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PREFACE 
 

The present section summarizes my achievements during the three years of graduate studies in the 

framework of the Ph.D. programme in Environmental Sciences at the University of Milan. 

I devoted the first two years to a project aimed at studying the evolutionary origins of 

Huntington’s Disease-causing mutation. This project was part of an on-going effort from the 

Laboratory of Stem Cell Biology and Pharmacology of Neurodegenerative Diseases directed by 

Prof. Elena Cattaneo at the University of Milan. The project and its results are outlined in the 

section B of this document. A manuscript is in preparation reporting part of the data from this work 

together with other data from the laboratory. 

I devoted my last year of gratudate studies to a new project related to the barn swallow, the 

organism of choice of my Ph.D. thesis supervisor Prof. Nicola Saino. The aim of the project was to 

produce a state-of-the-art genome assembly for the European barn swallow (Hirundo rustica 

rustica). This work is outlined in part A of this document. The sequencing data and assembly 

results are reported in a publication entitled “SMRT long-read sequencing and Direct Label and 

Stain optical maps allow the generation of a high-quality genome assembly for the European barn 

swallow (Hirundo rustica rustica)” that has already undergone the first round of review (minor 

revisions requested) in the peer-reviewed journal Gigascience (IF 7.5, 2016). The manuscript is 

available as preprint on BioRxiv (https://doi.org/10.1101/374512) and as Appendix 2 of section A. 

Moreover, this work was presented at an international meeting on Third-Generation Sequencing and 

Genomics that my supervisor and I have organized at the University of Milan. Invited speakers 

included Deborah Moine (Senior Scientist, Pacific Biosciences), Sandra Bauer (Senior Scientist, 

Bionano Genomics) and Erich Jarvis (G10K Coordinator, The Rockefeller University). 

During my Ph.D. I also contributed to conception and writing of the following proposals: 
 

   Amount Status 
Templeton Foundation, Prof. Nicola Saino et al. (2018) $ 220,000 Under review 
ERC Advanced, Prof. Nicola Saino (2018) € 2.9 M Under review 
PRIN, Prof. Nicola Saino et al. (2018) € 800,000 Under review 
PRIN, Prof. Antonio Torroni, Prof. Luca Gianfranceschi (2018) € 744,000 Under review 
ERC Advanced, Prof. Elena Cattaneo (2016) € 2 M Awarded 

 

Over the three years, and particularly in the last year, I have been able to attend several international 

scientific conferences and meetings. Specifically, in November 2017 I attended the PacBio User 

Group Meeting in Barcellona; in February 2018 I attended the PacBio Day at the Functional 

Genomics Center of the ETH of Zurich; in April 2018 I attended the 10X Genomics UGM in 

Uppsala; in June 2018 I presented in a talk our preliminary results at the Bionano UGM in Evry 
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(Paris) [1]; the same month I also presented a poster at the SMRT Conference in Leiden [2]; finally, 

in September 2018 I presented a poster outlining the final results of the barn swallow genome 

assembly during the G10K meeting at the Rockefeller University in New York [3]. I have also been 

invited to present our results in a talk at the next PacBio UGM that will take place in November 

2018 in Lisbon. 

Throughout the Ph.D., I have contributed to scientific dissemination. In particular, I have 

collaborated to the weekly newspaper “Pagina99” with several feature articles on stem cell 

research, genome sequencing and genome editing. 

As Ph.D. students representative in the Academic Senate (elected in January 2016) I have carried 

out several initiatives aimed at improving the quality of Ph.D. courses. In 2015, I publicly 

advocated for a Ph.D. salary increase at the University of Milan. The initiative led to a 20% salary 

increase for all Ph.D. students at the University of Milan in 2016 (~3.5 millions euro investment in 

three years). In 2016, I advocated for the creation of a Ph.D. Student Council at the University of 

Milan. In 2017, the Academic senate instituted it and in 2018 it was institutionalized in the 

University Statute. In 2017, together with colleagues from other universities, I publicly advocated 

for a Ph.D. salary increase at the national level. The initiative led to a 12,5% salary increase for all 

Italian Ph.D. students in 2018 (60 millions euro investment in three years). Between 2017-2018, I 

proposed the creation of an Italian Ph.D. students association. This is now the second largest 

association of its kind in Italy and has already promoted several initiatives since its foundation, 

including the establishment of a Ph.D. fellowship entitled to Giulio Regeni in several Italian 

universities. The association is currently promoting new national regulations for Ph.D. programs 

and postdoctoral opportunities. 
 

References 

[1] Formenti G., Bonisoli-Alquati A., Chiara M., Gianfranceschi L., Horner D., Poveda L. and Saino N. 

Bionano Direct Label and Stain optical mapping for reference-level scaffolding of SMRT long read-based 

contigs in the barn swallow (Hirundo rustica). Oral presentation given at the Bionano UGM, Genoscope, 

Evry, France, June 2018. 

[2] Formenti G.*, Chiara M.*, Poveda L., Bonisoli-Alquati A., Gianfranceschi L., Horner D.S. and Saino N. 

A novel barn swallow draft genome assembly based on SMRT long-reads and DLS optical mapping. Poster 

presented at the SMRTLeiden Meeting, Leiden University Medical Center, Leiden, June 2018. 

[3] Formenti G.*, Chiara M.*, Poveda L., Francoijs KJ., Bonisoli-Alquati A., Canova L., Gianfranceschi L., 

Horner D., Saino N. SMRT long-read sequencing and Direct Label and Stain optical maps allow the 

generation of a high-quality genome assembly for the European barn swallow (Hirundo rustica rustica). 

Poster presented at the G10K meeting, Rockefeller University, New York, September 2018. 
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«A knowledge of sequences could contribute much 

to our understanding of living matter.» 

Frederick Sanger, 1980  
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SECTION A 
 

Third-Generation Sequencing and Assembly of a High Quality Genome for the European Barn 

Swallow (Hirundo rustica rustica) 

 

The present section of this Ph.D. thesis outlines the scientific work that I have accomplished during the last 

year of my graduate studies. The goal was to generate a reference genome for the European barn swallow 

(Hirundo rustica rustica) using state-of-the-art sequencing and computational approaches, including SMRT 

long-read sequencing by Pacific Biosciences and DLS optical mapping by Bionano Genomics. The barn 

swallow is a bird species subjected to hundreds of ecological studies in the past and the organism of choice 

of my Ph.D. thesis supervisor, Prof. Nicola Saino. This scientific endeavour culminated in a publication that 

I authored entitled “SMRT long-read sequencing and Direct Label and Stain optical maps allow the 

generation of a high-quality genome assembly for the European barn swallow (Hirundo rustica rustica)” that 

has already undergone the first round of review (minor revisions requested) in the peer-reviewed journal 

Gigascience (IF 7.5, 2016). The manuscript is available as preprint on BioRxiv 

(https://doi.org/10.1101/374512) and as Appendix 2 of this section. 
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ABSTRACT 

 

The barn swallow (Hirundo rustica) is a migratory bird that has been the focus of a large number of 

ecological, behavioural and genetic studies. To facilitate further population genetics and genomic studies, I 

have generated a high-quality genome for the European subspecies (Hirundo rustica rustica). In particular, I 

have assembled a highly contiguous genome sequence using third-generation Single Molecule Real-Time 

(SMRT) DNA sequencing from Pacific Biosciences (Menlo Park, California, USA) and optical mapping 

from Bionano Genomics (San Diego, California, USA). 

For optical mapping, DNA molecules were labelled both with one of the original Nick, Label, Repair and 

Stain (NLRS) nickases (enzyme Nb.BssSI) and with the new Direct Label and Stain (DLS) approach 

(enzyme DLE-1). This allowed to compare and integrate optical maps derived both from NLRS and DLS 

technologies. The latter was officially released in February 2018 and avoids nicking and subsequent cleavage 

of DNA molecules upon staining. To my knowledge, this has been the first genome assembly to incorporate 

DLS data and this approach has more than doubled the assembly N50 with respect to the nickase system. 

Furthermore, the dual enzyme hybrid scaffold led to a marginal increase in scaffold N50 and an overall 

increase of confidence in scaffolds. 

After removal of haplotigs, the final assembly is approximately 1.21 Gbp in size, with a N50 value of over 

25.95 Mbp. The high genome contiguity achieved represents an improvement over 650 fold with respect to a 

previously reported assembly based on paired-end short read data, and it is well in excess of those specified 

for “Platinum genomes” by the Vertebrate Genomes Project. It can therefore constitute a valuable resource 

for studies concerning the evolution of avian genomes in general as well as for population genetics and 

genomics in the barn swallow, with the potential for boosting research on the barn swallow biology and 

ecology at unprecedented speed. 
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Long Walk to Genomics: 

A Brief History of DNA Sequencing and Genome Assembly 
 

 

«Sequencing DNA now is one of the easiest jobs you 

could have besides sloppin’ burgers» 

Kary Mullis, 1998 

 

 

In 1866, Gregor Mendel outlined is theory of inheritance, where heredity is determined by discrete “factors”. 

These factors are present in couples: one from the father and one from the mother. His work laid the 

foundations of genetics, which in turn gave birth to one of the most memorable and inspiring scientific 

quests: nucleic acid sequencing. The following sections outline a chronicle of this ongoing quest. 

1. Sequencing of nucleic acids in the XX century 

1.1. The mistery of genes and the discovery of DNA structure 

In 1869, while working at the University of Tübingen in Germany just a few years after Mendel experiments, 

the swiss physician and biologist Friedrich Miescher noted something that “cannot belong among any of the 

protein substances known hitherto” (Portugal and Cohen 1977). He had, for the first time in history, 

identified nucleic acids1. Between 1885 and 1901, Albrecht Kossel was able to isolate and name the five 

constituent organic components of nucleic acids: adenine, cytosine, guanine, thymine, and uracil2. In 1904, 

Walter Sutton and Theodor Boveri independently found that, as predicted by Mendel’s theory of inheritance, 

chromosomes occur in matched pairs, one inherited from the mother and one from the father, and therefore 

proposed chromosomes as the substrates of heredity. This theory was further reinforced by the accurate work 

of Thomas Morgan at the Columbia University on Drosophila melanogaster (Morgan 1911). In 1913, 

Morgan’s observations allowed one of his students, Alfred Sturtevant, to construct the first genetic map of a 

chromosome (Sturtevant 1913). However, chromosomes are organized in chromatin, which is made up of 

both nucleic acids and proteins, and in the first half of the XX century it was commonly believed that 

proteins held the genetic blueprint of inheritance, due to their higher degree of complex behaviours. 

In 1941, George Beadle and Edward Tatum at Stanford University conducted a series of experiments 

using X rays on the fungus Neurospora. These experiments revealed that every enzyme required in a 

metabolic pathway is generally produced by a single gene, and each gene can be inactivated by exposure to 

X rays. In agreement with Mendel’s theory of inheritance, this result suggested that genes are indeed discrete 
																																																								
1 Nucleic acids are biopolymers composed of nucleotides. Nucleotides are made of a nitrogenous base, a five-carbon 
sugar (ribose or deoxyribose), and at least one phosphate group. In principle, the sequential addition of nucleotides to a 
DNA chain is limitless, making nucleic acids the largest known biomolecules. 
2 “Encyclopaedia Britannica - Alfred Kossel”. https://www.britannica.com/biography/Albrecht-Kossel 



Ph.D. Thesis  Giulio Formenti 

 12 

units. In 1944, Oswald Avery, Colin MacLeod and Maclyn McCarty showed that purified DNA can change 

one bacterial strain into another, transforming the properties of a living cell. This result was strongly 

suggestive of a key role of DNA as substrate of genetic information. 

In 1951, Erwin Chargaff realized that in the DNA the sum of Adenines and Guanines was equal to that of 

Cytosines and Thymines, a detail revealing of DNA structure (Chargaff et al. 1951; Chargaff, Lipshitz, and 

Green 1952). Two years later, Chargaff’s observations along with the famous X ray picture 51 from Rosalind 

Franklin and Maurice Wilkins, were used by Francis Crick and James Watson to “discover the secret of life”, 

i.e. the DNA structure (Watson and Crick 1953). In Crick and Watson’s model of DNA molecules, double-

stranded (ds) right-handed helix strands have antiparallel complementary base sequences, which readily 

explains Chargaff’s observation of equimolarity of complementary bases. In their 1953 article, Crick and 

Watson commented “so far as is known the sequence of bases along the chain is irregular” and “the 

sequence of bases on a single chain does not appear restricted in any way”, two features entailing a role in 

the storage of genetic information. 

1.2. Early sequencing methods and achievements 

Year 1953 also marked the first “sequencing” of a biological molecule. While working at the University of 

Cambridge, Frederick Sanger was able to sequence the two chains of insulin protein by a refined partition 

chromatography method3 (Sanger and Thompson 1953a, Sanger and Thompson 1953b). In this approach, the 

two chains are separated and fragmented, the fragments are individually read and sequences from each 

fragment overlapped to yield a complete sequence. Challenging the main view of proteins as amorphous 

biological molecules, with this work Sanger was able to definitively show that proteins are ordered chains 

amino acid residues. 

Proteins were sequenced before nucleic acids as enzymes to fragment DNA had not been developed yet, 

and also because they were more abundant and stable than RNA. However, in many ways the 1950s paved 

the way to modern DNA sequencing. In particular, two major milestones of the decade were the production 

of isotopes and of radiolabeled biological molecules for staining and visualization. 

When in 1965 it came to nucleic acids, it was first the turn of tRNA from Saccharomyces cerevisiae, as 

means to cleave RNA fragments were available since 1940s (Holley et al. 1965). As for the insulin protein 

sequence, RNA was first fragmented with bovine pancreatic ribonuclease (RNase A), the DNA fragments 

were separated by chromatography and their partial digestion with snake venom phosphodiesterase provided 

a mixture of degradation products from which the sequence could be deduced. Sequencing 76 nucleotides 

required five people working three years with one gram of pure material isolated from 140 kg of yeast 

(Shendure et al. 2017). 

The first DNA to be sequenced was the cos-site of phage Lambda DNA in 1968 (Wu and Kaiser 1968). In 

the capsid, Lambda phage genome is made of linear dsDNA, with cohesive (or sticky) single-stranded (ss) 

																																																								
3 Three years earlier, Pehr Edman had already published a paper demonstrating a label-cleavage method for protein 
sequencing (Edman 1950). 
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complementary extremities that are ligated when the genome is circularized in the cytoplasm. The ss nature 

of cohesive ends in the linearized form allowed Wu and Kaiser to determine their 12 base sequence through 

cycle extension of the 3’ ends by polymerase-catalysed addition of nucleotides. While DNA sequencing 

approaches were still extremely laborious, RNA sequencing was developing relatively fast. The same year, a 

team including Sanger was able to determine the 120 bp-long sequence of 5s ribosomal RNA using 32P-

labelled RNA and paper fractionation-based approach (Brownlee, Sanger, and Barrell 1968). In 1972, Walter 

Fiers from the Laboratory of Molecular Biology of the University of Ghent in Belgium sequenced the 510 bp 

of coat protein gene from Bacteriophage MS2, an RNA virus which infects the Escherichia coli bacterium 

(Min Jou et al. 1972). This was the first sequenced gene. In 1973, Walter Gilbert and Allan Maxam were 

able to report 24 bases of the E. coli lactose-repressor binding site by copying its DNA into RNA, at the pace 

of one base per month (Gilbert and Maxam 1973). 

In 1975, whilst at the Laboratory of Molecular Biology in Cambridge, Frederick Sanger developed the 

“plus and minus” method for DNA sequencing and applied it to determine two short regions in 

bacteriophage φX174 single-stranded DNA (Sanger and Coulson 1975). In this method, a primer is extended 

by a polymerase to generate a population of newly synthesized DNA strands of different lengths. 

Polymerization continues afterwards in four pairs of “plus” and “minus” reaction mixtures: the minus 

mixtures have three NTPs and the plus mixtures have only one. The positions at which polymerization had 

terminated because of the absence of correct dNTPs in the minus mixtures allow to determine nucleotide 

composition, except for homopolymers (Wu 1994). Sanger demonstrated the strength of his new method by 

determining all 5,368 bp of the Bacteriophage PhiX174 genome (Sanger et al. 1977). 

In the early 1970s, RNA sequencing was still ahead of DNA sequencing. Indeed, the first organism to 

have its genome completely sequenced was Bacteriophage MS2, with a 3,569 bp RNA genome (Fiers et al. 

1976). However, in 1977 the development of two methods that could decode hundreds of bases in a day 

transformed the field (Shendure et al. 2017). Both methods were developed by the two pioneers in the field 

of DNA sequencing, Frederick Sanger and Walter Gilbert. The Sanger method, also known as dideoxy 

sequencing, relies on four separate polymerization reactions performed using labelled primers, where each 

reaction is supplied with small amounts of one chain-terminating nucleotide to produce fragments of 

different lengths (Sanger, Nicklen, and Coulson 1977). When the DNA polymerase incorporates a 2,3-

dideoxynucleoside triphosphate (ddNTP) at the 3-end of the growing DNA strand, the newly synthesized 

strand the lacks a 3-hydroxyl group and chain elongation is terminated (J. Adams 2008). 

In contrast with the polymerization-based approach developed by Sanger, Gilbert’s method is purely 

chemical. It involves the use of four sets of terminally labelled deoxyoligonucleotides that are randomly 

cleaved at base-specific sites along the molecule by chemical compounds (Maxam and Gilbert 1977). 

Specifically, this approach takes advantage of the ability of dimethyl sulfate (DMS), formic acid and 

hydrazine to specifically modify bases within the DNA molecule. DMS methylases nitrogen 7 of G, which 

consequently opens between carbon 8 and nitrogen 9; formic acid weakens A and G glycosidic bonds by 

protonation of purine-ring nitrogens; and hydrazine splits T and C rings, but in the presence of NaCl is 
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selective for C rings. In all four reactions, Piperidine addiction displaces the modified nucleotides and 

catalyzes phosphodiester bond cleavage4. 

In both Sanger’s and Gilbert’s methods, DNA fragments were separated using the recently developed 

polyacrylamide gel electrophoresis (PAGE) (Maniatis, Jeffrey, and van deSande 1975). Gel slabs were 

subsequently exposed to X-rays to produce carbon-copy images of the radioactive labels where distances 

along DNA molecules could be used to determine the nucleotide order. Sanger’s and Gilbert’s radioactive 

methods for DNA sequencing allowed to read up to 400 bases in length. 

1.3. Throughput and automation in DNA sequencing 

To speed up the sequencing process, in 1979 Rodger Staden proposed the idea of “shotgun sequencing”, 

where random bacterial vectors are sequenced in parallel and sequencing reads are assembled using the 

overlaps between sequences (Staden 1979). Two years later, a seminal paper by Smith and Waterman 

determined the rules to achieve the highest pairwise homology in a pool of sequences (T. F. Smith and 

Waterman 1981), laying the foundations of bioinformatics. In 1981, Joachim Messing developed the first 

shotgun sequencing method based on the single-stranded M13 phage vector (Messing, Crea, and Seeburg 

1981). Only one year after, Sanger used the shotgun sequencing approach to assemble the entire 48,502 bp of 

bacteriophage Lambda genome (Sanger et al. 1982); and two years later, 172,282 bp representing the 

complete sequence of the Epstein–Barr virus B95-8 strain were determined using the dideoxynucleotide/M13 

shotgun sequencing approach (Baer et al. 1984). 

One issue at stake was the production of the required amount of starting material (F. K. Nelson et al. 

2011). With respect to this, a progressively crucial role was played by the increasing availability of 

recombinant DNA technologies (Jackson and Symons 1972; Cohen et al. 1973) and cloning vectors 

throughout the 1980s (Slatko et al. 1993). After 1983, the development of Polymerase Chain Reaction by 

Kary Mullis revolutionized the field (Mullis 1990)5. 

In 1984, the Medical Research Council in the United Kingdom launched its official programme for the 

sequencing of full genomes. At the time, DNA sequencing was still performed with the time-consuming 

original approach developed by Sanger, which involved four sequencing reactions in four separate tubes 

using tritium-radiolabeled primers. In 1985, Lloyd Smith and Lee Hood were able to synthesize several 

fluorescent DNA primers (L. M. Smith et al. 1985). Next year, they set up a method for the partial 

																																																								
4 Interestingly, while more laborious, Gilbert’s method is the only direct method for DNA sequencing: it avoids issues 
related to polymerase synthesis of DNA associated with Sanger sequencing (i.e., premature termination due to hard 
DNA structures) and it can be employed in the absence of any prior sequence information for primer hybridization. 
5 Another powerful approach to the issue of template availability was PCR-free multiple displacement amplification 
(MDA) of the plasmid or DNA sample (J. R. Nelson et al. 2002). MDA involves a first step of random primers 
annealing followed by polymerase-mediated chain elongation at a constant temperature. Bacteriophage Φ29 DNA 
polymerase is usually employed, which can produce DNA amplicons greater than 70 kilobase pairs and has a very high 
fidelity and 3’–5' proofreading activity (Blanco et al. 1989). During extension, when the polymerase encounters another 
copying starting site, it displaces the DNA strand and continues the strand elongation. The strand displacement 
generates newly synthesized ssDNA template for more primers to anneal. Even when starting from tiny amounts of raw 
material (e.g. a single cell), the overall result of this process is a relatively high amount of “hyper-branched” DNA, with 
genome coverage up to 99% (Paez et al. 2004). 
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automation of DNA sequence analysis in Sanger sequencing (L. M. Smith et al. 1986). In this method, four 

dyes distinguished by their fluorescent emission spectra are covalently attached to the oligonucleotide 

primers and employed in distinct dideoxy extension reactions (dye primer sequencing). The products are 

then run together on a polyacrylamide gel and Fluorescent Energy Resonance Transfer (FRET) is used to 

read the sequence. 

In 1986 Applied Biosystems, a company founded in 1981 that had so far focussed mostly on protein 

sequencing, switched to nucleic acids and was able release the first commercially available four-color 

fluorescence automated DNA sequencer (370A) based on Smith and Hood method. This machine was able to 

handle 32 samples per run. One year later, Prober and co-workers described a novel set of four chain-

terminating dideoxynucleotides, each carrying a succinyl fluorescein dye with different emission spectra, 

thereby allowing reactions to be performed in a single tube (dye terminator sequencing) (Prober et al. 1987). 

A scanning system allowed multiple samples to be run simultaneously, with automatic computer-based base 

calling. The new approach, coupled with the commercialization of the technology, quadrupled the 

throughput compared to earlier methods. The same year, the sequencing approach was increasingly refined 

introducing an optimized T7 DNA polymerase called Sequenase. This enzyme was highly processive, lacked 

proofreading 3' to 5' exonuclease activity and efficiently used nucleotide analogs, allowing to generate 

around 1,000 bases per day (Tabor and Richardson 1987). Two years later, the introduction of the 

thermostable Taq DNA polymerase and of cycle sequencing, whereby the sequencing reaction is performed 

at 72 °C repeated multiple times in the same tube (linear amplification), greatly reduced template 

requirements and facilitated miniaturization (V. Murray 1989; Craxton 1991). By the end of the 1980s, even 

a completely new method for DNA sequencing by stepwise dNTP incorporation was developed (Hyman 

1988). Subsequently refined (Nyrén, Pettersson, and Uhlén 1993; Ronaghi et al. 1996) and now known as 

“pyrosequencing”, the method relies on measuring enzymatic luminometric inorganic pyrophosphate 

detection generated by pyrophosphate release during DNA polymerization (Nyrén 1987). This method has 

several advantages over Sanger’s approach, including the use of natural nucleotides and the possibility of 

observing nucleotide synthesis in real time (Heather and Chain 2016). 

“Sequences, Sequences, and Sequences” was Sanger to entitle a historical note on DNA sequencing in 

1988, suggestive of the general hype (Sanger 1988). Many sequencing projects were launched and 

succeeded, as testified by the progressive availability of sequence data. Online repositories were created to 

archive those sequences. Genbank was founded in 1982 with about half a million bases, but already by the 

end of the decade contained over 40 million bases6. This impressive growth rate has never stopped since 

then, with almost 10-fold increases every 5 years. 

2. The age of the Human Genome Project 

The technological advancements of the 1980s were further reinforced and extended in the 1990s. Major 

milestones included the introduction of fluorescent boron-dipyrromethene dyes (bodipy) instead of labelled 

																																																								
6 GenBank and WGS Statistics. https://www.ncbi.nlm.nih.gov/genbank/statistics/ 
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primers and terminators (Lee et al. 1992); magnetic bead-based DNA purification methods that simplified 

the automation of pre-sequencing steps (DeAngelis, Wang, and Hawkins 1995); and capillary 

electrophoresis, which eliminated the pouring and loading of gels, while also simplifying the identification 

and interpretation of the fluorescent signal (J. Zhang et al. 1995). These breakthroughs combined with the 

adoption of industrial processes to maximize efficiencies and minimize errors (Shendure et al. 2017), 

allowed a 10-fold increase in speed over traditional slab gel technology, and by 1998 routine DNA 

sequencing of 1,000 bases was achieved in less than one hour (Salas-Solano et al. 1998). Moreover, as early 

as the 1990 the principles of “paired-end” sequencing were outlined, allowing to sequence dsDNA (Edwards 

et al. 1990). In paired-end sequencing both ends of a DNA fragment of known length are sequenced and 

linked together, increasing the accuracy of base calling. This also allows to link together sequence reads even 

when they are not complementary (i.e. if they have not been sequenced from end to end), a feature that 

would have turned extremely useful in the assembly of genomes derived from shotgun sequencing. 

The advancements in sequencing technologies and the exponential increase in sequence data were 

paralleled by advancements in bioinformatics tools. In 1990, the National Center for Biotechnology 

Information (NCBI) released its Basic Local Alignment Search Tool (BLAST) (Altschul et al. 1990), which 

considerably sped up the process of sequence alignment. As the complexity of genomes was progressively 

understood, more refined tools were made available, including RepeatMasker in 1996, to deal with repeated 

genomic regions (Smit 1993), and GENSCAN in 1997, to predict gene structures (Burge and Karlin 1997). 

In 1998, Phil Green at the University of Washington developed phred, a fundamental bioinformatic 

algorithm, along with two associated softwares for phred output analysis, phrap and consed (Gordon, 

Abajian, and Green 1998). Phred introduced reliable quality metrics for base calling, providing support for 

automated read analyses, particularly in repeated sequences7 (Ewing et al. 1998; Ewing and Green 1998). 

2.1. Genomes, genomes, genomes 

The 1990 probably marked the watershed of the genomic era, as it saw the initiation of a variety of extremely 

ambitious sequencing project, the foremost being the Human Genome Project (HGP)8 (Shendure et al. 2017). 

The HGP was aimed to produce genetic maps, physical maps, and finally the complete nucleotide sequence 

map of human chromosomes. In 1987, the Department of Energy (DOE) of the United States had already 

established an early genome project to produce data on the mutagenic effects of radiation. In 1988, the DOE 

and the National Institute of Health (NIH) received funding from the Congress and formalized an agreement 

to “coordinate research and technical activities related to the human genome.” DNA structure discoverer 

James Watson was appointed to lead the NIH component, the Office of Human Genome Research9. In 1990, 

the official kickoff was the publication by the DOE and the NIH of a joint research plan for the next five 

																																																								
7 Phred is still widely used today. It assigns a Quality Value score to each base called using the formula QV = -10*log10 
(Pe) where Pe is the probability that the base call is an error. For instance, a QV20 implies 99% accuracy while QV30 
implies 99.9% accuracy. 
8 “News About the Human Genome Project”. https://www.genome.gov/12011251/news-about-the-human-genome-
project/ 
9 This was renamed the National Center for Human Genome Research (NCHGR) the following year. 
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years. The deadline for project completion was set to the end of September 2005, that is about fifty years 

after Watson and Crick article on the structure of DNA. However, Watson resigned already by 1992 due to 

the persistent confrontation with NIH Director Bernadine Healy (L. Roberts 1992), and the following year 

Francis Collins was appointed in his place. In 1993, Collins traced a new five-year plan for the HGP (Collins 

and Galas 1993) and already by 1994 the HGP team published the first detailed linkage map of the human 

genome (J. C. Murray et al. 1994). 

In the meantime, other projects were devoted to sequence the genomes of smaller model organisms, 

mostly viruses and bacteria. As early as 1990, the 192 kbp sequence of Vaccinia genome was published 

(Goebel et al. 1990). The 229 kbp DNA of the human Cytomegalovirus genome (Bankier et al. 1991), and 

the 186 kbp genome of smallpox (Massung et al. 1994) followed soon after. 

Escherichia coli was considered the most promising candidate for the first bacterial genome to be 

sequenced, but in 1995 this record was achieved by Haemophilus influenzae10. A team headed by Craig 

Venter, who had founded The Institute for Genomic Research (TIGR) three years earlier, and Nobel laureate 

Hamilton Smith from Johns Hopkins University, sequenced the 1.8 Mb bacterial genome in only 13 months 

at a cost of only 50 cents per base (i.e. half the current costs at the time) (Fleischmann et al. 1995). To 

achieve this goal in such a short time frame, the TIGR team developed a new software, named TIGR 

Assembler, to assemble the massive amount of information resulting from shotgun sequencing of H. 

influenzae genome. Venter's H. Influenzae project had failed to win funding from the NIH, as at that time 

this assembly approach was considered unfeasible by most researchers in the field. Proving the research 

community wrong, the software assembled approximately 24,000 DNA fragments into the whole genome 

using 30 Central Processing Unit (CPU) hours with half a gigabyte of Random Access Memory (RAM) 

(Sutton et al. 1995). Later that year the same approach was used to determine the 0.58 Mbp of Mycoplasma 

genitalium genome, a bacterium associated with reproductive-tract infections and renowned for having the 

shortest genome of all free-living organisms (Fraser et al., 1995). This genome was sequenced in only 8 

months between January and August of 1995. The H. influenzae and M. genitalium genomes were the first 

Whole-Genome Sequencing (WGS) efforts using a shotgun approach and an automated assembly pipeline, 

supporting the potential of the method. In the next two years TIGR rapidly added to the list the first Archaea 

genome, Methanococcus jannaschii (1.66 Mb) (Bult et al. 1996); the 2.2 Mb genome of the 

hyperthermophilic, sulphate-reducing archaeon Archaeoglobus fulgidus (Klenk et al. 1997); the Helicobacter 

pylori genome (1.7 Mb) (Tomb et al. 1997), and the 1.4 Mb genome of the Lyme disease spirochete, 

Borrelia burgdorferi (Fraser et al. 1997).  

The first eukaryotic genome was assembled in 1996, with the 12 Mb of yeast (S. cerevisiae) genome 

containing about 6,000 genes (Goffeau et al. 1996). S. cerevisiae project was launched in 1989 by Andre 

Goffeau and involved over 100 laboratories and 600 scientists all over Europe, America and Japan. Each 

laboratory focussed on a specific portion of the genome so that in the end only 3.4% of the total sequencing 

efforts were duplicated among laboratories. In 1998, an international consortium led by the american 

																																																								
10 The first complete E. coli genome sequence (4.6 Mb) came only in 1997 (Blattner et al. 1997). 
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geneticist Richard Wilson announced the sequencing of the 97 Mb of Caenorhabditis elegans genome (C. 

elegans Sequencing Consortium 1998). The same year also saw the first large-scale survey for Single 

Nucleotide Polymorphisms (SNPs) of the human genome, with 2.3 megabases of human genomic DNA 

determined by sequencing at the Whitehead Institute for Biomedical Research at Cambridge (D. G. Wang et 

al. 1998). The first prototypes for genotyping arrays were developed, allowing to simultaneously assess 500 

SNPs and demonstrating the feasibility of large-scale identification of human variation (D. G. Wang et al. 

1998). 

2.2. The genome race 

Despite the successes with genomes from lower organisms, formally halfway through the schedule for 

completing the HGP in 1998, only approximately 50 Mb of human sequence had been determined by the 

HGP team, representing less than 1.5% of the entire 3,3 Gbp genome. To the task, the HGP team had 

developed an accurate but laborious strategy named “hierarchical shotgun” sequencing. The pipeline 

involved the cloning of large fragments of the human genome into bacterial artificial chromosomes (BACs). 

BACs were then fragmented, size-selected and sub-cloned. Individual clones were picked and grown, 

purified DNA was isolated and used as a template for automated Sanger sequencing (Shendure et al. 2017). 

In 1998, the world's sequencing capacity was approximately 100 Mb per year. Nonetheless, HGP leaders 

announced the intent to complete the sequencing by the end of 2003, 2 years ahead of previous projections 

(Collins et al. 1998). Events were to take a different direction. A private effort led by Craig Venter’s new 

company Celera decided to rival the public HGP. Building upon the experience gained at TIGR with 

bacterial genomes, Celera rapidly sequenced the 175 Mbases of Drosophila melanogaster genome using an 

internally-developed WGS approach and a new genome assembler (M. D. Adams et al. 2000; Myers et al. 

2000). The new assembly process involved a more effective overlap–layout–consensus approach11 (Shendure 

et al. 2017). The clear success with D. melanogaster pushed Venter to turn immediately to the human 

genome and the presence of a second aggressive player sped up the HGP effort. In March 1999, HGP leaders 

announced the successful completion of the pilot phase, and in September they announced the release of the 

first draft by spring 2000. The sequence of chromosome 22, the second smallest human chromosome, was 

published in December that year (Mayor 1999), and at the beginning of year 2000, HGP team had produced 

and deposited in Genbank two of the three billion bp of the human genome12. However, Venter’s people at 

Celera had not been sitting on their hands. Counter to the HGP leaders, they believed direct (i.e. without 

BAC intermediates) shotgun sequencing to be the fastest and most effective approach (Weber and Myers 

1997). Providing strong support to this view, Venter was able to produce a draft of the human genome less 

than two years after having entered the competition. The race then culminated in a joint announcement by 

the two group leaders, Craig Venter and Francis Collins, gathered at the White House with United States 
																																																								
11 One year later Pevzner, Tang and Waterman would have introduced EULER, a radically new assembly approach 
based on de Bruijn graphs (Pevzner, Tang, and Waterman 2001). This new class of algorithms would have replaced 
previous overlap graphs. 
12 “Two Thirds of Human DNA Script Deciphered by Human Genome Project”. 
https://www.genome.gov/10002080/2000-release-twothirds-human-dna-sequenced/ 
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President Bill Clinton in June 2000. The HGP followed up on the announcement publishing the genome by 

February 2001 (Lander et al. 2001), and Venter’s published his genome assembly one day later (Venter et al. 

2001). 

In their violent competition, both HGP and Celera teams had actually assembled and reported only 

working drafts of the human genome. The most complete of the two assemblies from the HGP team 

represented about 90% of the genome, with only 25% of the genome in its finished form. Due to the direct 

shotgun approach employed, Venter’s genome was even less accurate (Shendure et al. 2017). A high-quality 

reference would have required three more years of work by the HGP13. Finally, by October 2004 the 

International Human Genome Sequencing Consortium published the description of the complete human 

genome sequence14 (International Human Genome Sequencing Consortium 2004). In the following years and 

until today, the genome was continuously improved by the Genome Reference Consortium (Schneider et al. 

2017). 

The cost of the HGP was $2.7 billion in FY 1991 dollars15. Thanks to the development of progressively 

refined sequencing machine based on Sanger sequencing, per base sequencing costs dropped over 100-fold 

during the whole project. Undisputed market leader at the time was Applied Biosystems. In 1995, the 

company replaced the previous 370A model with ABI377, which could deal with up to 96 lanes at a time. 

One year later came the ABI 310, the first capillary DNA sequencer, and in 1998 the first capillary 

instrument, the ABI Prism 3700. In 2001 was the turn of the 16-capillary ABI Prism 3100, and in 2002 that 

of ABI 3730xl with 48 to 96 capillaries, where sequences are produced automatically with QVs16. These 

rapid advancements were prompted by the genome race. After the completion of the HGP, the NHGRI17 

started to award millions of dollars every year in research grants to further support the development of new 

sequencing approaches18, paving the way to massively parallel sequencing. 

