Sexton & Cavalli, 2015; Schwartz & Cavalli, 

2017). Chromatin domains of the same types, such as actively transcribed (red/yellow), HP1a 

heterochromatin (green) and Polycomb (blue), tend to establish contacts with each-other, within 

TAD borders. In addition to these intra-TAD contacts, similar chromatin domains also 

preferentially establish longer range inter-TADs contacts with each other. 

An important role in the establishment, maintenance or reinforcement of TADs seem to be played 

by insulator elements and proteins, architectural factors typically enriched at TAD boundaries 

equipped with a notable ability to form long-distance connections (Schwartz & Cavalli, 2017). In 

addition, TAD borders are enriched in nucleosome-free regions and actively-transcribed 

housekeeping genes, where transcription may contribute to enforce the borders (Sexton & Cavalli, 

2015; van Steensel & Furlong, 2019). 

A further hierarchical order of chromatin organization are chromosome territories (Fig. 1). At the 

base of these structures seems to be long-range interactions among TADs that form domains in 

the range of several megabase pairs (Mb). Chromosome territories are detected by fluorescent 

in situ DNA hybridization with whole chromosome probes: each chromosome occupies a distinct 

portion of the nuclear space (Schwartz & Cavalli 2018; Bickmore & Van Steensel 2013). 

 

1.1.5.  Chromatin architecture orchestrates genome function 

Early evidence that chromosome architecture can influence gene function came from genetic 

studies in flies, when Muller described the position effect variegation (PEV) for the white gene 

(Muller, 1930). This phenomenon was later also demonstrated for many other genes and showed 

that heterochromatin can exert a silencing effect for genes that are relocated in its proximity 

(reviewed in Schwartz & Cavalli, 2018). 

In addition to these short-range effects involving flanking regions, many examples have shown 

long-range effects of higher order chromatin structure on distant loci, even on different 

chromosomes. This is the case for transvection in Drosophila, a phenomenon in which long-range 

chromatin contacts resulting in gene regulation depend on somatic homologous chromosome 

pairing (Lewis 1954).  

Another notable example of long-range interactions are insulators (Gerasimova et al., 2000). In 

this case, the effects are more complex than directly inducing or repressing the specific contact 

loci, and they rather modulate gene expression by optimizing spatial organization (Gomez-Diaz 

& Corces, 2014). 

Since these early genetic works, much more evidence has accumulated supporting the idea that 

chromatin architecture orchestrates genome function. Homotypic interactions tend to bring similar 

chromatin domains together in the nuclear space thereby promoting a more efficient co-regulation 

and co-expression of the underlying genes. TADs typically enclose chromatin domains of the 
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same type (Sexton & Cavalli, 2015; Schwartz & Cavalli, 2018). 

At a larger scale, chromatin domains cluster together in the nuclear space, thereby promoting 

their own co-regulation. This is the case for several nuclear bodies, including nucleoli, which are 

involved in ribosome biogenesis, chromocenters, which are pericentric heterochromatin foci, 

Polycomb-group bodies and transcriptional factories associated with RNA Pol II (Erdel & Rippe, 

2018; Sanulli & Narlikar, 2020). An increasing body of evidence is supporting the idea that such 

nuclear bodies result from self-organizing phase separation mechanisms with local chromatin 

features acting as nucleation sites (Erdel & Rippe, 2018; Sanulli & Narlikar, 2020). Notably, the 

vast majority of these bodies are observable during interphase and disassemble during cell 

division. Self-organizing phase separation mechanisms with local chromatin features acting as 

nucleation sites could facilitate their reliable and faithful reestablishment (Erdel & Rippe, 2018). 

Chromatin domains are thought to function as anchor points that help establish nuclear 

architecture by restricting the position of the chromosomes within the three-dimensional space of 

the nucleus. However, while the nuclear localization of a locus correlates with its transcription, 

this does not seem to translate into a direct role in gene regulation. Instead, nuclear localization 

appears to act downstream of transcription factors and chromatin context for gene regulation and 

to be more important to reduce the ‘‘noise’’ of upstream regulation events by ‘‘locking in’’ a 

particular transcriptional status (Padeken & Heun, 2014; Schwartz & Cavalli, 2018; van Steensel 

& Furlong, 2019).  

Additionally, while genome organization influences gene expression, the opposite is also true, as 

there is clear evidence that transcription affects genome organization (reviewed in van Steensel 

& Furlong, 2019). 

A particularly relevant role in organizing the 3D genome is played by the HP1-marked green 

constitutive heterochromatin, which will be the focus of the next section. 

 

1.2. Heterochromatin is critical for genome structure and function 

 

Heterochromatin is fundamental for various aspects of genome function: (i) it mediates gene 

silencing, (ii) protects genome integrity by repressing recombination and mobilization of selfish 

repetitive elements, (iii) helps organizing specialized structures such as centromeres and 

telomeres, and (iv) forms dense clusters that function as anchor points for the genome, thereby 

regulating nuclear morphology and rigidity (Allshire & Madhani, 2017; Sanulli & Narlikar, 2020). 
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1.2.1.  Heterochromatin formation and spreading involves a tightly balanced 

network of protein-protein interactions  

Constitutive heterochromatin (referred to as heterochromatin hereafter) is characterized by 

H3K9me2/3 stretches bound by HP1a (green chromatin) and is particularly concentrated at 

telomeric and pericentromeric regions characterized by repetitive DNA elements, including both 

satellite DNA and transposable elements (Allshire & Madhani, 2017; Nicetto & Zaret, 2019).  

Depending on the cell type and the stage of development, different heterochromatic domains from 

the same - but also from different - chromosomes coalesce in the 3D nuclear space and localize 

around the nucleolus or at the nuclear periphery (Fawcett, 1966, Padeken & Heun, 2014; 

Schwartz & Cavalli, 2018; Bickmore & van Steensel, 2013). The localization of heterochromatin 

to such matrices could then act as a constraint to organize the rest of the genome. As a 

consequence, heterochromatin is concentrated, which in turn enforces silencing. This 

compartmentalization does not seem to regulate transcription per se, but, instead, to stabilize the 

transcriptional ‘‘ground-state’’ of a gene, acting downstream of transcription factors and chromatin 

context, to reduce upstream regulatory events (Padeken & Heun, 2014; Schwartz & Cavalli, 2018; 

Bickmore & van Steensel, 2013). 

Some additional HP1a heterochromatin islands are found in euchromatic regions and have been 

shown to also cluster with pericentromeric heterochromatin in flies (Lee et al., 2020). 

Heterochromatin establishment involves a histone PTM reader-writer coupling mechanism 

(reviewed in Allshire and Madhani, 2017). In Drosophila and humans, the H3K9 

methyltransferases SU(VAR)3-9 is equipped with both the reader and the writer domains, an N-

terminal chromodomain and a C-terminal Su(var)3-9, Enhancer of Zeste, Trithorax (SET) domain, 

respectively. Methylation of H3K9 by the SET domain enforces the further recruitment of more 

SU(VAR)3-9 through the binding of H3K9me2/3 by its chromodomain. HP1a protein, in turn is 

recruited to these methylated histone tails through its chromodomain and can dimerize or recruit 

other effector proteins through its chromoshadow domain (a protein-protein interaction domain). 

This positive loop allows heterochromatin to spread from its nucleation site in a DNA sequence 

independent manner.  

Heterochromatin spreading has been proposed to respond to a mass-action law requiring the 

formation of large macromolecular complexes involving a large number of proteins (Tartof et al. 

1989). A surplus of unassembled heterochromatin components is required for spreading. 

Therefore, heterochromatin formation and maintenance is the result of the cooperative efforts of 

many chromatin components that are tightly connected in a network of protein-protein interactions 

and whose balance must be carefully tuned within the nucleus. The relative concentration of 

multiple heterochromatin components determines the extent to which heterochromatin would 

silence the genes immediately adjacent. Overexpression can result in deleterious spreading and 

silencing. On the other hand, when free-roaming heterochromatin factors are limiting, their 

recruitment to sites of spreading can weaken the repression at the sites where they are recruited 

from (Schwartz & Cavalli, 2018; Allshire & Madhani, 2017). 
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A functional consequence of heterochromatin spreading has been described in position effect 

variegation in Drosophila: genes placed in proximity can be accidentally silenced because of 

heterochromatin spreading (Schwartz & Cavalli, 2018).  

In addition to this reader-writer mechanism involving HP1a and H3K9me2/3, heterochromatin 

spreading may also involve the HP1a biophysical propensity to phase-separate and therefore 

form membraneless compartments, which would allow efficient local concentration of 

heterochromatin proteins and the control of molecules traffic (Erdel & Rippe, 2018; Sanulli & 

Narlikar, 2020). 

Despite its importance in genome architecture and function, heterochromatin spreading must be 

carefully limited, and this is achieved through boundary elements (Erdel & Rippe, 2018): 

heterochromatin boundaries are typically enriched for insulator proteins but also for actively 

transcribed genes. 

An important example of this tradeoff are centromeres, where a tight balance is necessary 

between centromeric chromatin marked by the H3 histone variant CENP-A (centromeric protein 

A) and HP1a-marked pericentromeric heterochromatin. On the one hand, pericentromeric 

chromatin constitutes a buffer zone preventing centromeres from invading other parts of the 

genome and resulting in de novo kinetochore formation (Olszak et al., 2011; Steiner & Henikoff, 

2015; Fukagawa and Earnshaw 2013). On the other hand, heterochromatin must be prevented 

from spreading into CENP-A chromatin (Allshire & Madhani, 2017). 

Despite heterochromatin being mostly silenced, a basal level of transcription resulting in the 

production of small non-coding RNAs is necessary for its establishment and maintenance. This 

system is particularly well understood in Drosophila, where piRNAs (PIWI-interacting RNAs) are 

transcribed from transposons relics and are used to recognize complementary sequences of 

nascent TE transcripts to initiate heterochromatin formation at these loci (Liu et al., 2020; Allshire 

& Madhani, 2017; Gu et al., 2013).  