3. NextGen: DNA sequencing in the third millennium 
Nucleic acids sequencing methods experienced the greatest development after the turn of the millennium, 

exceeding over 4-fold microchip complexity and computing improvements described by Moore’s law (Stein 

2010; Heather and Chain 2016). From a technical standpoint, this impressive burst was allowed by 

advancements in microfabrication, high-resolution imaging and computational power (Heather and Chain 

2016). In contrast with the earlier monopoly of Applied Biosystems, this time several companies competed 

																																																								
13 Meanwhile, in 2002 two new online repositories had been created in addition to Genbank to host human genome 
data, the University of California Santa Cruz (UCSC) Genome Browser (Kent et al. 2002) and Ensembl (Hubbard et al. 
2002). 
14 Actually, this genome did not represent a single individual. DNA from several donors were pooled together, with one 
individual of European and African ancestry that contributed the most (Green et al. 2010). 
15 “Human Genome Project - FAQ”. https://www.genome.gov/11006943/human-genome-project-completion-
frequently-asked-questions/ 
16 Quality Values. See also footnote 7. 
17 In 1997, the United States Department of Health and Human Services (DHHS) renamed NCHGR the National 
Human Genome Research Institute (NHGRI), making it one of the 27 institutes and centers that constitute the NIH. 
18 Later turned into a stable plan called “Revolutionary DNA Sequencing Technologies program” that would have laid 
the foundation of the US$1,000 genome concept. 
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to prevail on the market (Shendure et al. 2017), including 454, Solexa, Agencourt (Brenner et al. 2000; 

McKernan et al. 2009), Helicos (Braslavsky et al. 2003; T. D. Harris et al. 2008), Complete Genomics 

(Drmanac et al. 2010) and Ion Torrent (J. M. Rothberg et al. 2016). The market competition gave birth to a 

plethora of sequencing technologies, collectively referred as Next-Generation Sequencing (NGS), and now 

also known as Second-Generation Sequencing (SGS). 

3.1. High-throughput sequencing by synthesis 

All SGS approaches rely on a library preparation from a source of DNA. In a classical protocol for NGS 

library generation, DNA fragmentation and size selection is followed by addition of adapters to the end of 

the DNA fragments19 and sequencing is performed on the resulting library (usually prior amplification) 

(Head et al. 2014; Heather and Chain 2016). The most widespread sequencing method was developed by 

Shankar Balasubramanian and David Klenerman and involves the stepwise, polymerase-mediated 

incorporation of fluorescently labelled deoxynucleotides (Shendure et al. 2017). In the mid 1990s, 

Balasubramanian and Klenerman at Cambridge University had been able to observe the motion of single 

polymerase molecules as they synthesized DNA immobilized on a surface using fluorescently labelled 

nucleotides. In June 1998, Balasubramanian and Klenerman obtained seed funding from a venture capital 

firm and founded the company Solexa. In 2003, Solexa proposed a new sequencing approach based on solid 

phase sequencing (Balasubramanian, Klenerman, and Barnes 2003; Braslavsky et al. 2003; Mitra et al. 

2003). Next year Solexa acquired from Manteia the colony sequencing technology (or bridge amplification), 

which was based on a process invented in 1997 by Pascal Mayer and Laurent Farinelli (Kawashima, 

Farinelli, and Mayer 1998). In this approach, tightly clustered copies of individual molecules, or “polonies” 

(Mitra and Church 1999), are produced on a surface from an immobilized template library20 (C. P. Adams 

and Kron 1997; Adessi et al. 2000). The amplification of single DNA molecules into clusters enhanced the 

fidelity and accuracy of base calling, while reducing the cost of the system optics through generation of a 

stronger signal21. In 2005, Solexa added to its method the recently developed reversible terminators (Ruparel 

et al. 2005; T. S. Seo et al. 2005; Barnes et al. 2006) and an engineered DNA polymerase (Ost 2006). The 

resulting platform was able to image and determine each single nucleotide added to all the DNA fragments 

placed on the surface of a flow cell22. This approach would have come to be known worldwide as 

Sequencing by Synthesis (SBS). 

																																																								
19 Step order may vary and often includes end repair and dA-Tailing as well as purification of the ligation products from 
the mixture with (often biotin) probes. 
20 Alternative methods introduced over the years include clonal emulsion PCR with copies of each template 
immobilized on beads that are then arrayed on a surface for sequencing (Dressman et al. 2003; Margulies et al. 2005; 
Shendure et al. 2005), or rolling circle amplification in solution to generate clonal ‘nanoballs’ that are arrayed and 
sequenced (Drmanac et al. 2010). 
21 “History of Illumina Sequencing and Solexa Technology”. https://emea.illumina.com/science/technology/next-
generation-sequencing/illumina-sequencing-history.html?langsel=/gb/ 
22 The addition of a single nucleotide is guaranteed by reversible terminators. These, along with fluorescent groups, are 
then washed away for a next extension step. 
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3.2. Second-generation DNA sequencers 

The 2005 was probably the annus mirabilis for SGS. That year, the first next-generation DNA sequencing 

machine, the GS20, was introduced in the market by 454 Life Sciences (Henson, Tischler, and Ning 2012). 

The GS20 used single-molecule template synthesis of small, bead-bound DNA fragments in a water-in-oil 

emulsion clonal PCR (emPCR) (Tawfik and Griffiths 1998), and dNTPs incorporation detection by Charge 

Coupled Device (CCD) sensors beneath the surface of about one million microwells in a refined version of 

pyrosequencing (Ronaghi et al. 1996; Toumazou and Purushothaman 2004; Margulies et al. 2005). The 

system produced reads around 400–500 base pairs, had 99% accuracy and could sequence up to 25 million 

bp in a single 4-hour run at less than one-sixth the cost of conventional methods. 

Genome Analyzer, the first Solexa commercial sequencer, was launched in 2006. In contrast with GS20, 

Solexa sequencer had a higher throughput (1 Gbp in a single run) but read length of only 35 bp (Bentley et 

al. 2008). However, a great advantage was that these represented paired end reads, allowing to size the gap 

between relatively distant sequences in a DNA fragment. On January 2007, Solexa was acquired by Illumina, 

a company founded in April 1998 that was to dominate the market in the next decade. 

The 2007 was the year of SOLiD from Applied Biosystems. This technology was based on a ligation 

strategy, relying on the specificity of DNA ligases to ligate fluorescent oligonucleotides to templates in a 

sequence-dependent manner (Brenner et al. 2000; Shendure et al. 2005). This method was later reported to 

have some issues in sequencing palindromic sequences (Y.-F. Huang et al. 2012) and subsequently 

abandoned. 

A new sequencing approach based on proton detection in semiconductors was released in 2011 (S. Huang 

et al. 2010; J. M. Rothberg et al. 2011). This approach relies on the measurement of hydrogen ions release 

during nucleotide addition in DNA synthesis. Parallel measurements of multiple templates is carried out in 

microwell plates where each of the four nucleotides is added in succession. Complementary nucleotide 

incorporation and subsequent release of a hydrogen ion result in a pH variation that can be translated into a 

voltage change recorded by a semiconductor sensor. As this technology does not relay on imaging, the 

process of reading each nucleotide can occur in seconds and at considerably lower costs. In January 2012, 

Ion Torrent released a more powerful machine, called the Ion Proton, which the company claimed could 

have allowed a large sequencing facility to sequence a human genome in a single day for the long-sought-

after price of $1,000. However, one limitation of the Ion Torrent, it turned out, is that it may mismeasure the 

length of homopolymers (Loman et al. 2012; Song et al. 2017). 

By January 2014, Illumina appeared to have reached a position of near monopoly (Greenleaf and Sidow 

2014), holding 70% of the market for genome-sequencing machines and accounting for more than 90% of all 

DNA data produced (Zimmerman 2014; Regalado 2014). The same year, the company announced the HiSeq 

X Ten, claiming that forty these machines would have been be able to sequence more genomes in one year 
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than had been produced by all other sequencers to date, allowing large-scale whole-genome sequencing for 

$1,000/genome23 (Hayden 2014). 

3.3. Genomic big data 

The results from this blossom of high-throughput sequencing strategies and machines have been 

innumerable. The power of the new methods was proved by the cost-effective and rapid re-sequencing of 

many milestone genomes such as that of E. coli (Shendure et al. 2005) and M. genitalium (Margulies et al. 

2005). At that point, the read output was so high that the 5 kbp-long PhiX174, the same genome Sanger first 

sequenced using his plus and minus method, became a standard control during Illumina sequencing runs 

(Mukherjee et al. 2015). At the end of 2000s, SGS also allowed extremely novel applications, as chromatin 

immunoprecipitation followed by sequencing (ChIP–seq) (Johnson et al. 2007), genome-wide epigenetic 

landscape determination (Lister et al. 2008), high-throughput RNA-seq (Cloonan et al. 2008; Mortazavi et al. 

2008; Nagalakshmi et al. 2008; Wilhelm et al. 2008), chromatin accessibility (Boyle et al. 2008), whole-

exome sequencing (Ng et al. 2009) and ribosome profiling (Ingolia et al. 2009), as well as many human 

genome and cancer genome re-sequencing projects. Human genotyping became popular, with millions of 

SNPs from hundreds of individuals produced by projects such as HapMap (Thorisson et al. 2005). Indeed, 

human genome re-sequencing also started to become affordable. The first individuals to have their genome 

fully re-sequenced were Craig Venter in 2007 (Levy et al. 2007) and Jim Watson in 2008 (Wheeler et al. 

2008). In 2011, six-year-old Nicholas Volker was reported as the first patient saved by DNA sequencing, as 

his one in 1 billion genetic mutation of XIAP gene turned out to be treatable with cord transplant24. Efforts in 

human genome sequencing were resumed with great pomp by the 1000 Genomes Project (2007-2015)25, and 

more and more large-scale genome projects have constantly been and are being proposed26. 

This tremendous flood of data was barely accompanied by advancements in bioinformatics tools to store, 

process, analyse and visualize them. A new series of integrated open source software and algorithms for 

bioinformatics were released, including R-based Bioconductor (2001); short-read and vertebrate-specific 

aligner BLAT (Kent 2002); the platform for integrated genome analysis Galaxy (Giardine et al. 2005); the 

NCBI Short Read Archive (SRA, 2005); the assembly algorithms ALLPATHS (Butler et al. 2008), Velvet 

(Zerbino and Birney 2008) and SOAPdenovo (R. Li et al. 2010); more efficient read alignment algorithms as 

Bowtie (Langmead et al. 2009) and BWA (H. Li and Durbin 2009); integrated tools for read data 

management as SAMtools (H. Li et al. 2009); algorithms for variant discovery as GATK (McKenna et al. 

2010) for SNPs and BreakDancer (Chen et al. 2009) and Pindel (Ye et al. 2009) for structural variants; and 

genome data visualization software as the Integrated Genomics Viewer (J. T. Robinson et al. 2011). 
																																																								
23 In January 2017, Illumina released NovaSeq, claiming that this new machine will pave the way to the $100 genome. 
The machine can output up to 3,000 Gbp in a single run. 
24 “One in a billion Foundation”. http://www.oneinabillionic.com/our-history/ 
25 “1000 Genomes - About”. http://www.internationalgenome.org/about 
26 Among others: the Wellcome Trust UK10K in 2010, which aims to compare the genomes of 4,000 healthy people 
with those of 6,000 people living with a disease of suspected genetic cause; and the All of Us (previously known as the 
Precision Medicine Initiative) launched by Barack Obama to collect genetic and health data from one million subjects 
by 2022 (Reardon 2015). 



Ph.D. Thesis  Giulio Formenti 

 23 

During the great period of excitement that followed the introduction of SGS platforms, cost-effective 

genome drafts for most model species of eukaryotes were rapidly produced, including the genomes of the 

mouse (Mouse Genome Sequencing Consortium et al. 2002), the rat (Gibbs et al. 2004), the common 

chimpanzee (Chimpanzee Sequencing and Analysis Consortium 2005), the rice (International Rice Genome 

Sequencing Project 2005), the red alga Cyanidioschyzon merolae (Nozaki et al. 2007), the mais (Zea mays) 

(Schnable et al. 2009), two ancestral human genomes of Neanderthal (Green et al. 2010) Denisovan27 (Meyer 

et al. 2012), the zebrafish (Howe et al. 2013), and the Xenopus laevis (Session et al. 2016). The commitment 

in reference genome sequencing and assembly has recently scaled up from single-species projects to 

multiple-species coordinated efforts (Genome 10K Community of Scientists 2009; G. Zhang et al. 2014; 

Jarvis et al. 2014), and several projects to produce high-quality genomes for most organisms are currently 

underway (Pennisi 2017; Koepfli et al. 2015; G. Zhang et al. 2015; Teeling et al. 2018; Lewin et al. 2018). 

4. Genome sequencing in the Third Generation Sequencing era 
Notwithstanding all these successes and its widespread usage, the main issue of SGS is the overall quality of 

the assembled genomes that often fail to map in low-complexity regions and to assemble in long continuous 

contigs. As more complex genomes are addressed, the impact of repeat elements increases exponentially 

whereas paired-end sequencing and more robust assembly algorithms based on de Bruijn graphs help only to 

a very limited extent. Moreover, limitations induced by short-read technology greatly reduce the potential to 

detect large structural variants (SVs), including length variation in highly repeated motifs, other large 

insertion and deletion events (indels), duplications, inversions and translocations (Figure 1) in re-sequencing 

efforts (Tattini, D’Aurizio, and Magi 2015). 

 

 
 

Figure 1: Genomic structural rearrangements.  
 

Overall, short reads do not seem to be able to detect beyond 20% of SVs28. While SNPs were long regarded 

as the most relevant type of genetic variation, it is now clear that SVs also play a key biological role 

(Sudmant et al. 2015). It has been recently shown that human-chimpanzee genotypic differences are in the 

order of 3x107 substitutions, 5x106 indels (<80 bp) and 7x104 SVs (>80 bp) (Chimpanzee Sequencing and 

Analysis Consortium 2005). However, when the number of bp affected is considered, the order of 

																																																								
27 The branch of ancient DNA developed its own methods to deal with ancient DNA degradation, such as single-
stranded library preparation. 
28 Presentation by Pacific Biosciences SV specialist Aaron Wenger, Barcelona PacBio meeting, 1-3 November 2017. 
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importance of genotypic differences is reversed, with structural variants accounting for 68 Mb of overall 

variation (57%), substitutions (1 bp) for 30 Mb (25%) and indels for 22 Mb (18%)29. This implies that the 

vast majority (57-75%) of genomic variation may so far have escaped detection by SGS. This in turn could 

account for much of the “missing heritability” problem (Eichler et al. 2010). Accordingly, evidence for the 

importance of SVs in determining both simple and complex phenotypic traits is constantly growing 

(Lamichhaney et al. 2016; Thomas et al. 2008; Horton, Moore, and Maney 2014; Joron et al. 2011; J. Wang 

et al. 2013; Kunte et al. 2014; Nishikawa et al. 2015). In birds, one striking example of SVs relevance is the 

ruff (Philomachus pugnax), where three extremely differentiated male morphs coexist (Hogan-Warburg 

1966; Jukema and Piersma 2006). WGS has now allowed the solution of the scientific enigma of how such 

complex phenotypic variation can be maintained in a Mendelian fashion, revealing that the two morphs of 

minor frequency are determined by just two alleles, both associated with an evolutionary stable 4.5 Mb 

inversion that occurred about 3.8 million years ago (Lamichhaney et al. 2016). 

The development of new SGS-based approaches and of radically new sequencing technologies has now 

opened the era of Third-Generation Sequencing, which promises to unveil the entirety of genome complexity 

at the population scale (Bleidorn 2016). TGS definition may vary, but it is generally attributed to 

technologies capable of sequencing single molecules without DNA amplification (Heather and Chain 2016). 

The first Single Molecule Sequencing (SMS) technology was developed by Stephen Quake (Braslavsky et al. 

2003; T. D. Harris et al. 2008) and commercialized in 2009 by Helicos BioSciences. It worked broadly in the 

same manner that Illumina does, but without any bridge amplification. This was slow, expensive and 

produced relatively short reads, nonetheless it avoided all DNA amplification-associated biases and errors. 

Unfortunately, Helicos filed for bankruptcy early in 2012. 

Two other TGS approaches arose in the 2010s. The first approach, known as long-read Single Molecule 

Real-Time (SMRT) sequencing was developed by Watt Webb and Harold Craighead at the Cornell 

University and was further refined and commercialized by Jonas Korlach and Pacific Biosciences (PacBio). 

The second approach is nanopore sequencing30. The first assemblies of the human genome using PacBio and 

Oxford Nanopore technologies were reported in 2016 (J.-S. Seo et al. 2016) and in 2018 (Jain et al. 2018), 

respectively. Another single-molecule DNA technology is Bionano optical mapping, though this approach 

does not involve sequencing. The two following sections outline in more detail the two cutting-edge TGS 

technologies employed in this study: PacBio long-read SMRT sequencing and Bionano optical mapping. 

																																																								
29 Ibidem. 
30 Nanopore sequencing was first hypothesized in the 1980s but, since electric field-driven transport of DNA through a 
nanometre-scale pore is so fast that the number of ions per nucleotide is insufficient to yield an adequate signal, decades 
of work were required to develop the concept into a technology (Church et al. 1998; Bayley 2015; Deamer, Akeson, and 
Branton 2016). Oxford Nanopore Technologies (ONT), a company founded by Bayley in 2005, recently succeed (S. 
Huang et al. 2010; Manrao et al. 2012; Cherf et al. 2012). ONT uses genetically modified bacterial nanopores inserted 
into an artificial lipid bilayer, placed in individual microwells tens of micrometers wide, and arrayed on a sensor chip. 
As each nucleotide or single strand of DNA travels through a channel it disrupts a current running through the pore, and 
the change is measured by a semiconductor sensor. Because each base disrupts the electric field in a slightly different 
way, those current changes can then be translated into a DNA sequence. The longest reads so far obtained are in the 
order of 900 kilobases (Jain et al. 2018). Moreover, as they rely on the detection of electronic (rather than optical) 
signals, nanopore devices can be as small as a USB stick. In 2016, such portability allowed to sequence Ebola virus at 
field sites in West Africa in less than 60 minutes (Quick et al. 2016). 
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4.1. SMRT long reads for Whole Genome Sequencing 
The principles of SMRT sequencing were originally put forward in 2011 and rely on Zero-Mode Waveguide 

(ZMW) nanowell arrays (Levene et al. 2003), where a single DNA polymerase is bound to the bottom of 

each well (Eid et al. 2009) (Figure 2). This provides volume confinement (100 nm holes, 20 zeptoliters 

each) where the incorporation of fluorophore-labeled nucleotides in thousands of parallelized single-

molecule sequencing reactions is literally filmed in real time. 

 

 
 
Figure 2: SMRT sequencing workflow.  Image courtesy of Pacific Biosciences. 
 

This setting allows SMRT sequencing to offer many advantages over SGS. These include ultralong read 

lengths (even beyond 200 kbp, >10 kbp on average) (R. J. Roberts, Carneiro, and Schatz 2013); high 

consensus accuracy (Rhoads and Au 2015); as well as low sequencing-context bias (either GC-content or 

low-complexity) and therefore uniform coverage along the genome. These technical advantages result in 

accurate mapping of sequencing reads, greatly facilitating SVs detection (Sudmant et al. 2015; Huddleston et 

al. 2017; Merker et al. 2018). Therefore, SMRT sequencing is considered the current optimum for generating 

de novo genome assemblies (Rhoads and Au 2015). Moreover, SMRT sequencing provides simultaneous 

capability of epigenetic characterization (Rhoads and Au 2015). In fact, SMRT sequencing is theoretically 

capable of simultaneously assessing not only the single nucleotides, but also 25 epigenetic marks associated 

with them (Flusberg et al. 2010), many of which have only been reported in prokaryotes (R. J. Roberts et al. 

2015). This is allowed by the unique temporal pattern recorded when a methylated base is read by the 
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polymerase (Flusberg et al. 2010). SMRT sequencing would therefore represents the best solution to assess 

both the genome and the epigenome of an individual, potentially allowing to reveal previously unreported 

epigenetic signatures. Unfortunately, at least 200-250X coverage is required to detect with confidence the 

epigenetic modifications at bp resolution31, although lower coverage (at least 20X) has been shown to reveal 

CpG islands (Suzuki et al. 2016). Finally, the amplification-free single-molecule resolution of SMRT 

sequencing provides good chances to simultaneously assess somatic mosaicism (Eid et al. 2009). 

Another recent feature of PacBio platform is that with its SMRT Link software suite, can provide “joint 

calling”, which simultaneously considers reads from multiple, related (i.e. parents and offspring) individuals. 

Join calling takes advantage of coverage in one individual to support variant calls in another, ultimately 

increasing sensitivity and allowing to identify shared variants. For example, going from solo variant calling 

at 5X in trios to joint 3×5X variant calling in trios led to a +22% in SV discovery in humans32. 

All the advantages of SMRT sequencing over SGS currently come at the price of a higher per base 

sequencing cost. In 2018, Pacific Biosciences announced the release by 2019 of new chemicals and 

platforms that will guarantee an up to 8-fold drop in sequencing costs on their platform. Should Pacific 

Biosciences fulfil this objective, the costs of SMRT sequencing and SGS will become similar, supporting the 

use of a long-read only sequencing strategy for many applications, including combined whole-genome and 

whole-epigenome projects. 

4.2. Optical mapping for hybrid scaffolding 
While SMRT sequencing outputs usually contain several reads >100 kbp long, the average N50 (i.e. the read 

median length over which lays 50% of total base pairs) is generally 10-15 kbp. Thus, massive direct 

sequencing of high molecular weight (>50 Kbp) DNA still proves challenging. In this context, optical maps, 

another single molecule technology, have already proven invaluable to assemble contigs in larger, often 

chromosome-level, scaffolds (Hastie et al. 2013; Gnerre et al. 2011; Pendleton et al. 2015; Mostovoy et al. 

2016). Optical mapping also allows detection of SVs encompassing the length of individual reads, either 

NGS short reads or TGS long reads, simultaneously validating most SVs found with its high sensitivity to 

even relatively small (< 500 bp) indels (Cao et al. 2014; Mak et al. 2016). 

Nowadays, the company leader in optical mapping is Bionano Genomics. Bionano optical mapping relies 

on nanoscale channels that, through progressively smaller sieves, come to accommodate thousands of 

individual, ultralong (>150-200 Kbp) double-stranded DNA filaments in parallel (Lam et al. 2012) (Figure 

3). 

 

																																																								
31 “DNA Modification Detection with SMRT Sequencing Using R”. https://github.com/PacificBiosciences/R-kinetics 
32 Ibidem 25, 19. 
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Figure 3: Scheme of nanochannels for Bionano optical mapping. In a Bionano chip, DNA molecules are linearized 

while they flow through progressively finer sieves. 

 

Molecules are then stained to recognize specific 6-7 bp motifs and imaged. An example of optical maps 

produced by a run is provided in Figure 4. 

 

 
 
Figure 4: Staining of DNA molecules in a Bionano chip. In Bionano optical mapping each individual DNA molecule 

is imaged while it runs through parallel nanochannels. Molecules are fluorescently labelled at different sites with 

several enzymes (using green and red labels in this image). Label-to-label distance can be measured afterwards, 

allowing for the production of the optical maps. 

 

Label to label distance is then measured to produce the optical maps. The resulting patterns are matched with 

available WGS data to either correct or improve previous draft assemblies and to validate/identify SVs by 

comparing the results to a reference genome (Figure 5). 
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Figure 5: Example of a Bionano optical map. The difference in length in certain regions of the map may highlight the 

presence of indels. 

 

Until 2018, two enzymes were available for the staining of the DNA molecules: BSPQI, with recognition 

sequence GCTCTTCN^, and Nb.BssSI with recognition sequence CACGA^G. These were both nicking 

enzyme, that is they labelled the molecules introducing the fluorescent tag via a nick on one of the two DNA 

strands. This approach was collectively referred as Nick, Label, Repair and Stain. In March 2018, Bionano 

Genomics33 introduced the non-nicking enzyme DLE-1, with recognition sequence CTTAAG, therefore 

allowing the Direct Label and Stain (DLS) approach employed in this study. 

																																																								
33 DLS Technology - Bionano Genomics. https://bionanogenomics.com/technology/dls-technology/ 
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The Barn Swallow 
 

«Doubtless when the swallows arrive in spring, they 

operate like clocks.» 

René Descartes, 1646 

 

Barn swallows are among the wild bird species with the closest relationship with human beings. They have 

been nesting on human artefacts for thousands of years. No ancient civilization around the Mediterranean 

was immune to their fascination: they were considered a minor deity by ancient Egyptians as well as by the 

Greeks, who invented the myth of Chelidonia. In the Japanese culture, they are still regarded as a sign of 

good fortune when they arrive in spring. Compared to other birds, barn swallows are very common in several 

rural habitats and relatively easy to study in large numbers. Indeed, the scientific interest for this species has 

been spurred by these synanthropic habits and by its abundance, as well as by its worldwide distribution, its 

philopatric migratory behaviour, its worrisome conservation status and cultural value. This interest is 

testified by the over 1,200 studies conducted in many populations (Europe, Israel, Japan and North America) 

since 1985. Many studies have also been carried out earlier in the XX century, making the barn swallow one 

of the most studied bird species. These studies have focused on its biology, life history, morphological, 

behavioural and physiological traits as well as on investigating its intraspecific sexual selection and response 

to climate change. This rapid build-up of scientific knowledge on fundamental aspects of the barn swallow 

biology has fostered further diverse and most interesting scientific questions. In this context, the availability 

of high-quality genomic resources, including a reference genome, is thus pivotal to further boost the study 

and conservation of this species. 

1. General description 
The barn swallow is a small (about 20 g), migratory, semi-colonial and socially monogamous, aerially 

insectivorous passerine bird belonging to the Hirundinidae family (‘hirundines’), which includes some 83 

species throughout the World (Møller 1994; Turner 2006; Cramp 1998; Turner 2004). The barn swallow is a 

polytypic species, which occurs with at least 8 subspecies with a Holarctic distribution in Europe, Asia and 

North America (Figure 6). 
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Figure 6: Barn swallow (Hirundo rustica) subspecies in the World. The regions where the 8 subspecies of Hirundo 

rustica are found are highlighted with different colors as indicated in the legend. In the present work, I focussed on the 

European subspecies (Hirundo rustica rustica) indicated in red (the white star marks the sampling locality). 

 

The European barn swallow (Hirundo rustica rustica) (Figure 7) breeds in a broad latitudinal range, 

between 63-68°N and 20-30°N (Turner 2006).  
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Figure 7: The European barn swallow (Hirundo rustica rustica). Courtesy of Chiara Scandolara. 

 

Taxonomic relationships between subspecies still remain debated as they have not yet been fully evaluated 

with high-resolution molecular tools. 

1.1. Distribution and migration 
Almost all barn swallow populations are migratory. Only H. r. savignii (Nile valley) is mostly resident 

(Cramp 1998; Turner 2006). In Europe, fall migration to sub-Saharan Africa occurs in August-October. Barn 

swallows are then mostly sedentary while wintering from the Sahel to Southern Africa, when they 

accomplish a complete annual moult (Jenni and Winkler 1994; Turner 2006; Saino, Romano, Caprioli, 

Lardelli, Micheloni, et al. 2013). Spring migration occurs in March-May. Migration phenology varies 

between sexes, age classes and geographical populations (Møller 1994; Cramp 1998; Rubolini, Spina, and 

Saino 2004; Saino, Szép, Romano, et al. 2004; Turner 2006; Møller 2007; Saino et al. 2010; Liechti, 

Scandolara, and Rubolini 2015). European geographical populations show migratory connectivity and follow 

different migration routes (Møller 1994; Cramp 1998; Saino, Szép, Ambrosini, et al. 2004; Turner 2006; 

Saino and Ambrosini 2008; Ambrosini, Møller, and Saino 2009; Ambrosini, Rubolini, et al. 2011; 

Ambrosini et al. 2014). Studies on migration phenology are generally performed by deployment of 

geolocators which enable to record the location of the wintering site(s), the date of departure from the 

breeding colonies and the date of arrival to the stationary sites in sub-Saharan Africa, the duration of 

stationary periods in the wintering grounds, the date of departure from the wintering areas and the date of 

arrival to the breeding site, as well as the routes followed during autumn and spring migration. Several lines 

of evidence suggest that central components of the migration phenotype, such as migratory orientation or the 

propensity to migrate, are under genetic control (Berthold 1991; Helbig 1996; Pulido et al. 2001; Liedvogel, 

Åkesson, and Bensch 2011). 

1.2. Dispersal and longevity 
Barn swallows are particularly well suited for longitudinal (lifelong) studies because of their high breeding 

philopatry (Møller 1994; Saino, Bolzern, and Møller 1997; Cramp 1998; Saino, Calza, et al. 1999; Turner 

2006; Saino et al. 2012; Romano et al. 2016). Exhaustive, yearly capture of all adult individuals (from 1 year 

of age onward) breeding in a particular colony thus allows accurate estimates of survival. On the other hand, 

natal philopatry is very low, with a local return rate of the young (mainly males) around 5% (Møller 1994; 

Cramp 1998; Turner 2006; Scandolara, Lardelli, et al. 2014). Annual adult survival (from age 1 year 

onwards) is 30-40% (Møller 1994; Turner 2006). 

1.3. Ecology 
In Europe, barn swallows mostly breed colonially in rural buildings, in close association with animal farming 

(Moller, de Lope, and Saino 1995; Ambrosini, Bolzern, Canova, Arieni, et al. 2002; Ambrosini et al. 2006; 

Ambrosini, Bani, et al. 2011; Ambrosini et al. 2012). Ecological conditions during wintering and migration 
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have major effects on survival, phenology and breeding performance as well as on population dynamics 

(Moller, de Lope, and Saino 1995; Ambrosini, Bolzern, Canova, and Saino 2002; Saino, Szép, Romano, et 

al. 2004; Balbontín et al. 2009; Saino, Romano, and Caprioli 2012; Sicurella et al. 2014; Saino, Rubolini, et 

al. 2015; Sicurella et al. 2016). Barn swallows harbour virulent ectoparasites and hematozoans, and 

susceptibility to parasite infection/infestation is heritable (Møller 1990, 1994; Møller, Martinelli, and Saino 

2004). 

1.4. Geographical variation 
Extensive variation exists in phenological, migration and morphological traits both within and among 

geographical populations. Tail length, which is under inter-sexual selection in European populations (Cramp 

1998), shows the largest dimorphism among morphological traits and considerable geographical variation 

(Møller 1994; Moller, de Lope, and Saino 1995). The melanin-based coloration of the ventral plumage 

regions varies continuously from white to dark chestnut within populations (Saino, Romano, Rubolini, 

Teplitsky, et al. 2013). Measures of morphological traits, coloration, feather growth rates and parasite load 

(i.e. ectoparasitic Diptera, Mallophaga and Acari or haemosporidian blood parasites as Plasmodium, 

Haemoproteus and Leucocytozoon) are routinely performed in the study populations. Morphological traits, 

including wing length, tail length and coloration, are heritable (Møller 1994; Saino, Martinelli, et al. 2003; 

Saino, Romano, Rubolini, Teplitsky, et al. 2013). 

1.5. Breeding and sexual behaviour 
The barn swallow attains sexual maturity at 1 year of age (Møller 1994; Cramp 1998; Turner 2006). Pairs 

have 1-3 clutches (2-7 eggs each) per breeding season (March-August). Offspring are attended for ca. 20 

days before fledging and 1 week after fledging. In Europe, breeding most often occurs in colonies (up to tens 

of pairs) (Møller 1994; Cramp 1998; Turner 2006). Females choose both social and extra-pair mates based 

on a number of male phenotypic traits (Møller 1988; Møller 1994; Moller, de Lope, and Saino 1995; Møller, 

Saino, et al. 1998; Møller et al. 2003; Turner 2006) and differentially invest in reproduction based on those 

traits (Saino, Bertacche, et al. 2002; Saino, Ambrosini, et al. 2002; Møller et al. 2006; Saino et al. 2014; 

Romano et al. 2015). Depending on the geographical population, females prefer as social and extra-pair 

mates, males with long tail feathers, large white spots on the tail feathers, dark ventral coloration, dark 

chestnut forehead patch and producing more elaborated songs (Saino, Primmer, et al. 1997; Møller, Barbosa, 

et al. 1998; Vortman et al. 2011; Scordato and Safran 2014; Wilkins et al. 2016; Romano et al. 2017). Male 

secondary sexual traits preferred by females impose physiological or survival costs (Moller, de Lope, and 

Saino 1995; Saino, Cuervo, et al. 1997; Saino, Bolzern, and Møller 1997). Morphological traits under 

directional sexual selection, ‘ordinary’ traits and also phenological traits show additive genetic variation and 

moderate-to-high heritability (Møller 1994; Moller 2001; Saino, Martinelli, et al. 2003; Saino, Romano, 

Rubolini, Teplitsky, et al. 2013; Wilkins et al. 2016). Several fitness traits of males are correlated with traits 

that are targeted by female mate choice (Saino and Møller 1996; Saino, Galeotti, et al. 1997; Galeotti, Saino, 

and Sacchi 1997; Saino, Stradi, et al. 1999; Saino, Incagli, et al. 2002; Saino, Ferrari, et al. 2003; Saino et al. 
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2011; Saino, Romano, Rubolini, Ambrosini, et al. 2013; Saino, Canova, et al. 2013; Saino, Romano, et al. 

2015; Romano, Saino, and Møller 2017). Studies of breeding phenology and performance generally assess 

the date of laying of first, second and third clutches, the number of eggs in all clutches, the fledging success 

and the lifetime reproductive success. More elaborate analyses have also included tests on personality traits 

as tonic immobility, boldness in reaction to handling or boldness towards a predator. Other physiological 

characters that have been the focus of several studies are telomere length (Parolini et al. 2015) and oxidative 

status, both potentially important components of bodily condition with repercussions on viability and 

performance and both measured in peripheral red blood cells. 

2. Genetic studies in the barn swallow 
The barn swallow has relatively recently become the focus of several genetic studies. Some of these studies 

investigated the divergence between populations and subspecies, while other focussed on the genetic control 

of phenological traits.  

2.1 Demography and association mapping 
Early analyses of population structure in the barn swallow involved a few microsatellite markers (Primmer, 

Møller, and Ellegren 1995; Tsyusko et al. 2007; Santure et al. 2010) and pointed to no broad-scale genetic 

differentiation, even between designated subspecies (Dor et al. 2012). More recently, three genomic studies 

were performed using genotyping-by-sequencing (ddRAD). In the first analysis, the authors identified 9,493 

SNPs from 350 individuals belonging to 8 populations and 4 subspecies and performed an association study 

based on pairwise FST accounting for geographic distance, environmental context (i.e. altitude, temperature) 

and phenotype (wing length and breast colour) (Safran et al. 2016). This led to the identification of two 

divergent traits related to migratory behaviour and sexual signalling, that together with geographic distance, 

explained >70% of genome-wide divergence among populations. This work was also the first where a draft 

of the barn swallow genome was presented, as detailed in Section 3. 

The same year another research group analysed separately eight microsatellite loci (Hru2, Hru7, Hir6, 

Hir10, Hir15, Hir19, Hir20 and Hir22) specifically developed for the barn swallow (Primmer et al. 1995; 

Tsyusko et al. 2007) in 452 individuals, a 1,023-bp stretch of the mitochondrial ND2 gene in 291 individuals 

and >20,000 ddRAD markers on a subset of 216 individuals along a migratory divide in Central Europe (von 

Rönn, Shafer, and Wolf 2016). Then, they analysed the population structure and found that population 

structure among breeding populations was essentially absent with results from microsatellites, mitochondrial 

DNA sequence and ddRAD sequencing were highly concordant with low and non-significant FST estimates 

between the three sampling areas and a single genetic cluster best explaining the genotypic data suggesting 

one panmictic population where gene flow is overwhelming. They also performed outlier analysis for 

sampling area and migratory type. One single outlier was observed among sampling areas and none were 

detected among the migratory phenotypes within the migratory divide. The single outlier locus mapped to 

the BUB1 gene which has a role in mitotic and meiotic organization. A low number of outliers is not 

unexpected given the moderate marker density of ~1 SNP every 58 kbp and assuming a genome size of 1.28 
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Gbp (Andrews, Mackenzie, and Gregory 2009), and the general fast decay of linkage disequilibrium in birds 

(Poelstra, Ellegren, and Wolf 2013). Unless a marker happens to hit a causal variant (which will be rare), we 

would expect only a very small number of SNPs to be part of an extended region of differentiation elevated 

by strong and recent selection. This led the authors to conclude that whole-genome re-sequencing would 

have be needed to characterize the genome-wide differentiation landscape. 