 

1.2.2.  Heterochromatin and the nucleolus  

The nucleolus is the archetype of the nuclear body and its membraneless compartmentalization 

is at least partially involving liquid-liquid phase separation (Brangwynne et al., 2011). Well visible 

inside the nucleus, nucleoli have been described across different eukaryotic phyla and are 

typically organized around repetitive sequences of ribosomal DNA (rDNA) (van Steensel & 

Furlong, 2020; Padeken & Heun, 2014). Here rRNA transcription and processing as well as 

ribosome biogenesis occur. The repetitive nature of rDNA allows the concomitant transcription of 

multiple rDNA genes but also poses a threat to the stability of the locus. Therefore, a tightly 

regulated structure is required to prevent internal recombination. Only rDNA copies that are 

looped inside the nucleolus are transcribed while silenced copies occupy its periphery where they 

accumulate repressive marks and they are coated by a shell of silencing factors and constitutive 

heterochromatin. 
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Besides their function as ribosome factories, nucleoli are critical for the structural organization of 

the genome as their periphery serves as an anchoring point for centromeres and pericentromeric 

heterochromatin (van Steensel & Furlong, 2020; Padeken & Heun, 2014). Similarly to what 

resulted from microscopy experiments, sequencing of nucleoli associated domains (NADs) has 

shown that nucleoli associate mostly with satellite DNA from centromeric and pericentromeric 

regions or from gene-poor and silent chromatin (Nemeth et al., 2010; Van Koningsbruggen et al., 

2010).  

Interestingly, it appears that NADs overlap substantially with LADs (lamina associated domains) 

suggesting that they are at least partially constituted of the same repressive chromatin that is 

stochastically positioned either at the nuclear lamina or at the nucleoli (van Steensel & Furlong 

2019). 

 

1.2.3.  Heterochromatin and centromeres 

The centromere was traditionally defined as the observable constriction that forms on mitotic 

chromosomes (Flemming 1882) and is now defined as the genomic region that serves as a 

platform for kinetochore assembly and chromosomal segregation (Fukagawa & Earnshaw 2014; 

Talbert & Henikoff, 2020). Despite its essential role in mitosis, centromere function extends well 

beyond: while the kinetochore only transiently assembles during cell division, the centromere 

persists as a stable domain throughout the cell cycle (Padeken et al., 2013).   

In most organisms, centromeres are not genetically specified by a “magic DNA sequence” but 

rather epigenetically determined by the presence of nucleosomes containing the centromeric 

histone H3 variant CENP-A (Fukagawa & Earnshaw 2014; Talbert & Henikoff, 2020). Across 

evolution CENP-A-containing domains can span in size (reviewed in Fukagawa & Earnshaw 

2014; Talbert & Henikoff, 2020) from one single nucleosome in the 125 bp “point centromere” of 

budding yeast to the entire length of the chromosome in the “holocentromeres” that are found in 

few animal and plant species. Besides these exceptions, most eukaryotes carry “regional 

centromeres” constituted of multiple CENP-A-containing nucleosomes confined in a specific 

region of the chromosome that goes from few kb in S. pombe to few Mb in humans.  

The crystal structure of CENP-A-containing nucleosomes shows that rather than wrapping the 

canonical 147 bp of DNA, they only contain 121 bp of DNA (Tachiwana et al., 2011). This peculiar 

nucleosome structure is unable to bind the linker histone H1 and form the canonical higher order 

nucleosome fiber. Instead, Centromeric Protein N (CENP-N) has been proposed (Zhou et al., 

2022) to act as a “centromere-specific linker histone” that on one side specifically reads the 

histone variant on CENP-A nucleosomes, while interacting on the other side with the DNA on a 

neighboring nucleosome, to potentially form unique chromatin structures at the centromere. This 

specialized chromatin structure built upon the CENP-A nucleosome is necessary for the assembly 

of the kinetochore. 

In regional centromeres, CENP-A-containing nucleosomes are interspersed among canonical 
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nucleosomes (in a 1:6-1:25 ratio) and occupy a genomic region constituted by large arrays of 

repetitive elements (satellites or retrotransposons) (Fukagawa & Earnshaw 2014; Talbert & 

Henikoff 2020). Because DNA sequence doesn’t seem to be essential for the formation of CENP-

A domains, the presence of flanking repetitive sequence could provide a buffer zone that 

stabilizes centromeres and prevent deleterious effect in case of a drift in kinetochore positioning 

(Fukagawa & Earnshaw 2013). On both sides, centromeres are surrounded by pericentromeric 

heterochromatin that is characterized by satellite monomers covered in constitutive 

heterochromatin marks such as H3K9me2/3 and HP1a (Fukagawa & Earnshaw 2013). Although 

pericentromeric heterochromatin is not essential for centromere formation and maintenance it has 

been proposed to provide an additional layer of stability while also preventing centromeres 

spreading into euchromatic sites (Olszak et al., 2011; Steiner & Henikoff, 2015; Fukagawa & 

Earnshaw 2013). 

 

1.2.4.  Heterochromatin and telomeres 

Chromosome ends are not just blunt edges but are rather constituted by specialized structures 

called telomeres (reviewed in Chakravarti et al., 2021; Casacuberta, 2017). The need for 

specialized structures protecting from chromosome end fusion and consequent genetic 

aberrations, was first postulated and then proved already in the 30s by Barbara McClintock and 

HJ Muller (Creighton & McClintock 1931; Muller, 1938). Telomeres are composed of repetitive 

nucleotide sequences that form a ‘‘cap structure’’ that maintains chromosome integrity 

(Chakravarti et al., 2021). 

In addition, because of the “end replication problem”, i.e. the cellular DNA polymerases being 

incapable of moving in a 3’ to 5’ direction, chromosome ends require specialized replication 

mechanisms to prevent chromosome loss at each replication cycle (Olovnikov, 1973; Watson, 

1972). In most eukaryotes, a specialized polymerase, called telomerase, takes care of telomeres 

elongation by carrying its own RNA template (Chakravarti et al., 2021). An interesting exception 

to this rule are Drosophila telomeres, which adopt a telomerase-independent elongation 

mechanism (Pardue & DeBaryshe, 2008; Casacuberta, 2017, Abad et al., 2004). Drosophila 

telomeres are composed of several kilobases (kb) of head-to-tail arrays of three specialized non-

Long Terminal Repeat (non-LTR) retrotransposons, Healing Transposon (HeT-A), Telomere 

Associated Retrotransposon (TART) and Telomere Associated and HeT-A Related (TAHRE) 

(collectively HTT). In this organism, telomere elongation is achieved with targeted 

retrotransposition of these three very special retroelements that are always transposing in the 

same orientation, exclusively at the end of the chromosomes (Pardue & DeBaryshe, 2008; 

Casacuberta, 2017; Abad et al., 2004). 

Despite being actively transcribed for their own maintenance and retrotransposition, Drosophila 

HTT telomeric repeats are embedded into HP1a heterochromatin, which is necessary to maintain 

telomeres at a proper length and prevent their fusion (Casacuberta, 2017).  
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1.2.5.  Pericentromeric heterochromatin and centromeres coalesce at 

chromocenters 

Pericentromeric heterochromatin coalesce at the periphery of the nucleolus during interphase 

forming visible nuclear bodies called chromocenter because of their characteristic intense staining 

with a DNA-binding dye (DAPI, 4',6-diamidino-2-phenylindole) in fluorescence microscopy (Fig. 

2) (Probst & Almouzni, 2008; Erdel & Rippe, 2018). 

 

 

 

Fig. 2. Chromocenters formation. During interphase, pericentromeric heterochromatin from different 

chromosomes clusters at the periphery of nucleoli along with centromeric chromatin, forming chromocenters 

(model based on (Padeken & Heun, 2014;  Jagannathan et al., 2019)). 

 

The mechanisms of chromocenter formation are dependent on both the integrity of the nucleolus 

(Peng & Karpen, 2007) and of centromeric clusters (Padeken et al., 2013). In Drosophila, during 

interphase, centromeres cluster together at the periphery of the nucleolus and seem to function 

as an anchoring point to drag pericentromeric heterochromatin and form chromocenters (Padeken 

& Heun, 2014; Bickmore & van Steensel, 2013).  

The clustering of centromeres at nucleoli, in turn, is dependent on several chromatin proteins 

(Padeken et al., 2013; Padeken & Heun, 2014; Anselm et al., 2018).  

Nucleophosmin-like Protein (NLP) oligomerizes with Nucleophosmin (NPH) and together they 

bind to Hybrid Male Rescue (HMR) (Anselm et al., 2018). Binding to HMR is necessary for NLP 

recruitment to centromeres (Anselm et al., 2018). NLP in turn is necessary for centromeric 

clustering and interacts with both the centromeric histone CENP-A and the nucleolar protein 

Modulo (Padeken et al., 2013). 

pericentromeric 
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Interestingly on superresolution microscopy, NLP and HMR do not overlap with CENP-A nor with 

HP1a (Anselm et al., 2018; Kochanova et al., 2021). Instead, they fill the space between 

centromeres and pericentromeric heterochromatin, possibly functioning as an anchor or a bridge 

for tethering these two structures together. The role of HMR and NLP interactions in bridging 

these two types of chromatin together has been investigated in this thesis and is the subject of 

the publication reported here (Lukacs et al., 2021, Publication 1). 

In addition to its architecture, centromeric clustering has also been shown to be necessary - 

although not sufficient - for proper pericentromeric heterochromatin silencing (Padeken et al., 

2013).  

In Drosophila, the clustering of centromeric and pericentromeric heterochromatin at 

chromocenters cooperates to create interchromosomal cross-links that bundle different 

chromosomes together (Fig. 2). While the clustering of different centromeres together seems to 

be mostly an epigenetic feature, including factors like CENP-A, NLP, HMR and Modulo (Padeken 

et al., 2013; Padeken & Heun, 2014; Anselm et al., 2018), for pericentromeric heterochromatin 

the process seems to also involve the binding of chromosome-specific satellite DNA sequences 

(Jagannathan et al., 2019).  

Whatever the mechanism that allows the formation of such macromolecular structures, 

chromocenter integrity is important for normal cell function and its disruption leads to micronuclei 

formation and cell death (Jagannathan et al., 2019) and seems to be also involved in the causing 

lethality in interspecific hybrids (Jagannathan & Yamashita, 2021). 

 

1.3. Chromatin is involved in the formation of species 

1.3.1.  Evolution of species and postzygotic isolation 

In “On the Origin of Species”, Darwin put the continuous process of formation and extinction of 

species at the center of the evolution of biological diversity on our planet (Darwin 1859). 

About 80 years later, in his foundational work “Genetics and the Origin of Species”, Dobzhansky 

provided a modern synthesis of Darwinism and Mendelism (Dobzhansky 1937), recognizing in 

genetic variation the raw material for natural selection to shape biodiversity.  

At the core of his new vision is the idea that a continuum of genetic variability within populations 

provides the base for adaptations to different environments that can in turn result in the formation 

of separate species, thereby interrupting this continuity (Dobzhansky 1937; Lewontin 1997). In 

his view, biological variation and species discontinuity can be described by thinking of species as 

groups of organisms with unique constellations of genes separated from each other (Fig. 3). Each 

unique constellation of genes is only fit and adaptive in a specific environment. In a hypothetical 

multidimensional space with all possible gene combinations, there would be adaptive peaks 

where a particular combination of genes is suitable to a particular habitat and there would be 

maladaptive valleys where the gene combination is unfit (Fig. 3). In this view the variation is 
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represented by the infinite possible combinations of genes and the discontinuity from the fact that 

each species occupies only a specific adaptive peak and is instead surrounded by maladaptive 

valleys that separates it from other species. As a consequence, hybridization among different 

species often results in the reshuffling of two adaptive constellations of genes generating 

intermediate genotypes most likely falling into a maladaptive valley. 

 

 

 

Fig. 3. Adaptive peaks and valleys in the field of gene combinations according to Dobzhansky (illustration from 

Dobzhansky’s “Genetics and the Origin of Species”, 1937). The contour lines encompass genotypes with 

comparable adaptive values. Populations occupy adaptive peaks (+) while the maladaptive valleys (-) represent 

genotypic combinations with low adaptive value and therefore unfit. 

 

 

What are the mechanisms and the driving forces for the formation of species has remained one 

of the most central questions in Evolutionary Biology. In what is the most widely accepted 

definition of species, Mayr defined them as “groups of interbreeding natural populations that are 

reproductively isolated from other such groups” (Mayr, 1942).  

The formation of species, or speciation, is therefore a mechanism that involves the formation of 

reproductive barriers that create a discontinuity between two different populations that once 

belonged to the same species. This discontinuity in the genotypic and phenotypic variation is 

assured by reproductive isolation, the interruption of the genetic flow between two different 

species. Without such reproductive barriers, specific adaptations would be lost in favor of 

intermediate phenotypes (Seehausen et al., 2014; Orr, Masly & Phadnis, 2007; Coyne & Orr 

1989). 
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Mechanisms leading to reproductive isolation can be divided in pre-mating and post-mating 

(Seehausen et al., 2014; Orr, Masly & Phadnis, 2007; Coyne & Orr 1989). The first group includes 

extrinsic forces such as ecological or behavioral barriers that prevent the two different species 

from mating and therefore results in the complete absence of interspecific hybrids. In post-mating 

isolation, instead, the two species can mate but the resulting hybrids are sterile, lethal or 

maladapted to their environment. Post-mating isolation can be further divided into pre-zygotic or 

postzygotic isolation, with barriers that prevent fertilization or that act after fertilization, 

respectively.  

 

1.3.2.  Hybrid incompatibilities are common postzygotic barriers in 

speciation 

Postzygotic isolation is intrinsic to the two species involved and is often characterized by negative 

epistatic interactions between genetic loci that are incompatible in interspecific hybrids (Fig. 4) 

(Sawamura 2011, Seehausen et al., 2014; Orr, Masly & Phadnis, 2007; Coyne & Orr 1989). The 

most popular theoretical base for these observations is provided by the Dobzhansky-Muller model 

(DMM) (Fig. 4) (Dobzhansky, 1936; Muller and Pontecorvo, 1942). In this model an ancestral 

population with genotype AABB is split into two populations. While in one population the locus A 

diverges into a, in the other population the locus B diverges into b. Over time these new alleles 

get fixed in the respective populations (Fig. 4A). The new alleles a and b are incompatible in the 

same organism and are therefore named hybrid incompatibility (HI) genes (Fig. 4B). This causes 

no harm in pure species, since the diverged alleles are never present together, but leads to 

negative epistatic interactions in hybrids between these two species.  

 

 

 

A 
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B 

 
Fig. 4. The Dobzhansky-Muller model for postzygotic isolation. In two populations once belonging to the same 

ancestor species, two genes A and B can diverge because of positive selection or simply by genetic drift. The resulting 

alleles a and b can be fixed in the respective populations (A). When the two diverged alleles a and b genetically 

interact and are incompatible in the same genetic background (i.e. in interspecific hybrids), they are called hybrid 

incompatibility genes, and they constitute a reproductive barrier that makes the two new species postzygotically 

isolated (B). 

 

 

The divergence of the ancestral genes into HI genes can be simply caused by genetic drift but it 

is more often accompanied by a signature of positive selection indicating that specific adaptations 



 16 

are involved (Sawamura 2011; Seehausen et al., 2014; Orr, Masly & Phadnis, 2007; Coyne & Orr 

1989).  

Due to its simplicity, the DMM has been applied universally across different taxa to explain 

postzygotic isolation, but speciation is often involving more complex and multigenic mechanisms. 

Multiple observations support the idea that genomic conflicts can lead to HI formation (Sawamura 

2011, Seehausen et al., 2014; Orr, Masly & Phadnis, 2007). Genomic conflicts can arise from 

meiotic drive and sexual selection as well as an arms race between selfish DNA elements and 

their suppressors. 

 

1.3.3.  Heterochromatin is fast evolving and drives the evolution of hybrid 

incompatibilities and the formation of species 

Many of the genomic conflicts that lead to the formation of HIs, have been described to happen 

at heterochromatin. 

The genomic sequences embedded into heterochromatin, including both satellite DNA and 

transposable elements, due to their repetitive nature are intrinsically prone to evolve rapidly by 

replication slippage, unequal crossovers or transposition (Liu et al., 2020; Ausio et al., 2019). The 

resulting expansion or contraction of copy numbers as well as sequence divergence can lead to 

an impressive divergence in these regions both within and among closely related species (Naville 

et al., 2019; Clark et al., 2007). Consistently, a meta-analysis of different types of cancers showed 

that up to 40% of the mutations found in cancers occurred in H3K9me3 marked chromatin 

(Schuster-Bockler et al., 2012).  

Within such an evolutionary dynamic environment, selfish DNA elements can expand their genetic 

baggage at the expense of the overall fitness of the organism. This poses a threat to cellular 

fitness, thereby constituting a selective pressure that paves the way for the rapid evolution of 

heterochromatin proteins acting as suppressor. This arms race between selfish genetic elements 

and cellular defense machinery can lead two populations once belonging to the same species to 

develop species-specific heterochromatin. This adaptations in turn can function as a postzygotic 

barrier since interspecific hybrids might lack the appropriate apparatus to silence the genome 

from the other species (Sawamura, 2011; Orr, Masly & Phadnis, 2007; Seehausen et al., 2014; 

Roach, Ross & Malik, 2013; Kursel & Malik, 2018). 

Surrounded by pericentromeric heterochromatin, centromeres constitute a hub for genomic 

conflicts. A phenomenon called centromeric drive has been observed in Drosophila (Henikoff, 

Ahmad & Malik,, 2011; Roach, Ross & Malik, 2013; Kursel & Malik, 2018), where centromeres 

are competing to distort chromosome segregation in order to bias their own inclusion into the 

oocyte and assure their own transmission to the next generation, thereby avoiding the 

evolutionary dead-end of the polar body. In response, the rapid evolution of centromere-

associated proteins rescues the meiotic imparity caused by selfish centromeric DNA.  
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As a result of centromeric drive, many centromeric proteins are under positive selection and many 

have been described to cause hybrid incompatibility, some of which are listed below.  

One such example is the centromeric histone Cenp-A. Whereas most core histones are under 

purifying selection and widely conserved across evolution, Cenp-A has undergone adaptive 

evolution and incompatibilities between its variants developed even between closely related 

species (Maheshwari et al., 2015; Malik and Henikoff, 2001). 

Drosophila has been serving as a popular model for the study of hybrid incompatibility. 

In this context, the hybridization of D. melanogaster and D. simulans (D. mel and D. sim, 

respectively) has long been studied and brought tremendous progress to the field (Sturtevant, 

1919; Barbash, 2010). Three chromatin proteins encoded by the genes Hmr, Lhr and gfzf cause 

hybrid incompatibility in the cross between D.mel mothers and D.sim fathers. The products of 

these genes are the main object of this thesis and will be discussed extensively in the next 

paragraphs. 

Notably, the opposite cross between these two species, involves a species-specific 

pericentromeric region (zygotic hybrid rescue or Zhr), the 359bp satellite repeats, that is present 

in the D.mel X but absent in D.sim. The female hybrids from this cross die during embryogenesis 

because of lagging D.mel X-chromosomes, resulting in mitotic defects (Ferree and Barbash, 

2009; Sawamura and Yamamoto, 1997).  

Another example consistent with this scenario is the case of the OdsH (Odysseus-site homeobox) 

that encodes a chromatin protein that binds satellite DNA in a species-specific fashion in D.sim 

and D. mauritiana (Bayes and Malik, 2009; Ting et al., 1998). In hybrids, OdsH erroneously binds 

and decondenses the Y chromosome heterochromatin of D. simulans, causing male sterility 

(Bayes and Malik, 2009). 