Lastly, in 2017 Safran and co-workers performed a new analysis of 23,251 SNPs from 533 individuals 

along a transect in the Siberian range for H. r. rustica, tytleri and gutturalis (Scordato et al. 2017). This 

allowed to assess the degree of gene flow among the three subspecies and to test whether the degree of 

divergence in ventral coloration and wing length was associated with the extent of hybridization in 

secondary contact. This also allowed them to identify genomic regions associated with throat brightness and 

wing length that are likely to contribute to the differentiation between the three barn swallow subspecies. 

2.2. Genetic control of phenological traits 
Perception of variation in day length is a major proximate mechanism beating the time of seasonal, periodic 

changes in physiology and behaviour. The ‘circadian clock’ senses temporal variation in light/dark cycles 

and produces a cascade of physiological processes that can ultimately cause adaptive behavioural shifts, such 

as breeding or preparing to and undertaking migration in birds. A large body of studies has led to the 

identification of several genes that are in control of the circadian clock and to the dissection of the molecular 

bases of circadian oscillations (Dvornyk, Vinogradova, and Nevo 2003; Hall 2003; Caprioli et al. 2012). In 

mice, variation in the number of CAG polyQ repeats in the carboxyl-terminal polyglutamine stretch (polyQ) 

of the Clock gene affects circadian rhythms (Vitaterna et al. 2006; O’Malley, Ford, and Hard 2010; Caprioli 

et al. 2012). Despite low polymorphism at the Clock gene in barn swallow populations from Italy (Caprioli et 

al. 2012) and other regions (Dor et al. 2011), the laboratory where this Ph.D. thesis work was conducted was 

able to show that an increasing number of CAG repeats in the polyQ tract is associated with delayed 

reproduction and molt (Caprioli et al. 2012; Saino, Romano, Caprioli, Fasola, Lardelli, et al. 2013) and 

delayed migration (Bazzi et al. 2015). Interestingly, Clock polyQ length appeared to be under negative 

viability selection because the frequency of ‘long’ polyQ alleles declined among older individuals compared 

to younger ones (Caprioli et al. 2012). Moreover, methylation at Clock predicted spring migration phenology 

and thus breeding success (Saino, Ambrosini, Albetti, et al. 2017). 

3. A genome for the barn swallow 
Several characteristics, shared by many bird species, make the barn swallow a good candidate for WGS and 

genomic studies in vertebrates. First, flying birds have the smallest genomes among amniotes, and the barn 

swallow genome size has been estimated in 1.28 Gbp (Andrews, Mackenzie, and Gregory 2009). Secondly, 

avian genomes are generally characterized by high stability and evolutionary stasis, determining long 

syntenic gene blocks that allow easier interspecific whole-genome comparisons. Importantly, especially for 

some TGS approaches requiring high amounts of High Molecular Weight (HMW) DNA, nucleated red blood 

cells in birds provide easy access to huge quantities of DNA. Finally, while relatively high recombination 
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rates in birds can easily disrupt linkage-disequilibrium between co-segregating molecular markers making 

reduced representation gene mapping less effective (Poelstra, Ellegren, and Wolf 2013; von Rönn, Shafer, 

and Wolf 2016), inexpensive WGS can overcome this issue as it potentially allows determining the causative 

loci directly. However, while the barn swallow is certainly a highly studied model species from the 

ecological point of view, very few genomic studies have been conducted to date, also due to the lack of a 

reference genome. A first draft of the genome for the subspecies H. r. erythrogaster was reported in 2016 by 

a research group from the University of Colorado (Safran et al. 2016). While it was not possible to analyze it 

as genome data are still undisclosed to date, this draft assembly is certainly affected by the limitations 

common to many SGS-based genome assemblies. First, it contains only 1.1 Gb of assembled sequences 

compared to the overall estimated genome size of 1.28 Gb (Andrews, Mackenzie, and Gregory 2009), 

implying missing information for approximately 15% of the genome. Second, the estimated coverage (47x), 

together with the use of SGS (Illumina Hiseq 101-base paired end), did not allow the assembly of contigs 

over the average length of 11,010 bp (N50 = 38,844 bp and N90 = 3,718 bp), thus preventing the assembly 

of long scaffolds for most of the genome (longest scaffold: 732,517 bp). Moreover, the genome was derived 

from a male, thus excluding information for the W chromosome because in birds females are the 

heterogametic (ZW) sex. As a consequence of the absence of a complete high-quality genome assembly, the 

authors could only putatively map contigs and genes on chromosomes by blasting them on another bird 

species (i.e. the collared flycatcher Ficedula albicollis) genome, under the theoretical assumption of synteny. 

With the goal of overcoming the aforementioned issues, I employed TGS to produce a high-quality 

genome for the European subspecies (Hirundo rustica rustica). This genome sequencing and assembly has 

been carried out in compliance with the pipeline and guidelines for a Platinum standard reference genome of 

the Vertebrate Genome Project (VGP), of which my supervisor and I are the only partners in Italy. The VGP 

is an international endeavour aimed to generate and make available to the public through a digital open-

access library called Genome Ark, near-gapless, chromosome-level, phased and annotated reference-quality 

genome assemblies of all the ~66,000 vertebrate species living on the planet Earth34. The VGP is led by 

former members and institutions from the 2009-established Genome 10K Consortium (G10K), a previous 

effort to produce 10,000 vertebrate genomes that merged with the VGP. These institutions include the 

Vertebrate Genome Laboratory (VGL) at the Rockefeller University (New York, US), the Wellcome Sanger 

Institute (Hinxton, UK) and the Max Planck Institute of Molecular Cell Biology and Genetics (Dresden, Ge). 

As stated by the the VGP “high-quality error-free genome assemblies and annotations are necessary as 

current 1st and 2nd generation genome sequencing approaches generate numerous errors that cause a 

variety of problems in downstream analyses. Parts of genes are missing, and some are incorrectly 

assembled, while others are completely missing from the assemblies despite pieces found in the raw 

sequence reads. Due to these fragmented, error-prone assemblies, researchers have had to clone, re-

sequence, and correct individual genes. In some cases, the gene structures are too complex, too long, or too 

																																																								
34 Vertebrate Genomes Project Plan. https://www.rockefeller.edu/research/vertebrate-genomes-project/vertebrate-
genomes-project-plan/ 
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closely related, preventing even the Sanger-based higher quality 1st generation methods from correcting 

genome assemblies. In many other instances, investigators do not even know that they are working with 

incorrect gene sequences and structures, impacting many scientific findings and scientific progress.”35 

The VGP has defined a “Platinum” standard for a genome assembly to be included in the VGP list. This 

standard is called a 3.4.2.QV40 phased metric and requires the following specific genome metrics to be 

simultaneously achieved: 

● Contig N50 above 1 million bp, i.e. over 50% of assembled contigs with lengths above 1Mb; 

● Scaffold N50 above 10 Mb; 

● 90% of the genome assembled into chromosomes confirmed by 2 independent sources; 

● Base-calling quality error of QV40, i.e. no more than 1 nucleotide error in 10,000 bp; 

● The two haplotypes of the diploid genome correctly phased, i.e. haplotypes clearly distinguished 

from one another. 

According to VGP guidelines, achieving the 3.4.2.QV40 phased metric using the current VGP pipeline 

includes the following technologies: 

● Pacific Biosciences (Menlo Park, US) Single Molecule, Real-Time (SMRT) sequencing for the 

initial assembly of phased contigs at a final 60X coverage (30X/haplotype), which I performed 

relying of the FGCZ; 

● 10X Genomics (Pleasanton, US) linked reads for intermediate-range scaffolding and further phasing 

at a final 70X coverage (35X/haplotype); 

● Bionano (San Diego, US) Next-Generation-Mapping (NGM) at a final 80X coverage to adjust 

previous scaffolding errors and for further scaffolding, which I also performed at FGCZ; 

● Hi-C linked reads from Arima Genomics (San Diego, US) at a final 70X for long-range scaffolding 

up to chromosome length, which we also performed in collaboration with the VGL. 

Of the over 380 vertebrate genomes in the NCBI database on May 2018, only 16 meet these standards36. In 

September 2018 the Vertebrate Genomes Project has released 15 genome assemblies achieving the 

3.4.2.QV40 metrics (Bioproject PRJNA489243)37.  

																																																								
35 Vertebrate Genomes Project - Technology pipeline and policies. https://www.rockefeller.edu/research/vertebrate-
genomes-project/technology-pipeline-and-policies/ 
36 Vertebrate Genomes Project - Technology Pipeline and Policies. https://www.rockefeller.edu/research/vertebrate-
genomes-project/technology-pipeline-and-policies/ 
37 Vertebrate Genomes Project - Phase 1 first data release. https://vertebrategenomesproject.org/news/	
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METHODS 
 

 

«Progress in science depends on new techniques, 

new discoveries and new ideas, 

probably in that order.» 

Sydney Brenner, 2002 
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Blood sample collection 

The blood used as a source of DNA was derived from a minimally invasive sampling performed on a single 

female individual of approximately two years of age during May 2017 in a farm near Milan in Northern-Italy 

(45.4N 9.3E)38. Appropriate consent was obtained from the local authorities (Regione Lombardia). Blood 

was collected in heparinized capillary tubes. Three hours after collection, the sample was centrifuged to 

separate blood cells from plasma and then stored at -80°C. 

 

DNA extraction and quality control for SMRT library preparation 

DNA extraction was performed on blood cells portion of centrifuged whole blood containing nucleated 

erythrocytes and leukocytes using the Wizard genomic DNA purification kit (Promega, Cat. No. A1125). 

This kit employs a protocol similar to classical Phenol/Chloroform DNA extraction, with no vortexing steps 

after cell lysis. After purification, DNA quality and concentration was assessed by Nanodrop (Thermo Fisher 

Scientific, Cat. No. ND-1000) and subsequently by Pulsed Field Gel Electrophoresis (PFGE).  Detectable 

DNA was over 23 kbp in size, with the vast majority over 50 kbp and even over 200 kbp (Figure 8). The 

presence of HMW DNA is relevant for SMRT library preparation as subsequent shearing of DNA at desired 

(10 to 15 kbp) fragment length is best achieved with DNA of > 100 kbp (and usually at least 50 kbp). 

 

																																																								
38 The same individual was recaptured in 2018 upon return during the breeding season. This time the individual was 
sacrificed and organs were separately collected and stored at -80 °C. These included spleen, liver (with gallbladder), 
heart, pancreas, duodenum, glandular stomach, muscular stomach, blind along with fast and rectum, ovaries, oviduct, 
trachea, oesophagus, lungs, kidneys, upper and deep pectoral muscle, tongue, eyes, brain, cerebellum and bone marrow. 
Appropriate consent was obtained from the local authorities (Regione Lombardia). Curiously, this constituted a 
fortunate event as on-year survival of barn swallows is around 30% (Scandolara, Lardelli, et al. 2014; Scandolara, 
Rubolini, et al. 2014; Liechti, Scandolara, and Rubolini 2015; Dunn, Hobson, and Liechti 2015; Matyjasiak et al. 2016; 
Saino, Ambrosini, and Caprioli 2017; Saino, Ambrosini, Caprioli, et al. 2017). 
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Figure 8: PFGE on a 1x agarose gel run for 18 hours at 160 mV. The two lowest overlapping bands in lane 1 

represent yeast chromosomes of 230 kbp and 270 kbp, respectively. Lane 2 contains 1kb DNA ladder (highest band 10 

kbp), lane 3 and 4 the undigested lambda phage (50 kbp) and lane 5 digested lambda (upper band 23 kbp). Lane 7 

contains the sample used in the study. 

 

PFGE quality results were further confirmed by capillary electrophoresis on FEMTO Pulse instrument 

(AATI, Cat. No. FP-1002-0275) (Figure 9). Released in 2016, The FEMTO Pulse is an analytical instrument 

that uses the same principle of PFGE changing by a 180 degree the direction of the field but in a capillary 

rather than in an agarose gel, thus allowing Pulsed-Field Capillary Electrophoresis (PFCE). In contrast with 

PFGE, PFCE only requires approximately one hour to efficiently separate nucleic acids. 
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Figure 9: FEMTO Pulse capillary electrophoresis results for the DNA sample used in the study. The sample modal 

length of DNA fragments peaked at about 127 kbp, few fragments were above 160 kbp and some sheared DNA between 

1 and 50 kbp was present. 

 

DNA was stored at -80°C and shipped on dry ice to the Functional Genomics Center of Zurich (FGCZ), the 

core Genomics Facility of the ETH (Zurich, Switzerland)39. 

 

SMRT library preparation and sequencing 

SMRT library preparation and sequencing was performed at the FGCZ. SMRTbell Express Template Prep 

Kit (Pacific Biosciences, Cat. No. 101-357-000) was used to produce the insert library. Input gDNA 

concentration was measured on a Qubit Fluorometer dsDNA Broad Range (Life Technologies, Cat. No. 

32850). 10µg of gDNA was mechanically sheared to an average size distribution of 40-50 kbp, using a 

Megaruptor Device (Diagenode, Cat. No. B06010001). FEMTO Pulse capillary electrophoresis was 

employed to assess the size of the fragments. 5 µg of sheared gDNA was DNA-damage repaired and end-

repaired using polishing enzymes. Blunt-end ligation was used to create the SMRTbell template. A Blue 

Pippin device (Sage Science, Cat. No. BLU0001) was used to size-select the SMRTbell template and enrich 

for fragments > 30 kbp, excluding the first two cells for which the library was enriched for fragments > 15 

kbp. The size-selected library was checked using FEMTO Pulse and quantified on a Qubit Fluorometer. A 

ready to sequence SMRT bell-Polymerase Complex was created using the Sequel binding kit 2.0 (Pacific 

Biosciences, Cat. No. 100-862-200). The Pacific Biosciences Sequel instrument was programmed to 

sequence the library on 18 Sequel SMRT Cells 1M v2 (Pacific Biosciences, Cat. No. 101-008-000), taking 

one movie of 10 hours per cell, using the Sequel Sequencing Kit 2.1 (Pacific Biosciences, Cat. No. 101-310-

																																																								
39 To date (September 2018) there are no PacBio Sequel machines operating in Italy. 
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400). After the run, sequencing data quality was checked via the PacBio SMRT Link v5.0.1 software using 

the “run QC module”. 

 

Assembly of SMRT reads 

The final assembly of long reads was conducted in collaboration with Dr. Matteo Chiara and Prof. David 

Horner with software CANU v1.7 (Koren et al. 2017) using default parameters except for the 

“correctedErrorRate” which was set at 0.075. The assembly processes (Figure 10) occupied 3,840 CPU 

hours and 2.2 Tb of RAM for read correction, 768 CPU hours and 1.1 Tb of RAM for the trimming steps, 

and 3280 CPU hours and 2.2 Tb of RAM for the assembly phase. 
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Figure 10: Pipeline for genome assembly using CANU (Koren et al. 2017). The full CANU run includes 

three stages: correction (green), trimming (red), and assembly (purple). Canu stages share an interface for 

binary on-disk stores (databases), as well as parallel store construction. In all stages, the first step 

constructs an indexed store of input sequences, generates a k-mer histogram, constructs an indexed store of 

all-versus-all overlaps, and collates summary statistics. The correction stage (green) selects the best 

overlaps to use for correction, estimates corrected read lengths, and generates corrected reads. The 

trimming stage (red) identifies unsupported regions in the input and trims or splits reads to their longest 
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supported range. The assembly stage (purple) makes a final pass to identify sequencing errors; constructs 

the best overlap graph (BOG); and outputs contigs, an assembly graph, and summary statistics (Koren et al. 

2017). 

 

Cell count and DNA extraction for optical mapping 

For the production of optical maps40, DNA above > 200 kbp was extracted at the FGCZ from 7-8 µl of the 

cell portion from the same blood sample used for SMRT sequencing (following a second shipment). 

Extraction was performed by Dr. Lucy Poveda sing the Blood and Cell Culture DNA Isolation kit (Bionano 

Genomics, Cat. No. RE-016-10). This very HMW Extraction was achieved by embedding cells in low 

melting temperature agarose plugs that were incubated with Proteinase K (Qiagen, Cat. No. 158920) and 

RNAseA (Qiagen, Cat. No. 158924). The plugs were washed and solubilized using Agarase Enzyme 

(Thermo Fisher Scientific, Cat. No. EO0461) to release HMW DNA and further purified by drop dialysis. 

DNA was homogenised overnight prior to quantification using a Qubit Fluorometer. 

 

In silico digestion 

The genome assembly obtained with CANU was in silico digested using Bionano Access software to test 

whether the nicking enzyme (Nb.BssSI), with recognition sequence (CACGAG), and the non-nicking 

enzyme DLE-1, with recognition sequence (CTTAAG), were suitable for optical mapping in our bird 

genome. An average of 16.9 nicks/100 kbp with a nick-to-nick distance N50 of 11,708 bp were expected for 

Nb.BssSI, while DLE-1 was found to induce 19.1 nicks/100 kbp with a nick-to-nick distance N50 of 8,775 

bp, both in line with manufacturer’s requirements. 

 

DNA labeling for optical mapping 

For NLRS, DNA was labeled according to manufacturer’s instructions using the Prep DNA Labeling Kit-

NLRS (Bionano Genomics, Cat. No. 80001). 300 ng of purified genomic DNA was nicked with Nb.BssSI 

(New England Biolabs, Cat. No. R0681S) in NEB Buffer 3. The nicked DNA was labeled with a fluorescent-

dUTP nucleotide analog using Taq DNA polymerase (New England BioLabs, Cat. No. M0267S). After 

labeling, nicks were ligated with Taq DNA ligase (New England BioLabs, Cat. No. M0208S) in the presence 

of dNTPs. The backbone of fluorescently labeled DNA was counterstained overnight with YOYO-1 

(Bionano Genomics, Cat. No. 80001). 

For DLS, DNA was labeled using the Bionano Prep DNA Labeling Kit-DLS (Cat. No. 80005) according to 

manufacturer’s instructions. 750 ng of purified genomic DNA was labeled with DLE labeling Mix and 

subsequently incubated with Proteinase K (Qiagen, Cat. No. 158920) followed by drop dialysis. After the 

clean-up step, the DNA was pre-stained, homogenised and quantified using on a Qubit Fluorometer to 

																																																								
40 As for the SMRT sequencing, the production of optical maps was carried out at the FGCZ since no operating 
Bionano Saphyr instrument is currently (September 2018) present in Italy. 
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establish the appropriate amount of backbone stain. The reaction was incubated at room temperature for at 

least 2 hours. 

 

Generation of optical maps 

NLRS and DLS labelled DNA were loaded into a nanochannel array of a Saphyr Chip (Bionano Genomics, 

Cat. No. FC-030-01) and run by electrophoresis each into a compartment. Linearized DNA molecules were 

imaged using the Saphyr system and associated software (Bionano Genomics, Cat. No. 90001 and CR-002-

01). 

 

Assembly of optical maps 

The de novo assembly of the optical maps was performed using the Bionano Access v1.2.1 and Bionano 

Solve v3.2.1 software. The assembly type performed was the “non-haplotype” with “no extend split” and “no 

cut segdups”. Default parameters were adjusted to accommodate the genomic properties of the barn swallow 

genome. Specifically, given the size of the genome, the minimal length for the molecules to be used in the 

assembly was reduced to 100 kbp, the “Initial P-value” cut off threshold was adjusted to 1 x 10-10 and the P-

value cut off threshold for extension and refinement was set to 1 x 10-11 according to manufacturer's 

guidelines (default values are 150 kbp, 1 x 10-11 and 1 x 10-12 respectively). 

 

Hybrid scaffolding 

Single and dual enzyme Hybrid Scaffolding (HS) was performed using Bionano Access v1.2.1 and Bionano 

Solve v3.2.1. For the dual enzyme and DLE-1 scaffolding, default settings were used to perform the HS. For 

Nb.BssSI the “aggressive” settings were used without modification. 

 

Annotation of repeats and genes 

Repetitive sequences were soft masked by using software windowmasker (Morgulis et al. 2006) and 

RepeatMasker (Smit, Hubley, and Green 1996–2010) with defaults parameters. Repetitive sequences models 

were derived from the Repbase database (Bao, Kojima, and Kohany 2015). De novo gene prediction was 

performed using Augustus (Stanke et al. 2004) with Gallus gallus gene models. 

 

BUSCO genes and synteny with the Chicken genome 

Detection and annotation of single Universal Single-Copy Orthologs (BUSCO) was performed by applying 

software BUSCO v.3 (Simão et al. 2015) with default parameters. Software Dfenies (Cabanettes and Klopp 

2018) was used to align the latest assemblies of the Gallus gallus genome with our assembly of the H. 

rustica rustica genome. Synteny was assessed by visual inspection of the final output, in the form of a 

dotplot graph. 
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Raw Sequencing Results 

The SMRT sequencing effort employed 18 SMRT cells which yielded an average of 3.7 Gbp (standard 

deviation: 1.7) per SMRT cell (Figure 11, top panel). The max read length achieved was above 160 kbp but 

most SMRT cell produced reads of a maximum of about 80,000 bp (Figure 11, middle panel). The first two 

cells used a conventional 15 kbp library, and the switch to a 30 kbp library did not impact significantly on 

total Gbp yield nor on max read length, but led to a considerable improvement in average read length 

(average read length = 14,995 bp; average N50 read length = 25,622 bp) (Figure 11, bottom panel). The raw 

sequence data are available in the GenBank repository upon under Bioproject PRJNA481100, and 

specifically in Sequence Read Archives SRX4455045 and SRX4455046. 

 

 
 
Figure 11: Summary statistics for each SMRT cell employed. The total yield per SMRT cell (first panel) was variable, 

with a mean of 3.7 Gbp and a s.d. 1.7 Gbp. Only to SMRT cell achieved read length above 100 kbp (SMRT cells 4 and 

14). Average read length (bottom panel) was about 14,000 bp with longest reads above 16,000 bp. 
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GC Content Distribution in Sequencing Reads 

The GC content distribution of reads was wide (Figure 12). This is likely explained by the presence in avian 

genomes of three classes of chromosomes: macrochromosomes (50-200 Mbp, 5 in chicken), intermediate 

chromosomes (20-40 Mbp, 5 in chicken) and microchromosomes (12 Mbp on average, 28 in chicken) 

(Axelsson et al. 2005). These last account for only 18% of the total genome but harbour ∼31% of all chicken 

genes, have higher recombination rates and higher GC contents on average (Kadi et al. 1993). 

 

 
 
Figure 12: GC content distribution in all sequence reads. The null hypothesis for the GC content distribution is a 

normal distribution. However, the GC content distribution is affected by sequencing bias or by the heterogeneity of GC 

content in genome sequences. SMRT sequencing is known to have a little GC content bias, if any. Moreover, GC 

content bias usually should be toward lower GC content sequences, that are easier to sequence. Here, the right-

skewness of the curve could be explained by the presence of microchromosomes in birds, which are known to have a 

higher GC content. 

 

SMRT-based Assembly Summary Statistics 

The SMRT-only assembly contained 3,872 contigs with a N5041 of 5,2 Mbp for a total length of the 

assembly of 1311.7 Mbp (Table 1). Final polishing was performed using the Arrow v2.10 software (Pacific 

Biosciences) and resulted in final coverage of 45.4x. The raw read error rate could be estimated from the 

																																																								
41 It should be noted that N50 here indicates N50 of SMRT contigs not that of sequencing reads (i.e. the N50 of 
consensus sequence derived from assembled reads). N50 contigs represents the length of the i-th contig when contigs 
are order by their length and their length is summed from the longest contig until the length of the 50% of the genome is 
reached. Thereby the same can apply to any collection of sequences, from raw sequencing reads to scaffolds or even to 
the length of optical maps. 
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final assembly and was similar to that declared by the manufacturer (i.e. around 15%) (Ardui et al. 2018) 

(Figure 13). 

 

 
Figure 13: Mean error rate in sequencing reads. When raw sequencing reads are mapped back to the assembly 

obtained from the reads the mean error rate was about 20%, with little or no deviation in different SMRT cells. 

 

Optical Mapping Results 

In the experiment with Nb.BssSI, molecule N50 was 0.1298 Mbp for molecules above 20 kbp and 0.2336 

Mbp for molecules above 150 kbp - with an average label density of 11.8/100 kbp for molecules above 150 

kbp. Map rate was 38.9% for molecules above 150 kbp. Effective coverage was 28.2x. In the experiment 

with DLE-1, molecule N50 was 0.2475 Mbp for molecules above 20 kbp and 0.3641 Mbp for molecules 

above 150 kbp - with an average label density of 15.7/100 kbp for molecules above 150 kbp. Map rate was 

56.4% for molecules above 150 kbp. Effective coverage was 30.6x. Using both DLE-1 and Nb.BssSI, label 

metrics were in line with the manufacturer’s expectations. 

 

Assembly of Optical Maps 

A total of 233,450 (of 530,527) NLRS-labelled molecules (N50 = 0.2012 Mbp) were aligned to produce 

2,384 map fragments with an N50 of 0.66 Mbp for a total length of 1338.6 Mbp (coverage = 32x). 108,307 

(of 229,267) DLE-1 labelled input DNA molecules with a N50 of 0.3228 Mbp (theoretical coverage of the 

reference 48x) produced 555 maps with a N50 length of 12.1 Mbp for a total length 1299.3 Mbp (coverage = 

23x). 

 

Hybrid Scaffolding Results 



Ph.D. Thesis  Giulio Formenti 

 49 

The NLRS hybrid scaffold had an N50 of 8.3 Mbp (scaffold only N50 = 10.8 Mbp) for a total length of 

1,338.6 Mbp (total length of scaffolded contigs = 1,175.3 Mbp) and consisted of 409 scaffolds and 2,899 un-

scaffolded contigs. The DLS hybrid scaffold had N50 of 17.3 Mbp (scaffold only N50 = 25.9 Mbp) for a 

total length of 1,340.2 Mbp (total length of scaffolded contigs = 1,148.4 Mbp) and consisted of 211 scaffolds 

and 3,106 un-scaffolded contigs. 

 

Dual Enzyme Hybrid Scaffolding Results 

Dual enzyme HS (incorporating both DLS and NLRS maps) resulted in an assembly with N50 of 23.8 Mbp 

(scaffold only N50 = 28.4 Mbp) for a total length of 1,351.8 Mbp (total length of scaffolded contigs = 

1,208.8 Mbp) and consisted of 273 scaffolds and 2,810 un-scaffolded contigs. During the automatic conflict 

resolution in the dual enzyme HS, 185 SMRT contigs were cut, as Bionano maps confidently indicated mis-

assemblies of the SMRT reads. Conversely, 117 Bionano maps were cut indicating that the chimeric score 

did not provide sufficient confidence to cut the assembly based on SMRT contigs42. Of 3,872 SMRT contigs, 

1,243 (32%) were anchored in the Bionano maps (of which 990 were anchored in both DLS and NLRS 

maps). 56 and 226 were anchored in DLS and NLRS maps respectively. 2,810 maps could not be anchored 

at all. 

 

Assembly Results After Removal of Haplotigs 

Notably, all hybrid assemblies were somewhat larger than the expected genome size, and in all cases, the 

N50 of un-scaffolded contigs was extremely low (0.06 Mbp for the dual enzyme hybrid assembly). Here, the 

most likely explanation is that a significant proportion of these small contigs might represent divergent 

homologous haplotigs that were assembled independently. Similarity searches were consistent with this 

possibility as almost 95% of the contigs that were not scaffolded in the dual enzyme hybrid assembly 

showed > 98% identity to scaffolded contigs over 75% of their length or more (Figure 14). 

 

																																																								
42 Next to creating long and contiguous scaffolds, the Hybrid Scaffold pipeline also detects and resolves chimeric joins 
present in either input assembly (NGS or Bionanomaps). Chimeric joins may be formed when short reads, molecules, or 
paired-end inserts are unable to span across long DNA repeats. These errors would appear as conflicting junctions in the 
alignment between the two assemblies. Upon the detection of a conflict, the pipeline uses Bionano’s long native 
molecules to determine which assembly has been likely constructed incorrectly. If the genome map does not have long 
molecule support at the conflict junction, then the map is cut, thus removing the putative chimeric join. If it does have 
molecule support, the sequence fragment is cut. 
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Figure 14: Identification of haplotigs and removal of unscaffolded contigs by identity to scaffolded contigs. 

Unscaffolded contigs with very high identity (blue) - putative haplotigs - were clearly separated from contigs with low 

identity (red) based on similarity searches. 

 

These contigs were discarded, resulting in a final assembly (Table 1, and Supplementary Table 1 in 

Appendix 1 for detailed statistics) of 1.21 Gbp (N50 = 25.9 Mbp) made up of 273 dual enzyme hybrid 

scaffolds (N50 = 28.42 Mbp) and 91 unscaffolded contigs (N50 = 0.0644 Mbp).  

 

 (Safran et al. 2016)1 SMRT contigs2 Final assembly3 

Species H. r. erythrogaster H. r. rustica 

Starting raw data (Gbp) 61.7 66.4 59.6  

N50 (bp) 38,844 5,189,284 25,954,216  

N90 (bp) 3,718 85,340 2,002,624 

Total size (Gbp) 1.1 1.31 1.21 

Theoretical genome coverage* 47x 52x 47x  
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% genome coverage* 85.9 102.6 94.5 

# of contigs/scaffolds 100,153 3,872 364  

Avg contig/scaffold length (bp) 11,010 338,782 3,334,461 

Longest contig/scaffold (bp) 732,517 33,230,000 98,053,015 

 
Table 1: Assembly metrics for contigs and final scaffolds in our European barn swallow genome compared to the 

published American barn swallow genome. 1 Illumina PE reads assembled using SOAPdenovo v2.04 (R. Li et al. 

2010). 2 SMRT reads assembled using CANU v1.7 (Koren et al. 2017). 3 SMRT contigs assembled with CANU and 

scaffolded using Bionano dual enzyme HS, with haplotigs removed as detailed in the text. *Based on a barn swallow 

genome size estimate of 1.28 Gbp (Andrews, Mackenzie, and Gregory 2009). 

 

Coverage of the Final Assembly 

The average read SMRT read coverage for the genome assembly was 34.15X, implying a theoretical QV of 

over 40 (Figure 15). 

 

 
 
Figure 15: Cumulative coverage depth distribution observed in the final (de-haplotyped) assembly of the barn 

swallow genome. Coverage is indicated on the X axis. Red lines are used to display the proportion of the genome 

covered by more than 10, 20, 30, 40, 50 or 60 reads respectively. 

 

Genome Annotation 
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7.11% of the final assembly was annotated as repetitive using RepeatMasker (Smit, Hubley, and Green 

1996–2010), with the major contributions deriving from L2/CR1/Rex LINE elements (3.37%), retroviral 

LTRs (1.59%) and simple repeats (1.56%). 

In all, 35,644 protein coding genes were predicted, of which 9,189 were overlapped by more than 30% of 

their size with repetitive genomic elements. Of the remaining 26,455 predicted protein coding genes, 24,331 

harboured a PFAM protein domain. Simple similarity searches based on blastp (Altschul et al. 1990) (with 

default parameters) suggested that 17,895 of the predicted protein coding genes have a best reciprocal blast 

hit with gene models derived from Gallus gallus GRCg6a assembly43, while 2,927 of the proteins predicted 

by Augustus did not show any significant match (e-value <= 1 x 10-15, identity > 35%). 

 

BUSCO Genes in the Final Genome Assembly 

Of a total of 4915 conserved bird Benchmarking with Universal Single-Copy Orthologs (BUSCO) groups 

(Simão et al. 2015) sought, 4,598 (93.6%) were complete, 4,521 (92.0%) were complete and single-copy, 77 

(1.6%) were complete and duplicated, 192 (3.9%) were fragmented and 125 (2.5%) were missing. 

 

Synteny Map 

The alignment of the final assembly with the published chromosome-level assembly of the chicken (Gallus 

gallus) genome GRCg6a using D-Genies (Cabanettes and Klopp 2018) indicates high levels of collinearity 

between these two genomes with a limited number of intra-chromosomal rearrangements (Figure 16). In 

particular, the three largest chromosomes (1-3) appear to have been assembled in less than 10 scaffolds in 

our genome assembly, while the other chromosomes have been assembled in less than 5 scaffolds (Figure 

17). For instance, over 50% of chromosome 1 - the largest chicken chromosome - was represented by a 

single scaffold, and 90% of it was represented by as little as 5 scaffolds (Figure 18). These results were 

mirrored also in the other large chromosomes (data not shown). Only the Z chromosome appears highly 

fragmented, potentially as a consequence of having sequence the heterogametic sex (ZW) and therefore have 

halved coverage for this chromosome.  

 

																																																								
43 Available from: https://www.ncbi.nlm.nih.gov/genome/proteins/111?genome_assembly_id=374862 
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Figure 16: Alignment of the final assembly with the published chromosome-level assembly of the chicken (Gallus 

gallus) genome GRCg6a. Light to dark yellow dots indicate progressively higher similarity between sequences. 

Alignment performed using D-Genies (Cabanettes and Klopp 2018).  
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Figure 17: Number of scaffolds per chicken chromosomes (GRCg6a). Chicken chromosomes on the x axis and 

scaffold counts on the y axis. The largest chicken chromosome (chr 1) in our genome assembly is represented by less 

than 10 scaffolds and the second largest by 6 scaffolds. The Z chromosome is assembled in over 30 scaffolds, 

potentially as a consequence of the halved coverage for this chromosome due to the sequencing of a female individual. 

 

 
Figure 18: Cumulative scaffold size for chromosome 1. The graph shows that over 50% of chromosome 1 in chicken is 

represented by a single scaffold in our genome assembly. Five scaffolds cover 90% of the sequence. Similar results 

were obtained for the other large chromosomes. 
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The combination of long reads and optical maps has already proven invaluable to produce high-quality 

genome assemblies, even in the case of particularly complex genomes (Nowoshilow et al. 2018). In the 

present work, using only SMRT sequencing and Bionano optical maps our collaborators and I have produced 

a high-quality and contiguous genome for the European barn swallow. With respect to a previously reported 

SGS-based assembly of the American barn swallow genome using a comparable amount of raw data (Safran 

et al. 2016), even the contigs generated from long-read sequencing alone show an 134-fold increase in N50 

(Appendix 1, Supplementary Table 1). Moreover, in terms of N50, number and average length, these 

contigs are similar to those recently obtained for the Anna’s hummingbird (Calypte anna) and the Zebra 

Finch (Taeniopygia guttata) genomes using SMRT sequencing (Korlach et al. 2017). 

As an alternative to scaffolding with long insert mate-pairs (Hunt et al. 2014) or to chromatin proximity 

ligation sequencing (Burton et al. 2013), contiguity and accuracy of long-read-based assemblies can be 

further improved by optical mapping. Here, the fold change in N50 attained by Bionano NLRS hybrid 

scaffolding of the European barn swallow genome (1.6 fold before removal of haplotigs) is comparable with 

results obtained by other genome assemblies that have employed this method (Gao et al. 2018). Strikingly, 

the new DLS method greatly outperformed the NLRS system, providing a 3.3 fold increase of N50 (before 

removal of haplotigs). Moreover, incorporation of both labelling systems into the hybrid scaffolding yielded 

a final assembly showing 5-fold improvement of the N50 with respect to the original SMRT assembly, 

simultaneously providing “independent” validation of many scaffold junctions. It should be noted that the 

presence of numerous microchromosomes in avian genomes restricts the final N50 value potentially 

attainable for the assembly, as the fully assembled karyotype would have an N50 of ~ 90 Mbp. Yet, after 

removal of putative haplotigs, this genome assembly contiguity metrics meet the high standards of the VGP 

consortium “Platinum Genome” criteria (contig N50 in excess of 1 Mbp and scaffold N50 above 10 Mbp) 

(Lewin et al. 2018). 

The percentage of contiguously assembled BUSCO genes is consistent with recent results with Anna’s 

Hummingbird and the Zebra Finch (Korlach et al. 2017) (Figure 19). However, 40 of the “missing” bird 

BUSCO genes are absent from at least 2 of the 54 available avian genome sequences, suggesting that, 

despite the potentially incomplete nature of some draft genomes, even some BUSCO genes may not be 

universally conserved among birds. 
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Figure 19: Comparison of BUSCO analysis results. Results of BUSCO gene analysis in our genome assembly are in 

line with results in the recent assemblies of the Anna’s hummingbird (Calypte anna) and the Zebra Finch (Taeniopygia 

guttata) genomes (Korlach et al. 2017), with slightly better results in terms of complete and fragmented genes in 

our assembly. 