Further supporting the role of (peri)centromeric chromatin in reproductive isolation, hybrids of both 

D.mel/D.sim and D.sim/D.mau, whose peri-centromeric satellite repeats and the respective 

binding proteins have diverged in the pure species, undergo chromocenter disruption and 

micronuclei formation which is thought to be the cause for the observed developmental arrest 

(Jagannathan & Yamashita, 2021). 

Besides Drosophila, heterochromatin has also been shown to cause HIs in vertebrates as it is the 

case for the speciation of sticklefish from the Japan Sea and the Pacific Ocean, that involved the 

rapid evolution of a heterochromatic protein with consequent divergence in its binding ability to 

pericentromeric H4K20me and loss of gypsy retrotransposons silencing (Yoshida et al., 2018). 

In the two species of frogs Xenopus laevis and X. tropicalis, hybrids fail to develop because of 

centromere incompatibilities that seem not to be dependent on centromeric DNA sequence but 

rather on divergent evolution of CENP-A and its chaperone HJURP (Kitaoka et al., 2022). 

The first mammalian HI gene was identified in mouse and is the H3K4 trimethyltransferase PR 

domain-containing protein 9 (PRDM9), that causes sterility in hybrid males by inducing meiotic 

arrest (Mihola et al., 2009). 
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1.4. Chromatin proteins HMR, LHR and GFZF lead to speciation 

in D. melanogaster and D. simulans 

1.4.1.  One century of D. melanogaster and D. simulans hybrids 

The system that probably contributed the most to the current understanding of the genetics of 

postzygotic isolation is the hybridization between the two sibling species Drosophila melanogaster 

(D.mel) and Drosophila simulans (D.sim) (Fig. 5). Over one century ago, Sturtevant first crossed 

these two species and documented the outcome. With his great disappointment the resulting F1 

hybrids were either unviable or infertile, depending on the direction of the cross (Sturtevant 1919). 

His disappointment stems from the fact that their post-reproductive isolation makes the 

mechanistic study of hybrid incompatibility extremely complex (reviewed in Barbash 2010).  

The adult hybrid offspring of D.mel females and D.sim males is constituted exclusively by females 

(Fig. 5), while the reciprocal cross results in the reciprocal outcome, with only male offspring 

surviving to adulthood. The death of the lethal sex occurs during development, at larval stages or 

as pupae, respectively (reviewed in Barbash 2010). 

Regardless of these limitations, over the years, complex and ingenious genetic studies have led 

to a much deeper understanding of the underlying genetic interactions and to the identification of 

several hybrid incompatibility genes (reviewed in Barbash, 2010). While the outcome of the two 

crosses seems to be governed by at least partially independent mechanisms involving different 

master genes, it is remarkable that in both cases chromatin plays a central role. 

Despite the undoubted interest in understanding differences and commonalities between the two 

different crosses, the work of this thesis has focused on the cross involving D.mel females and 

D.sim males (Fig. 5).  
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Fig. 5. Postzygotic isolation in Drosophila. The three hybrid incompatibility genes Hmrmel, Lhrsim and gfzfsim 

genetically interact to cause hybrid male lethality and female sterility in crosses between D. melanogaster mothers 

and D. simulans fathers. 

 

1.4.2.  Three hybrid incompatibility genes genetically interact 

In crosses between D.mel females and D.sim males, three genes have been identified to date 

whose loss of function or reduced expression was able to rescue hybrid male viability. In other 

words, the mutation of each of these genes suppresses lethality in F1 hybrid males. These are 

hybrid male rescue from D.mel (Hmr) (Hutter and Ashburner, 1987; Barbash et al., 2003), lethal 

hybrid rescue from D.sim (Lhr) (Watanabe, 1979; Brideau et al., 2006), and GST-containing 

FLYWCH zinc-finger protein from D.sim (gfzf) (Phadnis et al., 2015) (Fig. 5). These three genes 

engage in detrimental genetic interactions that cause hybrid incompatibility and all of them must 

be simultaneously present in hybrids to cause lethality. Hmr-mel is lethal to hybrids while Hmr-
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sim is not and, conversely, both the D.sim alleles of Lhr and gfzf cause lethality while their D.mel 

orthologs do not (Fig 5).  

Despite being one of the best characterized models of post-reproductive isolation, the molecular 

details underlying D.mel/D.sim hybridization have started to be uncovered only recently.  

Strikingly but not quite surprisingly considering what discussed above, all three genes encode for 

chromatin binding proteins and all have undergone fast evolution (Barbash et al., 2004; 

Maheshwari et al., 2008, Phadnis et al., 2015), probably reflecting an adaptation to genomic 

alterations.  

While the three genes genetically interact and their mutual presence is required for hybrid lethality, 

a biochemical interaction is well characterized only between HMR and LHR proteins (discussed 

in detail in the next sections; Brideau et al., 2006; Thomae et al., 2013; Satyaki et al., 2014). The 

molecular nature of the connection between either of these two proteins and GFZF remains 

unclear and constitutes an interesting open question.  

While they are essential for the lethality of F1 interspecific hybrids, in D. melanogaster, Hmr and 

Lhr genes are not essential for viability (Watanabe, 1979; Hutter and Ashburner, 1987). The 

mutation of gfzf, instead, results in lethality in the early stages of larval development (Provost et 

al., 2006). Details of the intraspecific phenotypes resulting from Hmr and Lhr mutations will be 

discussed in the following paragraphs, while this paragraph will focus on gfzf. 

The product of gfzf is a protein containing 4 FLYWCH zinc finger domains and two GST domains 

(Fig. 6) (Dai et al., 2004). Multiple genetic screenings have confirmed the essential role of gfzf, 

that has been found to be involved in cell-cycle regulation (Ambrus et al., 2009), DNA damage 

induced cell-cycle checkpoints (Kondo and Perrimon, 2011), Ras/MAPK signaling (Ashton- 

Beaucage et al., 2014), and Polycomb complex regulation (Gonzalez et al., 2014). All these 

results point to a rather pleiotropic function of GFZF that could be potentially explained by its 

broad genomic binding profile (Baumann et al., 2018). Using chromatin immunoprecipitation, 

Baumann and colleagues showed that GFZF binds along with the Motif 1 binding protein (M1BP) 

to the transcriptional start sites (TSS) of several genes relevant to the screenings discussed 

above, possibly as a transcriptional coactivator. 
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Fig. 6. Gene models of the three HI genes. Hmr is characterized by four MADF domains and one C-terminal BESS 

domain shared with Lhr. gfzf contains four 4 FLYWCH zinc finger domains and two GST domains. The two Hmr 

mutants used in this thesis encompass either two point mutations (Hmr2) or a deletion of the C-terminus (Hmrdc). 

 

 

Similarly to other hybrid incompatibility genes, gfzf has evolved under positive selection. 

Consistently with its divergent evolution between the two species, signs of positive selection are 

found in the D.sim but not in the D.mel lineage and in particular in the FLYWCH zinc finger 

domains (Phadnis et al., 2015). 

 

1.4.3.  Hmr and Lhr encode for two mutually interacting chromatin proteins  

Hmr encodes for a large protein carrying four domains of the Myb/SANT-like domain in ADF1 

(MADF) family and one BEAF, Su(var)3-7 and Stonewall like (BESS) domain in its C-terminus 

(Fig. 6) (Brideau et al., 2006; Maheshwari et al., 2008).  

Lhr was previously identified as a member of constitutive heterochromatin and HP1a interactor 

and named HP3 (Greil et al., 2008). The product of the Lhr gene encodes for a small protein that 

also contains a BESS domain (Fig. 6) (Brideau et al., 2006). 

HMR and LHR physically interact in a protein complex involving the heterochromatin hallmark 

HP1a and their interaction has been speculated to occur directly through their shared BESS 

domain (Brideau et al., 2006; Thomae et al., 2013; Satyaki et al., 2014). 

Like gfzf and other hybrid incompatibility genes, Hmr and Lhr have all evolved rapidly under 

recurrent positive selection.  

However, unlike gfzf that is conserved up until mammals, Hmr and Lhr are Drosophila-specific. 

The same is true for the family of MADF-BESS containing proteins, consisting of over 16 members 

in D.mel (Shukla et al., 2014). This family has evolved and expanded rapidly during Drosophila 
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evolution, presumably through gene duplications and contains several genes involved in hybrid 

incompatibility (Shukla et al., 2014). 

Hmr divergence in Drosophila is particularly remarkable in its MADF domains. MADF domains 

were first identified in ADF1 as highly positively charged domains mediating DNA binding (Cutler 

et al., 1998; England et al., 1992). Notably, three of the four Hmr MADF domains have diverged 

significantly in their ionic properties among Drosophila species. This is particularly true for Hmr 

MADF3 that in several species, including D.mel, has acquired a negative charge, suggesting that 

Hmr MADFs may combine both DNA and chromatin binding properties (Maheshwari et al., 2008). 

Lhr has also extensively diverged and, interestingly, the D.sim ortholog like in its sister species 

D. mauritiana and D. sechellia, contains a 16–amino acid insertion, interrupting a potential leucine 

zipper domain, differently from D.mel. and outgroup species (Brideau et al., 2006). 

 

Similarly to the other HI gene gfzf, Hmr and Lhr genes have been isolated from fly stocks that 

could produce viable male hybrids in D.mel / D.sim crosses (Fig. 5) (Phadnis et al., 2015; Barbash 

et al., 2003; Brideau et al., 2006). This has led to the identification of several naturally occurring 

or induced Hmr and Lhr mutant alleles. For Hmr, these include the hypomorphic mutations Hmr1 

and Hmr3, that are characterized by strongly reduced Hmr expression (Hutter and Ashburner, 

1987; Barbash et al., 2003), and Df(1)Hmr- that results from a deletion encompassing part of the 

promoter region and the first two exons of the Hmr gene (Barbash and Lorigan, 2007). Another 

Hmr allele, Hmr2, is of particular interest, in that it carries two point mutations, the first of which, 

E371K, occurs in the unusually negatively charged third MADF domain (Fig. 6) (Hutter et al., 

1990; Barbash et al., 2003; Aruna et al., 2009). This glutamic acid is conserved in all 14 known 

Hmr orthologs and may mediate important protein-protein interactions necessary for HMR 

localization at chromocenters as suggested by its nuclear mis-localization in these mutants 

(Maheshwari et al., 2008; Thomae et al., 2013). In addition to its effects on chromatin binding and 

hybrid lethality, Hmr2 also affects female fertility (Aruna et al., 2009), suggesting that HMR proper 

chromatin localization is important in both pure-species and hybrids. Having a point mutation in a 

domain putatively important for chromatin interactions and localization, makes Hmr2 a particularly 

promising mutant for a fine dissection of the role of HMR molecular interactions in both intra- and 

inter-specific phenotypes.  

For Lhr instead the D. simulans Lhr1 allele is a hypomorph while the Lhr2 consists of a precise 

deletion of the above mentioned D.sim-specific 16-aa insertion, suggesting that this sequence is 

responsible for hybrid lethality (Brideau et al., 2006). 
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1.4.4.  Hmr and Lhr mutants reveal key functions in oogenesis and female 

fertility, silencing of repetitive elements at heterochromatic sites and 

telomere homeostasis 

Hmr and Lhr mutants have shown, beside their effect in interspecific hybrids presumably caused 

by a gain-of-function, that these genes are important for a number of intraspecific processes, 

despite not being essential for viability (Watanabe, 1979; Hutter and Ashburner, 1987). 

Flies mutants lacking Hmr or Lhr display a severe loss of female fertility and a mildly reduced 

longevity (Aruna et al., 2009; Satyaki et al., 2014), a dramatic derepression of several families of 

transposable elements and satellite DNA (Thomae et al., 2013; Satyaki et al., 2014) and defects 

in sister chromatid detachment during anaphase (Blum et al., 2017). Similar phenotypes have 

been observed reducing HMR and LHR levels in cultured Drosophila SL2 cells by RNAi treatment 

(Thomae et al., 2013). 

Many of the repetitive elements that are upregulated upon Hmr and Lhr depletion origin from 

heterochromatic regions at or around centromeres and telomeres where the two proteins have 

been suggested to play important structural roles (Thomae et al., 2013; Satyaki et al., 2014; 

Anselm et al., 2019; Kochanova et al., 2020). Among the most mis-expressed elements upon 

depletion of Hmr or Lhr are the telomeric repeats Het-A, TART and TAHRE. Consistently with the 

essential role of these repetitive elements in telomere cap maintenance in Drosophila, their 

overexpression is accompanied by an increase in telomere length in Hmr/Lhr mutants (Satyaki et 

al., 2014; Andreyeva et al., 2005; Raffa et al., 2011). Another element that is significantly 

upregulated in Hmr mutants is the retrotransposon gypsy, whose 5’ contains an insulator 

sequence that has been shown to be bound by HMR along with a complex of insulator proteins 

(Gerland et al., 2017; Pai et al., 2004; Gerasimova et al., 1995; Georgiev and Gerasimova, 1989; 

Parkhurst et al., 1988). 

D. melanogaster females mutants for Hmr and Lhr, display an overall loss of fertility (Aruna et al., 

2009; Satyaki et al., 2014). A detailed study of the effects of Hmr mutation in ovaries (Aruna et 

al., 2009) has shown that this results in the production of less and occasionally mis-shapen eggs 

and in a lower survival of the progeny with reduced egg hatchability and adult eclosion. In addition, 

Hmr- ovaries are smaller than the wildtype and with a reduced number of ovarioles. Hmr mutant 

ovarioles can be grouped in a wildtype- and a stub-like class, the first being indistinguishable from 

the wildtype and the second with dramatic defects in both shape and structure (Aruna et al., 2009). 

The important function of Hmr in ovaries and the fact that a class of ovarioles are morphologically 

intact make them an ideal system for molecular studies of Hmr mutants in flies. 

 

1.4.5.  HMR and LHR nuclear localization has been highly debated 

HMR and LHR proteins are interacting in a complex and colocalize in the nucleus (Thomae et al., 

2013; Satyaki et al., 2014). Notably, different studies have shown slight but substantial differences 
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in their nuclear localization in different tissues or cell types, leading to a heated debate on whether 

they are bona-fide centromeric proteins or rather sit at heterochromatic loci along with HP1a. 

Earlier studies using ectopically expressed tagged proteins have shown LHR localizing at HP1a 

domains in cultured Kc cells (Greil et al., 2007) and in salivary glands polytene chromosomes 

(Brideau et al., 2006). A genomic mapping of LHR by DamID has described LHR as part of classic 

“green” pericentromeric heterochromatin (Filion, van Bemmel, Braunschweig et al., 2010). 

Similarly, a later study in embryos has shown both LHR and HMR co-localizing with HP1a (Satyaki 

et al., 2014). 

The subsequent development of monoclonal antibodies directed against the endogenous proteins 

allowed a more physiological mapping of HMR and LHR. In cultured SL2 cells nuclei  and mitotic 

cells of the larvae wing imaginal discs, HMR and LHR signal accumulates in sharp foci 

overlapping with centromeric markers (Thomae et al., 2013; Kochanova et al., 2019). The use of 

super-resolution instead of confocal microscopy, however, revealed the details of an interdigitated 

structure, where HMR is not strictly overlapping with CENP-A but rather bordering it (Anselm et 

al., 2018; Kochanova et al., 2020).  

A fine mapping of HMR by chromatin immunoprecipitation brought complementary results, 

showing that HMR is often found at the border of HP1a domains, supporting a model where HMR 

is not strictly centromeric nor strictly pericentromeric but rather sits in between these two domains 

(Gerland et al., 2017). Furthermore, this study also revealed a bimodal binding profile of HMR 

with two classes of binding sites. One class of HMR binding sites is located at the border of HP1a 

domains that are often found at promoters or TSS. Notably, while this class is enriched in the 

typical constitutive heterochromatin-like pericentromeric regions and the heterochromatic 

chromosome 4, it is also distributed along chromosome arms. A second class of HMR binding 

sites is located at gypsy-like insulator elements that are typically bound by the insulator complex 

comprising the proteins SU(HW), CP-190, MOD(MDG4) and BEAF32 and are important elements 

for genome organization. Interestingly both classes of binding sites are candidates for constituting 

TAD boundaries and a recent correlation analysis has indeed revealed that HMR is enriched at 

TAD boundaries (Kochanova et al., 2019). 

The apparent discrepancies in nuclear localization discussed above may be explained by different 

experimental conditions (i.e. different expression level of the endogenous proteins and the 

ectopically expressed ones, different antibodies, etc) or may reflect cell-type- or cell-cycle-specific 

differences in chromatin organization within the nucleus. In the light of the novel findings, taking 

a closer look at the HMR stainings in embryos performed by Satyaki and colleagues (Satyaki et 

al., 2014), HMR colocalization with HP1a seems to be at best only partial, with a pattern that 

rather resembles the interdigitating structure described later by super-resolution microscopy 

(Anselm et al., 2018; Kochanova et al., 2020). 

In further support to a model where HMR is sitting at chromocenters in between centromeres and 

pericentromeric heterochromatin, Blum and colleagues have used larval brain cells to perform a 

detailed analysis of HMR and LHR localization with respect to CENP-A, arriving to the conclusion 

that HMR and LHR do not localize at centromeres but rather at chromocenter (Blum et al., 2017). 
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The chromocenter model would also explain the differences observed between the genomic 

profiles and the nuclear localization, obtained by ChIP-Seq and by IF, respectively. The ChIP-Seq 

profiles highlighted an array of binding sites that are not visible in immunofluorescent experiments 

and this may be due to coalescence of these domains at the chromocenter in the 3D space of the 

nucleus. This hypothesis is supported by the fact that euchromatic HP1a loci cluster together with 

pericentromeric heterochromatic HP1a sites at chromocenters in interphase nuclei (Lee et al., 

2020). 

In addition to what described above, HMR and LHR localization has been studied in polytene 

chromosomes from D.mel salivary glands, where they colocalize together with HP1a at 

chromocenters and at telomeres (Brideau et al., 2006; Thomae et al., 2013).  

All together most observations are explained with a model that sees HMR and LHR residing at 

the chromocenter between centromeric and pericentromeric heterochromatin. 

However, two main issues emerge: 

1. All studies were performed in different tissues, cell types and experimental conditions, 

making an accurate comparison difficult. This is calling for a unifying model. Ovaries could 

offer the right framework to reconcile all these sparse evidence in a unique experimental 

system.  

2. All experiments discussed were performed in D.mel with the only exceptions of studies 

that looked at the localization of ectopically expressed D.sim orthologs in a D.mel 

background (Thomae et al., 2013 and Satyaki et al., 2014). A localization analysis in D.sim 

and hybrids has been hindered by the paucity of genetic tools and by the inherent 

difficulties in performing molecular studies in hybrids. 

3. While the localization of HMR and LHR relative to each other has been investigated, 

nothing is known about their localization relative to the third HI gene, gfzf. 

 

1.4.6.  HMR biochemically interacts with LHR and is critical for keeping 

chromocenters together 

In Drosophila melanogaster HMR and LHR proteins physically interact in immunoprecipitation 

and yeast-two-hybrid assays (Thomae et al., 2013; Satyaki et al., 2014) and this interaction has 

been speculated to be mediated by their shared BESS motif, a protein-protein interaction domain 

(Brideau et al., 2006; Maheshwari et al., 2008). The two proteins are also interdependent, with 

the depletion of either of them resulting in the destabilization of the other (Thomae et al., 2013; 

Satyaki et al., 2014).  