 

The high level of collinearity between independently assembled and scaffolded sequences for the barn 

swallow and the chicken genomes provides circumstantial support for the quality of both the contigs and the 

hybrid scaffolds and is consistent with previous observations of high levels of synteny and minimal inter-

chromosomal rearrangements among birds (Ellegren 2010).  

The final assembly is slightly smaller than the previously estimated genome size (1.28 Gbp) (Andrews, 

Mackenzie, and Gregory 2009), possibly reflecting an imprecise older estimate and/or the possibility that 

some poorly assembled repeats were discarded in the final step described above. 

 

Given the inception of large scale sequencing initiatives aiming to produce genome assemblies for a wide 

range of organisms (Koepfli et al. 2015; G. Zhang et al. 2015; Pennisi 2017; Teeling et al. 2018), it is critical 

to identify combinations of sequencing and scaffolding approaches that allow the cost effective generation of 

genuinely high-quality genome assemblies (Lewin et al. 2018). While SGS technologies have allowed the 

production of cost-effective genome drafts for many birds and other vertebrate species (Genome 10K 

Community of Scientists 2009; G. Zhang et al. 2014; Jarvis et al. 2014), the reduction in genome sequencing 

costs has typically come at the price of compromises in contiguity and accuracy of assemblies with respect to 

earlier efforts based on Sanger reads and extensive physical mapping (Henson, Tischler, and Ning 2012). 

Many limitations of SGS-based assemblies stem from the occurrence of long sequence repeats. In many 

animal species, transposons are frequently located in introns (Sela, Kim, and Ast 2010) and the presence of 

large gene families of closely related paralogs can lead to the existence of long “genic” repeats. Accordingly, 

even apparently contiguous genic regions can feature juxtaposition of paralogous gene fragments (Korlach et 

al. 2017). With respect to mammals, avian genomes generally contain relatively low proportions of repetitive 

sequences (Ellegren 2010) and this appears to be the case also for the barn swallow genome. 

While exhibiting higher rates of single-base errors than some SGS approaches, TGS technologies, including 

SMRT sequencing, offer read-lengths unparalleled by SGS or Sanger sequencing (Bleidorn 2016). 

Moreover, recent and on-going improvements in TGS methods are rapidly reducing the “per-base” cost of 

TGS data compared to that of SGS. 

 

Usage of the barn swallow genome assembly and future perspectives 

The genomic era is still in its infancy, and new sequencing approaches are unceasingly developed and 

proposed. However, frontier approaches and technologies consisting of high-throughput short- and long-read 

sequencing, and optical mapping now enable to tackle some of the major long-standing or emerging issues in 

biology in an unprecedentedly deep, quantitative and cost-effective way (Ellegren 2014). The potential of 
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these approaches was so far constrained by the lack of genome data on non-model organisms and was 

therefore exploited only to a very limited extent in ecological and evolutionary studies. In the recent past, 

genomic projects mostly focused on model species (e.g. mice, Drosophila melanogaster) as manageable 

representatives of the complexity of life. While model organisms are an invaluable tool for dissecting many 

fundamental biological issues, it is now clear that they do not represent the diversity of even their close 

relatives, let alone biological diversity as a whole and several studies have already demonstrated that non-

model species allow researchers to address a wide spectrum of diverse key biological questions (Dill 2002). 

How much and which type of genetic variation is present in wild populations? What is the genetic causation 

and architecture of complex quantitative traits? How does natural selection affect underlying genetic 

variation? How do demography and population divergence shape genetic variation? The data presented here, 

as well as attesting to the effectiveness of SMRT sequencing combined with DLS optical mapping for the 

assembly of vertebrate genomes, will represent an invaluable asset for population genetics and genomics in 

the barn swallow as well as for comparative genomics in birds. Immediate future progress on the barn 

swallow genome include the phasing of the assembly to generate extended haplotypes, a more thorough gene 

annotation using RNA/IsoSeq sequencing data, a detailed comparison with genome data from Hirundo 

rustica erythrogaster genome sequencing and assembly project, the characterization of the epigenetic 

landscape and a re-evaluation of data from previous population genetics studies conducted in this species. 

However, the availability of a high-quality genome for the barn swallow is intended to be the starting point 

for a broad population genomics studies where this genome will serve as a reference. In 2001, the 

completion of the human genome (Venter et al. 2001; Lander et al. 2001) paved the way to human 

population genomics. The first effort in this direction was established in 2007 with the 1000 Genomes 

Project (1KGP), which has subsequently generated the most comprehensive and open catalogue of phased 

genetic variants for the human genome44 (Birney and Soranzo 2015; Zheng-Bradley and Flicek 2017). 

Between 2008 and 2015, 1KGP has generated the largest public catalogue of human variation and genotype 

data, ultimately including 2,504 people from five continental regions (Birney and Soranzo 2015). These data 

allowed thousands of genetic studies on human populations (Birney and Soranzo 2015; Zheng-Bradley and 

Flicek 2017). They have been extensively employed in many GWAS for the imputation of previously 

overlooked and new causal variants (Bamshad et al. 2011; Khurana et al. 2013; Bowles et al. 2015). 

Combined with RNA-seq data and functional annotations of regulatory elements, human 1KGP data allowed 

mapping of expressed QT loci (eQTLs) and the study of their transcriptional regulation (Pickrell et al. 2010; 

Lappalainen et al. 2013). The analysis of the frequency of variants from re-sequencing studies allowed the 

identification of genomic regions under selective pressure in coding (Fu and Akey 2013), non-coding (Jha, 

Lu, and Xu 2015) and in regulatory regions (Ward and Kellis 2012). Genome scans for advantageous 

variants quickly fixated in the population allowed the detection of signatures of natural selection (Grossman 

et al. 2013; Fagny et al. 2014). Furthermore, data from 1KGP produced numerous insights into human 

origins (1000 Genomes Project Consortium et al. 2010, 2012, 2015), demography (Gravel et al. 2011; K. 

																																																								
44 1000 Genomes | A Deep Catalog of Human Genetic Variation. http://www.internationalgenome.org/ 
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Harris and Nielsen 2013; Schiffels and Durbin 2014) and migration (Gravel et al. 2013). However, no 

comparable effort has been so far carried out in other species, particularly in any non-model species. Current 

development in sequencing technology and associated drop in sequencing costs now enable to design and 

conduct population-level whole-genome sequencing projects capable of providing extraordinary amounts of 

high-quality data for virtually any wild animal species. The availability of abundant, unbiased and accurate 

WGS data allows to perform a wide range of sophisticated statistical analyses (Ellegren 2014). These include 

precise determination of classical genetic metrics of individuals and populations as well as several newly-

developed and extremely powerful methods that can greatly contribute to provide a detailed view of the 

natural history and biology of the species under study. Mirroring human studies, three major expanding 

research areas include the identification of the genes responsible for life history traits; and the assessment of 

selective sweeps that have left traces within the genomes along evolution; and the study of demography, 

especially in the light of the generalized decline of natural populations. The discovery of the genetic 

determinants of traits associated with fitness variation in the wild (trait mapping), and the dissection of the 

patterns of selection that act on them (selective sweep mapping), are fundamental to unveil the mechanisms 

of evolution. Whether a population can respond to ever-occurring environmental change, including human-

driven change in ecological conditions, ultimately depends on phenotypic plasticity in traits relevant to the 

response to the environmental effects and the amount of standing genetic variation at those traits. In the past, 

studies focussing on the genetic architecture of quantitative traits (QT) have regarded populations with 

known pedigree relationships, limited population size and low heterozygosity (Slate et al. 2010; Schielzeth 

and Husby 2014). Still, association mapping revealed a high number of loci influencing QT (Visscher et al. 

2017). More recently, larger sets of markers from wider populations have enabled the first Genome-Wide 

Association Studies (GWAS) in wild populations (M. R. Robinson et al. 2013; Husby et al. 2015; Scordato 

et al. 2017; Narum et al. 2018). Nonetheless, our knowledge of the genetics of phenotypic traits in non-

model organisms in the wild is close to nihil (M. R. Robinson et al. 2013). This is true for virtually all sort of 

traits encompassing morphology, physiology and behaviour. Which are the genes involved in standing 

phenotypic variation? Are traits influenced by few genes with relatively large effect (oligogenicity) or by 

several small-effect genes (polygenicity)? What is the relative contribution of SNPs, indels and structural 

variants to standing phenotypic variation? Are GWAS findings reproducible among wild populations? These 

are just some of the major questions that still remain largely unanswered. The identification of the causative 

genes of phenotypic variability, especially for traits that are key for the conservation biology of this species 

such as life history, phenological, morphological, behavioural, physiological and parasitological (including 

the microbiota) traits that are known to be major fitness components currently under natural and/or sexual 

selection will guarantee detailed knowledge of the biology of the study populations. In the barn swallow, this 

effort will be greatly facilitated by the presence of large repositories of existing blood samples as a source of 

DNA and matched phenotypic information. 

Another open research route involves the analysis of genetic variation along the entire genome to conducting 

genome scans to detect traces of recent selective pressures that have driven the evolution at specific loci to 
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understand how selection shapes trait variability (Josephs, Stinchcombe, and Wright 2017). Indeed, the 

heritable component of phenotypic variation is the target of natural and sexual selection and thus genetic 

variation represents the raw material for adaptation (Fisher 1930). Therefore, the signatures of recent 

selective processes can be often traced within the patterns of genetic diversity at the genome scale. However, 

these analyses have so far been constrained by the lack of empirical data. The increasing availability of 

genome sequences from non-model species provides the unprecedented opportunity to identify the genomic 

regions evolving under natural selection (Ellegren 2014). In particular, genome scans can unveil those 

regions of the genome that have been subject to recent selection without the need to a priori define traits that 

are putatively important to adaptation, ultimately deepening our understanding of the genetic architecture 

behind adaptive evolution (Ellegren 2014). A popular approach, particularly in NMS, is Fixation Index 

(FST) outlier analysis (Beaumont and Nichols 1996) where FST for individual loci is compared with a 

neutral model. Candidate loci for positive or divergent selection are expected to have a high FST (i.e. high 

levels of differentiation between populations), whereas low FST is associated loci with under balancing 

selection. Other analyses require measuring haplotype length and diversity to spot extended blocks of LD, a 

general reduction of nucleotide diversity or runs of homozygosity in specific genomic regions (Zheng-

Bradley and Flicek 2017). Selective sweeps, whereby an advantageous variant is selected and drags neutral 

surrounding variants in LD to unexpectedly high frequencies as the piggyback with the advantageous variant 

generate long blocks of haplotypes of low diversity, (J. M. Smith and Haigh 1974; Sabeti et al. 2007; 

Tishkoff et al. 2007). Moreover, long stretches of consecutive homozygous genotypes often found in the 

genome can be regarded as the product of strong selective pressures determining local reduction of genetic 

diversity (Metzger et al. 2015). 

Finally, the individual-based, long-term study of wild populations exposed to natural environmental 

conditions provides essential insights to the processes that govern population divergence, potentially 

allowing to predict the evolutionary destiny of populations. Patterns of genetic diversity within and between 

populations are shaped by demography, divergence and the extent of reproductive isolation (Ellegren 2014). 

All individuals and populations of a species are related to each other through common ancestry. Population 

genomics allows accurate reconstruction of current and past population size and structure, revealing the 

underlying complex demographic scenarios and assessing the effect of gene flow and introgression (Schiffels 

and Durbin 2014). In the absence of recombination and selection, their time of divergence can be directly 

estimated from the total number of differences between sequences (Crow and Kimura 1970). This 

information in turn can be used to infer the time of ancestral genetic separations, effective population sizes 

(Ne) over the generations and demographic events (e.g. bottlenecks). Today, one of the standard approaches 

for past demographic inference from genomic data is Allele Frequency Spectrum (AFS) analysis. In 

particular, Joint Allele Frequency Spectrum (JAFS), which represents the joint distribution of allele 

frequencies across two or more related populations, has been a commonly employed method for inferring 

demographic models for many species (Gutenkunst et al. 2009). Studying the demography and population 

divergence of declining barn swallow populations in conjunction with the ecological challenges that they are 
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facing, potentially allowing to dissect the relative impact of global environmental changes on species 

microevolution. On the other hand, speciation is a fundamental process responsible for the diversity of life. 

Progress has been made in detecting individual ‘speciation genes’ that cause reproductive isolation. In 

contrast, until recently, less attention has been given to genome-wide patterns of divergence during 

speciation. Thus, major questions remain concerning how individual speciation genes are arrayed within the 

genome, and how this affects speciation. 

In conclusion, to all the aforementioned studies and goals, the establishment of a reference genome for 

the barn swallow achieved with the present work will represent the first, essential milestone. 
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Appendix 1 

 
 

Supplementary Table 1: Assembly metrics comparison for contigs and scaffolds between different assemblies. 
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ABSTRACT 

 

Background:  
The barn swallow (Hirundo rustica) is a migratory bird that has been the focus of a large number of 
ecological, behavioural and genetic studies. To facilitate further population genetics and genomic studies, 
here we present a high-quality genome for the European subspecies (Hirundo rustica rustica). 
 
Findings: 
We have assembled a highly contiguous genome sequence using Single Molecule Real-Time (SMRT) DNA 
sequencing and Bionano optical maps. We compared and integrated optical maps derived both from the 
Nick, Label, Repair and Stain and from the Direct Label and Stain technologies. For our SMRT-only 
assembly, the direct labelling system more than doubled the assembly N50 with respect to the nickase 
system. The dual enzyme hybrid scaffold led to a further marginal increase in scaffold N50 and an overall 
increase of confidence in scaffolds. After removal of haplotigs, the final assembly is approximately 1.21 
Gbp in size, with an N50 value of over 25.95 Mbp, representing an improvement in N50 of over 650 fold 
with respect to a previously reported assembly based on paired-end short read data. 
 
Conclusions: 
This high-quality genome assembly represents a valuable resource for further studies of population genetics 
of the barn swallow and for studies concerning the evolution of avian genomes. It also represents the first 
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genome assembled combining SMRT sequencing with the new Bionano Direct Label and Stain technology 
for scaffolding, highlighting the potential of this methodology to contribute to substantial increases in the 
contiguity of genome assemblies. 
 

Keywords: genome, barn swallow, third-generation sequencing, SMRT, long reads, Bionano, DLS, DLE-1, 
optical maps, single molecule. 
 
  
Data Description 
 
Context 

The barn swallow is a passerine bird with at least 8 recognized subspecies in Europe, Asia and North 

America. The European barn swallow (Hirundo rustica rustica) (Figure 1) breeds in a broad latitudinal 

range, between 63-68°N and 20-30°N [1]. Numerous evolutionary and ecological studies have focussed on 

its biology, life history, sexual selection, and response to climate change. More recently, the barn swallow 

has become the focus of genetic studies on the divergence between subspecies [2–4] and on the control of 

phenological traits [5–8]. Due to its synanthropic habits and its cultural value, the barn swallow is also a 

flagship species in conservation biology [1]. The availability of high-quality genomic resources, including a 

reference genome, is thus pivotal to further boost the study and conservation of this species. 
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Figure 1: the European barn swallow (Hirundo rustica rustica). Courtesy of Chiara Scandolara. 

 
In 2016, Safran and coworkers reported the first draft of the genome for the American subspecies (Hirundo 

rustica erythrogaster) constructed from Illumina paired-end reads at 47x coverage depth [2]. This assembly 

was described as containing 1.1 Gbp of assembled sequences (average contig length 11 kbp, contig N50 = 

39 kbp, contig N90 = 3.8 kbp, longest scaffold: 732 kbp), compared to an estimated genome size of 1.28 

Gbp [9]. Moreover, the assembly was derived from a male individual, excluding information for the W 

chromosome, as females are the heterogametic (ZW) sex in birds. 

To address the aforementioned limitations, we have employed two single-molecule technologies, SMRT 

Third-Generation Sequencing (TGS) from Pacific Biosciences (Menlo Park, California, USA) and optical 

mapping from Bionano Genomics (San Diego, California, USA), to produce a state-of-the-art high-quality 

genome assembly for the European subspecies. For optical mapping we have labeled DNA molecules both 

with one of the original Nick, Label, Repair and Stain (NLRS) nickases (Nb.BssSI) and with the new Direct 

Label and Stain (DLS) approach (enzyme DLE-1). The latter technique was officially released in February 
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2018 and avoids nicking and subsequent cleavage of DNA molecules during staining [10]. We show that, at 

least with our data, DLS allows a considerable improvement of scaffold contiguity with respect to the 

nickase tested. Furthermore, the “dual enzyme” approach affords additional support for scaffold junctions. 

To our knowledge this genome assembly is the first to incorporate DLS data, and their integration with 

SMRT sequencing provided assembly contiguity metrics well in excess of those specified for “Platinum 

genomes” by the Vertebrate Genomes Project (VGP) [11]. 

 
Blood sample collection 

The blood used as a source of DNA was derived from a minimally invasive sampling performed on a female 

individual of approximately two years of age during May 2017 in a farm near Milan in Northern-Italy 

(45.4N 9.3E). Blood was collected in heparinized capillary tubes. Three hours after collection, the sample 

was centrifuged to separate blood cells from plasma and then stored at -80°C. 

 
DNA extraction and quality control for SMRT library preparation 

DNA extraction was performed on blood cells portion of centrifuged whole blood containing nucleated 

erythrocytes and leukocytes using the Wizard genomic DNA purification kit (Promega, Cat. No. A1125). 

This kit employs a protocol similar to classical Phenol/Chloroform DNA extraction, with no vortexing steps 

after cell lysis. After purification, DNA quality and concentration was assessed by Nanodrop (Thermo 

Fisher Scientific, Cat. No. ND-1000) and subsequently by Pulsed Field Gel Electrophoresis (PFGE). 

Detectable DNA was over 23 kbp in size, with the vast majority over 50 kbp and even over 200 kbp 

(Supplementary Figure 1). PFGE quality results were further confirmed by capillary electrophoresis on 

FEMTO Pulse instrument (AATI, Cat. No. FP-1002-0275) (Supplementary Figure 2). DNA was stored at -

80°C and shipped on dry ice. 

 
SMRT library preparation and sequencing 

SMRTbell Express Template Prep Kit (Pacific Biosciences, Cat. No. 101‐357‐000) was used to produce the 

insert library. Input gDNA concentration was measured on a Qubit Fluorometer dsDNA Broad Range (Life 

Technologies, Cat. No. 32850). 10µg of gDNA was mechanically sheared to an average size distribution of 

40-50 kbp, using a Megaruptor Device (Diagenode, Cat. No. B06010001). FEMTO Pulse capillary 
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electrophoresis was employed to assess the size of the fragments. 5 µg of sheared gDNA was DNA-damage 

repaired and end-repaired using polishing enzymes. Blunt-end ligation was used to create the SMRTbell 

template. A Blue Pippin device (Sage Science, Cat. No. BLU0001) was used to size-select the SMRTbell 

template and enrich for fragments > 30 kbp, excluding the first two cells for which the library was enriched 

for fragments > 15 kbp. The size-selected library was checked using FEMTO Pulse and quantified on a 

Qubit Fluorometer. A ready to sequence SMRT bell-Polymerase Complex was created using the Sequel 

binding kit 2.0 (Pacific Biosciences, Cat. No. 100‐862‐200). The Pacific Biosciences Sequel instrument was 

programmed to sequence the library on 18 Sequel SMRT Cells 1M v2 (Pacific Biosciences, Cat. No. 101‐

008‐000), taking one movie of 10 hours per cell, using the Sequel Sequencing Kit 2.1 (Pacific Biosciences, 

Cat. No. 101‐310‐400). After the run, sequencing data quality was checked via the PacBio SMRT Link 

v5.0.1 software using the “run QC module”. An average of 3.7 Gbp (standard deviation: 1.7) were produced 

per SMRT cell (average N50 read length = 25,622 bp), with considerable improvements between the 15 kbp 

library and the 30 kbp library (see Supplementary Figure 3 for more detailed statistics). We observed a wide 

distribution in the GC content of reads (Supplementary Figure 4). This is likely explained by the presence in 

avian genomes of three classes of chromosomes: macrochromosomes (50-200 Mbp, 5 in chicken), 

intermediate chromosomes (20-40 Mbp, 5 in chicken) and microchromosomes (12 Mbp on average, 28 in 

chicken). These last account for only 18% of the total genome but harbor ∼31% of all chicken genes, have 

higher recombination rates and higher GC contents on average [12]. 

 
Assembly of SMRT reads 

The final assembly of long reads was conducted with software CANU v1.7 [13] using default parameters 

except for the “correctedErrorRate” which was set at 0.075. The assembly processes occupied 3,840 CPU 

hours and 2.2 Tb of RAM for read correction, 768 CPU hours and 1.1 Tb of RAM for the trimming steps, 

and 3280 CPU hours and 2.2 Tb of RAM for the assembly phase. The assembly contained 3,872 contigs 

with a N50 of 5,2 Mbp for a total length of the assembly of 1311.7 Mbp (Table 1 and Supplementary Table 

1). Final polishing was performed using the Arrow v2.10 software (Pacific Biosciences) and resulted in 

final coverage of 45.4x. 

 
Cell count and DNA extraction for optical mapping 
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High-molecular weight (HMW) DNA was extracted from 7-8 µl of the cell portion from the same blood 

sample used for SMRT sequencing using the Blood and Cell Culture DNA Isolation kit (Bionano 

Genomics, Cat. No. RE-016-10). HMW DNA was extracted by embedding cells in low melting temperature 

agarose plugs that were incubated with Proteinase K (Qiagen, Cat. No. 158920) and RNAseA (Qiagen, Cat. 

No. 158924). The plugs were washed and solubilized using Agarase Enzyme (Thermo Fisher Scientific, 

Cat. No. EO0461) to release HMW DNA and further purified by drop dialysis. DNA was homogenised 

overnight prior to quantification using a Qubit Fluorometer. 

 
In silico digestion 

The genome assembly obtained with CANU was in silico digested using Bionano Access software to test 

whether the nicking enzyme (Nb.BssSI), with recognition sequence (CACGAG), and the non-nicking 

enzyme DLE-1, with recognition sequence (CTTAAG), were suitable for optical mapping in our bird 

genome. An average of 16.9 nicks/100 kbp with a nick-to-nick distance N50 of 11,708 bp were expected for 

Nb.BssSI, while DLE-1 was found to induce 19.1 nicks/100 kbp with a nick-to-nick distance N50 of 8,775 

bp, both in line with manufacturer’s requirements. 

 
DNA labeling for optical mapping 

For NLRS, DNA was labeled according to manufacturer’s instructions using the Prep DNA Labeling Kit-

NLRS (Bionano Genomics, Cat. No. 80001). 300 ng of purified genomic DNA was nicked with Nb.BssSI 

(New England Biolabs, Cat. No. R0681S) in NEB Buffer 3. The nicked DNA was labeled with a 

fluorescent-dUTP nucleotide analog using Taq DNA polymerase (New England BioLabs, Cat. No. 

M0267S). After labeling, nicks were ligated with Taq DNA ligase (New England BioLabs, Cat. No. 

M0208S) in the presence of dNTPs. The backbone of fluorescently labeled DNA was counterstained 

overnight with YOYO-1 (Bionano Genomics, Cat. No. 80001). 

For DLS, DNA was labeled using the Bionano Prep DNA Labeling Kit-DLS (Cat. No. 80005) according to 

manufacturer’s instructions. 750 ng of purified genomic DNA was labeled with DLE labeling Mix and 

subsequently incubated with Proteinase K (Qiagen, Cat. No. 158920) followed by drop dialysis. After the 

clean-up step, the DNA was pre-stained, homogenised and quantified using on a Qubit Fluorometer to 

establish the appropriate amount of backbone stain. The reaction was incubated at room temperature for at 
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least 2 hours. 

 
Generation of optical maps 

NLRS and DLS labeled DNA were loaded into a nanochannel array of a Saphyr Chip (Bionano Genomics, 

Cat. No. FC-030-01) and run by electrophoresis each into a compartment. Linearized DNA molecules were 

imaged using the Saphyr system and associated software (Bionano Genomics, Cat. No. 90001 and CR-002-

01). In the experiment with DLE-1, molecule N50 was 0.2475 Mbp for molecules above 20 kbp and 0.3641 

Mbp for molecules above 150 kbp - with an average label density of 15.7/100 kbp for molecules above 150 

kbp. Map rate was 56.4% for molecules above 150 kbp. Effective coverage was 30.6x. 

In the experiment with Nb.BssSI, molecule N50 was 0.1298 Mbp for molecules above 20 kbp and 0.2336 

Mbp for molecules above 150 kbp - with an average label density of 11.8/100 kbp for molecules above 150 

kbp. Map rate was 38.9% for molecules above 150 kbp. Effective coverage was 28.2x. Using both DLE-1 

and Nb.BssSI, label metrics were in line with the manufacturer’s expectations. 

 
Assembly of optical maps 

The de novo assembly of the optical maps was performed using the Bionano Access v1.2.1 and Bionano 

Solve v3.2.1 software. The assembly type performed was the “non-haplotype” with “no extend split” and 

“no cut segdups”. Default parameters were adjusted to accommodate the genomic properties of the barn 

swallow genome. Specifically, given the size of the genome, the minimal length for the molecules to be 

used in the assembly was reduced to 100 kbp, the “Initial P-value” cut off threshold was adjusted to 1 x 10-10 

and the P-value cut off threshold for extension and refinement was set to 1 x 10-11 according to 

manufacturer's guidelines (default values are 150 kbp, 1 x 10-11 and 1 x 10-12 respectively). 

A total of 233,450 (of 530,527) NLRS-labelled molecules (N50 = 0.2012 Mbp) were aligned to produce 

2,384 map fragments with an N50 of 0.66 Mbp for a total length of 1338.6 Mbp (coverage = 32x). 108,307 

(of 229,267) DLE-1 labelled input DNA molecules with a N50 of 0.3228 Mbp (theoretical coverage of the 

reference 48x) produced 555 maps with a N50 length of 12.1 Mbp for a total length 1299.3 Mbp (coverage 

= 23x).  

 
Hybrid scaffolding 
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Single and dual enzyme Hybrid Scaffolding (HS) was performed using Bionano Access v1.2.1 and Bionano 

Solve v3.2.1. For the dual enzyme and DLE-1 scaffolding, default settings were used to perform the HS. For 

Nb.BssSI the “aggressive” settings were used without modification. The NLRS hybrid assembly had an 

N50 of 8.3 Mbp (scaffold only N50 = 10.8 Mbp) for a total length of 1,338.6 Mbp (total length of 

scaffolded contigs = 1,175.3 Mbp) and consisted of 409 scaffolds and 2,899 un-scaffolded contigs. The 

DLS hybrid assembly had N50 of 17.3 Mbp (scaffold only N50 = 25.9 Mbp) for a total length of 1,340.2 

Mbp (total length of scaffolded contigs = 1,148.4 Mbp) and consisted of 211 scaffolds and 3,106 un-

scaffolded contigs. Dual enzyme HS (incorporating both DLS and NLRS maps) resulted in an assembly 

with N50 of 23.8 Mbp (scaffold only N50 = 28.4 Mbp) for a total length of 1,351.8 Mbp (total length of 

scaffolded contigs = 1,208.8 Mbp) and consisted of 273 scaffolds and 2,810 un-scaffolded contigs. During 

the automatic conflict resolution in the dual enzyme HS, 185 SMRT contigs were cut, as Bionano maps 

confidently indicated mis-assemblies of the SMRT reads. Conversely 117 bionano maps were cut indicating 

that the chimeric score did not provide sufficient confidence to cut the assembly based on SMRT contigs. 

Of 3,872 SMRT contigs, 1,243 (32%) were anchored in the Bionano maps (of which 990 were anchored in 

both DLS and NLRS maps). 56 and 226 were anchored in DLS and NLRS maps respectively. 2810 maps 

could not be anchored at all.  

Notably, all hybrid assemblies were somewhat larger than the expected genome size, and in all cases, the 

N50 of un-scaffolded contigs was extremely low (0.06 Mbp for the dual enzyme hybrid assembly). We 

hypothesized that a significant proportion of these small contigs might represent divergent homologous 

haplotigs that were assembled independently. Similarity searches were consistent with this possibility as 

almost 95% of the contigs that were not scaffolded in the dual enzyme hybrid assembly showed > 98% 

identity to scaffolded contigs over 75% of their length or more. These contigs were discarded, resulting in a 

final assembly (Table 1 and Supplementary Table 1 for detailed statistics) of 1.21 Gbp (N50 = 25.9 Mbp) 

made up of 273 dual enzyme hybrid scaffolds (N50 = 28.42 Mbp) and 91 un-scaffolded contigs (N50 = 

0.0644 Mbp). The final assembly is slightly smaller than the previously estimated genome size (1.28 Gbp) 

[9], possibly reflecting an imprecise older estimate and/or the possibility that some poorly assembled 

repeats were discarded in the final step described above. The average read SMRT read coverage for the 

genome assembly was 34.15X (implying a theoretical QV of over 40). Supplementary Figure 5 provides a 
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summary of observed sequence coverage depth.  

 

Safran et al. [2]1 SMRT contigs2 Final assembly3 

Species H. r. erythrogaster H. r. rustica 

Starting raw data (Gbp) 61.7 66.4 59.6  

N50 (bp) 38844 5189284 25954216  

N90 (bp) 3718 85340 2002624 

Total size (Gbp) 1.1 1.31 1.21 

Theoretical genome coverage* 47x 52x 47x  

% genome coverage* 85.9 102.6 94.5 

# of contigs/scaffolds 100153 3872 364  

Avg contig/scaffold length (bp) 11010 338782 3334461 

Longest contig/scaffold (bp) 732517 33230000 98053015 
 
Table 1: Assembly metrics for contigs and final scaffolds in our European barn swallow genome compared 

to the published American barn swallow genome. 1 Illumina PE reads assembled using SOAPdenovo v2.04 

[14]. 2 SMRT reads assembled using CANU v1.7 [13]. 3 SMRT contigs assembled with CANU and 

scaffolded using Bionano dual enzyme HS, with haplotigs removed as detailed in the text. *Based on a barn 

swallow genome size estimate of 1.28 Gbp [9].  

 
Annotation of genes and repeats 

With respect to mammals, avian genomes generally contain relatively low proportions of repetitive 

sequences and show strong mutual synteny [15]. This appears to be the case also for the barn swallow 

genome. In particular, 7.11% of the final assembly was annotated as repetitive using RepeatMasker [16], 

with the major contributions deriving from L2/CR1/Rex LINE elements (3.37%), retroviral LTRs (1.59%) 

and simple repeats (1.56%). These repeats were soft-masked prior to de novo gene prediction using 

Augustus [17] with Gallus gallus gene models. 

In all, 35,644 protein coding genes were predicted, of which 9,189 were overlapped by more than 30% of 

their size with repetitive genomic elements. Of the remaining 26,455 predicted protein coding genes, 24,331 

harbored a PFAM protein domain. Simple similarity searches based on blastp [18] (with default parameters) 
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suggested that 17,895 of the predicted protein coding genes have a best reciprocal blast hit with gene 

models derived from Gallus gallus GRCg6a assembly (as available from [19]), while 2,927 of the proteins 

predicted by Augustus did not show any significant match (e-value <= 1 x 10-15, identity > 35%).  

 
BUSCO genes  

Of a total of 4915 conserved bird Benchmarking with Universal Single-Copy Orthologs (BUSCO) groups 

[20] sought, 4,598 (93.6%) were complete, 4,521 (92.0%) were complete and single-copy, 77 (1.6%) were 

complete and duplicated, 192 (3.9%) were fragmented and 125 (2.5%) were missing. The percentage of 

contiguously assembled BUSCO genes is consistent with recent results with Anna’s Hummingbird (Calypte 

anna) and the Zebra Finch (Taeniopygia guttata) [21]. We note that 40 of the “missing” bird BUSCO genes 

are absent from at least 2 of the 54 available avian genome sequences, suggesting that, despite the 

potentially incomplete nature of some draft genomes, some of these genes may not be universally conserved 

among birds. 

 
Synteny with the Chicken and Hummingbird genomes 

Alignment of the final assembly with the most recent assembly of the chicken genome (GRCg6a) using D-

Genies [22] indicates high levels of collinearity between these two genomes with a limited number of intra-

chromosomal rearrangements (Figure 2). The high level of collinearity between independently assembled 

and scaffolded sequences provides circumstantial support for the quality of both the contigs and the hybrid 

scaffolds and is consistent with previous observations of high levels of synteny and minimal inter-

chromosomal rearrangements among birds [15]. 
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Figure 2: Alignment of the final assembly with the published chromosome-level assembly of the chicken 

(Gallus gallus) genome GRCg6a using D-Genies [22]. Light to dark yellow dots indicate progressively 

higher similarity between sequences. 

 
Conclusion 

During the last 20 years, nucleic acid sequencing technologies have developed over four times faster than 

improvements of microchip complexity predicted by Moore’s law [23,24]. While short-read NGS (now 

known as Second Generation Sequencing - SGS) technologies have allowed the production of cost-effective 

genome drafts for many birds and other vertebrate species [25–27], the reduction in genome sequencing 

costs has typically come at the price of compromises in contiguity and accuracy of assemblies with respect 
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to earlier efforts based on Sanger reads and extensive physical mapping [28]. Many limitations of SGS-

based assemblies stem from the occurrence of long sequence repeats. In many animal species, transposons 

are frequently located in introns [29] and the presence of large gene families of closely related paralogs can 

lead to the existence of long “genic” repeats. Accordingly, even apparently contiguous genic regions can 

feature juxtaposition of paralogous gene fragments [21]. Given the inception of large scale sequencing 

initiatives aiming to produce genome assemblies for a wide range of organisms [30–33], it is critical to 

identify combinations of sequencing and scaffolding approaches that allow the cost effective generation of 

genuinely high-quality genome assemblies [11]. While exhibiting higher rates of single-base errors than 

some SGS approaches, TGS technologies, including SMRT sequencing, offer read-lengths unparalleled by 

SGS or Sanger sequencing [34]. Moreover, recent and ongoing improvements in TGS methods are rapidly 

reducing the “per-base” cost of TGS data compared to that of SGS. On the other hand, as an alternative to 

scaffolding with long insert mate-pairs [35] or to chromatin proximity ligation sequencing [36], contiguity 

and accuracy of long-read-based assemblies can be further improved by optical mapping. This relies on 

nanoscale channels that can accommodate thousands of single, ultralong (>200 kbp) double-stranded DNA 

filaments in parallel, subsequently stained to recognize specific 6-7 bp long motifs [37]. The combination of 

long reads and optical maps has already proven invaluable to produce high-quality genome assemblies, even 

in the case of particularly complex genomes [38]. Here, using only SMRT sequencing and Bionano optical 

maps we have produced a high-quality and contiguous genome for the barn swallow. With respect to a 

previously reported SGS-based assembly of the American barn swallow genome using a comparable 

amount of raw data [2], even the contigs generated from long-read sequencing alone show an 134-fold 

increase in N50. In terms of N50, number and average length, these contigs are similar to those recently 

obtained for the Anna’s hummingbird genome using the same technology [21]. Furthermore, the fold 

change in N50 attained by Bionano NLRS hybrid scaffolding of the European barn swallow genome (1.6 

fold before removal of haplotigs) is comparable with results obtained by other genome assemblies that have 

employed this method [39]. Strikingly, the new DLS method greatly outperformed the NLRS system, 

providing a 3.3 fold increase of N50 (before removal of haplotigs). Moreover, incorporation of both 

labelling systems into the hybrid scaffolding yielded a final assembly showing 5-fold improvement of the 

N50 with respect to the original SMRT assembly, simultaneously providing “independent” validation of 
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many scaffold junctions. We note that the presence of numerous microchromosomes in avian genomes 

restricts the final N50 value potentially attainable for the assembly, as the fully assembled karyotype would 

have an N50 of ~ 90 Mbp. Yet, after removal of putative haplotigs, our genome assembly contiguity metrics 

meet the high standards of the VGP consortium “Platinum Genome” criteria (contig N50 in excess of 1 Mbp 

and scaffold N50 above 10 Mbp) [11]. Accordingly, we believe that the data presented here, as well as 

attesting to the effectiveness of SMRT sequencing combined with DLS optical mapping for the assembly of 

vertebrate genomes, will provide an invaluable asset for population genetics studies in the barn swallow and 

for comparative genomics in birds. 

 
Re-use Potential 

Future directions for the barn swallow genome include the phasing of the assembly to generate extended 

haplotypes, a more thorough gene annotation using RNA/IsoSeq sequencing data, detailed comparisons 

with genome data from Hirundo rustica erythrogaster, re-evaluation of data from previous population 

genetics studies conducted in this species, as well as characterization of the epigenetic landscape.  
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SECTION B 
Evolutionary study of Huntington’s Disease-causing CAG repeats along vertebrate phylogenetic 
history 
 

This section presents the methodological work and the conclusions drawn from my - and other collaborators 

- work on the study of the evolutionary origins of Huntington’s Disease, a genetic neurodegenerative 

disorder. The study was conducted in the Laboratory of Stem Cell Biology and Pharmacology of 

Neurodegenerative Diseases directed by Prof. Elena Cattaneo at the University of Milan where I worked for 

the first two years of my PhD (and also during my Master Thesis work) and whose research effort is on the 

phylogenetic and biological investigation of HD causative gene. The study was made possible also thanks to 

a collaboration between Prof. Cattaneo and my Ph.D. thesis supervisor Prof. Nicola Saino. A manuscript is 

in preparation reporting part of the data from this work together with other data obtained in the Cattaneo lab. 

  



Ph.D. Thesis  Giulio Formenti 

 101 

 

 
 
 
 
 
 
 
 
 

 

 

INTRODUCTION  



Ph.D. Thesis  Giulio Formenti 

 102 

1. Huntington’s Disease 

1.1. The disease.    
Huntington’s Disease (HD) is a neurodegenerative disorder with a fully autosomal dominant inheritance 

pattern (MacDonald et al. 1993; Lee et al. 2012). Prevalence (i.e. the actual number of cases) is estimated to 

be one in about 7,300 individuals in western populations (Almqvist et al. 2001; Morrison, Harding-Lester, 

and Bradley 2011; Fisher and Hayden 2014). In 1872, the physician George Huntington first described HD 

as chorea on the basis of its symptoms characterized by involuntary body movements (Wiener and Lang 

1989). In 1993, after extensive research (Gusella et al. 1983), the gene responsible for the disease (IT15 or 

Htt) was identified on chromosome 4 short arm (region 4p16.3) and the protein it encodes was named 

Huntingtin (HTT) (MacDonald et al. 1993). HTT is a highly conserved, ubiquitously expressed protein 

(Strong et al. 1993). The mutation associated with HD is found in 5’ terminal of the HD gene within exon 1 

and takes the form of an over-threshold CAG repeats run, which encodes for a polyGlutamine (polyQ) 

stretch (MacDonald et al. 1993). In humans this locus is highly polymorphic and is known to vary between 9 

and 35 repeats in the healthy range (Kremer et al. 1994; Rubinsztein et al. 1994). Several studies have 

indicated that the CAG tract distribution in the healthy range appears positively skewed, with a modal length 

of 18 repeats in European populations showing higher HD incidence, and 17 and 16 in East Asia and Africa 

respectively (Bates, Harper, and Jones 2002; Fisher and Hayden 2014). In the British Columbia population, 

the most frequent CAG repeats number is 17 (Semaka et al. 2013) (see Figure 1). 

 

 
  
Figure 1: CAG size distribution of 3,188 alleles ascertained in a sample of individuals from British Columbia 
unrelated to HD. Grey bars represent intermediate (27–35 CAG) alleles, while reduced penetrance alleles (36–39 

CAG) are dark-shaded. Adapted from Semaka et al. 2013. 

 

The mean age at onset (i.e. when choreic movements start to develop) is 45 years and it is correlated with 

repeats number, with the length of the repeats accounting for approximately 60% of the variation observed in 

the age at motor onset (Gusella, MacDonald, and Lee 2014). A fraction of the remaining variance can 
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potentially be attributed to genetic variations within the genome of HD patients (Gusella, MacDonald, and 

Lee 2014). A number of genetic modifiers have been proposed over the years (Weydt et al. 2009), and some 

have been identified in Genome-Wide Association Studies (Genetic Modifiers of Huntington’s Disease 

(GeM-HD) Consortium 2015). After disease onset, symptoms progress and deteriorate until death that 

usually occurs within 15-20 years, often due to infections (Albin and Tagle 1995).  

Borderline individuals with a number of repeats between 36 and 40 are characterized by incomplete 

penetrance, that is they do not necessarily develop HD. However, these individuals can transmit disease 

alleles to childhood through a mechanism defined genetic anticipation, where germline mutations favor the 

transmission of longer alleles to the offspring (Pearson 2003). This phenomenon occurs especially during 

paternal transmission and can affect also HD alleles. 

HD belongs to the ‘CAG repeats neurological disorders group’ (McMurray 2010), which also includes 

Spinocerebellar Ataxias (SCA, types 1, 2, 3, 6, 7, 17), Spinobulbar Muscular Atrophy (SBMA), and 

Dentatorubral-pallidoluysian atrophy (DRPLA). These neurodegenerative disorders affect specific areas of 

the brain and specific neuronal subpopulations. This specificity may suggest that the expanded CAG repeat 

itself is not sufficient to cause selective neuronal death and the cause of the disease is linked to the loss of 

function of the involved protein (Cattaneo et al. 2001; Cattaneo, Zuccato, and Tartari 2005).  

1.2. Htt gene structure and expression. 
The Htt gene is a 67 exon-long gene located on the short arm (p) of human chromosome 4. It encodes for a 

3,144 amino acid-long protein named HTT (Figure 2). In rodents as well as in humans, there are two 

alternative splicing mRNA products of transcription. The main transcript, about 10 kbp in size, is 

ubiquitously expressed but predominantly found in the neurons of the central nervous system (DiFiglia et al. 

1995; Ferrante et al. 2000), but also in testes (Strong et al. 1993). In the brain, expression occurs specifically 

in cortical neurons of layers III and IV. More recent findings have revealed the presence of a natural Htt 

antisense mRNA limited to the Exon 1 capable of regulating gene expression (Chung et al. 2011). In 

mammalian cells, HTT is found mainly in cytoplasm, associated to the nucleus, endoplasmic reticulum and 

Golgi apparatus (Zuccato, Valenza, and Cattaneo 2010). HTT has also been found associated with 

microtubules, which may suggest an implication in cellular transport of vesicles and organelles (Gutekunst et 

al. 1995; Gauthier et al. 2004). 

Given its high molecular weight (380 kDa), for years little was known about HTT structure as it was hard 

to identify its tridimensional structure by X-ray crystallography. In 2018, cryo-electron microscopy was able 

to reveal the structure of full-length human HTT in a complex with HTT-associated protein 40 (HAP40) to a 

very high resolution (Guo et al. 2018). This study has shown that HTT is largely α-helical, with three major 

domains: the amino- and carboxy-terminal domains and smaller bridge domain containing different types of 

tandem repeats between them. The amino- and carboxy-terminal domains harbour multiple HEAT 

(huntingtin, elongation factor 3, protein phosphatase 2A and lipid kinase TOR) repeats (Takano and Gusella 

2002; W. Li et al. 2006) arranged in a solenoid fashion (Guo et al. 2018). These 40 residue-long HEAT 

sequences can fold in helix-turn-helix motifs or α-RODs (Andrade, Petosa, and O’Donoghue 2001) and are 
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involved in protein-protein interactions. Four HEAT repeats clusters have been identified in HTT (Palidwor 

et al. 2009). It is also commonly accepted that the polyP tract found in mammals after the polyQ tract in the 

amino-terminal domain has evolved as a polyQ stabilizer, which acts by raising its solubility (Steffan et al. 

2004). 

The presence of NES sequences (Nuclear Export Signal) and NLS (Nuclear Localization Signal) argues 

in favour of a protein role in molecules exchange between nucleus and cytoplasm (Xia et al. 2003). This 

hypothesis is also supported by the perinuclear localization of HTT and by demonstration that residue 17°, 

immediately preceding the polyQ tract, interacts with the nuclear pore protein TRP (Translocated Promoter 

Region) which enables HTT to migrate out of the nucleus. Removal of this residue causes HTT accumulation 

in the nucleus (Cornett et al. 2005). 

 

 
  
Figure 2: HTT protein schematic structure. Adapted from Zuccato et al. 2010. 

  

HTT undergoes several post-translational modifications, including ubiquitination (lysine 6, 9 and 15), 

sumoylation (N-17) and acetylation of lysine 444 (Jeong et al. 2009) that are believed to affect protein 

cellular localization and homeostasis (Kalchman et al. 1996; Steffan et al. 2004). Other modifications 

include phosphorylation of specific serine residues (13, 16, 421, 434, 1181, 1201), and palmitoylation of 

cysteine 214, which appears to be connected with vesicular trafficking (Yanai et al. 2006).  
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1.3. HTT gain and loss of function. 
Two models, positing a gain and a loss of function respectively, have been competing over the years to 

account for the relationship between HTT with an expanded polyQ and disease development and 

progression. The first model (gain of function model) predicts that pathology is engendered by a non-

physiological function of the expanded glutamine residues stretch that causes HTT to acquire new functions 

that are toxic for neurons. In general, several dysfunctions have been identified in association with an 

acquired pathogenicity of the mutated protein. However, the gain of function model fails to explain selective 

striatal neuronal loss (Cattaneo et al. 2001; Cattaneo, Zuccato, and Tartari 2005) suggesting that also a loss 

of normal HTT function could be related to the disease. The loss of function model posits that HTT and its 

polyQ repeat play a normal physiological role that is altered by the over-threshold expansion (Cattaneo et al. 

2001; Cattaneo, Zuccato, and Tartari 2005). Supporting this view, over the years many physiological 

activities of the protein during development and in the adulthood have been identified that might be 

compromised in the disease. 
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2. Huntington’s Disease gene evolution 
HD-causing gene is extensively found in living organisms and its CAG repeat region is a feature of all 

vertebrate lineages so far investigated. The present chapter highlights the mechanisms through which this 

repeat might have evolved in the first place, how it keeps evolving, the most prominent mechanisms that 

might affect its changes and what was known of its evolutionary history prior to this work. 

2.1. Repeats within the genome 
In relatively recent years it has become apparent that the genomes of extant organisms are, to a great extent, 

interspersed by short repetitive elements. The human genome contains simple sequence repeats (SSRs, also 

called microsatellites) of 1-6 nucleotide repeats in the order of 3% (Tóth, Gáspári, and Jurka 2000). In the 

long history of life, it is very likely that specific repeats have not always been present, or possibly, they must 

have appeared and disappeared during genetic evolution (Ellegren 2004). When a region of repeats in an 

extant organism is observed, it is reasonable to conceive that this region has evolved along generations 

potentially spanning millions of years from an ancestral condition characterized by the total absence of the 

region, or by a low number of repeats engendered by random mutation. It has long been recognized that on a 

genome scale transitions and transversions45 alone do not account for the overall presence of repeats (Durrett 

and Kruglyak 1999) and replication slippage has been identified as the most common cause of SSRs 

variation in the genomes (McMurray 2010).  

2.1.1. Replication slippage and repeat mutation 
Although many other factors certainly play a role, replication slippage is believed to be caused mainly by 

mismatches between DNA strands while being replicated during meiosis (see Figure 3 caption for a brief 

description of this mechanism) (Wheeler et al. 1999), mitosis and repair (Tautz and Schlötterer 1994; 

Pearson, Nichol Edamura, and Cleary 2005). Repeats expansions by slippage mutation rely on the formation 

of DNA secondary structures called hairpins, and it has been argued that rate of formation, abundance and 

length of simple repeats in genomes can be explained by the differential capacity of their specific sequence 

to form hairpins (Bacolla et al. 2008). Mean error rate in humans has been quantified in about one single 

variation per 1,000 generations (Weber and Wong 1993) and the magnitude of slippage mutation is much 

higher than that of point mutations (Jarne and Lagoda 1996). Most slippage events result in a change of just 

one repeat unit and slippage rates vary for different repeat unit sizes (Kruglyak et al. 1998). Repetitive 

elements can be present in coding as well as in non-coding regions. When considering protein coding 

regions, single nucleotide insertions or deletions alone cannot explain the presence of repeats as they would 

turn into frameshift mutations (i.e. changes in the codon reading frame), a deleterious condition in most 

cases (Watson 2014). However, trinucleotide variation in coding regions does not cause frameshift (Metzgar 

and Wills 2000), implying that triplet insertions are generally more tolerated than single, double or any non-

																																																								
45 Transitions are interchanges of two-ring purines (A <> G) or of one-ring pyrimidines (C <> T). Transversions are 
interchanges of purine for pyrimidine bases. Transitions are generally favoured over transversions, perhaps since they 
involve less structure modifications (Futuyma 2013). 
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multiple of three insertions and deletions. These repeats are referred as homorepeats or polyX regions (where 

is X stands for the amino acid they encode for) (Pablo Mier and Andrade-Navarro 2017), and have been 

described as more abundant in eukaryotic than prokaryotic genomes (Faux et al. 2005; Jorda and Kajava 

2010). 

 

 
 
Figure 3: Replication slippage. Nucleotides representing repeats are coloured. In (b) the polymerase encounters the 

repeat tract and progression is slowed but the helicase speed is unaffected (space between green and yellow ovals). To 

avoid uncoupling of the polymerase and the helicase, the leading strand polymerase bypasses a segment of unreplicated 

repeat template on the leading strand, which has formed a hairpin (c). Deletions occur if the loops form on the template 

strand (d) and insertions occur when loop formation is on the daughter strand (not shown). Adapted from McMurray et 

al. 2010. 

2.2.2. Cis and trans acting modifiers  
Repeats might have constant or variable mutation rates. In the case the mutation rate is variable, this 

variability can be due to external conditions (environmental stressors that affect the probability of mutation), 

genetic factors (e. g. length dependency, cis or trans-acting factors, see below) or a combination of both. 

Length dependency of mutation rates can be regarded as a predictor of propensity to mutation (Xu, Peng, and 

Fang 2000). However, lengths being equal, certain repeats appear to be more prone to mutation than others 

(Brock, Anderson, and Monckton 1999), implying that expandability is influenced by factors other than 

length. In HD, single sperm analysis of individuals carrying a constitutive allele of the same length showed 

that sex, mode of transmission and genomic context were found to be relevant predictors of expandability 

(Wheeler et al. 2007). The latter element includes cis and trans acting modifiers (Richards and Sutherland 

1994). Cis acting modifiers are neighbouring genomic sequences (Martins et al. 2008), while trans acting 
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factors represent other genomic regions (coding and non-coding). These factors assume a special importance 

in the case that specific modifiers could be identified for either screening or treatment purposes (Coles, 

Leggo, and Rubinsztein 1997). To understand whether long pathological CAG alleles were caused by a 

general tendency of specific genotypes to give rise to new mutations, several studies have been carried out 

over the years. For example, it was noted that CAG/CTG repeats are generally found in CpG islands46 

(Brock, Anderson, and Monckton 1999). The null-hypothesis for this occurrence is that as CpG have higher 

GC content they are more easily turned into CAG/CTG repeats than other genomic regions. Alternatively, 

since CpG islands are generally associated with transcriptional regulation (Deaton and Bird 2011), their co-

occurrence with CAG/CTG repeats might have a functional explanation. 

Several authors have also suggested that specific haplogroups (defined on the basis of SNPs) are 

associated with the expandability propriety of repeats (Warby, Montpetit, et al. 2009; Warby et al. 2011), 

although debate exists on the subject (Falush 2009; Warby, Visscher, et al. 2009).  

2.3.3. Evolutionary explanations for repeat expansion 
Unless repeat expansions represent an almost neutral or even negative side effect of DNA replication that 

can by no means be totally overcome, the sole fact that repeats are present (also in coding regions), and that 

the mechanism producing them has been conserved throughout the 3.5-billion-years history of life, calls for 

an explanation. Despite this, for many years repeats were regarded as ‘junk’ DNA (Orgel and Crick 1980) 

and therefore almost completely ignored (Shapiro 2011). However, many new data are challenging this view 

and point to a positive function of repeats in the genomes (Kashi and King 2006), which makes them suitable 

for positive natural selection (Haasl and Payseur 2013). In particular, given their length variation, several 

authors have proposed that they might work as ‘tuning knobs’ of gene function (Nithianantharajah and 

Hannan 2007), and thereby potentially involved in shaping the phenotype (Johnsen et al. 2007). If repeats 

truly work as ‘tuning knobs’, then their units of mutation are not single nucleotides but rather entire triplets 

(Richards and Sutherland 1994; Richards 2001). 

In evolutionary studies, HD is often regarded as a model for its peculiar tendency to remain present in the 

population in spite of its potential detrimental effects in the adulthood. This finding has been either explained 

by the disease onset after reproductive age or by a direct increase in fitness of longer/expanded repeats 

(Eskenazi, Wilson-Rich, and Starks 2007). In the first scenario, healthy alleles are thought as neutral, having 

no consequences for the phenotype (Kashi and King 2006), while pathological alleles have serious 

phenotypic consequences (i.e. the disease in the adulthood), but may escape natural selection due to their late 

age-at-onset (Haldane 1941; Partridge and Gems 2002). According to this scenario, a simple mechanistic 

bias toward repeat expansion was invoked as early as 1994, especially for expansions above the pathological 

threshold (Rubinsztein et al. 1994). Indeed, if replication machinery errors favour expansions over 

contractions, the bias would be readily explained. 

																																																								
46 CpG islands are genomic regions of at least 200 bp where CG content exceeds 50-60% (Gardiner-Garden and 
Frommer 1987). 
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In the second scenario, fitness and natural selection have a prominent role in favouring the spread of 

longer alleles. Therefore, the bias toward longer alleles would be produced by positive selection rather than 

by drift or a molecular mechanism intrinsic to DNA replication. Indeed, an extensive survey of human 

genome has revealed that trinucleotide (TNRs) repeats distribution in coding region is not random 

(Kozlowski, de Mezer, and Krzyzosiak 2010). The general mechanism of slippage mutations alone cannot 

explain the relative abundance of specific trinucleotide repeats. Exons are greatly enriched with specific 

TNRs and there is a preferential codon usage for these TNRs. Intriguingly for the case of Htt gene, CNG47 

repeats are the most represented TNRs in exons (Figure 4A), with a 10.4-fold CAG overrepresentation. 

Glutamine is by far the preferred translation (61%) (Figure 4B), and although this last finding could 

theoretically be explained in terms of a lower degree of toxicity (i. e. Glutamine stretches are more tolerated 

than others), the overrepresentation in exons of CAG tracts clearly points toward a biological role in protein 

function.  

 

 
 
Figure 4: TNR in the human genome. Panel A shows the overrepresentation of specific triplet repeats in human 

genome. CAG is the most represented TNR in exons (Kozlowski et al. 2010) and the second in terms of 

overrepresentation (10.4-folds with respect to ACT used as benchmark). Panel B shows that glutamine is also 

overrepresented as codon translation for CAG triplets (61%). Adapted from Kozlowski et al. 2010. 

 

In humans, Glutamine-encoding repeats are by CAG codons by approximately 72% (Athey et al. 2017). 

Specifically, CAG triplets are consistently more abundant in short homorepeats (4-8 residues) than in shorter 

glutamine stretches (1-3 residues) (Mier and Andrade-Navarro 2018). Short Glutamine stretches are 

generally stable and they are present in approximately similar ratios in proteins48 (Mier and Andrade-

Navarro 2018). This pattern is observed in most vertebrate species (Mier and Andrade-Navarro 2018). 

However, in primates for longer repeats (>8) the CAG triplet usage is reduced as compared short repeats (1-

																																																								
47 N = A, T, C or G 
48 In particular, there is on average about 10 “Q”, one “QQ” and 0.1 “QQQ” per protein (Mier and Andrade-Navarro 
2018). 
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8). Short stretches (1-8) also show a general length similarity in primates, especially in the shorter repeats. 

Moreover, Glutamine homorepeats do not appear to be significantly longer in humans than in the other non-

human primates (Mier and Andrade-Navarro 2018), as suggested in the past (Rubinsztein et al. 1995), 

therefore additional studies are required to verify CAG repeat lengths in primates.  Interestingly, there are 

almost no CAA pure regions encoding for polyQ stretches (Mier and Andrade-Navarro 2018). Furthermore, 

stretches with more than ten repeats are rarely stable in length among primate species, while 4Q stretches 

show extreme levels of stability. Moreover, when only CAG regions associated with diseases are considered, 

human polyQ region tends to be the longest one, with unexpectedly high proportions of CAG codons (mean 

value >90%). Non-human primates evolutionary closer to human also tend to have longer repeats in those 

regions (Mier and Andrade-Navarro 2018). 

According to the above results, CAG repeat distribution and conservation in exons could be due to 

alternative or additional forms of a posteriori natural selection on the expansion events. In this scenario, it is 

not immediate to understand why they would favour the appearance of long, pathological repeats. However, 

for natural selection to occur the key factor is fitness, interpreted as the relative contribution of the individual 

to the next generation (Maynard-Smith 1989; Orr 2009). Whenever a condition enhancing fitness is present, 

this will also allow natural selection to act, regardless of the detrimental effects potentially exerted on the 

individual by the condition. Intriguingly, brain magnetic resonance imaging analysis conducted on subjects 

carrying below-threshold alleles demonstrated that specific trinucleotide repeats in the Htt gene influence 

‘normal’ brain structure in humans (Mühlau et al. 2012). Specifically, longer repeats in the normal range are 

associated with increases in grey matter content of the Globus pallidus subcortical brain structure (also 

known as Paleostriatum). Consistently, in an in vitro stem cell assay, heterologous Htt from species with 

progressively longer CAG repeats was found capable of promoting neural formation in a CAG dependent 

manner (Lo Sardo et al. 2012). Additional evidence in favour of a neuronal role of HTT polyQ come from a 

Htt CAG-depleted murine model (Clabough and Zeitlin 2006). Although no evident developmental defects 

were reported, these mice show impairment in memory and learning probably linked to synaptic activity and 

plasticity. 

2.2. Evolutionary history of Huntingtin gene  
Before the genomic era, DNA cloning and sequencing techniques laboriously allowed make available few 

Htt gene homologues, including that of mouse (Lin, Nasir, and MacDonald 1994; Barnes et al. 1994), rat 

(Schmitt et al. 1995), pupperfish (Baxendale et al. 1995), zebrafish (Karlovich et al. 1998), vinegar fruit fly 

(Z. Li et al. 1999) and pig (Matsuyama et al. 2000). The study of these homologues has clarified that the Htt 

gene appeared very early in the history of life and even amoebas as Dictyostelium discoideum do carry a 

copy of the gene homologous to that of vertebrates (Myre et al. 2011). The experimental removal of D. 

discoideum Htt ortholog has shown that, although absence of HTT does not compromise viability, it causes 

cell defects by impairing the response to osmolarity variations (Myre et al. 2011). Moreover, it has been 

shown to impair chemotaxis and cytokinesis (Wang et al. 2011). 
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Three additional papers on Htt evolutionary history have been published by the laboratory where this part 

of the present Ph.D. thesis work has been developed. Evidence on Htt evolution came from homologous 

genes characterization in two basal chordates as Ciona intestinalis and Ciona savignyi (Gissi et al. 2006). 

This study shed light on the first steps of vertebrate Htt orthologous genes evolution. In tunicates, which are 

separated from vertebrates by about 520 million years of independent evolution, despite the presence of a Htt 

orthologous gene encoding for a 2,946 amino acid-long protein product, CAG/CCG repeats in the exon 1 of 

the gene homologous region are totally absent. Moreover, a conservation analysis spanning the entire gene 

revealed that the 5’-terminal portion of the gene was less conserved than its central and 3’-terminal region. 

This suggests that the first part of the gene (i.e. the one which bears the CAG repeats tract) underwent 

diversification along vertebrate evolution, while the rest of the gene is more likely connected to some 

ancestral function common to all chordates (Gissi et al. 2006). Moreover, cloning of amphioxus 

(Branchiostoma floridae) Htt ortholog revealed the presence of the CAG tract represented by two CAG 

repeats and no CCG region (Candiani et al. 2007). The first Q in B. floridae occupies the 18° amino acid 

position as in humans. Moreover, amphioxus Htt gene structure showed a high level of intron-exon 

conservation. Gene expression is detectable in the early neurula stage, and it localizes in the neural plate 

cells population. At subsequent stages, Htt expression is retained in the neural compartment, strongly 

suggesting a function during neural development. At subsequent larval stages, HTT is detected in the neural 

tube, with the strongest signal being present in its most anterior part. Finally, characterization of Sea urchin 

(Strongylocentrotus purpuratus) Htt gene structure revealed that S. purpuratus Htt gene is more similar to 

that of vertebrates than it is to that of Ciona genus, implying that CAG region in Ciona was likely lost 

following its separation from other deuterostomes (Tartari et al. 2008). Sea urchin Htt bears the beginning of 

a CAG tract (encoding 2Q) but in an amino acid environment different from that of cephalochordates and 

vertebrates. Moreover, Htt expression in echinoderms is predominantly confined to non-neural tissues 

(Kauffman et al. 2003). A first comparative analysis of the entire gene in several species (18 sequences, 

Figure 5) of protostomes and deuterostomes showed that N-17, the amino acid sequence before the polyQ 

tract, appears very highly conserved in vertebrates (Tartari et al. 2008). This comparative analysis was also 

the first report that a full trend of appearance of Glutamine residues can be traced from the very beginning of 

metazoan evolution (Tartari et al. 2008). Specifically, at the base of protostome-deuterostome divergence 

there probably was one or no Q and only deuterostome homologues show the appearance of a Q tract with 

2Q in echinoderms and cephalochordates (Tartari et al. 2008). It is only with vertebrates that a real polyQ 

stretch (QQQQ) comes into existence, a feature that is extremely conserved thereafter. Moreover, CCG 

repeats (encoding the polyP region) appear to have originated after the separation of mammals from other 

vertebrates (Tartari et al. 2008) and it is only with mammals that a further increase in the length of the polyQ 

stretch is observed.  
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Figure 5: Multiple alignment of HTT protein sequences from different organisms. Sequences are ordered from top to 

bottom according to their phylogenetic distance from Homo sapiens (Hsa, top). The CAG-encoded Glutamines (Q) are 

highlighted in purple, Prolines (P) are highlighted in blue (Prolines are encoded by CCN, where N can be any of the 

A,C,G,T DNA bases). Rattus norvegicus (Rno); Mus musculus (Mmu); Sus scrofa (Ssc); Bos taurus (Bta); Canis 

familiaris (Cfa); Monodelphis domestica (Mdo); Gallus gallus (Gga); Danio rerio (Dre); Tetraodon nigroviridis (Tni); 

Fugu rubripes (Fru); Ciona savignyi (Csa); Ciona intestinalis (Cin); Strongylocentrotus purpuratus (Spu); Tribolium 

castaneum (Tca); Apis mellifera (Ame); Drosophila pseudoobscura (Dps); and Drosophila melanogaster (Dme). 

Mammals show a polyP region (interspersed of glutamines and other amino acids) and sometimes particularly long 

polyQ regions (e.g. Homo sapiens and Sus scrofa). Adapted from Tartari et al. 2008. 
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AIMS 
The goal that I wished to achieve with this study, as part of an on-going effort in the host laboratory aimed at 

tracing Huntington’s Disease-causing gene throughout evolution, was to reconstruct and understand the 

evolutionary origins of the CAG repeat embedded into the exon 1 of the Htt gene. This goal could be 

achieved by collecting DNA sequences from orthologous genes in order to allow a comparative analysis of 

the differences and similarities between the human sequence and that of other animal species. More 

specifically, existing sequences could be retrieved from public databases and/or assessed directly by 

sequencing from biological samples. These samples could be made available from already in place or newly 

established collaborations. Htt exon 1 sequences could then be aligned to each other in a multiple alignment, 

resulting in a detailed picture of Htt exon 1 CAG repeats along the tree of life. The multiple alignment, when 

subjected to a bioinformatics analysis of the selective pressures, could be used to elucidate the evolutionary 

features of this simple repeat. 
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1. The kick-off: database search 
The amount of sequencing data publicly available for many organisms has kept accumulating at an 

unceasing pace49, especially in the last twenty years after the advent of Next Generation Sequencing (NGS). 

Nucleic acids sequencing methods experienced the greatest and fastest development after the turn of the 

millennium, when first-generation dideoxy chain-termination method (Sanger sequencing), was rapidly 

replaced by cost-effective shotgun whole-genome sequencing (WGS) to generate the early drafts of the 

human genome (Lander et al. 2001; Venter et al. 2001; Heather and Chain 2016). With the advent of NGS, 

genome drafts for several vertebrate model species were then rapidly produced (Mouse Genome Sequencing 

Consortium et al. 2002; Genome 10K Community of Scientists 2009; Zhang et al. 2014; Jarvis et al. 2014) 

and several projects to produce high-quality genomes for most organisms are underway (Koepfli et al. 2015; 

Zhang et al. 2015; Pennisi 2017; Teeling et al. 2018; Lewin et al. 2018). 

By constraining costs and time requests, NGS allows the rapid production of a great amount of genomic 

data. These data are usually released upon the publishing of the genomic analyses and stored into dedicated 

databases. Any study of genetic sequences should first attempt to rely on existing data for experimental 

planning. For this reason, starting from a multiple alignment of HTT orthologues available in the laboratory 

where I conducted this thesis work (Candiani et al. 2007; Tartari et al. 2008), I have searched the main 

publicly available DNA sequence databases for Htt orthologous genes. These sequences were mainly 

available from databases storing WGS data such as Genbank and Ensembl databases. Other databases, as the 

UCSC Genome Browser (Tyner et al. 2017), were sometimes used for cross validation. In most cases, 

sequence data were often retrieved and stored using the FASTA file format. An outline of the databases most 

relevant for this study (Genbank, Ensembl and UCSC) is provided in Appendix 1. 

1.1. Retrieved DNA sequences 
For the preliminary analysis in public databases, I decided to focus on vertebrates as previous results from 

the laboratory where I conducted this Ph.D. thesis work suggested that the CAG repeat originated at the 

bottom of vertebrate radiation (Figure 5) (Candiani et al. 2007). I also included few vertebrate outgroups 

(i.e. taxa that serve as external reference with respect to the set of organisms under study) in the analysis to 

further confirm this view.  

While the degree of representation in sequence data may differ considerably among taxonomic group, 

they are nonetheless available for all major clades of vertebrates, including mammals, birds, reptiles, 

amphibians and fishes (i.e. lungfishes, bony fishes and cartilaginous fishes). Among the orthologous genes 

resulting from direct gene search by name or by BLAST, a total of 100 DNA sequences were retrieved from 

public databases and were considered reliable for being included in the final multiple alignment. These 

selected Htt sequences belonged to 96 vertebrate species, 2 vertebrate outgroups both belonging to 

cephalochordates (genus Branchiostoma) and also included 2 chordate outgroups, the acorn worm 

(Saccoglossus kowalevskii) and the purple sea urchin (Strongylocentrotus purpuratus). In the vast majority 

																																																								
49 “JGI GOLD | Statistics.” Accessed July 07, 2018. https://gold.jgi.doe.gov/statistics 
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of cases, these were the reference sequences annotated in the databases for a given species, implying one 

sequence per species (i.e. the sequence from the Primary Assembly, see Appendix 1 for a definition of 

Primary Assembly). Genbank was always used as primary source, and Ensembl as secondary source for 

validation or for alternative searches in a few genome assemblies. In particular, for two sequences 

(Macropus eugenii and Pteropus vampyrus), the record was present only in Ensembl, which was then used as 

primary source. Four more sequences (Takifugu rubripes, Branchiostoma lanceolatum, Branchiostoma 

floridae and Homo neanderthalensis) were retrieved directly from the raw data associated with the relative 

publications (Baxendale et al. 1995; Candiani et al. 2007; Prüfer et al. 2014). An excel file reporting the 

database accession numbers for all sequences was produced and is reported in Appendix 2. A concise 

summary of the species included in the analysis, grouped by their taxonomic relationships, is reported in 

Table 1. 
 

Phylum Subphylum Class Count 

Chordata Vertebrata Mammalia 46 (of which 18 Primates) 

Aves 18 

Reptilia 5 

Amphibia 3 

Actinopterygii 22 

Sarcopterygii 1 (Latimeria chalumnae) 

Chondrichthyes 1 (Callorhinchus milii) 

Cephalochordata Leptocardii 2 (order Amphioxiformes) 

Hemichordata  Enteropneusta 1 (Saccoglossus kowalevskii) 

Echinodermata  Echinoidea 1 (Strongylocentrotus purpuratus) 

 
Table 1: Summary of the 100 Htt exon 1 orthologous sequences retrieved from public databases. The count refers to 

the number of species included in the final dataset for each taxonomic group. 

 

The availability of whole-genome sequencing (WGS) data, and particularly of those vertebrate genomes, 

reflects the interest for model organisms or endangered species in genetic research. However, it also reflects 

the challenges associated with genome sequencing. These challenges arise from the size and the complexity 

of the genomes themselves, which determine the amount of raw sequencing data required for a reliable 
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genome assembly. Genome sizes are normally reported for the haploid genome, as no genome assembly is 

currently phased into haplotigs (i.e. a genome assembly with distinguished homologous chromosomes). 

These haploid genome sizes are usually expressed in C values, which represent the total weight of DNA in 

picograms (the conversion factor picograms/base pairs is 1 pg = 978 Mbp). Today, C value information is 

available for many species50. The lowest C values are found in birds, which have been shown to have the 

smallest genomes among vertebrates (mean C value of about 1.36 pg)51. Interestingly, this feature appears to 

be associated with flight, as non-flying birds have higher C values on average (the highest reported being 

that of the ostrich Struthio camelus, 2.16 pg) (Zhang et al. 2014). As a result, plenty of bird WGS data are 

available (Zhang et al. 2014), and this made birds very good candidates for the search of gene orthologs. 

For mammals, C values are narrowed around the average of 3.2 pg (s.d. 0.8 pg, ranging from 1.6 to 8.4 

pg)52, while average C values for reptiles are about 2.3 pg (s.d. 0.7 pg, ranging from 1 to 5,4 pg)53. By 

contrast, amphibians show extremely variable genome sizes, with mean C values in the order of 18.9 pg and 

a s.d. of 19 pg54. Among them, C values can peak up to 120 pg in the family Proteidae, but can be as little as 

1 pg in some frogs and toads. Extra-large genome sizes constitute a practically insurmountable barrier for 

NGS-based WGS, and readily explains why there are so few amphibians genomes available. This is also the 

reason why I had been able to retrieve the sequence for only three amphibian species (Table 1).  

Fish genome sizes are also variable, with a mean C value of 2.3 pg (s.d. 2.1 pg, ranging from 0.4 to 17.5 

pg)55 determined by the relatively small genomes of bony fishes, whereas cartilaginous fishes 

(Chondrichthyes) and lungfishes (Sarcopterygii) show the highest C values on average (up to 17 pg). 

 It should be noted that the major challenge with large genome sizes is not represented by the size of the 

genome per se (which might eventually turn into higher sequencing cost to obtain enough sequence 

coverage), but from the widespread presence of low-complexity regions (i.e. tracts which are highly enriched 

in tandem nucleotide repeats). Indeed, these low-complexity regions account for most of the ‘extra’ DNA 

(Biscotti, Olmo, and Heslop-Harrison 2015) and genomes assemblers often fail to map reads in these 

genomic regions, which are consequently missing. For this reason, the majority of huge genomes still defy 

WGS. Yet, this situation appears to have reached a turning point thanks to the recently developed long read-

based approaches (collectively called Third-Generation Sequencing - TGS, as opposed to NGS). This 

improvement is exemplified by the very recent genome assembly of the Mexican axolotl (Ambystoma 

mexicanum), with a C value of 48 pg (Nowoshilow et al. 2018). 