In addition to their mutual interaction, HMR and LHR have been shown to interact with several 

other chromatin proteins, including classic heterochromatin proteins like HP1a, the histone 

chaperones NLP and NPH and some insulator proteins (Thomae et al., 2013; Anselm et al., 2018). 

NLP and NPH are oligomerizing to form a pentamer that has been shown to be critical for 

clustering centromeres at the periphery of nucleoli (Padeken et al., 2014; Anselm et al., 2018). 
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HMR, in turn, is necessary to recruit NLP/NPH to centromeres and has thereby been proposed 

to bring together pericentromeric heterochromatin and centromeres at the chromocenters 

(Anselm et al., 2018). Additionally, HMR has been shown to interact with the centromeric protein 

CENP-C that seems to be responsible for HMR recruitment to centromeres and the formation of 

HMR foci (Thomae et al., 2013; Kochanova et al., 2020). Upon CENP-C knockdown centromeres 

decluster and HMR diffuses to heterochromatin (Kochanova et al., 2020).  

Interestingly, HMR binding, particularly upon its overexpression, seems to have an inverse 

correlation with the binding of a subunit of the condensin complex (Kochanova et al., 2020), which 

is critical for chromatin condensation in higher order 3D structures (Rosin et al., 2018). 

All this evidence together suggests that HMR is involved in a complex network of interactions and 

plays an important role in bringing together centromeric and pericentromeric chromatin to help 

the formation of the intricate structure of the interphase chromocenter. 

Further supporting the delicate balance that is necessary to keep chromocenter bundled and 

functional, a recent work (Jagannathan and Yamashita, 2021) has shown that HMR and LHR, the 

very same factors that are important for keeping chromocenter together in pure species, interfere 

with its formation and are leading to its disruption in hybrids. This apparently paradoxical 

combination of phenotypes is attributable to a gain-of-function of the hybrid incompatibility factors 

in the hybrid background and is further highlighting the vital importance of HMR and LHR in the 

context of pericentromeric and centromeric chromatin. Remarkably, the authors propose that 

chromocenter disruption and the consequent formation of micronuclei resulting in cell death, could 

be the main reason for hybrid lethality (Jagannathan and Yamashita 2021). 

 

 

1.4.7.  HMR and LHR diverged in their intraspecific dosage and are 

overdosed in hybrids 

While most molecular characterization of Hmr and Lhr has been done in D. melanogaster, little is 

known about their molecular function in D. simulans and hybrids. 

Experiments using D. simulans Hmr and Lhr transgenic alleles in D. melanogaster cells have 

shown that their ability to interact as well as their localization to centromeric foci and 

chromocenters are conserved (Thomae et al., 2013; Satyaki et al., 2014). Similarly, the fertility 

defects observed in Hmr mutants are partially rescued by Hmr orthologs from the sibling species 

D. simulans and D. mauritiana (Aruna et al., 2009). On the other hand, this rescue is only partial 

as old females are not rescued by orthologous alleles and D.sim Hmr alleles also seem to have 

diverged in the kind of TEs they are able to repress (Aruna et al., 2009; Satyaki et al., 2014).  

When Thomae et al. set out to identify species-specific differences between Hmr and Lhr 

orthologs the only significant and yet striking difference they could find was not qualitative but 

quantitative (Thomae et al., 2013). They showed that HMR and LHR proteins are expressed at 

different and reciprocal levels in the two species: much more HMR than LHR in D.mel and virtually 
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no HMR along with highly expressed LHR in D.sim. In hybrids, instead, both orthologs are strongly 

expressed and their overdosage has been proposed to be responsible for their gain of function 

that leads to hybrid lethality (Thomae et al., 2013). A localization analysis using polytene 

chromosomes has shown that HMR and LHR largely mislocalize from specific heterochromatic 

foci to numerous presumably euchromatic locations along chromosome arms (Thomae et al., 

2013). The observed acquisition of new binding sites along the genome, suggests that HMR and 

LHR, when present in non-limiting amounts, can either localize to new genomic regions or acquire 

new binding partners for whom they have lower affinity, or both.  

In general, the fact that Hmr and Lhr mutations result mostly in pleiotropic effects, spanning from 

the fertility and mitotic defects to the derepression of repetitive elements, indicate that such 

phenotypes could result from a number of underlying molecular mechanisms. This is consistent 

with a model that sees HMR and LHR as architectural proteins that are critical in organizing the 

genome in general and the heterochromatic regions around centromeres and telomeres in 

particular. As other architectural heterochromatic proteins (Tartof et al. 1989; Allshire & Madhani, 

2017; Schwartz & Cavalli, 2018), their dosage is key in order to maintain a healthy balance 

between heterochromatin and euchromatin and to organize the genome.  

Given the key role of HMR/LHR expression in pure species and hybrids, it is intriguing to ask how 

is the HMR/LHR core complex composed in pure species and how is it affected by the 

overexpression of both proteins in hybrids. In this perspective a study of HMR/LHR interactions 

and genomic localization in native conditions and upon overexpression would be of particular 

interest. 

 

1.4.8.  Drosophila oogenesis is an ideal model to reconcile previous 

controversial observations on HMR localization 

As mentioned above, different studies using different Drosophila cell types, tissues or 

developmental stages have yielded a variety of different localizations for HMR. In particular, the 

discussion over the centromeric or pericentromeric localization of HMR has been a matter of 

debate over the last decade (Thomae et al., 2013; Satyaki et al., 2014; Wei et al., 2014; Blum et 

al. 2017; Gerland et al. 2017; Kochanova et al. 2020; Anselm et al., 2018), even with claims that 

the centromeric localization was artifactual (Blum et al., 2017). However, all these studies have 

been performed in different conditions that are hard to compare, making it hard to drive any 

meaningful conclusion in one direction or the other. 

Drosophila oogenesis offers an ideal system to study chromatin and nuclear dynamics as different 

cell types are present over different cell cycle phases and differentiation states. 

Ovaries are also the main adult tissues where the Hmr expression is strong and significant (Brown 

et al., 2014; Leader et al., 2018) suggesting a critical function for Hmr. This is also witnessed by 

the fact that ovaries are also the tissues that are most dramatically affected by Hmr mutation, 

which causes a massive upregulation of repetitive elements and a number of functional and 
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morphological defects resulting in a major drop in female fertility (Aruna et al., 2009; Satyaki et 

al., 2014). 

Oogenesis is the process that leads from the pluripotent germline stem cells to the differentiated 

gametes. The major chromatin rearrangements that happen during this process, make ovaries an 

ideal model system to study chromatin and nuclear dynamics. 

Oogenesis in Drosophila (reviewed in Kirilly & Xie, 2007; Bastock & Johnston, 2008; Hudson & 

Cooley, 2014) adult females takes place in one pair of ovaries, each of which is constituted by 

~16 parallel tubes called ovarioles containing the developing egg chambers (Fig. 7). 

 

 

 

Fig. 7. Ovaries structure and oogenesis in Drosophila. An adult female fly has one pair of ovaries, each of which is 

in turn subdivided in about 16 ovarioles that contains the egg chamber. Egg development proceeds in an anterior-

posterior direction, with the most proximal part containing the germarium with germline stem cells, from which 

progressively more mature egg chambers are succeeding (Figure adapted from Hudson & Cooley, 2014). 

 

 

 Development starts in the anterior tip, called germarium, and runs in an anterior to posterior 

direction (Fig. 7). The germarium carries germline stem cells (GSC) that divide asymmetrically to 

produce another stem cell and a germline cyst cell (GCC). The GCC then undergoes four mitotic 

cycles with incomplete cytokinesis resulting in a cyst of 16 interconnected cells, one of which will 

be along the way specified as the oocyte and initiate meiosis. The other 15 become nurse cells 

that will feed the oocyte with maternally contributed RNAs and proteins. Nurse cells switch their 

mitotic program to endoreplication and result in a highly polyploid genome. In parallel, in region 

2, somatic follicle stem cells (FSC) self-renew and produce follicle cells (FC) that will encapsulate 

the 16 cells cyst in region 3. The encapsulated egg chamber will then stem out of the germarium 

and go through 14 additional developmental stages that will bring to the production of a mature 

oocyte. Similarly to nurse cells, follicle cells also undergo a major cell-cycle reprogramming: at 
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the end of stage six they stop having mitotic divisions and have three endoreplication cycles 

instead, also resulting in polyploid genomes (stages 7-10a). 

 

Progression of these different cell types through their maturation requires extensive genomic 

reorganizations and different cell cycle stages are observable in parallel within the same tissues. 

This offers the unique opportunity to detect HMR localization in different conditions within the 

same experiment. Part of the work presented in Publication 1, focuses on the analysis of HMR 

localization in Drosophila oogenesis, in different cell types characterized by different cell-cycle 

states, bringing important new insights that allow to unify previous observations in a unique 

coherent model. 

  



 30 

2.  Aims of the thesis 

 

As extensively discussed in the introduction, pericentromeric heterochromatin is a hub for the 

evolution of hybrid incompatibilities that act as postzygotic barriers in the formation of species. 

The formation of the two fly sibling species Drosophila melanogaster and Drosophila simulans 

offers an ideal system to study the role of heterochromatin in reproductive isolation, as in this 

context three chromatin proteins have been shown to play a master role in the formation of 

postzygotic barriers. 

The three hybrid incompatibility genes Hmr, Lhr and gfzf diverged during D.mel and D.sim 

evolution and genetically interact to cause lethality in male and infertility in female interspecific 

hybrids (Fig. 5). The molecular mechanisms underlying these incompatibilities are still largely 

unknown and many open questions still remain on both their divergent functions in pure species 

and their novel detrimental functions in hybrids. 

 

1. HMR/LHR quantitative balance has been shown to be critical for their function but, so far, 

all analyses of their protein-protein interaction network were done using an ectopic 

expression system prone to overexpression. How do HMR and LHR interact in native 

conditions? 

2. HMR has been proposed to mediate chromocenter bundling through a complex network 

of protein-protein interactions. How are HMR and LHR interacting with each other and with 

their other interaction partners? How are different interactions mediating different 

functions? 