1.1.3 Disregarded sequences in our Htt gene search 
In my analyses, not all Htt exon 1 orthologous sequences initially retrieved were used to produce the final 

multiple alignment. There were multiple reasons for exclusion, and in general the entire process required 

																																																								
50 “Animal Genome Size Database.” Accessed July 07, 2018. http://www.genomesize.com/. 
51 Ibidem. 
52 Ibidem. 
53 Ibidem. 
54 Ibidem. 
55 Ibidem. 
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accurate manual curation. Sequences that were disregarded fell into two main categories: 1) records showing 

complete absence of recognizable Htt exon 1 sequences; and 2) records with apparently incomplete Htt exon 

1 sequences. Indeed, several genes annotated as Htt did not show the DNA sequence expected from the 

comparison with their relatives in the phylogeny. This finding, rather than suggesting abrupt changes in gene 

content for those species, is to be interpreted in the first place as an issue due to NGS technology and the 

assembly process of NGS data. In fact, it has been shown that NGS suffers from context-induced sequencing 

bias, which means that some genomic regions tend to be underrepresented in sequencing reads (including 

GC-rich regions and low-complexity, repeated regions). If these genomic regions are missing from the raw 

data, they will be then missing in the genome assembly and also in the annotated genes. Moreover, most of 

NGS genomes available are missing an important portion of the genomic DNA sequences as a result of the 

context-induced poor quality of genomes assembly based on short-read sequencing. This happens because 

even when low-complexity regions are present in the raw reads, it is often impossible to align them into the 

assembly given the short length of NGS reads (100-300 bp). The consequence of the absence of the region in 

the raw data or of its absence in the final genome assembly is that the automated process of gene annotation 

by the algorithms fails to correctly identify and annotate coding regions of the genome, and wrong gene 

sequences are ultimately reported in the databases. A report suggests that about 30% genes might be 

completely missing from even high-quality NGS genomes (Zhang et al. 2014). Of the remaining genes, 

many are missing several portions of the gene. This happens because NGS genomes are not only incomplete 

but also highly fragmented (i.e. they lack contiguity along the chromosome), and if by chance part of a gene 

falls into a different scaffold, that portion (in our case the exon 1 of Htt) will likely be missing from the final 

sequence. Still, the rest of the gene can be annotated by the automated pipelines, but the missing parts will be 

excluded and sometimes even replaced by the surrounding intronic context and erroneously interpreted as 

coding sequence. 

Htt exon 1 might be a notable example of the aforementioned assembly errors, as its repeated regions 

greatly reduce the probability of automatically assembling that entire genomic region into a contiguous 

scaffold, often producing a breakpoint in the genome assembly at that particular position. Consequently, 

while sometimes the start of exon 1 sequence could be identified, part of exon 1 appeared to be missing as a 

result of errors in the assembly and annotation process. Moreover, the resulting absence of natural contiguity, 

and eventually of a transcriptional start site, often turns into part of the 5’ untranslated region (UTR) or of 

other upstream genomic regions being interpreted by the algorithms producing the annotations as 

transcriptional start sites and being merged into the Htt coding sequence. In these cases, the interruption 

often coincided with the repeated regions, once more pointing at the unreliability of NGS approaches to 

correctly assemble sequence reads in contigs and to annotate low-complexity regions. 

1.1.4 Sequences that required manual inspection of the raw data 
The short length of NGS reads can be challenging even if the genomic region of interest is correctly 

annotated (He et al. 2011). In some cases reads may have correctly aligned, however the resulting consensus 

sequence may not be reliable if no read was able to encompass the length of the repeat. This issue is 
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widespread and explains why all NGS genome assemblies produced over the years are substantially 

incomplete (Schatz, Delcher, and Salzberg 2010; Ye et al. 2011; Treangen and Salzberg 2011). As genome 

assembly relies on the alignment of individual sequencing reads using partially overlapping portions of the 

sequences, when a low-complexity region extends beyond the length of the sequencing reads there is no 

mathematical mean to determine a meaningful alignment between the reads belonging to that particular 

region (Treangen and Salzberg 2011). In this case, the only possibility is to rely on some ‘impurity’ within 

the repeat, usually represented by SNPs, to be used as anchor points for the alignment (He et al. 2011). Yet, 

this allows to solve the issue only in a limited number of cases. In particular, as NGS reads usually span 100-

300 bp, if the repeat length is around this limit or extends beyond its correct alignment is always challenging 

and in many cases just impossible. This case is often found in NGS data from public database, where short 

reads have been the standard in the last twenty years. While the relatively short CAG repeats of most 

vertebrate species analysed did not make this problematic in our dataset, an interesting example of this issue, 

in which I have also run into, is that of the hominid genomes published since 2010. Paleogenomics results 

suffer from the combination of low-quality starting material and DNA amplification-based shotgun 

sequencing, and these genomes are no exception to this. In the case of the Denisova genome (an archaic 

human of the genus Homo), the longest read aligning over the Htt CAG repeat region reported 19 repeats, 

however no Solexa read encompassed the CAG repeat from both sides (Figure 3) (Reich et al. 2010). Even 

for the genome for the Neanderthal man (Homo neanderthalensis) published in 2014 and derived from a very 

well-preserved (but still highly-degraded) finger phalanx discovered in 2008 during excavation in the east 

gallery of Denisova Cave in the Altai Mountains (Siberia) (Prüfer et al. 2014), it was only possible to 

putatively attribute at least 23 repeats.  

 

 
 

Figure 6: Multiple alignment of individual reads mapped to the Htt CAG repeat region within the BAM file of the 

2010 Denisova genome assembly. In order to assess the repeat length at least one read encompassing the CAG repeat 

must be present in the raw data. In this case, no sequencing read has been capable of reading through the anchor 

points on both sides of the repeat. Consensus is shown in the bottom row. The multiple alignment is displayed using 

software SeaView v4.5.4 (Gouy, Guindon, and Gascuel 2010). 
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As to July 2018, there were 484 publicly available vertebrate genome projects on Genbank56. However, this 

number has experienced an exponential growth associated to the drop in WGS costs in the last few years. At 

the end of 2015 when this preliminary inspection was concluded, this number was limited to 26757. Given all 

the aforementioned issues and uncertainties, the 100 manually curated Htt exon 1 sequences selected for this 

study may still represent a good subset of the ones currently available in public databases. Importantly, they 

were highly consistent with results from our own sequencing effort (see Section 3). 

  

																																																								
56 “Genbank: search keyword ‘vertebrata’” Accessed July 25, 2018 
https://www.ncbi.nlm.nih.gov/genome/?term=(vertebrata) 
57 
https://www.ncbi.nlm.nih.gov/genome?term=(vertebrata)%20AND%20(%222000%2F1%2F1%22%5BCreate%20Date
%5D%20%3A%20%222015%2F31%2F12%22%5BCreate%20Date%5D) 
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2. Sampling 

2.1. Rationale and the choice of the species 
The rationale behind the extensive sampling carried out in the present work posits that the more sequences 

available from closely-to-distantly related organisms, the more likely it is to obtain a detailed picture of the 

origin and evolution of a DNA sequence, in our case the Htt CAG repeat. This is the guiding principle 

behind comparative genetics and, as stated by one of the most prominent living evolutionary biologist, “the 

comparative method is the gold standard for testing evolutionary hypotheses. […] The comparative method 

can address the adaptive significance of traits” (Nesse 2011). Accordingly, samples were collected from as 

many vertebrate species as possible, in order to maximize the biodiversity represented in the pool of samples. 

They were collected in a variety of forms, including different biological tissues, museal skins and already 

extracted DNA. As for sequence data from public databases, the choice of focusing on vertebrates relied on 

previous results suggesting that the CAG repeat originated at the bottom of vertebrate radiation (Candiani et 

al. 2007). All major clades of vertebrates were included in this study, i.e. mammals, birds, reptiles, 

amphibians and fishes (including cartilaginous fishes). Within-clade sampling was highly dependent on the 

availability of samples from collaborators, but was also informed by preliminary results. 

2.2. Network of suppliers 
A large network of collaborators and sample suppliers from all over the world was established for the present 

work (Figure 7). 

 

 
 

Figure 7: Location of suppliers. Most collaborations for this project were established with groups and Institutions in 

Europe and North America, yet some valuable samples came also from Africa and Australia. 

 

This work was made possible thanks to the connections already available in the laboratory and through the 

work of other colleagues in the laboratory, and also thanks to the crucial support of my Ph.D. supervisor, 

Prof. Nicola Saino (University of Milan) and his collaborators worldwide. Other collaborations were also 

established throughout the project development. Overall, over 43 researchers belonging to 34 Institutions 
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were involved and enquired to provide samples to the project. Most of our collaborators were able to provide 

samples, and many of these samples were included in the analyses. Specifically, a total of 1,307 samples 

from 33 collaborators were collected, precisely catalogued and stored in the laboratory. Not all these samples 

were included in the analysis, as detailed in Section 3.  A detailed list of providers can be found in Appendix 

3. These providers included research institutions such as biology and zoology departments (e.g. the Dept. of 

Zoology at the University of Sassari in Sardinia, which provided several mammalian samples, but also that 

of Bicocca and Insubria, which provided hard-to-collect bat samples), veterinary clinics and associated 

institutions (including the “Banca Tessuti Cetacei del Mediterraneo”, the cetacean tissue biobank in Padua) 

several museums of Natural History (especially the Natural History Museum of Milan, but also the Natural 

History Museum of Victoria in Australia that provided several invaluable samples of monotremes and 

marsupials) and bioparks where monkeys and apes were kept in captivity (in particular the Biopark of Rome, 

which was able to provide several important samples, as detailed below). Some providers required a special 

mention, thanks to the quantity and quality of samples provided, to the peculiar nature of the samples and to 

the efforts devoted to this project. 

2.2.1 Retrieving the Htt gene exon 1 from museum collections 
Of particular interest and value were the specimens that it was possible to obtain from museum collections. 

Two collections of special interest were represented by the Natural History Museum of Milan, to which we 

could have access thanks to the contribution of Dr. Giorgio Bardelli and Dr. Michela Podestà (both 

employed at the museum), and by Natural History Museum of Pavia, through its curator Dr. Edoardo 

Razzetti. From museum specimens preserved by various means (tanning, ethanol) it was sometimes possible, 

with the approval and supervision of the curators, to obtain small tissue samples. These represented 

minimally invasive tissue cuts. Attention was put on these samples, due to the risk of contamination in PCR-

based assessment of DNA sequences. This is especially true when it comes to museum collections, where 

preparation of the samples and age has got rid of most DNA and where handling of the samples and 

inappropriate storage may allow for the greatest variety of contamination sources to get in contact with the 

samples (bacteria, dust, curators and visitors DNA among others). Due to the low DNA quality or the 

presence of contaminants inhibiting the PCR reaction, many of these samples could not be amplified. On the 

other hand, some samples provided valuable genetic information and results were often consistent with the 

expectations. Attention was paid to manually inspect all sequences deriving from these sources, in order to 

reduce the risk of false positive results. A sample worth recalling that was included in the analysis is the 

pangolin (Phataginus tricuspis58). This sample was retrieved from an ethanol-preserved foetus during a visit 

at the Natural History Museum of Milan. Two cuts were made directly in the tissue by the curator, Dr. 

Giorgio Bardelli, and the resulting tissues pieces were quickly sealed within eppendorf tubes. Both cuts 

amplified, revealing a peculiar sequence (ID68), as it is expected in the case of a species that has highly 
																																																								
58 This sample was originally determined as Manis sp, without further specification. It was brought to the museum on 
March 3rd, 1969 from the Central African Republic (near Bagandou, Mbaiki Prefecture) as a donation from Dr. Silvio 
Pampiglione. It was once indicated as Manis tricuspis. However, after subsequent closer inspection, Dr. Bardelli could 
trace back its story and accordingly the sample was renamed as Phataginus tricuspis (Rafinesque, 1821).  
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diverged from the rest of mammalian species, such as that they deserve a dedicated taxonomic order, 

Pholidota. Another striking example is that of the Museums Victoria in Australia. Thanks to their prompt 

answer and shipment of samples, I was able to sequence the Htt exon 1 of the echidna (Tachyglossus 

aculeatus) (ID76), an extremely rare and valuable sample for a species at the root of mammalian radiation. 

Specifically, they provided two tissue samples belonging to two distinct individuals, which independently 

confirmed the sequence. In all, 7 out of 32 samples, belonging to 4 species, from the Natural History 

Museum of Milan were included in the final dataset59 (189 samples overall). 

Overall, these collaborations confirm that Natural History museums can represent important sources of 

biological samples also for DNA studies. They can act not only as repositories of phenotypic information for 

rare, endangered or even extinct species — as they did for centuries in the past — but they can also act as 

potential sources of genetic information, especially for species otherwise hard or even nearly impossible to 

sample de novo. 

2.2.2 The importance of primates 
A specific focus on primates was conducted at various stages. This was primarily because of their close 

relationship with human beings, as the extant primate species represent the closest outgroups of our species. 

In a first step, several samples from the Biopark of Rome were provided in 2013 by a collaborator of the 

laboratory (Dr. Cristina Martinez-Labarga, University of Rome-Tor Vergata). Preliminary results from some 

of these informed a visit to the The Kyoto University Primate Research Institute (PRI) in 2015 (followed by 

a second visit to PRI in 2017) to perform sequencing on samples that was hard to ship to Italy, as detailed 

further on in Section 5. Furthermore, a second shipment from Dr. Martinez-Labarga occurred in 2018. A 

detailed account of this part of the project is provided in the relative section of results. 

2.5. Sample collection 
Unless otherwise stated, samples were directly retrieved by Dr. Michela Pacifico, a research fellow in the 

laboratory, and me or were delivered to the laboratory by mail. Samples may have consisted of small tissue 

fragments from the widest variety of organs (i.e. muscle, brain, entrails) or other biological tissues such as 

blood, and sometimes even hairs or feathers. In few cases already extracted DNA was available. The amount 

of sample available was also highly dependent on the supplier and on the species. Indeed, only very tiny 

amounts of tissue were available for the smallest vertebrate species (e.g. lizards). Depending on the sample 

source and type, collection has been carried out using different strategies. For example, samples already 

stored frozen by the supplier were collected on dry ice, or were sometimes thawed and preserved in ethanol 

(70° or absolute) during the transport or during mail shipment. Whenever available, the information on the 

original sample collection date was recorded. Upon reception in the laboratory, samples were initially stored 

frozen at -20 °C. Long-term storage of tissue samples was achieved at -80°C. 

																																																								
59 Preliminary results from this work were reported in poster presentation to the congress of Società Italiana di 
Evoluzione Biologica (SIBE) in 2015: 
https://air.unimi.it/handle/2434/465175?mode=simple.878#.W40J-pMzYdV 
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2.6. Sampling results 
Sampling was conducted mainly over the first three months of the project, yet many samples were delivered 

to the laboratory also in the following months. Of the total of 1,307 samples collected, 534 were mammals, 

304 birds, 233 reptiles, 136 amphibians, 99 fishes (of which 10 cartilaginous fishes) and one Agnata 

(Lampreda sp.). Table 3 summarizes the number of samples per species collected, grouped in major clades. 

A detailed excel file listing all samples delivered and their specifications is available upon request to the 

Cattaneo laboratory. The samples that were successfully processed and included in the analyses were all 

drawn from this list. 

 
 

Phylum Subphylum Class N. of orders N. of families N. of species 

Chordata Vertebrata Mammalia 21 29 62 158 156 5,513 

Aves 28 42 51 227 93 10,425 

Reptilia 7* 4 25 81 139 10,711 

Amphibia 2 3 17 59 125 7,302 

Actinopterygii 21 44 46 446 69 33,600 

Chondrichthyes 4 15 5 59 6 1,100 

Agnatha 1 2 1 4 1 110 

 
Table 2: Summary of the samples collected during the project. Numbers refer to the count of taxonomic groups for 

each category present in the final sample. *Including suborders. Numbers in italic represent the count of extant 

taxonomic units for the specific taxa, as detailed in text. 

 

The number of samples for each class of vertebrates partially reflects the network of collaborators 

established for this work and the intrinsic difficulties associated with sampling of some taxonomic groups 

(e.g. lungfishes, for which no sample was available). It also reflects the phylogenetic history of the different 

taxonomic groups, as in the case of jawless fishes (Agnatha), a clade that comprises approximately only 110 

extant species60. Yet all major clades had similar degrees of representation in the sample pool. Specifically, 

0.5% of all 1,100 living species of cartilaginous fishes61, 0.2% of about 33,600 living species of ray-finned 

																																																								
60 “Britannica | Agnathan.” Accessed July 18, 2018. https://www.britannica.com/animal/agnathan 
61 “Biodiversity Explorer: Chondrichthyes (cartilaginous fish, including sharks, rays & chimaeras).”  Accessed: July 17, 
2018. http://www.biodiversityexplorer.org/chondrichthyes/ 
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fishes (Actinopterygii)62, 1.7% of 7,302 living species of amphibians (Frost 2016), 1.3% of 10,711 living 

species of reptiles63, 0.9% of 10,425 living bird species64 and 2,8% of 5,513 living mammalian species 

(Wilson and Reeder 2005) were represented at the end of the sampling effort. Importantly, a greater 

representation was obtained at the level of families and orders. In terms of families, cartilaginous fishes were 

represented by 8%, bony fishes by 10%, amphibians by 29%, reptiles by 31%, birds by 22% and mammals 

by 39%65. In terms of orders, cartilaginous fishes were represented by 27%, ray-finned fishes by 48%, 

amphibians by 67%, reptiles by 100%, birds by 67% and mammals by 72%66. 

As detailed in the following sections, not all the samples were ultimately processed or included in the 

analyses, depending also on the quality of the sample or depending on the interest of the sample for the 

analysis. However, for most of the samples the original tissue and/or the extracted DNA is conserved in 

Cattaneo laboratory and available for future studies. 

  

																																																								
62 From IUCN Red List citing “Fishbase.” Accessed: October 20, 2014. http://www.fishbase.org 
63 From IUCN Red List citing “The Reptile Database compiled by Peter Uetz and Jirí Hošek.”  
64 From IUCN Red List citing “BirdLife International. 2014” Accessed July 24, 2014. 
http://datazone.birdlife.org/home 
65 “Integrated Taxonomic Information System.” https://www.itis.gov/ 
66 Ibidem. 
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3. Development of protocols for Htt exon 1 amplification and sequencing 
In order to PCR-amplify and then sequence as many as possible Htt exon 1 orthologs I tested and established 

several PCR protocols and conducted PCR reactions together with Dr. Michela Pacifico. All protocols relied 

on the amplification of relatively short DNA sequences, that is usually producing fragments between 100 and 

1000 bp suitable for cloning or direct sequencing. Differences in PCR protocols were mainly requested to 

adapt them to a specific taxonomic group. Overall, 6 PCR protocols were employed to produce the final 

dataset. 

3.1. Issues with Htt exon 1 amplification 
Since the development of DNA amplification techniques, amplifying repeated DNA sequences has proven 

challenging. Rather than being a technical issue, this in part arises from a truly biological problem, as the 

DNA-copying machinery often fails in low complexity regions that are widely present in most genomes. 

Intriguingly, these issues are also believed to be at the root of the uncontrolled expansion events that give 

origin to human HD alleles (see Introduction, Section 2.1.1). Other PCR-related issues are common to most 

comparative genetics studies, and arise from the uniqueness of every genome. Some of the major PCR-

related issues encountered during the development of the PCR protocols are discussed in the following 

sections. 

3.1.1. Issues caused by the polymerase 
Issues similar to that of biological processes can occur whenever the polymerase attempts to replicate DNA 

in vitro, as during PCR amplification (Kunkel 2004; Garcia-Diaz and Kunkel 2006). Particularly, slippage 

(see Introduction, Section 2.1.1.) can often occur and can even escape the correcting capacity of 

proofreading polymerases (Lujan, Clark, and Kunkel 2015). However, this issue appears to be highly 

dependent on the length of the repeat itself. With the relatively short (4-15 copies) CAG repeats found in 

most non-human vertebrates the risk of slippage is limited, especially if high-quality, proofreading TAQ 

polymerases are used (Lujan, Clark, and Kunkel 2015). Yet, in principle the random amplification of 

unintended slippage products can occur (Lujan, Clark, and Kunkel 2015). To avoid false positive results, 

especially in case of unexpected results (i.e. results that largely differ from that of other species of the same 

taxonomic group), it can be important to validate the length of the repeat by independent amplification and 

sequencing. Though non-zero, the probability of a perfect match between two independent amplifications 

resulting in a false positive (which would imply an identical slippage error) is relatively low. 

Interestingly, while the polymerase can be an issue during PCR amplification due the potential 

preferential amplification of slippage products, the subsequent Sanger sequencing — although still relying 

on a polymerase — is far less error-prone. This is because Sanger sequencing relies on a linear (not 

exponential) amplification of the input DNA, which should normally result in a relatively fair representation 

of all PCR products present in the sequencing reaction (Slatko et al. 2001). Accordingly, chromatograms 

containing overlapping peaks that represent the spurious PCR products of polymerase slippage can 

sometimes be found (Figure 8), especially when assessing relatively long repeats (20 copies and above). 
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Figure 8: Sanger chromatogram showing the presence of two alternative PCR amplification products differing for 

one CAG repeat. Given that the PCR fragment is read using a forward primer, two amplicons overlap until the end of 

the CAG repeat. Specifically, the first amplicon is TTC(CAG)8CAACAG while the second amplicon is 

TTC(CAG)9CAACAG. The PCR product belongs to a Japanese macaque with a CAG repeat length of 10/11 codons, 

and primates (including humans) were shown to have a CAA codon before the last CAG. This results in a mixed 

CAA/CAG codon (starting from position 384) followed by a mixed CAG/CAA codon (position 387) and by a mixed 

CCG/CAG codon (position 400). The sequence is displayed using software FinchTV67. 

3.1.2. Issues caused by repeat length 
Another issue when analysing a repeated DNA region is the length of the repeated region compared to the 

length of the sequencing read, as recalled in Section 1.1.3. Still, in the case of non-pathological Htt CAG 

repeat lengths, this limitation mainly applies to very few species, as the human and pork (Sus scrofa), the 

only animals where CAG repeats beyond 20 were so far reported. 

3.1.3. Issues caused by differences in gene orthologs 
A main issue when attempting to analyse gene orthologs stems from the evolutionary process itself. Even in 

highly conserved genes as the Htt gene, mutations disrupt sequence similarity among species, ultimately 

resulting in PCR primers that fail to map in the homologous regions. Indeed, due to the redundancy of the 

genetic code, gene conservation can only get rid of non-synonymous substitutions, while synonymous 

substitutions can accumulate at a normal rate. While a certain amount of mismatch (1-2 bases) can be 

tolerated by relatively permissive PCR conditions, strong differences between template and primer 

sequences simply turn into failed amplification or in the amplification of unintended targets. The latter 

possibility is sometimes even worse, as the case of amplicons of similar length requires sequencing to 

ascertain a false positive result. Intriguingly, the amplification of unintended products has sometimes the 

potential for discovery, as it turned out to be the case with my discovery of a non-coding Htt pseudogene in a 

primate lineage (see Section 5). 
																																																								
67 “Geospiza. FinchTV.” March 05, 2018  
http://jblseqdat.bioc.cam.ac.uk/gnmweb/download/soft/FinchTV_1.4/doc/ 
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3.2. Potential strategies and the strategy of choice 
Several strategies can be employed to overcome the aforementioned issues. For polymerase-related issues, 

one important factor is the choice of a proofreading polymerase. Proofreading polymerases are enzymes 

capable of sensing perturbations in the structure of the double helix. These perturbations are determined by 

the mispairing of the two DNA complementary strands that occurs in the presence of nucleotide mis-

incorporation or of hairpin structures (Kroutil et al. 1996). When the polymerases sense the perturbation in 

the structure, it stalls and its 3' → 5' exonuclease activity removes the misincorporated nucleotide68. Then 

the extension can proceed again. However, the power of these polymerases in counteracting the phenomenon 

is limited and applies only to single bases mismatches. Therefore, DNA amplification can sometimes result 

in mutated DNA strands (Kroutil et al. 1996). 

On the other hand, overcoming the issues related to read length depends on the extent of the repeat to be 

amplified. In the case of very short repeats, NGS can be sufficient whenever the repeat is consistently shorter 

than the repeat length. However, it has to be noted here that short read sequencing does not overcome the 

slippage issue, as these technologies mostly rely on PCR product amplification and on polymerases freely 

floating in the sequencing reaction (Kebschull and Zador 2015). Intriguingly, long-read Third-Generation 

Sequencing (TGS) approaches now appear to be able to overcome these issues thanks to the absence of DNA 

amplification steps and thanks to the much longer reads that they provide (Roberts, Carneiro, and Schatz 

2013). The higher error rates of long reads with respect to short reads are still a challenge, but algorithms for 

the automatic detection of repeat length are rapidly being established (Liu et al. 2017). When this thesis work 

was planned and carried out, TGS strategies were still under development and highly experimental, 

discouraging us from their employment. These being unavailable, Sanger sequencing — with its reads 

slightly less than a kbp-long on average (Heather and Chain 2016) — appeared to offer the most scalable, 

cost-effective and reliable strategy. With respect to scalability, Sanger is still more advantageous for several 

kind of projects, as it allows to process samples individually upon necessity, but also in multiples of 8 for 

moderate throughput. It should also be noted that the issue of mispairing of primers can be more easily 

handled with Sanger sequencing rather than with NGS by designing different primer pairs for different 

groups of species using the information available from close relatives in sequence databases. With respect to 

cost, amplicon sequencing with Illumina platforms is still more expensive than Sanger, and the extra cost is 

only justified when samples are pooled together or when a very high level of heterozygosity is expected 

within the amplicon69 (e.g. in the presence of elevated levels of somatic mosaicism). In terms of reliability, 

both approaches would do, but thanks to the linear amplification as previously recalled Sanger sequencing 

can be considered more reliable for some applications. 

																																																								
68 “NEB: Polymerase Fidelity.” https://www.neb.com/tools-and-resources/feature-articles/polymerase-fidelity-what-is-
it-and-what-does-it-mean-for-your-pcr 
69 The presence of two amplicons at approximately equimolar ratio can normally be detected in Sanger traces. However, 
in this case base calling has to be performed manually or using dedicated softwares. Moreover, if the proportion of the 
two amplicon differs considerably (e.g. underrepresentation of one of the two amplicons of <30%), even eye judgement 
might be difficult. If more than two amplicons are present (e.g. in the case of 3n and above genomes), the sequence 
readability is definitely compromised and different approaches are required. 



Ph.D. Thesis  Giulio Formenti 

 129 

3.3. Genomic DNA extraction. 
Genomic DNA (gDNA) extraction represents the first challenge of a successful project aimed at assessing 

genetic sequences. Relevant here is the overall quality of the DNA, which may depend on many factors. The 

first key factor is represented by the preservation of the starting tissue/blood sample. Purity is affected when 

the storing agents are not appropriate for subsequent DNA extraction, as is often the case when the original 

purpose was not that of collecting DNA (e.g. histological tissues). Integrity of the molecules can instead be 

compromised by storage conditions. These can be highly variable between samples and biobanks/collections, 

depending on the original sampling purpose. Samples are often preserved frozen (at -20°C or at -80°C) or in 

ethanol (etOH) at various concentrations (normally from 70% to 90%). Other means, including proprietary 

storing buffers, can also be employed. In case of cold-preservation approaches, consequent cellular 

dehydration, mechanical stresses, thermal shocks and/or formation of ice crystals may all be harmful 

(Bakhach 2009). Specifically, cell membrane damages allow DNA-degrading enzymes (DNAses) that are 

normally present into the cells to reach the DNA no longer protected by the nucleus (Shao, Khin, and Kopp 

2012). EtOh is by far the most frequent alternative for preservation at room temperature. While EtOH (or 

preserving agents with similar properties) offers the advantage of denaturing and inactivating DNAses, the 

thermal energy is still capable of inducing DNA nicking and double-stranded breaks (Nagy 2010).  

Another factor that is intimately associated with DNA quality is the time elapsed from sample collection 

and DNA extraction, as over long timeframes even tiny forces can act on DNA molecules. Theoretically, 

cryogenic temperature (−196°C) may conserve tissues indefinitely (Bakhach 2009). However, in practice 

even the extremely high stability of double-stranded nucleic acids is insufficient to fully preserve DNA 

integrity for more than few years. All these factors played a major role in our experiments, as the samples to 

which we had access had been previously preserved in many different ways, and thus showed a wide 

spectrum of degradation levels. However, the importance of DNA integrity alone was limited with respect to 

DNA quality, as Htt exon 1 is relatively short (usually from 100 to 300 bp), and can thus be often PCR-

amplified even in samples characterized by highly sheared DNA. By contrast, the presence of contaminants 

that could not be removed by canonical DNA extraction protocols, particularly polymerase inhibitors, was 

likely to be a highly detrimental factor for success in PCR amplification. 

3.3.1 The protocol of choice for genomic DNA extraction. 
As detailed in Table 3, 189 DNA samples were employed overall for genetic analyses in the final dataset. Of 

these, 18 DNA samples were already extracted by me before October 2015 during my Master Thesis work, 

using a Phenol/Chloroform-based protocol internally developed or a commercially available column-based 

kit from Macherey-Nagel (Nucleospin Tissue ID: 740952). I then extracted another 139 out of 189 samples 

between March and September 2015, before the start of my graduate studies. For a series of DNA extractions 

I also successfully employed a high-throughput DNA extraction kit (ZR-96 Genomic DNA - Tissue 

MiniPrep 2x96 Preps. ID: D3055). A total of 65 samples that were used for the analyses were processed with 

this kit. Other 29 DNA samples were delivered as already extracted, and the extraction methods were not 

reported in the shipment (i.e. the one sample of the Japanese macaque used in the analyses, the healthy 
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human sample from the Besta Institute, the samples from the Biopark of Rome and the samples from the 

collaborator Dr. Adriana Bellati). The remaining 3 DNA samples were extracted during my graduate studies. 

 

DNA extraction method N. of samples 

Nucleospin Tissue 89 

ZR-96 Genomic DNA - Tissue MiniPrep 2x96 65 

Phenol/Chloroform-based extraction 6 

Unknown* 29 

 
Table 3: Samples subjected to DNA extraction that were included in the final dataset. *Already extracted DNA 

delivered to the laboratory, without specification of the DNA extraction protocol employed. 

 

DNA samples were immediately stored at 4°C for short-term downstream sequencing, or -20 °C for long-

term storage. 4 °C storage should avoid DNA degradation if the DNA was appropriately extracted in the first 

place (i.e. if DNAses and other harmful enzymes were successfully removed). For 161 samples, long-term 

storage was achieved in numbered 96 well-plates sealed with plastic sealers, and the relative position of all 

DNA samples in the plates was recorded in a separate excel file. For final storage, these plates were 

ultimately covered with aluminium sealers, as some plastic sealers easily detach upon freezing. The rest of 

samples (28, of which 6 were used up by the end of the project and one was in Japan) were stored using 

Eppendorf tubes in a box at -20 °C. 

3.4. gDNA quality control. 
In order to ascertain the overall quality of the DNA samples employed in PCR, most of 189 DNA samples 

were run on agarose gels (usually between at 1-2X) with different stainings, often Ethidium Bromide, but 

also with other DNA intercalating agents as GelStar (Lonza ID: 50535) and Eurosafe (Euroclone ID: 

EMR440001). The most frequently employed ladder was 1 Kb plus DNA ladder (ThermoFisher Scientific 

ID: 10787018). For 136 of these samples, the relative picture was recorded on a GelDoc XR instrument 

(Bio-Rad) or on similar instruments. For 27 samples the little DNA quantity available (<10 µL) did not 

recommend to check DNA quality on gel (which usually requires at least the use of one µL). For 25 samples 

the picture was not taken or was not saved due to technical issues. For one sample (Japanese monkey) this 

was not obtained since extraction had already been performed in Prof. Hiroo Imai’s laboratory (see also 

Section 5). 

Samples showed the widest spectrum of DNA conservation and degradation (Figure 9): 
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Figure 9: Different degradation level of some DNA sample employed in the study. IDs for samples included in the 

final data set are reported above lanes. 1 Kb plus DNA ladder is shown for comparison in the first lane of each row. 

 

For example, the highly concentrated human sample conserved for diagnostic purposes, showed almost no 

sign of degradation. At the other end of the spectrum, very old samples, or samples that were suspected of 

incorrect storage prior to delivery to laboratory, could show clear signs of degradation, up to the point of 

being mostly sheared to less than few hundred bp fragments. 

Sometimes, and especially in the beginning of the project, the DNA quality was also assessed by a 

Nanodrop1000 spectrophotometer (ThermoFisher Scientific). Specifically, this was conducted on 41 samples 

included in the work due to the early decision of not measuring the DNA concentration. As for agarose gel 

quality control, for 8 samples spectrophotometer assessment was avoided in order to prevent waste of little 

DNA quantities available. For the 23 samples extracted before 2015 and for the M. fuscata the information 

was already available. 

The initial decision of not measuring the DNA concentration was dictated by several reasons. In 

particular, as samples have to be measured and then diluted to the final working concentration one by one, 

this have considerably increased the risk of contamination associated with handling samples, especially when 

stored in plates. In addition, samples were often of relatively low-quality and thus the DNA was likely 

degraded to the extent that in some cases the concentration of the genomic DNA was not detectable or 

unreliable in Nanodrop quantification. A measurement by spectrophotometer would then have constituted a 
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poor indicator of the overall number of target DNA molecules available for PCR amplification. Moreover, it 

is known that singleplex PCR reactions are usually not too sensitive to DNA concentration, which can vary 

from single molecules to some hundreds of nanograms without necessarily compromising the final result 

(Innis, Gelfand, and Sninsky 1999). Also, given that the extraction columns have limits in terms of the 

overall DNA quantity that they can retain, this DNA extraction approach to some extent already normalizes 

DNA concentration in the upper range, avoiding PCR inhibition. All PCR protocols were thus established 

using the µL as a measure of the DNA to load in the amplification reaction (arguably, genomic DNA 

concentrations were between few ng/µL and up to 500 ng/µL). 

3.5. PCR reactions 

3.5.1. Preliminary considerations on primer design 
In order to amplify the gene of interest, it was necessary to develop and test specific PCR protocols capable 

of consistently amplifying the exon 1 portion of the Htt gene. As previously recalled, this gene portion is 

relatively hard to amplify due to the presence of the CAG repeat. This is especially true in mammals and in 

some reptilian species, where the CAG repeat is relatively long and another repeat (CCN, with N being 

mostly G o A) is present. The bonds formed by these high-GC content repeats require higher temperatures to 

be broken (Mamedov et al. 2008). A protocol that I had developed during my Master Thesis work was 

available and had already been tested on few mammalian species. This protocol relies on PCR primers 

designed at the very beginning and at the end of exon 1 coding sequence. These two regions, and the 5’ end 

in particular, are extremely conserved in vertebrates, implying that the two primers designed here can 

potentially work for many species. Yet, as previously recalled, the redundancy of the genetic code allows for 

third-codon position mutations to be present even in conserved portions of the gene. One alternative is then 

to design and employ degenerate primers, harbouring synthetic nucleotides in third-codon positions capable 

of bonding to more than a single nucleotide (Linhart and Shamir 2007). However, this strategy can be 

expensive and not necessarily essential where the degree of concordance between species is high, as is the 

case of Htt exon 1. Moreover, the conserved portions of the gene are not only highly conserved but also 

apparently unique in vertebrate genomes (with the exception of the pseudogene found in a primate family, 

see Section 5), reducing the potential for mispairing of the primers to unintended targets in other genomic 

regions. 

3.5.3. Primer design for the major taxonomic groups 
Given the wide range of clades involved in the project, I first conducted several group-specific comparisons 

of the homologous regions based on the DNA sequences available from online databases in the same 5’ and 

3’ ends of Htt Exon 1 of the available protocol (Figure 10). Based on consensus sequences, I then designed 

primers that could potentially allow for perfect pairing in several species belonging to multiple lineages. 
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Figure 10: Illustrative multiple alignment for primer design. Given a list of aligned orthologous sequences (1-26) the 

consensus sequence (top) allows to design primers that have the highest chances of priming in different species. Here 

the consensus sequence reports both the nucleotide sequence (first row) and the protein product (second row). The 

nucleotide sequence highlights the colours of the four nucleotides (C in blue, A in yellow, G in red, and T in green) 

while in the protein sequence the polyQ region is highlighted in light blue. The primer binding regions were designed 

immediately at the beginning of Htt exon 1 (annotated in red) for primer forward (annotated in green) and a the end of 

the exon for primer reverse (annotated in blue). Image drawn using Geneious v9.1.4 (Kearse et al. 2012). 

 

Overall, I produced 6 primer pairs that were used for PCR included in the final dataset, as detailed in Table 

4. The original PCR protocol was adjusted for every taxonomic group and primer pairs based on tests on few 

DNA samples available in abundance. 
 

Group Primer FW Primer RV 

Human 5’-ttgctgtgtgaggcagaacc-3’ 5’-gcagttaaaagaacccccgc-3’ 

NHPs 5’-tggctctgtgaggcagaaca-3’ 5’-caacacagttaaacccccgc-3’ 

Mammals 5’-atggcgaccctggagaagctg-3’ 5’-ggtcggtgcagcggctcct-3’ 

Birds 5’-atggccaccatggagaagctg-3’ 5’-ggtctctggagcggctcct-3’ 

Reptiles 5’-atggccaccatggagaagctg-3’ 5’-ggtctctggagcggctcct-3’ 

Fishes 5’-atggccaccatggagaaattg-3’ 5’-atggccaccatggagaaattg-3’ 

 
Table 4: primer pairs employed to produce the DNA sequences. Annealing temperature is highly primer dependent 

while extension time depends on the length of the target template region. 
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3.5.4. Scaling-down of PCR reaction volumes 
In setting up the conditions for a moderate-throughput (96-well) PCR pipeline, reaction volumes were scaled 

down to 15 µL also to reduce cost of reagents. The pipeline was proven to be robust and particularly helpful 

with DNA stored in plates, as it allowed loading the template DNA in the PCR buffer using multichannel 

pipettes (0.5-10 µL). The pipeline (see Figure A2.5 in Section 5) was used for a preliminary screening of 

plates to determine which DNA samples amplified easily. Moreover, this setup allowed for a more rapid 

screening of PCR products, relying on large agarose gels loaded with multichannel pipettes into 96-well 

electrophoresis cells (Bio-Rad Subcell Model 96). 

When the number of samples to be processed at once was low, or when some particular samples required 

to be treated independently or repeated, the PCR reactions were prepared in 0.2 µL PCR tubes. 

3.5.5. PCR reaction reagents and conditions 
Concentrations and volumes were principally determined by the scale down of the quantities already tested 

in the protocol previously developed, with few adjustments between taxonomic groups. When the 

combination of primers/protocol did not appear to work for a particular taxonomic group (e.g. in fishes), 

additional primer pairs and amplification conditions were tested. 

 Individual PCR protocols for the specific taxonomic groups have been produced and recorded for future 

reference. An example of PCR reaction reagent concentrations and volumes, used to amplify Htt exon 1 

sequence in birds, is provided below. 

 

Reaction protocol 

Buffer HF 10x         1.5 µL 

Mg2SO4 50 mM        0.24 µL 

dNTPs 10 mM         0.3 µL 

Primer FW 10 uM        0.6 µL 

Primer RV 10 uM        0.6 µL 

Platinum Taq DNA Polymerase High Fidelity (Cat. no.11304-011)  0.15 µL 

H2O to volume (15 µL) 

Template DNA         3 µL 

 

The amplification protocols were based on the Platinum Taq Polymerase datasheet, which in particular 

reported a working temperature of the polymerase of 68 °C. The thermocycler was set to use hot start70 (to 

avoid mispriming during initial heating) and hot lid (to avoid condensation below the lid). 

There were three main factors that appeared to be influencing PCR amplification success. First, the initial 

denaturation temperature, that for many protocols could not be reduced below 10’ as this prevented 

amplification, potentially because the Htt locus is hardly accessible by the polymerase. A second key factor 

																																																								
70 It should be noted that the Platinum Taq Polymerase employed is also “hot start”. 
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was the annealing temperature, which often required adjustment to the primer pairs. However, as shown in 

Table 5 most of primers worked with annealing temperature between 58-60 °C. The third factor was the 

extension time. Here, the principal need was that of adjusting it according to the predicted length of the 

amplicon, given that the manufacturer specifications reported an extension time of 1 kbp/minute, which 

however was to be increased considerably in order for the reaction to succeed. The necessity of increasing 

extension time was likely due to the problematic region of the genome to be amplified, which might lead the 

polymerase to stall multiple times along the DNA strand. The amplification protocols developed are reported 

below. 

         

 Human NHPs Mammals Birds Reptiles Fishes 

Initial denaturation 
10’ , 96 °C 10’ , 96 °C 10’ , 96 °C 10’ , 96 °C 10’ , 96 °C 10’ , 96 °C 

36 cycles: 
 

Denaturation 
45’’, 96 °C 45’’, 96 °C 45’’, 96 °C 45’’, 96 °C 45’’, 96 °C 45’’, 96 °C 

Annealing 
45’’, 60 °C 45’’, 60 °C 45’’, 58 °C 45’’, 58 °C 45’’, 58 °C 45’’, 55 °C 

Extension 
1.5’, 68 °C 1’, 68 °C 1’, 68 °C 1’, 68 °C 1’, 68 °C 30’’, 68 °C 

Final extension 
10’, 68 °C 10’, 68 °C 10’, 68 °C 10’, 68 °C 10’, 68 °C 10’, 68 °C 

 

Table 5: PCR conditions of the six protocols developed. Differences are in the annealing temperature and 

in the length of extension time. 

3.5.6. PCR results 
PCR amplification was not always successful and this accounts for the 189 samples included in the final 

analysis (of 1307 initially collected). This was due to a variety of reasons, including the presence of too 

many sequence mismatches between the primers and the template, the poor quality of the template DNA and 

the presence of contaminants in the sample inhibiting PCR reaction. In some cases, also the low quantity of 

the DNA extracted might have acted as limiting factor. Importantly, samples tended to show high 

reproducibility, pointing to factors other than the operator variability affecting the success rate. 

Amplicons with lengths in the range predicted from the sequences of close relatives present in public 

databases were interpreted as positive results and were further processed for detailed inspection and 

sequencing. True positive amplicons (i.e. verified by sequencing) were then indicated in each gel image and 

in the excel file of positive results. An example of this process is shown in Figure 11. 
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Figure 11: Illustrative gel picture for a 96-well gel electrophoresis. Marker is 1 kb Plus DNA ladder. Expected 

amplicon size is 100 bp (birds) and is observed in most samples as a sharp and bright band right above primers and 

primer dimers. Residual genomic DNA is observed in many samples. Labels refer to unique internal IDs and are 

reported for samples included in the final dataset. Last five lanes are PCR negative controls. 

 

PCR products were stored at 4 °C to be subsequently sequenced or cloned, or at -20 °C for longer storage. 

3.6. Sequencing of PCR products 

3.6.1. Direct sequencing of PCR products 
Of the 189 samples included in the final dataset, 158 were assessed by direct Sanger sequencing. 86 samples 

were sequenced once (either forward or reverse), 47 samples were sequenced twice (both forward and 

reverse with the exception of one sample that was sequenced forward twice) and 25 were sequenced three 

times. Overall, 189 sequences were obtained by direct sequencing and included in the final dataset. 

3.6.2. Cloning of PCR products 
Of the 189 samples included in the final dataset, 31 were cloned prior to Sanger sequencing. The moderate-

throughput protocol for cloning of PCR products is shown in Figure 15 in Section 5. The protocol requires 

cloning of PCR products in the vector of choice (in my case TOPO-TA pCR 4.0) according to datasheet 
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specifications (usually use 1:1 proportions) and the transformation of chemically competent bacterial cells 

(in my case TOP10 chemically competent cells) according to datasheet specifications using the above vector. 

Bacterial cells are then selected in the presence of Ampicillin on LB-agar plates that are incubated overnight 

at 37° C. A number of colonies is then picked and grown in LB+Ampicillin medium. A colony-PCR can be 

optionally performed to screen the clones for the insert using internal primers. Plasmids are then extracted 

with QIAprep Spin Miniprep Kit (Cat. No. 27104) or using a 96-well workstation (Qiagen QIAvac 96 Cat. 

No. 19504). Correct insert size can be further tested prior to sequencing by EcoRI digestion according to 

manufacturer’s specifications. After digestion, canonical sequencing primers (e.g. M13, T7, T3) that match 

vector priming sites are then used for sequencing. Sequencing reactions were carried out in the same way as 

for direct sequencing, with sequencing primers added in Eppendorf tubes to the purified plasmids. Between 

1-8 sequences for each sample were obtained and used in the final dataset (93 sequences overall, 

approximately 3 sequences per sample on average). 

4. Sequencing results 
The final dataset comprised 189 sequences from 108 species. A summary is provided in Table 6. 

 

Group Species N. of individuals N. sequences Repeat n. 

 
Mammals 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  

Callosciurus erythraeus 1 5 7 

Gerbillus sp. 1 2 9 

Homo sapiens 1 2 12 

Hypsugo savii 1 2 9 

Hystrix cristata 3 6 4 

Macaca fuscata 1 8 11 

Mandrillus sphinx 4 10 11 

Manis sp. 1 6 4 

Martes foina 1 2 9 

Meles meles 1 2 10 

Miniopterus schreibersii 1 2 8 

Myocastor coypus 3 6 4 

Myotis emarginatus 3 6 9 

Myotis nattereri 3 6 9 

Papio hamadryas 3 10 12 
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Pipistrellus kuhlii 1 4 6 

Plecotus macrobullaris 1 4 8 

Procavia capensis 4 7 15 

Rhinolophus ferrumequinum 3 6 6 

Rhinolophus hipposideros 1 2 6 

Rousettus aegyptiacus 1 2 5 

Rupicapra rupicapra 5 8 12 

Saguinus imperator 1 2 9 

Saguinus oedipus 1 3 13 

Sciurus carolinensis 7 16 8 

Sciurus vulgaris 5 7 7 

Stenella coeruleoalba 3 4 11 

Sylvilagus floridanus 5 6 5 

Tachyglossus aculeatus 2 4 5 

Tursiops truncatus 2 10 11 

 
Birds 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  

Accipiter nisus 3 8 4 

Aegithalos caudatus 1 1 4 

Anas platyrhynchos 1 1 4 

Apus apus 3 5 4 

Aquila chrysaetos 1 3 4 

Asio otus 3 5 4 

Athene noctua 3 6 4 

Burhinus oedicnemus 2 4 4 

Buteo buteo 1 1 4 

Calidris pugnax 1 2 4 

Caprimulgus europaeus 1 2 4 

Certhia brachydactyla 1 2 4 

Certhia familiaris 1 2 4 

Chalcopsitta duivenbodei 1 1 4 
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Ciconia ciconia 1 2 4 

Cinclus cinclus 1 2 4 

Clamator glandarius 1 1 4 

Columba palumbus 1 1 4 

Corvus cornix 3 5 4 

Corvus monedula 1 2 4 

Corvus scapularis 1 2 4 

Coturnix coturnix 1 1 4 

Cuculus canorus 1 3 4 

Dacelo novaeguineae 1 2 4 

Dromas ardeola 3 4 4 

Emberiza citrinella 1 1 4 

Falco subbuteo 1 3 4 

Falco tinnunculus 2 6 4 

Gallus gallus 1 2 4 

Garrulus glandarius 2 2 4 

Gavia arctica 1 1 4 

Geronticus calvus 1 2 4 

Gypaetus barbatus 1 3 4 

Gyps fulvus 1 3 4 

Hirundo rustica 1 1 4 

Lanius collurio 1 1 4 

Otus scops 1 3 4 

Passer domesticus 1 1 4 

Passer montanus 1 2 4 

Phalacrocorax carbo 2 6 4 

Phasianus colchicus 1 3 4 

Phoenicopterus chilensis 1 2 4 

Phoenicopterus ruber 1 3 4 
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Pica pica 1 1 4 

Picus viridis 2 3 4 

Platalea leucorodia 11 23 4 

Pluvialis squatarola 1 3 4 

Podiceps cristatus 1 2 4 

Rallus aquaticus 1 3 4 

Rhea americana 1 2 4 

Saxicola torquata 1 1 4 

Strix aluco 1 3 4 

Sturnus vulgaris 7 13 4 

Sylvia atricapilla 1 1 4 

Sylvia communis 1 1 4 

Tachybaptus ruficollis 1 2 4 

Tauraco persa 1 2 4 

Threskiornis aethiopicus 1 2 4 

Tragopan temminckii 1 2 4 

Tringa erythropus 1 3 4 

Turdus merula 4 8 4 

Reptiles 
  
  
  
  
  
  
  
  
  
  
  
  
  

Algyroides nigropunctatus 1 1 4 

Alluaudina bellyi 1 1 4 

Astrochelys radiata 1 1 4 

Coronella austriaca 1 1 4 

Hemidactylus turcicus 2 2 5 

Hierophis viridiflavus 1 1 4 

Leioheterodon modestus 1 1 4 

Lycodryas granuliceps 1 3 4 

Madascincus melanopleura 1 1 4 

Phelsuma serraticauda 1 2 6 

Podarcis siculus 1 2 4 
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Podarcis tiliguerta 1 1 4 

Tarentola mauritanica 5 6 4 

Fishes 
  
  
  

Capros aper 1 2 4 

Diplodus sargus 1 2 4 

Thalassoma pavo 1 2 4 

Trachinotus ovatus 1 5 4 

 
Table 6: List of all species included in the final dataset. The number of sequences refers to the sum of all sequences 

available for all individuals. The number of repeats was calculated from the sequence reads and includes both CAG 

and CAA codons. 

 

These data are currently under analysis. Specifically, they are used in the attempt to demonstrate that the 

CAG tract has been under strong purifying selection throughout vertebrate evolution. This hypothesis is 

suggested by the general absence of non-synonymous (i.e. encoding for a different amino acid) nucleotide 

substitutions in the vast majority of species sequenced and by the simultaneous presence of several 

synonymous (CAA) substitutions in several species. All the work described in sections 2 to 3 was performed 

with the contribution of Dr. Michela Pacifico. 
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5. A focus on primates 
Genetic studies in human populations show that the distribution of the CAG repeat length in healthy human 

populations is biased toward longer CAG repeats with a mean of about 18 repeats and a modal length of 17 

repeats in most populations (Kremer et al. 1994; Rubinsztein et al. 1994; Bates, Harper, and Jones 2002) (see 

also Introduction). The difference between the mean and the modal length arises from the skewness of the 

distribution toward longer alleles. About 80% of the CAG repeats span between 15 and 20 repetitions and 

another 17% between 21 and 26. Accordingly, intermediate alleles (IAs) between 27 and 35 CAG repeats are 

extremely rare (i.e. <3%), although one study has reported IAs incidence of 1 in 17 individuals in British 

Columbia general population (Semaka 2016). The bias toward longer alleles (i.e. elongation favoured over 

shortening) appears to shed light on the origin and permanence of Htt CAG repeats and can be explained by 

invoking a beneficial role of repeats below disease threshold (Lo Sardo et al. 2012; Zuccato and Cattaneo 

2014) or by random mutation favouring those alleles (Rubinsztein et al. 1994). Either way, it is predicted 

that, unless hidden constraints are present, species other than humans can as well have developed IAs during 

the course of their evolutionary history. Notably, it has been already established that pigs bear CAG repeats 

in the human range (Matsuyama et al. 2000). However, naturally occurring Non-Human Primate (NHP) 

species with CAG repeats in the pathological range, or at least in the range of intermediate HD alleles, have 

never been so far identified. 

The importance of the availability of a NHP model for the research on the disease is testified by the 

production of NHP laboratory models of HD as early as 1990, with HD-like brain lesions induced in baboons 

(Hantraye et al. 1990). Almost twenty years later, the first transgenic rhesus macaque (Macaca mulatta) was 

also produced, and appeared to show several histological features of HD, such as nuclear inclusions and 

neuropil aggregates, as well as clinical features of HD, including dystonia and chorea (Yang et al. 2008). 

Naturally occurring HD alleles in NHPs could represent an important milestone in the research on the 

disease as a more natural laboratory disease model could be developed. For this reason, a specific focus on 

primates was conducted over several years of the project, and a detailed account of this endeavour is reported 

in this section. 

5.1. Preliminary results on NHP samples obtained from the Biopark of Rome 
The first study on primate variability at Htt exon 1 CAG locus was conducted in 1994 on 48 samples 

belonging to 10 species and including 25 chimpanzees (Pan troglodytes), 3 gorillas (Gorilla gorilla), 3 

baboons (Papio sp.), 3 orangutans (Pongo pygmaeus), 2 crab-eating macaques (Macaca fascicularis), 2 

rhesus macaques (Macaca mulatta), 2 marmosets (Callithrix sp.), 1 olive baboon (Papio anubis), 1 gibbon 

(Hylobates sp.) and 2 pooled samples, one from six male and another from six female talapoins (Miopithecus 

sp.) (Rubinsztein et al. 1994). Repeat lengths were assessed by PCR and acrylamide gel electrophoresis. The 

outcome of this analysis suggested that NHPs lay at the bottom of human allelic length distribution, with a 

CAG range spanning from 7 to 16 repeats. On this basis, Rubinsztein and colleagues posited that humans 

inherited a shorter ancestral allele from the common ancestor of all primates. Those ancestral alleles 

independently expanded in humans to the current healthy length range (9-35 CAG repeats). By contrast HD 
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alleles are of much more recent origin and in most cases originate by mutation from IAs (see also 

Introduction). 

The laboratory decided to set up collaborations with various groups to try to expand the knowledge on Htt 

exon 1 CAG variability in NHPs, which is – even now – incomplete, difficult and poorly reliable for reasons 

that will be explained later. In 2013, 68 buccal swabs samples belonging to 16 different species sampled at 

the Biopark of Rome by a collaborator, Dr. Cristina Martinez-Labarga, were delivered to the laboratory. This 

added to a previous shipment of 17 samples from NHP species, for a total of 85 samples. The second 

shipment included also 18 samples of Japanese macaque (Macaca fuscata). In a first step the samples were 

analyzed at Besta Institute (Milan, Italy) by capillary electrophoresis, as performed in Rubinsztein et al 

(1994). Capillary electrophoresis relies on the amplification of the locus of interest with Fluorescein amidite 

(FAM) labelled primers. Amplicon length is subsequently assessed by running the amplicons on a capillary 

and recording the fluorescence when they pass through a photocathode (Kimpton et al. 1993). The length of 

the repeat is determined by comparing the size of the amplification fragment to a ladder of known length 

(Kimpton et al. 1993) (Figure 12). 

 

 
Figure 12: The principle of capillary electrophoresis. During capillary electrophoresis the electron gradient allows 

migration of PCR amplicons through the capillary. When fluoresceinated amplicons reach the photocathode their 

fluorescence is recorded. A measure of time elapsed since the start of the run allows to determine the size of the 

amplicon with a high level of precision. 

 

The protocol employed, which is the same used for HD diagnosis in the hospital (Warner, Barron, and Brock 

1993; Gellera et al. 1996), is provided below: 

 

Reaction mix 

MgCl2 1.5 mM 

DMSO 1% 

dNTPs 250 µM 

FW primer -5’ FAM labelled (sequence: CCTTCGAGTCCCTCAAGTCCTTC) 10 pmoles 
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RV primer (sequence: GCGGCGGTGGCGGCTGTTG) 10 pmoles 

Taq Gold DNA Polymerase 

100 ng di DNA 

Final volume: 20 µl 

 

PCR reaction conditions 

35 cycles: 

Denaturation        1' at 94 °C  

Annealing        1' at 65 °C  

Extension        2' at 72 °C 

 

The amplicons were then run on a ABI PRISM 3130 Genetic Analyzer (Applied Biosystems, Foster City, 

CA, USA) where LIZ labeled ladder (GeneScan 500 LIZ) was used to determine tract length and CAG 

number. Repeat length varied considerably in the sample, with shortest repeats (7) represented in Hylobates, 

Saguinus and Lemur genera (Table 7).  

 

Species N. of chr. N. of alleles N. of genotypes N. of repeats 

Nycticebus pygmaeus 2 1 10-10 10 

Eulemur fulvus albifrons 2 1 10-10 10 

Lemur Variegatus 2 2 10-11 10, 11 

Lemus catta 8 6 8-8, 7-9, 12-16, 10-10 7, 8, 9, 10,12,16 

Sanguinus imperator 2 2 7-9 7, 9 

Cebus apella 50 3 9-9 (3), 9-10 (11), 9-13 
(4), 10-10 (4), 10-13 
(2), 13-13 

9, 10, 13 

Macaca fuscata 38 10 9-9, 9-12, 9-14, 9-16, 9-
17 (3), 9-19, 10-10, 14-
15, 14-17, 16-17 (2), 
17-17, 17-19, 17-22, 17-
26 (2), 26-26 

9, 10, 12, 14, 15, 
16, 17, 19, 22, 
27 

Macaca mulatta 2 2 10-17 10, 17 

Papio hamadryas 4 2 9-10, 10-10 9, 10 

Cercopithecus sp. 2 1 8-8 8 

Cercocebus sp. 6 4 9-9, 17-17, 13-14 9, 13, 14, 17 

Mandrillus sphinx 14 4 9-10 (4), 9-11, 10-10, 
10-16 

9, 10, 11, 16 
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Hylobates lar 2 1 7-7 7 

Pongo sp. 10 1 8-8 (5) 8 

Gorilla gorilla 16 5 8-9, 9-9 (4), 9-10, 10-
10, 16-17 

8, 9, 10, 16, 17 

Pan troglodytes 10 5 8-9, 9-10, 9-11, 9-12, 
10-11 

8, 9, 10, 11, 12 

 
Table 7: Summary of the Htt exon 1 CAG repeat lengths measured in NHPs from the Biopark of Rome using 

capillary electrophoresis. Number of chromosomes is the count of chromosomes (two per individual) analyzed. In the 

genotype column, numbers between brackets indicate the count of individuals with the same genotype. 

 

Surprisingly, in these first analyses, CAG lengths from 9 to 27 repeats were observed in the Japanese 

macaque (Macaca fuscata), a situation extremely similar to that of humans. Specifically, 3 out of 19 samples 

belonging to one primate species pointed to representatives of this species harbouring exceedingly long CAG 

repeats (26 and 27 repeats). Principal Component Analysis (PCA) was consistent with the Japanese macaque 

representing an outlier among all NHP species analyzed (Figure 13). This result was interesting and 

unexpected but, unfortunately, it turned out to be a technical artifact, as I was able to ascertain with a closer 

inspection only few years later. This finding is detailed in the following section. 
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Figure 13: PCA of the repeat length in 85 primates belonging to 16 species. For Factor 1, the M. fuscata clearly 

represented an outlier among all NHP species analyzed. 

5.2. The first visit to the Kyoto University Primate Research Institute 
At the same time, there has been a growing interest in the laboratory on the possibility to expand the 

knowledge of the CAG size in a large population of NHP. We therefore tried to set up collaborations to 

obtain NHP DNA from overseas. However, all attempts made in the different years and through several 

foreign entities and Italian institutional bodies, failed due to the complex regulatory issues associated with 

the shipment of biological samples from NHP. To pursue the project we therefore established a collaboration 

with a Japanese laboratory at the Kyoto University Primate Research Institute (PRI), which was interested at 

hosting us for the development of the project and the on site preparation and processing of the NHP DNA. In 

short, the collaboration begun in 2015 and continued until 2017. To support the work on the assessment of 

Htt CAG in NHPs - which was unfunded – we also worked on a proposal to which I have largely contributed 

and entitled “Intermediate allele identification in non-human primates through Htt Exon1 sequencing” 

which was ultimately submitted and accepted for funding by the Cure Huntington’s Disease foundation 

(CHDI, NY). However the work included in the proposal was not performed, the funding assigned has not 

been used and discontinued and the two stay in Japan did not lead to conclusive results on the CAG size in 

the NHP we planned to test. Yet, further assessment of the NHP DNA samples available in the Milano 

laboratory led to a serendipitous discovery as detailed in the next section. 

The first visit to PRI in Inuyama was in mid 2015, right before the start of my graduate studies. PRI was 

chosen as Japanese macaques have been studied there for long time also by my guest Dr. Hiroo Imai 

(Associate Professor of Molecular and Cell Biology at Kyoto University). Our interest there was in the 

Japanese macaque (M. fuscata), and in other NHP, as we wanted to verify the putative long alleles found in 

the colony held in captivity at the Biopark of Rome. The general aim of this visit  (3 weeks) to the PRI was 

to sequence as many Htt exon 1 orthologs in Japanese macaques as possible, in order to confirm the presence 

of high levels of variability, especially in terms of long alleles. However, only few days before my departure, 

Sanger sequencing performed through GATC (Konstanz, Germany) on one of the sample held in the 

laboratory of Milan provided results in conflict with the early report from the Besta Institute. In particular, 

the individual estimated as having a 17-26 CAG genotype, showed instead a 8-9 CAG genotype. In order to 

understand which result was correct, on August 2015 I moved to the PRI, where a fully equipped laboratory 

of molecular biology was available at the research center along with a collection of 503 DNA samples 

(Figure 14) that was put together on purpose from different Japanese macaque individuals. 
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Figure 14: Japanese macaque DNA samples available at PRI. Japanese macaques are endemic in Japan and the 

sample was highly representative of the entire country. 

 

Assessment of the Htt Exon 1 sequence was carried out with a protocol specifically established by me for M. 

fuscata that included PCR amplification of the Region of Interest (ROI), cloning of the PCR product and 

Sanger sequencing (Figure 2.5). In this protocol, PCR amplification relies on two primers designed against 

the 5’-UTR of the Htt gene (5’-tggctctgtgaggcagaaca-3’) and in the Intron 1 (5’-caacacagttaaacccccgc-3’), 

respectively. The PCR was carried out as follows (PCR volumes have been scaled down to 15 µL in order to 

avoid waste of reagents): 

 

Reaction mix 

Buffer HF 10X         1.5 µL 

Mg2SO4 50 mM        0.4 µL 

dNTPs 2.5 mM         1.2 µL 

Primer FW 10 uM        0.6 µL 

Primer RV 10 uM        0.6 µL 

Platinum Taq DNA Polymerase High Fidelity (Cat. no.11304-011)  0.06 µL 

H2O to volume (15 µL) 

Template DNA         5 µL* 

*concentrations in the order of 5 ng/µL 

 

PCR conditions 

Initial denaturation        3’ at 96 °C 

35 cycles: 

Denaturation        1’ at 96 °C 

Annealing        1’ at 60 °C 
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Extension        1.5’ at 68 °C 

Final extension          10’ at 68 °C 

 

PCR was followed by moderate-throughput cloning and sequencing using 12 and 96 well plates (Figure 15) 

in a pCR4-TOPO Vector (Thermofisher Scientific) using One Shot TOP10 Chemically Competent E. coli 

cells (Thermofisher Scientific). TOPO-TA cloning v4.0 is a very efficient vector for rapid cloning of PCR 

products. The v4.0 employs a gene that is lethal to E. coli whenever the plasmid self-ligates in the absence of 

a PCR amplicon (Bernard and Couturier 1992; Bernard et al. 1993, 1994). 

 

 
 
Figure 15: Moderate-throughput protocol for assessing Htt exon 1 sequence applied at the PRI on Japanese 

macaques DNA samples. DNA dilutions were first prepared in a 96 well plate that was subsequently employed for PCR 

amplification. PCR products were then cloned using TOPO-TA vector 4.0. Competent cells were transformed using this 

vector and transferred to 12 well plates for bacterial growth. Colonies were isolated in 96 well plates were plasmid 

DNA extraction was carried out. Optionally, a PCR on growing bacterial colonies or plasmid linearization in the next 

step could be carried out to screen for correct insert size. Extracted TOPO-TA plasmids could be finally sequenced by 

Sanger according to manufacturer guidelines. 

 

Out of 503 samples available for testing, I performed a total of 661 PCR reactions, of which 245 were 

successful. 
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Figure 16: PCR on Japanese macaque DNA. A macaque sample from Wakasa population in the Tottori prefecture 

(ID:684) was included in the multiple alignment (see Section 4). 

 

Of the 245 successful PCR reactions, I was able to clone and sequence 206 bacterial clones. As several 

bacterial clones belonged to the same PCR reaction and individual, I was ultimately able to assess with 

confidence 83 Htt CAG alleles (Appendix 4). As suggested by the preliminary sequencing of the suspicious 

sample, all samples sequenced in Japan turned out to have relatively short repeats. In particular, the longest 

alleles only reached 12 repeats, while the shortest was 6 repeats, with a modal length of 9 repeats (Figure 

17). Repeat length distribution was right-skewed, similar to what is observed in humans, but with a shorter 

modal length.  

 

 
 
Figure 17: Htt exon 1 CAG length distribution in 83 alleles from Japanese macaques analyzed at PRI. The 

distribution appears right-skewed, similar to what is observed in humans. However the modal length is only 9 repeats, 

while in humans the modal length is 17. Alleles with 8 and 9 repeats were also found in the sample from the colony 

breeding at the Biopark of Rome. 
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We then realized that the explanation for the discrepancy observed on the M. fuscata samples tested in Japan 

and those tested in Milano likely relies in the human primers used in the Milano Hospital protocol to amplify 

Htt CAG which when used in other species may cause primer mispairing (see also Section 3.5). Our 

conclusion adds uncertainties also to the data reported by Rubinsztein et al. (1994) in which the 16 CAG 

detected in some primates have been measured by electrophoresis on acrylamide gels71. Yet, the focus on 

primates was not totally unfruitful, as it pushed us to carefully interrogate the samples available in our hands, 

ultimately leading to a serendipitous and insightful discovery, which is detailed in the next section. 

5.3. Htt pseudogene in Callitrichidae 
Early after my return from Japan and after the start of my Ph.D. project, we started to sequence Htt exon 1 

orthologs in the primate DNA collection held at the laboratory. I rapidly identified an intriguing amplicon 

using DNA sample from a Emperor tamarin (Saguinus imperator) individual, which was yielding a PCR 

product longer than the average for similar samples (about 300 bp over the ~230 bp usually found in non-

human primates). At that time I hypothesized a PCR artifact and I placed the result aside. However, one 

month later I received sequencing results from another sequencing reaction on a marmoset (Callithrix 

jacchus) from Labarga the Biopark of Rome. This was found different in many ways from the marmoset Htt 

sequence already available from public database and included a frameshift mutation (Figure 18). 

 

 
 
Figure 18: Marmoset Htt vs unidentified PCR amplification product from Marmoset. The sequence result from the 

marmoset (bottom row) shows a CAG repeat interrupted by TGGCT after the first four codons (CAACAGCAGCAG). 

This causes a frameshift mutation. 

 

The sequencing results from the Emperor tamarin were also quite compelling in that, once again, Htt exon 1 

was familiar in the sequence, but it highly differed with respect to that of other primates and/or mammals 

and included a stop codon in one of the two reads (Figure 19). 

 

																																																								
71 This early approach requires a lot of subjective assessment by the operator and may be regarded as less reliable than 
Sanger sequencing. 
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Figure 19: Marmoset Htt vs unidentified PCR amplification product from Emperor tamarin. In the emperor tamarin 

Sanger reads (last two rows), the first two CAG codons in the CAG repeat are replaced by a CAT and a GAG, 

potentially resulted from two nucleotide substitutions per codon (G → T and C → G, respectively). Furthermore, they 

show a TGG substitution in the CAG repeat. The first read also shows a stop codon mutation (indicated by the *), 

potentially as a result of a PCR artifact causing a C → T mutation. 

 

Moreover, two alleles of slightly different length (9 bp difference between the two) were detected in the 

Emperor tamarin (Figure 20). The difference in length was due to an extra GCCGCCGCC in one of the two 

alleles, suggestive of a slippage mutation originating the secondary allele. However, as the secondary allele 

could not be replicated independently, it could also be the product of slippage during PCR amplification. 

 

 
 
Figure 20: Potential alleles detected in the Emperor tamarin. If putative allele 1 is taken as reference, allele 2 shows a 

GCCGCCGCC at the 5’ end. Several point substitutions are also observed (98.4% identity between the two 

sequences), suggestive of the presence of two distinct alleles rather than of a PCR artifact. 

 

I then realized that these results could be explained by the presence of a pseudogene copy of Htt in these 

primates. This hypothesis was corroborated by the fact that S. imperator and C. jacchus are relatively close 

primates species belonging to the same family (Callitrichidae). I therefore conducted a bioinformatic search 

for the “alternative” Htt found in C. jacchus in the raw read archive of its WGS project and I ultimately 

spotted the same sequence but on a different chromosome with respect to Htt, spanning exons 1-9. The 

procedure is described in Figure 21. 
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Figure 21: The pipeline to enquiry the NCBI database. The sequence to be matched is copied in to the 

query form of BLAST software72. The database is set to “Others” and “refseq_genomes” is selected in the 

dropdown menu. The organism name (Callithrix jacchus, taxid:9483) is entered in the “Organism” field. 

 

The result of the query is shown in Figure 22 and the pseudogene is represented in Figure 23. 

 

																																																								
72 “NCBI - BLAST”. 
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome 
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Figure 22: BLAST of the Marmoset unidentified amplification product. As it can be seen in the coloured box, two 

very high score (>80 and >200) matches are found, one of the two has 8 breakpoints (vertical black lines) and indeed it 

corresponds to the genomic sequence of Htt in the Marmoset (the interruptions representing the intronic regions). The 

first sequence lays on chromosome 1, while the second sequence lays on chromosome 3. The first sequence has 

1194/1197(99%) identity, strongly suggestive of belonging to the exact same genome region. The second sequence has 

about 90% identity depending on the exon assessed, suggestive of its paralog nature. 

 

 
 
Figure 23: Schematic representation of the pseudogene. The first 9 exons composing HTT mRNA (first black stripe, 

exons highlighted by the red boxes above) are found in the pseudogene sequence (second black stripe). The main 

differences (indels) are observed in the first exon.  

 

I could then design new primers based on this sequence: 

 

Forward primers 

5’-GCGACCCTGGAAAAGCTGAT-3’ 

5’-CCTGGAAAAGCTGATGAAGGC-3’ 

 

Reverse primers 

5’-TGGTCAGGGCTTGCAGAAG-3’ 

5’-GACTCATCCTTAGCCTTGGTG-3’ 

5’-TACTCCCACTACGGCTTCGG-3’ 
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The expected amplicon in C. jacchus with these primers was about 1,100 bp.  Prof. Nicola Saino then 

provided more samples from other species of Callitrichidae and I performed an optimized PCR reaction on 

C. Jacchus (1 individual), S. Imperator (1 individual) and S. oedipus (2 individuals) using the following 

protocol: 

 

Reaction protocol 

Buffer HF 10x         1.5 µL 

Mg2SO4 50 mM         0.24 µL 

dNTPs 10 mM         0.3 µL 

Primer FW 10 uM        0.5 µL 

Primer RV 10 uM        0.5 µL 

Platinum Taq DNA Polymerase High Fidelity (Cat. no.11304-011)  0.15 µL 

H2O to volume (15 µL) 

Template DNA          60 ng 

 

PCR conditions 

Initial denaturation        10’ at 96 °C 

36 cycles: 

Denaturation        45’’ at 96 °C 

Annealing        30’’ at 58 °C 

Extension        1.5’ at 68 °C 

Final extension         10’ at 68 °C 

 

According to PCR (Figure 24 and Figure 25) and sequencing results, primers worked in the following 

combinations: 

FW1&RV1 → C. jacchus, S. imperator; 

FW1&RV2 → S. oedipus; 

FW1&RV3 → S. oedipus, C. jacchus; 

FW2&RV2 → C. jacchus; 

FW2&RV3 → S. imperator, S. oedipus. 
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Figure 24: PCR results for C. jacchus and S.imperator. The PCR appeared to have produced the expected amplicons 

in all combinations of primers for both DNA samples. However, only amplicons highlighted in green were subsequently 

confirmed by sequencing. 
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Figure 25: PCR results for S. oedipus. The PCR appeared to have produced the expected amplicons in the 

combinations of primers FW1&RV2, FW1&RV3 FW2&RV3 for one of the two DNA extractions (So2). Two 

positive controls (DNA from C. jacchus, Cj) were introduced in the experiment. 

 

Sequencing results for PCR reactions in S. oedipus are shown in Figure 26. 

 

 
 
Figure 26: Alignment of sequencing reads for S. oedipus pseudogene. Consensus and potential protein translation 

are shown above the reads. 

 

Furthermore, sequence reads for C. jacchus and S. imperator were aligned with previous reads from the 

same species and results are shown in Figure 27 and Figure 28, respectively. 
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Figure 27: Alignment of sequencing reads for C. jacchus pseudogene. Consensus and potential protein translation 

are shown above the reads. 

 

 

 
 
Figure 28: Alignment of sequencing reads for both alleles of S. imperator pseudogene. Consensus and potential 

protein translation are shown above the reads. 

 

These results further confirmed the existence of a pseudogene in this primate family as well as the high 

variability of Htt exon 1 paralog sequence represented by the pseudogene, which also explained the 

abnormal length of Emperor tamarin amplicons. Sequencing results, while ultimately confirming 

pseudogene presence in Callitrichidae, could be aligned to reconstruct individual pseudogene sequences for 

C. jacchus, S. imperator (two alleles73) and S. oedipus. Independent validation of these findings on additional 

samples are ongoing in the laboratory.   