3. The nuclear localization of HMR and LHR has remained controversial, partially because 

experiments were performed in different tissues, cell types and experimental conditions, 

making an accurate comparison difficult. How are HMR and LHR localizing throughout the 

cell cycle and in different cell types? 

4. The inherent instability of hybrids makes them extremely difficult to study and has hindered 

a detailed molecular analysis of this system. How are HMR and LHR molecular functions, 

including interaction networks and localization, changed in hybrids background?  

5. The most recently discovered player, GFZF, is still poorly characterized at the molecular 

level in D.mel, D.sim and hybrids alike. How does it localize in these systems? 

6. Despite their genetic interaction, no molecular interaction has been shown involving HMR 

or LHR with GFZF. How do they interact to cause lethality in hybrids? 

 

In the two publications presented in this thesis we addressed these questions. 

 

In Publication 1 we addressed questions 1-4. 

1. We took advantage of antibodies targeting native epitopes in HMR and LHR, and used cultured 

Drosophila SL2 cells to perform AP-MS experiments in order to measure the interactome of both 
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HMR and LHR. We used this method to identify for the first time an HMR/LHR native protein 

complex. Additionally, we performed AP-MS experiments for all the complex components, 

therefore both validating our findings and identifying a larger protein-protein interaction network 

also involving subunit-specific interactors. 

2. We used genetic tools to dissect HMR. We created an Hmr C-terminal mutant encompassing 

its presumably LHR-binding BESS domain, asking whether this would disrupt the HMR/LHR 

interaction and potentially other interactions. In addition, we used the naturally occurring mutation 

Hmr2 that carries a point mutation in the very conserved third MADF domain of Hmr, that is 

unusually negatively charged and has been speculated to be important for mediating protein-

protein interactions. Using both these mutants we could ask: How each mutation affects HMR 

interaction network and complex composition? How is this affecting HMR localization in both cells 

and fly ovaries? How is HMR function affected by each of these mutations in pure species? How 

is hybrid lethality affected? 

3. We chose to use ovaries as a model system to study HMR localization and try to reconcile 

previous contrasting observations in a unique model. In fact, Drosophila oogenesis in ovaries 

offers an ideal system to study HMR nuclear dynamics in different cell types over different cell 

cycle phases and differentiation states. Moreover, ovaries are the main adult tissues where the 

Hmr expression is strong and the most dramatically affected by Hmr mutation. We asked how 

HMR localizes along with CENP-A and HP1a in tissues that go from actively mitotically cycling to 

arrested in interphase to polyploid. 

4. We used a cell line where we could induce HMR/LHR overexpression to mimic the observed 

condition in hybrids. The main advantage of this hybrid-like system being that it is easy to handle 

as well as up-scalable to a level that allows performing high-throughput experiments like ChIP-

Seq and AP-MS, to obtain a detailed profile of HMR genomic localization and interaction network, 

respectively. 

 

In Publication 2, we addressed questions 5 and 6. 

5. We used in situ hybridization in polytene chromosomes to analyze for the first time GFZF 

localization in D.mel, D.sim and hybrids. In the same system we also looked at the localization 

respective to HMR.  

6. In addition we used the hybrid-like HMR/LHR overexpressing cell lines to analyze GFZF 

localization with respect to HMR in native (not overexpressing) and hybrid (overexpressing) 

conditions. 
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3.  Publication 1 

Contributions to “The integrity of the HMR complex is necessary for centromeric binding 

and reproductive isolation in Drosophila” 

The study was conceived by Axel Imhof, Andreas Thomae and myself. I performed all 

experiments with the following collaborations or contributions: the analysis of repetitive elements 

in ovaries was performed in collaboration with Anuroop Venkatasubramani, the analysis of 

localization in SL2 cells was performed in collaboration with Natalia Kochanova and Andreas 

Thomae, the analysis of localization in ovaries was performed in collaboration with Andreas 

Thomae and the staining protocol was adjusted based on suggestions by Kenneth Boerner, the 

analysis of genomic localization by ChIP-Seq was performed in collaboration with Peter Krueger, 

Tamas Schauer and Angelika Zabel, the analysis of the interaction proteomes was performed in 

collaboration with Peter Krueger, Ignasi Forne, Andreas Schmidt and Marc Borath. Writing of the 

original manuscript was done by Axel Imhof and myself. All co-authors participated to some extent 

in the editing and reviewing of the manuscript.  

 

 

Andrea Lukacs, Andreas W. Thomae, Peter Krueger, Tamas Schauer, Anuroop V. 

Venkatasubramani, Natalia Y. Kochanova, Wasim Aftab, Rupam Choudhury, Ignasi Forne, & Axel 

Imhof (2021). The integrity of the HMR complex is necessary for centromeric binding and 

reproductive isolation in Drosophila. PLoS Genetics, 17(8), 1–27. 

https://doi.org/10.1371/journal.pgen.1009744 

 

 

  

https://doi.org/10.1371/journal.pgen.1009744
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4.  Publication 2 

Contributions to “Altered localization of hybrid incompatibility proteins in Drosophila” 

The part of the study performed in flies was conceived by Nitin Phadnis and Jacob Cooper, the 

part performed in cells was conceived by Axel Imhof and myself with Nitin Phadnis and Jacob 

Cooper. In particular, the idea of using HMR-overexpressing cell lines to mimic HMR localization 

in hybrids and therefore studying the altered genomic localization of HMR in vitro, in a system 

suitable to be up-scaled for high throughput experiments (ChIP-Seq in Publication 2 and AP-MS 

in Publication 1), was conceived by Axel Imhof and myself. The experimental design was 

conceived by Axel Imhof and myself and the bioinformatic analysis and interpretation was 

performed by Tamas Schauer and myself. Fig. 8, Fig. S8, Fig. S9, Fig. S10 and Fig. S11 were 

conceived and prepared by Tamas Schauer and myself. I contributed partially to the writing and 

extensively to the editing and reviewing of the original manuscript. 

 

 

Jacob C. Cooper, Andrea Lukacs., Shelley Reich, Tamas Schauer, Axel Imhof, & Nitin Phadnis 

(2019). Altered localization of hybrid incompatibility proteins in Drosophila. Molecular Biology and 

Evolution, 1–10. https://doi.org/10.1093/molbev/msz105 

https://doi.org/10.1093/molbev/msz105


 70 

5.  Discussion 

Understanding the molecular mechanisms underlying the evolution of species requires, on the 

one hand, the study of the divergent evolution of species-specific adaptations in pure species 

and, on the other hand, of how these adaptations interact in hybrids to cause reproductive 

isolation. In the publications presented in this thesis we addressed both questions, providing novel 

insights that may, in turn, open the field to new questions and constitute the base for new 

promising research paths. 

 

HMR and LHR reside in a native six subunit core complex in D. melanogaster (Pub. 1) 

To address the question of how the two hybrid incompatibility proteins HMR and LHR interact in 

a protein complex in physiological conditions, we performed AP-MS experiments using antibodies 

targeting native epitopes in Drosophila SL2 cells. The resulting six subunit complex includes, 

besides HMR and LHR, the nucleolar proteins NLP and NPH, and the two proteins of unknown 

functions that we named Buddy Of HMR 1 (BOH1, previously CG33213) and Buddy Of HMR 2 

(BOH2, previously CG4788). Besides the complex identification, with the first publication, we 

provide as a resource the interactome for all the complex components. Although we didn’t include 

HP1a in the HMR/LHR core complex because it is consistently underrepresented with respect to 

the other complex subunits, the heterochromatin hallmark protein is indeed interacting with all 

complex components individually and is still to be considered an additional bona fide interactor. 

 

HMR contains two functionally important protein-protein interaction modules (Pub. 1) 

HMR has been proposed to be an important actor in centromeric and pericentromeric chromatin 

architecture by mediating their clustering at chromocenters, at the nucleolar periphery. 

After having identified the HMR/LHR core complex components, we could speculate that HMR 

interaction with NLP and NPH may mediate its binding to centromeric clusters while the interaction 

with LHR and the accessory component HP1a could mediate the interaction with pericentromeric 

heterochromatin. We could test this hypothesis by using two mutants, one deleting the BESS-

domain-containing Hmr C-terminus (Hmrdc) and the other containing a point mutation in a highly 

conserved MADF domain in the Hmr N-terminus (Hmr2) (Fig. 6). This genetic approach allowed 

us to selectively disrupt HMR interactions by depleting either its interaction with LHR and HP1a 

(Hmrdc) or with the rest of the complex (Hmr2).  

While both mutations result in the disruption of the typical HMR centromeric-proximal clusters in 

SL2 cells interphase, our studies in adult female ovaries support the idea that the deletion of Hmr 

C-terminus, and therefore the loss of its interaction with LHR and HP1a, selectively disrupts HMR 

ability to bind heterochromatin but not centromeres. 

These results support a model where HMR acts as a bridge between centromeric and 

pericentromeric heterochromatin, through its interaction modules with NLP/NPH and HP1a/LHR, 

respectively (Fig. 9A). In this context it will be interesting to study in greater detail the role of the 



 71 

two newly characterized proteins BOH1 and BOH2 in stabilizing the complex and interacting with 

the two chromatin types. 

In addition to affecting HMR protein-protein interactions and nuclear localization, the two mutants 

also disrupted both HMR physiological functions in pure species - including silencing of repetitive 

elements and female fertility - and non-physiological toxic functions that lead to hybrid lethality. 

All together our results suggest that the integrity of the HMR core complex, with both its interaction 

modules, is necessary for its ability to bind centromeres and pericentromeric heterochromatin and 

mediate their clustering at chromocenters. Interfering with the HMR complex formation and 

therefore with its structural function could, in turn, result in downstream effects in both pure 

species and hybrids, with consequent loss of retrotransposon silencing and fertility, and 

suppression of hybrid lethality, respectively. 

 

A unifying view of HMR localization at the boundaries of pericentromeric and centromeric 

chromatin (Pub. 1) 

To redeem the long-lasting discussion on HMR localization - partially due to the lack of an organic 

experimental setup allowing an accurate comparison of the different observations - we used 

Drosophila melanogaster oogenesis as a model, and co-stained HMR with CENP-A and HP1a as 

centromeric and pericentromeric markers, respectively, in tissues that go from actively mitotically 

cycling to arrested in interphase to polyploid. 

Our findings support a model that reconciles previous controversies and suggests that HMR is 

neither centromeric nor pericentromeric but rather localizes at the boundaries of these two types 

of chromatin, where it may act as a bridge by forming a complex that interacts with both. 

 

Excess of HMR and LHR interact with novel chromatin factors including GFZF (Pub. 1) 

Having identified the HMR/LHR core complex, also gave us the opportunity to ask how this is 

affected when HMR/LHR balance is altered by their overexpression, as it is observed in the 

interspecific hybrid background. Using an inducible system, we overexpressed HMR/LHR to 

mimic their status in hybrids. This system offers the great advantage that it is easy to manipulate 

and to up-scale enough to perform high-throughput experiments. 

When we looked at the HMR interactome upon overexpression, we identified a number of new 

chromatin interactors, from architectural proteins such as insulators to zinc-finger DNA binding 

proteins. Notably, among the novel HMR-interactors we observed the hybrid incompatibility 

protein GFZF, therefore providing a further molecular base for the genetic interaction between 

these two HI factors. The described HMR supplemental interactors may be binding with low 

affinity, therefore being masked when HMR availability is limited and restricted to the core 

complex, and pop up when HMR is present in excess, such as in hybrids.  

 

GFZF localization differs in D.mel and D.sim (Pub. 2) 

To shed some light on the molecular function of the third and most recently discovered HI gene, 

gfzf, we used in situ hybridization in polytene chromosomes to perform for the first time a 

comparative study of GFZF protein localization in D.mel, D.sim and hybrids. The most obvious 
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observed difference is at telomeres, where GFZF displays a divergent binding behavior in the two 

species. This species-specific binding pattern does not seem to be driven by differences in the 

GFZF protein sequence but rather by the dramatic divergence in copy number of the telomeric 

retrotransposon arrays in the two species. 

 

HMR co-localizes to GFZF loci in hybrids and upon overexpression (Pub. 2) 

Despite their genetic interaction in hybrids, the molecular connection between GFZF and the other 

two HI proteins remains mysterious. 

Our co-staining of GFZF and HMR on polytene chromosomes show that these two proteins bind 

in close proximity at telomeres but without overlapping. Similarly, our comparisons of genome-

wide binding profiles obtained by ChIP-Seq of GFZF and HMR in D.mel cell lines show a 

sometimes proximal but rarely overlapping pattern. 

The observation that HMR protein mapping on polytene chromosomes results in a different 

localization from other tissues, mostly telomeric and only weakly at chromocenter, is not new to 

this study and is probably the result of the peculiar nature of this tissue, where the chromocenter 

and pericentric heterochromatin are under-replicated with respect to chromosome arms and 

telomeres. While it is important to keep this in mind, it does not prevent polytene chromosomes 

from being a valuable model system, in particular to perform comparative studies. 

In contrast to what we observed in pure species, in interspecific hybrids, we found the first 

evidence of HMR and GFZF co-localization. On polytene chromosomes, HMR invades GFZF loci 

both at chromosome ends and at several newly acquired hybrid-specific euchromatic binding loci 

at chromosome arms. These findings are consistent with our genome-wide analysis of HMR upon 

overexpression of HMR and LHR, a system that we used to mimic the hybrid condition, where we 

show a stark increase in HMR and GFZF co-localization with respect to the native HMR profile.  

The fact that the newly acquired co-localization of HMR and GFZF can be reproduced in cell lines 

where only the D.mel orthologs of HMR and GFZF are present, suggests that this is not driven by 

a divergence in the sequence of the two proteins in D.mel and D.sim, but rather by a natural 

affinity of the surplus of HMR for GFZF. This idea is further supported by our HMR interactome in 

HMR/LHR overexpressing cells described above, where we showed that HMR-GFZF interaction 

is specifically gained upon overexpression. Alternatively, or additionally, the extension of HMR 

into the GFZF regions in hybrids or in overexpressing cells could reflect the loss of boundaries 

between the two regions. 

 

Is the qualitative and quantitative composition of the HMR complex affecting chromosome 

topology? 

Our results reflect the importance of both the composition and the balance of the HMR/LHR 

complex in tethering centromeric and pericentromeric chromatin at chromocenters in normal 

physiological conditions.  

In our model we suggest that HMR presents two interaction modules that allow it to act as a bridge 

at chromocenters (Fig. 9A). The disruption of either of these modules results in an impairment of 

HMR function and of proper chromocenter formation. In hybrids and upon overexpression, HMR 
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spreads along chromosome arms acquiring new binding sites. We speculate that the new 

euchromatic HMR-binding sites may be tethered at chromocenters along with pericentromeric 

heterochromatin resulting in a dysfunctional three-dimensional configuration that could in turn 

cause hybrid lethality (Fig. 9B).  

It would be interesting, in the future, to test these hypotheses by performing topological studies 

with chromosome conformation capture techniques (HiC), therefore allowing to test how intra and 

inter-chromosomal contacts are affected by HMR complex disruption or by HMR/LHR 

overexpression. 

 

Challenges for tackling the molecular secrets of hybrid incompatibilities 

Studying hybrids presents some inherent limitations and has traditionally required creative 

experimental solutions. This is due to the fact that they are effectively an evolutionary dead-end. 

Reproductive isolation makes them infertile or lethal and, therefore, impossible to maintain as a 

stable stock. As a result, it is only possible to perform experiments with very limited starting 

material, making large scale high-throughput experiments almost impossible. 

Genomic localization in hybrids has been performed in polytene chromosomes also in other 

publications before ours. Despite polytene chromosomes being an extremely valuable system 

and allowing to perform localization studies even with very limited starting material, they present 

some obvious limitations. On the one hand, the mapping resolution is very low compared to 

genome-wide NGS techniques and, on the other hand, they constitute a very special tissue from 

which it is difficult to drive general conclusions. In addition, chromocenters, one of the key features 

in Drosophila hybrid incompatibilities, are under-replicated in polytene chromosomes, resulting in 

a bias towards other genomic regions.  

In this work, we circumvent the problem by using an artificial system that mimics the hybrid 

condition, by co-overexpressing HMR and LHR in D.mel cultured cells. This system allowed us to 

perform high throughput experiments to study both the interactome and the genome-wide 

localization of HMR.  

Although using this cell inducible system has allowed us to obtain important insights that are 

largely comparable to our observations in polytene chromosomes, we have to keep in mind that 

we are not studying a real hybrid background and only the D.mel genome, transcriptome and 

proteome are present, with the possible consequence of missing important interactions among 

species-specific adaptations. 

 

Newly developed tools for large-scale and high-throughput molecular studies in hybrids 

During my thesis work, in addition to the published work presented here, I have developed two 

new strategies to study hybrids. As these results are not part of this thesis I will only briefly mention 

them and will not enter in the details of the characterization and the preliminary results that I 

obtained. 

The first system was developed in a joint collaboration with Jacob Cooper and Nitin Phadnis from 

the University of Utah in the US and with Yuri Schwartz and Tania Kahn from the Umea University 

in Sweden. In the time I visited the Schwartz lab at the Umea University and in the following 
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months in Munich, we generated primary hybrid cell lines from embryos of D. melanogaster 

mothers and D. simulans fathers immortalized through the overexpression of the Ras proto-

oncogene (Fig. 8A). 

In a second collaboration with Alessandro Scacchetti from Peter Becker’s lab, we used a genetic 

trick to facilitate the notoriously laborious virgin collection process for crosses. Thanks to a fly 

stock carrying a Y-linked inducible pro-apoptotic gene, we could selectively obtain an exclusively 

D.mel female virgin population to cross with D.sim fathers (Fig. 8B). This technique allowed us to 

significantly reduce the time required to collect flies for the genetic crosses as well as to reduce 

potential collection errors. 

 

These two new methods that significantly reduce the time and the effort necessary to collect 

hybrids, will allow in the future to perform large-scale high-throughput experiments and to unravel 

important molecular mechanisms underlying hybrid incompatibilities. 

 

 

Fig. 8. Two methods for large-scale and high-throughput studies in hybrids. (A) Generation of stable embryonic 

hybrid cell lines from offspring of D.mel mothers and D.sim fathers. Hybrid cell lines were generated by crossing 

D.mel mothers with D.sim fathers and collecting embryos overexpressing Ras through a UAS-Gal4 system. Embryos 

were then cultivated in vitro for several months and throughout multiple generations, until stable cell lines were 

obtained. (B) D.mel wildtype females are crossed to males carrying a heat-shock inducible pro-apoptotic gene. In the 

offspring, males mortality is induced by heat-shock during development resulting in only virgin female offspring. 

D.mel female offspring is crossed with D.sim males and wildtype hybrids are collected. This process can be performed 

in large scale due to the ease in collection. 
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Working model 

A 

 
 

B 

 
Fig. 9. Model of the role of the HMR complex at chromocenters in physiological conditions (A) and upon HMR/LHR 

overexpression or in hybrids (B). HMR/LHR complex forms a bridge between pericentromeric heterochromatin and 

centromeric chromatin that facilitates their coalescence at chromocenters, at the nucleolar periphery (A). Upon 

overexpression of HMR/LHR and in interspecific hybrids, HMR mislocalizes to novel binding sites along chromosome 

arms (B). We propose that the novel HMR binding sites could be tethered by the HMR/LHR complex at 

chromocenters giving rise to an overcondensed architecture (B) that is incompatible with normal cellular functions. 

One could further speculate that mutants interfering with HMR/LHR complex formation could, in turn, release this 

dysfunctional condensation rescuing hybrids viability. 
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