5.4. Second visit to the PRI 
To continue the investigation of Htt orthologs and paralogs (pHtt) in NHP, in 2017 I went back to the PRI in 

Inuyama. Also in this case the laboratory has supported the travel and the funding to purchase the reagents 

and perform the work. Samples were available through the PRI and its collaborators, and in particular 

through Dr. Takashi Hayakawa from the Japanese Monkey Center (JMC). A total of 111 samples belonging 

to different individuals from 35 NHP species were preliminarily individuated, Table 8 provides a summary 

of the species. However, this preliminary list was further updated once on site according to the real 

availability of samples for processing (Tables 9-11). 

 

																																																								
73 As recalled earlier, the second allele could not be independently amplified and could therefore result from a PCR 
artifact. 
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Species Source 

Aotus trivirgatus PRI 

Callithrix geoffroyi JMC 

Callithrix humeralifer JMC 

Callithrix jacchus PRI 

Callithrix penicillata JMC 

Callithrix pygmaea (= Cebuella pygmaea) JMC 

Cebus capucinus PRI 

Cercopithecus aethiops PRI 

Cercopithecus diana PRI 

Cercopithecus mitis JMC 

Galago senegalensis JMC 

Gorilla gorilla gorilla PRI 

Hylobates lar PRI 

Hylobates moloch PRI 

Hylobates pileatus JMC 

Macaca cyclopis PRI 

Macaca fuscata fuscata PRI 

Macaca mulatta PRI 

Macaca nigra PRI 

Macaca radiata PRI 

Macaca silenus PRI 

Pan paniscus PRI 

Pan troglodytes PRI 

Pan troglodytes verus PRI 
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Papio hamadryas PRI 

Pongo abelii PRI 

Pongo pygmaeus PRI 

Saguinus imperator JMC 

Saguinus labiatus JMC 

Saguinus midas JMC 

Saguinus mystax JMC 

Saguinus oedipus JMC 

Saguinus oedipus PRI 

Saimiri sciureus PRI 

Symphalangus syndactylus PRI/JMC 

 
Table 8: Summary of the samples and species available for sequencing at PRI. More samples were available for 

several species, however sampling was limited to up to five samples per species in order to maximize the chances of 

discovering long Htt alleles (see text for a detailed explanation). 

 

The choice of limiting sampling to five individuals per species was taken according to the following 

rationale and computer simulations. When we look at human CAG length distribution, we find that this tends 

to follow a “the longer the rarer” rule. Since this is likely to apply also to NHPs, in order to find very long 

alleles in an unbiased experimental design extensive sampling would probably be required. However, if we 

can find a species that appears to have a distribution of alleles identical or similar to humans (i.e. with a 

mean around 18.5 CAG repeats) then sampling 100 alleles from that species would allow to find at least 1 IA 

with P = 0.95 (bootstrap simulations n = 105). In order to find such a species, we need to sample as many 

different species as possible, under the fair assumption that they distribute approximately as humans (i.e. a 

distribution skewed toward longer alleles). To our knowledge this was a good working assumption since the 

same mechanisms generating human allelic length variation are likely to be at stake in other primate species 

and results in the Japanese macaque showed a right-skewed distribution. It turns out (bootstrap simulation n 

= 105) that the probability of assessing the true mean±3 in the human population from a sample with n = 5 is 

95% (using the same confidence level the standard error is reduced to ±1 by a sampling of n = 40, while ±2 

requires only n = 10). Under the aforementioned assumptions, to maximize the probability of finding AIs in 

NHPs, a reasonable approach would be to sample up to 5 alleles from any given species in order to 

determine whether that particular species has a mean length comparable to human and then sample within 
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that species, where possible, 100 alleles (50 individuals). It should be noted that the distribution could have 

been altered by inbreeding or drift and, in order to find the IAs, once the species with long CAG repeats has 

been identified a more extensive sampling could be required. However, once a species with mean and modal 

Htt CAG repeat lengths similar to humans was identified, it would have only been a matter of sampling. 

Hence, the plan at PRI was to try to assess the first five individuals for all the species available. 

At PRI, I was made available by the master student Akihiro Itoigawa 7 already extracted DNA samples 

(Table 9). 

 

ID Tissue Species 

Unkown Liver Aotus trivirgatus 

33-516 Liver Saimiri sciureus 

132-1903 Liver Saguinus oedipus 

Unkown Liver Ateles belzebuth 

133-1933 Liver Aotus azarae 

Unkown Liver Cebus apella 

104-135010 Liver Callithrix jacchus 

 

A first batch of 11 tissues was then obtained from Dr. Nagume Tani for DNA extraction (Table 10). 

 

ID Tissue Species Date 

196 Liver S. oedipus 31.10.16 

18 Liver S. oedipus 2.6.2010 

130 Liver S. oedipus Unavailable 

173 Liver Owl monkey Unavailable 

165 Liver Owl monkey 15.8.15 

23 Liver C. jacchus 2.9.2010 

97 Liver C. jacchus 2.11.2012 

30 Liver C. jacchus Unavailable 

32 Liver C. jacchus 12.2010 

198 Liver C. jacchus 21.12.16 

108 Liver C. jacchus Unavailable 

 
Table 10: JMC samples where DNA extraction was performed. 

 

DNA from samples listed in Table 10 was extracted and quantified at Nanodrop. I then received from JMC 

100 samples of New World Monkeys. They represent a group of usually small primates, potentially suitable 

for disease modelling. I thus started DNA extraction from the first 22 of those tissue samples (Table 11). 
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ID Family Genus Species sex Date 

5610 Cebidae Callithrix geoffroyi M 2003.01.12 

5612 Atelidae Ateles belzebuth F 2003.01.14 

5625 Cebidae Saguinus mystax F 2003.04.06 

5642 Cebidae Callithrix geoffroyi F 2003.06.21 

5750 Cebidae Aotus trivirgatus M 2005.03.12 

5751 Atelidae Ateles paniscus M 2005.03.26 

5765 Cebidae Aotus trivirgatus M 2005.06.03 

5778 Cebidae Aotus trivirgatus F 2005.07.20 

5780 Atelidae Ateles geoffroyi F 2005.08.08 

5835 Cebidae Callithrix geoffroyi F 2006.05.02  

5871 Atelidae Ateles geoffroyi F 2006.12.16  

5890 Atelidae Lagothrix lagothricha M 2007.04.05  

5902 Cebidae Aotus trivirgatus M 2007.05.05  

5907 Atelidae Ateles geoffroyi F 2007.05.15  

5981 Cebidae Callithrix geoffroyi M 2008.03.07  

5982 Cebidae Callithrix geoffroyi F 2008.03.07  

5999 Atelidae Ateles belzebuth M 2008.05.31  

6099 Cebidae Aotus trivirgatus U 2010.03.06  

6128 Atelidae Ateles geoffroyi F 2010.05.14 

6162 Atelidae Ateles belzebuth F 2010.11.10 

6171 Cebidae Aotus trivirgatus M 2011.01.18 

6202 Atelidae Lagothrix lagothricha M 2011.06.16 

 
Table 11: JMC samples where DNA extraction was performed. 
 

However, I have noticed that when amplifying the Callitrichidae samples, where both Htt gene and pHtt are 

present, Htt pseudogene is always preferentially amplified over the Htt gene. Results from sequencing of the 

samples from first 11 PRI samples suffered this issue. This requested me to design a new experimental 

strategy to selectively amplify the Htt gene in those species (see next section). Moreover, in JMC samples 

pHtt amplified also in species were it should not have amplified, suggesting that there could have been some 

DNA contamination in the sample. This is possible since Dr. Hayakawa had reported that many of these 

samples were very old. This is why it was ultimately not possible to draw solid conclusions from this effort. 
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5.5. Htt in Callitrichidae 
The newly developed strategy for Htt exon 1 sequencing in Callitrichidae was successfully verified in 

Callitrichidae samples from the Biopark of Rome (C. jacchus, S. imperator) and to the Cotton-top tamarin 

(S. oedipus) provided by Prof. Saino where I had previously assessed the pHtt sequence. The protocol relies 

on a forward primer designed to be common to most mammals (5’-ATGGCGACCTGGAAAAGCTG-3’) 

and on three reverse primers within the intronic region following the exon 1 (5’-

CTGCTGGGTCACCCTGTC-3’, 5’-GGGTGTCCCTACGGGTTT-3’, and 5’-

GAAGTGGGGGAGGGTCTC-3’). Since the pseudogene derives from retrotranscription of mRNA, it lacks 

intronic regions and would therefore not amplify. PCR conditions employed were as follows: 

 

Reaction protocol 

Buffer HF 10x         1.5 µL 

Mg2SO4 50 mM        0.24 µL 

dNTPs 10 mM         0.3 µL 

Primer FW 10 uM        0.5 µL 

Primer RV 10 uM        0.5 µL 

Platinum Taq DNA Polymerase High Fidelity (Cat. no.11304-011)  0.15 µL 

H2O to volume (15 µL) 

Template DNA         0.3 uL74 

 

PCR conditions 

Initial denaturation        10’ at 96 °C 

36 cycles: 

Denaturation        45’’ at 96 °C 

Annealing        30’’ at 58 °C 

Extension        1’ at 68 °C 

Final extension         10’ at 68 °C 

 

Figure 29 shows the result of the PCR reaction. 

 

																																																								
74 DNA concentration assessed at Nanodrop is not reliable for highly degraded DNA. Therefore an aliquot of the 
sample was employed. 
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Figure 29: PCR reaction designed to target only the Htt gene in Callithricidae. S. oedipus is found in lanes 3, 11 (top) 

and 3 (bottom). C. jacchus is found in lanes 4, 12 (top) and 4 (bottom).  S. imperator is found in lanes 5, 13 (top) and 5 

(bottom). 1 kb plus DNA ladder is present for comparison. 

 

Sequencing of the relative amplicons yielded results for S. oedipus and S. imperator, which are shown in 

Figure 30 and Figure 31 respectively, in agreement with the expected sequence for the Htt gene in primates, 

while cloning failed for C. jacchus (however its sequence is present in the NCBI RefSeq database). 

 

 
 

Figure 30: Alignment of sequencing reads for S. oedipus Htt gene. 

 

 
 
Figure 31: Alignment of sequencing reads for S. imperator Htt gene. 
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5.6. Data analysis 
The serendipitously identified processed Htt pseudogene (pHtt) had escaped previous identification (Hohjoh 

et al. 2009) and ultimately turned out to be the most intriguing results in the NHP effort. Interestingly, the 

pHtt should exemplify the dynamics of this DNA sequence in the absence of selective constraints. I have 

found that the pHtt is composed of the paralog sequence of the first 9 Htt exons and lays within the third 

intron of the CNTNAP3 gene. Several point mutations and indels are present in the CAG repeat region in the 

four pHtt sequences collected from Callithrix jacchus, Saguinus oedipus (yet to be verified) and Saguinus 

imperator (two different alleles for the latter, second allele yet to be verified) as compared to the HTT gene 

from Callithrix jacchus. These include a G→A transition, at least three independent transversions (G→C, 

G→T and C→G) and all show either TGG or TGGCT insertions. This finding is in sharp contrast with what 

we documented in the Htt gene where we almost always observe an uninterrupted CAG tract, reinforcing the 

idea that natural selection acts on the Htt gene to preserve a pristine CAG repeat. 

Another feature highlighted by the pHtt is that, as a whole, the exon 1 counterpart in the pHtt is far more 

prone to instability than the Htt gene exon 1. However, the CAG repeats show limited length variation (one 

extra CAG in C. jacchus) and this could reasonably be the consequence of the interruptions within the repeat 

itself, which are known to reduce the instability of repeats (see also Introduction). On the other hand, in the 

pHtt GC-rich region downstream the CAG repeat (homologous to the CCN/GCN region in the Htt gene) at 

least five insertions and two deletion events are highlighted when compared to the consensus sequence 

derived from all Htt and pHtt sequences available in primates. 

This was the first attempt to evaluate pHtt sequences differences as new analyses are ongoing and some 

have suggested that a within-species comparison should be attempted. Nonetheless, these results suggest that 

in the absence of selective pressures Htt exon 1 sequence is highly unstable. The purity of CAG repeats is 

rapidly altered and the length of the repeats may vary considerably, with the repeats themselves being the 

major driver of indel mutations. Indirectly, these findings also point toward the presence of strong selective 

pressures to maintain the purity of CAG repeats and constrain the length of Htt exon 1. 
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Appendix 1 

A1.1. Genbank genome browser 
In 1982, the National Institute of Health (NIH) of the United States of America has launched a biological 

information repository called Genbank (Benson et al. 2005). This is now among the largest publicly 

available databases of sequence data in the world, containing the widest variety of annotated and often 

validated DNA sequences75. Genbank is constantly updated and maintained by the National Center for 

Biotechnology Information (NCBI), which is part of the United States National Library of Medicine (NLM), 

a branch of the NIH76. There are essentially two main direct ways to access DNA sequence data from the 

Genbank web interface: the ‘gene’ database and the ‘nucleotide’ database. These databases can be queried 

using dedicated search engines and user-defined query strings. The ‘gene’ database contains an organized list 

of all annotated and deposited genes from all organisms. For each gene, which is reported with its scientific 

name and abbreviation, a summary of all available information is provided in a single page, including the 

genomic region of the gene, the published literature related to the gene and all the relevant information in 

terms of annotated DNA sequences, including predicted and/or validated intron-exon boundaries of 

messenger RNA (mRNA) and protein sequences. The web page of the human Htt gene (Genbank ID: 

3064)77, a gene being at the focus of intensive studies since its discovery in 1993, contains an extensive 

record of sequence data and associated biological information. More specifically, it initially shows its 

chromosomal position in the context of the surrounding genes. This section is followed by a summary of the 

most recent literature published, together with a focus on the functional annotations that have been reported 

so far (GeneRIF78). The web page further shows a section dedicated to the phenotypic information that has 

been associated to the gene or to some of its specific variants (i.e. in this case its association with HD). It 

also connects to other databases of genetic variants associated to this gene (e.g. ClinVar, DbVar). Sections 

dedicated to its protein product localization, pathways and processes in which it is involved, interactions 

with other genes and proteins as well as the presence of recognized homologs are also displayed. Finally, a 

complete list of DNA sequences for this gene available on Genbank is reported. These can be distinguished 

depending on the source. The first source generally points to the genome assembly chosen as ‘reference’, 

often indicated as ‘Primary Assembly’. 

A genome assembly is the entire genomic consensus sequence derived through the assembly process of 

the raw sequencing reads and released by the curators of the genome in the database upon publication. It is 

important to note that until now the golden rule for genomic databases has been to report the genomic 

sequence for a single ‘reference’ individual. This relatively arbitrarily chosen individual(s) simply 

constitutes the individual(s) from which the DNA of the genome assembly derived (Nature Methods 

Editorial Board 2010). This has been mostly due to the cost of genome sequencing and assembly, which has 
																																																								
75 “GenBank Overview.” Accessed July 07, 2018. https://www.ncbi.nlm.nih.gov/genbank/ 
76 “GenBank” Accessed July 07, 2018. https://en.wikipedia.org/wiki/GenBank 
77 “HTT Huntingtin [Homo Sapiens (human)] - Gene - NCBI.” Accessed July 07, 2018. 
https://www.ncbi.nlm.nih.gov/gene/3064 
78 “About Gene RIF - Gene - NCBI.” Accessed July 07, 2018. https://www.ncbi.nlm.nih.gov/gene/about-generif 



Ph.D. Thesis  Giulio Formenti 

 166 

not allowed for more than a genome assembly per species to be produced. Moreover, NGS approaches only 

enabled to define virtual ‘haploid’ genomes in the vast majority of cases (i.e. only one of the two alleles is 

reported for the reference). In very few cases the alternative alleles were reported as variants but the two 

haplotigs were often completely shuffled as it is unfeasible to determine long blocks of haplotype with NGS. 

For a given species, sometimes more than one assembly is present. This might result from serial attempts by 

the same or different research groups to increase the quality of the genome assembly from the same starting 

raw data, or might represent the result of subsequent sequencing efforts.  

Generally, the Primary Assembly constitutes what Genbank curators consider the most up-to-date source 

for the genomic sequence for this reference. When available, this is the first result being shown. In the case 

of Htt, the Primary Assembly currently (June 2018) refers to the human genome assembly ‘GRCh38’ 

(Genome Reference Consortium human build n. 3879), the latest release of the long list of high-quality 

assemblies for the human genome generated since 200180. As is the case for Htt, other validated sources may 

also be present (e.g. NCBI RefSeq genes81), together with their annotations (usually mRNA and protein). All 

these information and annotations normally result from automated algorithms and pipelines rather than from 

manual curation. On the contrary, when gene annotations have been manually reviewed by a human operator 

this is explicitly indicated. The Primary Assembly section further points at the Genbank sequence. It uses 

directly the coordinates for this gene that have been stored in Genbank database. A direct link to DNA 

sequence is also available, which represents a direct link to the ‘nucleotide’ database. This latter source, as 

well as RefSeq validated annotations when available, have been extensively employed in the present work as 

primary sources of DNA sequences. 

A1.1.1. Genbank Primary Assembly record 
The record headings for Htt gene in Genbank Primary Assembly, like all other genes present on Genbank, 

contain information on the authors of the sequencing (usually the members of a consortium aimed at 

establishing the WGS project), on the curation of the genome assembly and the article where the 

sequence/genome was originally published82. Importantly, they also report the genomic coordinates of the 

gene within the genome assembly, the coordinates on the gene for intron-exon boundaries, the coordinates of 

the coding sequence (which differs from the mRNA sequence because of the absence of untranslated 

regions), the entire encoded protein sequence and finally the DNA sequence. The latter is reported in rows, 

with spacing every ten nucleotides. A link to the FASTA file, one of the most exchangeable DNA sequence 

file formats, is also present.  

																																																								
79 “GRCh38 - hg38 - Genome - Assembly - NCBI.” Accessed July 07, 2018. 
 https://www.ncbi.nlm.nih.gov/assembly/GCF_000001405.26/ 
80 “Genome Browser FAQ.” Accessed July 07, 2018. https://genome.ucsc.edu/FAQ/FAQreleases.html 
81 “About the NCBI RefSeqGene Project.” Accessed July 07, 2018. 
https://www.ncbi.nlm.nih.gov/refseq/rsg/about/ 
82 “Homo Sapiens Chromosome 4, GRCh38.p12 Primary Assembly - Nucleotide - NCBI.” Accessed July 07, 2018. 
https://www.ncbi.nlm.nih.gov/nuccore/NC_000004.12?from=3074681&to=3243960&report=genbank 
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A1.1.2. FASTA file format 

The text-based FASTA file format is among the most frequently employed file formats to store DNA 

sequence data83. Each sequence embedded into a FASTA file starts with the character ‘>’ followed by the 

name of the sequence (without spaces). The sequence itself is then reported on new lines. A FASTA file can 

contain any number of sequence names and DNA sequences separated by new blank lines. In the present 

work, sequence data were often retrieved and stored using this file format. 

A1.1.3. Genbank file format 

The FASTA format is not the only way to store DNA information. Another relevant file format is the 

Genbank file format, which is capable of handling also most of the information on the annotations associated 

with the sequence. Genbank files can be downloaded directly from Genbank website, using the tool ‘Send 

to:’ present on top of its web pages. This type of file can subsequently be handled with specific softwares as 

Geneious (Kearse et al. 2012) and CLC Sequence Viewer84. 

A1.1.4. BLAST 
The most popular algorithm/software for sequence search in Genbank database is called BLAST. BLAST, 

which stands for Basic Local Alignment Search Tool, was developed at NIH in 1990 (Altschul et al. 1990). 

The homonym algorithm on which it relies is generally much faster than other approaches and makes it 

practical to scan the huge genome databases currently available on Genbank (Elizabeth Cha and Rouchka 

2005). The input query of this heuristic algorithm is represented by a query sequence in FASTA or Genbank 

format and by a matrix of weights. The latter represents the default or user-defined parameters that are 

thought to produce the best results given the specific query. A wide variety of adjustments can be made to 

optimize the search in the attempt to raise the chances of a true positive match. BLAST relies on the general 

principle of trying to match short sequences between the query and the sequences in the database, which are 

compared one-by-one in a parallel. Generally, BLAST outputs a long list of results, ordered by their distance 

with respect to the original query given the parameters of the matrix of weights. These results, also 

depending on the search settings, include genes from the ‘gene’ databases and nucleotide sequences from the 

‘nucleotide’ database. BLAST and its evolutions have proven effective in retrieving annotated and 

unannotated orthologous genes using DNA sequences from closely related organisms as queries. Sometimes 

even distantly related organisms can do, provided that sequence conservation is high. This tool is present on 

both Genbank and Ensembl websites to query their databases and it has been widely applied in this study. 

A1.2. Ensembl genome browser 
Ensembl web portal was launched in 1999 as a joint scientific project between the European Bioinformatics 

Institute and the Wellcome Trust Sanger Institute, to store the sequence data deriving from the upcoming 

completion of the Human Genome Project (Hubbard et al. 2002). On average, while the two datasets look 

																																																								
83 “FASTA Format.” Accessed July 07, 2018. https://zhanglab.ccmb.med.umich.edu/FASTA/ 
84 “CLC Sequence viewer - QIAGEN.” 
Accessed July 08, 2018. https://www.qiagenbioinformatics.com/products/clc-sequence-viewer/ 
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very similar in terms of available genome data, Genbank is often more complete, at least with respect to the 

presence of Htt orthologous genes. Nonetheless, the two sources can sometimes be complementary to each 

other. 

A typical search on Ensembl starts with the gene name from the website main page. For example, with 

‘Htt’ as keyword, the first result displayed is the human Htt gene (Ensembl ID: ENSG00000197386). Similar 

to Genbank, the web page dedicated to Htt contains a summary of the information for this gene, gene 

ontologies, resources related to genetic variation and gene expression, a section on comparative genomics 

and a highlight of the gene sequence and its relative annotation. From this latter source, the DNA sequences 

can be downloaded in FASTA format. 

A1.3. UCSC genome browser 
Conceived at the University of California in Santa Cruz and released starting from 2000, the UCSC Genome 

Browser is an online resource to visualize and download genomic information on many vertebrate and 

invertebrate species (Tyner et al. 2017). It is similar to Genbank and Ensembl in many features, but it usually 

allows a more detailed and integrated view of sequence data. On the other hand, it generally harbours 

information from a more limited number of organisms than the other two databases. Nonetheless, it can 

sometimes be helpful for cross-validation, or for a closer inspection of sequence data. 

A1.4. Ortholog gene search 
In order to identify and retrieve the information of interest on a single gene or on a portion of a gene from 

these public databases, several — often complementary — approaches are possible. One way is to search 

through the annotations for genes that were already identified and marked as gene orthologs. Another 

approach is to use a known DNA sequence string as query to search directly into the annotated sequences or 

even in the raw sequence data. To this end, a range of solutions has been developed over the years. This 

approach is particularly helpful when the genomic information has already been uploaded in the database, 

but gene annotation is still incomplete or missing. 
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Appendix 2 

ID Class Species Source  

2 
Mammalia 
(Primates) Homo neanderthalensis Publication Prüfer et al. (2014) - raw data 

3 
Mammalia 
(Primates) Pan troglodytes GenBank XM_016951204.1 

4 
Mammalia 
(Primates) Pan paniscus GenBank XM_003812979.3 

5 
Mammalia 
(Primates) Gorilla gorilla GenBank 

Alignment of 4 sequences:  
EU797062, Y07988, EU797063, 
L49364 

6 
Mammalia 
(Primates) Pongo pygmaeus GenBank ENSPPYT00000016917.1 

7 
Mammalia 
(Primates) Aotus nancymaae GenBank XM_012466834 

8 
Mammalia 
(Primates) Chlorocebus sabaeus GenBank XM_008018062 

9 
Mammalia 
(Primates) Hylobates lar GenBank EU797068 

10 
Mammalia 
(Primates) Cercocebus atys GenBank XM_012059172 

13 
Mammalia 
(Primates) Macaca nemestrina GenBank XM_011744916 

14 
Mammalia 
(Primates) Nomascus leucogenys GenBank XM_012499669.1 

15 
Mammalia 
(Primates) Colobus guereza GenBank EU797073 

17 
Mammalia 
(Primates) Papio anubis GenBank XM_021938205.1 

18 
Mammalia 
(Primates) Macaca mulatta GenBank XM_015137840.1 

20 
Mammalia 
(Primates) Macaca fascicularis GenBank XM_015449989.1 

21 
Mammalia 
(Primates) Callithrix jacchus GenBank NM_001267745.1 

24 
Mammalia 
(Primates) Tarsius syrichta GenBank XM_021711235.1 

25 
Mammalia 
(Primates) Microcebus murinus GenBank XM_012737354.2 

26 Mammalia Tupaia belangeri GenBank SRX198023 
27 Mammalia Peromyscus maniculatus GenBank XM_016004012.1 
28 Mammalia Microtus ochrogaster GenBank XM_005365914.2 
29 Mammalia Mesocricetus auratus GenBank XM_021226467.1 
30 Mammalia Mus musculus GenBank NM_010414.3 
31 Mammalia Nannospalax galili GenBank XM_008841869 
32 Mammalia Rattus norvegicus GenBank NM_024357.3 
34 Mammalia Ictidomys tridecemlineatus GenBank XM_005319002.3 
38 Mammalia Octodon degus GenBank XM_004624601.1 
39 Mammalia Chinchilla lanigera GenBank XM_013506814.1 
40 Mammalia Cavia porcellus GenBank XM_013157718.1 
43 Mammalia Heterocephalus glaber GenBank XM_021260364.1 
45 Mammalia Bos taurus GenBank XM_002688430.4 
46 Mammalia Ovis aries GenBank NM_001142638.1 
48 Mammalia Orcinus orca GenBank XM_004265165.2 
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51 Mammalia Sus scrofa GenBank XM_013978501.2 
54 Mammalia Odobenus rosmarus GenBank XM_004396198.1 
55 Mammalia Canis lupus GenBank XM_536221.5 
56 Mammalia Sorex araneus GenBank XM_004617465.1 
57 Mammalia Equus caballus Publication Wade et al. (2009) - raw data 
59 Mammalia Pteropus vampyrus Ensembl ENSPVAT00000011321.1 
69 Mammalia Loxodonta africana GenBank XM_003411334.2 
71 Mammalia Chrysochloris asiatica GenBank XM_006875329.1 
72 Mammalia Echinops telfairi GenBank XM_004715096.1 
73 Mammalia Dasypus novemcinctus GenBank XM_012520645.1 
74 Mammalia Monodelphis domestica GenBank XM_016423341.1 

75 Mammalia Macropus eugenii Ensembl 
ENSMEUT00000004503.1 and raw 
data 

77 Mammalia Ornithorhynchus anatinus GenBank 
GCF_000002275.2 
Ornithorhynchus_anatinus-5.0.1 

86 Reptilia Anolis carolinensis GenBank XM_008111310.2 
91 Reptilia Chrysemys picta GenBank XM_005304083.2 
92 Reptilia Pelodiscus sinensis GenBank XM_006128261.2 
94 Reptilia Alligator mississippiensis GenBank XM_006262647.3 
95 Reptilia Alligator sinensis GenBank XM_014524035.1 
154 Aves Melopsittacus undulatus GenBank XM_002195229.2 
155 Aves Taeniopygia guttata GenBank XM_005045496.1 
156 Aves Ficedula albicollis GenBank XM_005229813.1 
157 Aves Falco peregrinus GenBank XM_010583518 
158 Aves Haliaeetus leucocephalus GenBank XM_009099101.1 
159 Aves Serinus canaria GenBank XM_009471152.1 
160 Aves Nipponia nippon GenBank XM_010193794.1 
161 Aves Mesitornis unicolor GenBank XM_009285380.1 
162 Aves Aptenodytes forsteri GenBank XM_009984323.1 
163 Aves Tauraco erythrolophus GenBank XM_009708844.1 
164 Aves Cariama cristata GenBank XM_010133191.1 
165 Aves Buceros rhinoceros GenBank XM_005517876.1 
166 Aves Pseudopodoces humilis GenBank XM_010290303.1 
167 Aves Phaethon lepturus GenBank XM_009686173.1 
168 Aves Struthio camelus GenBank XM_010210577.1 
169 Aves Colius striatus GenBank XM_009948046.1 
170 Aves Leptosomus discolor GenBank XM_009948046.1 
174 Aves Picoides pubescens GenBank XM_009910100.1 
175 Amphibia Xenopus tropicalis GenBank XM_012955737.2 
176 Amphibia Nanorana parkeri GenBank XM_018554978.1 
177 Amphibia Ambystoma mexicanum GenBank XM_015604698.1  
178 Sarcopterygii Latimeria chalumnae GenBank XM_014489756.1 
179 Actinopterygii Fundulus heteroclitus GenBank XM_021320330.1 
181 Actinopterygii Oryzias latipes GenBank XM_020706268.1 
182 Actinopterygii Oreochromis niloticus GenBank XM_013276665.2 
183 Actinopterygii Neolamprologus brichardi GenBank XM_014341304.1 
184 Actinopterygii Haplochromis burtoni GenBank XM_014341304.1 
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185 Actinopterygii Xiphophorus maculatus GenBank XM_005797294.2 
186 Actinopterygii Poecilia orri GenBank XM_016667560.1 
187 Actinopterygii Poecilia reticulata GenBank XM_017304689.1 
188 Actinopterygii Tetraodon nigroviridis GenBank ENSTNIT00000015214.1 
189 Actinopterygii Stegastes partitus GenBank XM_008277913.1 
190 Actinopterygii Gasterosteus aculeatus GenBank ENSGACT00000024315.1 
191 Actinopterygii Takifugu rubripes GenBank XM_011612986.1 
192 Actinopterygii Maylandia zebra GenBank XM_004538882.1 
194 Actinopterygii Pundamilia nyererei GenBank XM_013911515.1 
195 Actinopterygii Esox lucius GenBank XM_020043694.1 
196 Actinopterygii Gadus morhua GenBank ENSGMOT00000014002.1 
197 Actinopterygii Astyanax mexicanus GenBank XM_015604698.1  
198 Actinopterygii Lepisosteus oculatus GenBank XM_015344842.1 
199 Actinopterygii Clupea harengus GenBank XM_012836874.1 
200 Actinopterygii Larimichthys crocea GenBank XM_019278160.1 
202 Actinopterygii Cynoglossus semilaevis GenBank XM_017035042.1 
204 Actinopterygii Danio rerio GenBank NM_131018.1 
205 Chondrichthyes Callorhinchus milii GenBank XM_007905263.1 

206 Leptocardii 
Branchiostoma 
lanceolatum Publication Candiani et al. (2007) 

207 Leptocardii Branchiostoma floridae Publication Candiani et al. (2007) 
208 Enteropneusta Saccoglossus kowalevskii GenBank XM_006822922.1 

209 Echinoidea 
Strongylocentrotus 
purpuratus GenBank AM422557.1 

 
Table 1: List of Htt exon 1 sequences retrieved from databases. A total of 100 were included in the final dataset. The 

original source (Genbank, Ensembl, publication) is reported with the corresponding accession number. 
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Appendix 3 

Supplier Institute 

Adriana Bellati Dipartimento di Scienze della Terra e dell'Ambiente, Università di Pavia (Pavia, 
IT) 

Adriano Martinoli Dipartimento di scienze teoriche e applicate, Università dell'Insubria (Varese, IT) 

Alessandro Balestrieri Dipartimento di Scienze e Politiche Ambientali, Università degli Studi di Milano 
(Milano, IT) 

Alessandro Bianchi Istituto Zooprofilattico Sperimentale "Bruno Ubertini" (Sondrio, IT) 

Ana Rubio Garcia Seal Rehabilitation and Research Centre (Pieterburen, NL) 

Andrea Sforzi Museo di Storia Naturale della Maremma (Grosseto, IT)  

Andres Barbosa Museo Nacional de Ciencias Naturales (Madrid, SP) 

Angelica Crottini Dipartimento di Biotecnologie e Bioscienze, Università di Milano-Bicocca 
(Milano, IT) 

Bill Randall* Coriell Institute (New York, USA) 

Chang Anthony* Yerkes National Primate research center, Emory University (Lawrenceville, 
Georgia, USA) 

Christian Abee* MD Anderson Cancer Center (Houston, Texas, USA) 

Claudia Romeo Dipartimento di Medicina Veterinaria, Università degli Studi di Milano (Milano, 
IT) 

Cristina LaBarga Bioparco di Roma, Università di Roma "Tor Vergata" (Roma, IT) 

Daniel Berkowic Department of Zoology, Tel Aviv University (Tel Aviv, IL) 

Edoardo Razzetti Museo di Storia Naturale di Pavia (Pavia, IT) 

Enrico Merli Ente forestale Provincia di Piacenza (Piacenza, IT) 

Giorgia Tessa Università di Torino (Torino, IT) 

Giorgio Bardelli Museo di Storia Naturale di Milano (Milano, IT) 

Giorgio De Giorgi SafariPark di Pombia (Novara, IT)  

Giovanni Amori* Dipartimento di Biologia e Biotecnologie "Charles Darwin", Università La 
Sapienza di Roma (Roma, IT) e Consiglio Nazionale delle Ricerche 

Guoping Feng* Massachusetts Institute of Technology (Boston, Massachusetts, USA) 

Hirai Hirohisa Primate Research Institute, Kyoto University (Inuyama, Japan) 

Hiroo Imai Primate Research Institute, Kyoto University (Inuyama, Japan) 

Irene Bertoletti Istituto Zooprofilattico Sperimentale "Bruno Ubertini" (Sondrio, IT) 

Jerilyn Pecotte* Southwestern National Primate research center (San Antonio, Texas, USA) 
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Joanna Sumner Museums Victoria (Carlton, AUS) 

Jodi McBride* Oregon Health and Science University (Portland, USA) and Oregon national 
primate Research Center (Beaverton, Oregon, USA) 

John Vandeberg* Southwestern National Primate research center (San Antonio, Texas, USA) 

Mahmoud Pouladi* Translational Laboratory in Genetic Medicine (Singapore) 

Marco Apollonio Dipartimento di Zoologia, Università di Sassari (Sassari, IT) 

Maria Rasotto Dipartimento di Biologia, Università di Padova (Padova, IT) 

Maristella Giurisato Dipartimento di Biomedicina Comparata e Alimentazione, Università di Padova 
(Padova, IT) and Banca Tessuti Cetacei del Mediterraneo 

Massimo Scandura Dipartimento di Zoologia, Università di Sassari (Sassari, IT) 

Maurizio Casiraghi Dipartimento di Biotecnologie e Bioscienze, Università di Milano-Bicocca 
(Milano, IT) 

Michela Podestà Museo di Storia Naturale di Milano (Milano, IT) 

Nicola Saino Dipartimento di Scienze e Politiche Ambientali, Università degli Studi di Milano 
(Milano, IT), Oasi di Sant'Alessio Con vialone (Pavia, IT) 

Nicoletta Ancona Acquario Civico di Milano (Milano, IT) 

Olga Rickards Bioparco di Roma, Università di Roma "Tor Vergata" (Roma, IT) 

Paolo Ciucci Dipartimento di Biologia e Biotecnologie "Charles Darwin", Università La 
Sapienza di Roma (Roma, IT 

Riccardo Castiglia Dipartimento di Biologia e Biotecnologie "Charles Darwin", Università La 
Sapienza di Roma (Roma, IT) e Consiglio Nazionale delle Ricerche 

Roberta Castiglioni Parco Faunistico Le Cornelle (Bergamo, IT) 

Shai Meiri Department of Zoology, Tel Aviv University (Tel Aviv, IL) 

Silvia Colmegna Istituto Zooprofilattico Sperimentale "Bruno Ubertini" (Milano, IT) 

 
Table 1: List of people and Institutions that were enquired for samples and eventually provided samples for this 

project. A total of 43 researchers belonging to 34 Institutions were involved in the sampling phase. Contact persons 

that ultimately did not provide samples to the laboratory are indicated by *. 
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Appendix 4 
 

Individual No. Allele 1 Allele 2 

684 9 8 

755 9   

1730 9   

1770 10 8 

1841 9   

1224 8   

1304 8   

1308 8   

1316 8   

1549 9   

1554 8   

1628 8   

1668 8   

1673 9   

654 9   

772 9 12 

1818 9   

1887 9   

1394 11 12 

1466 12 10 

1848 10   

1882 9   

1916 10   

1954 10   

1969 10   

1991 9   

2037 9   

2073 9   

1997 9   

1 9   

2 9   

3 9   

11 9   

17 9   

19 9   

21 9   

23 9   
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26 9   

27 9   

28 9   

35 9   

43 9   

50 9   

52 9   

53 9   

59 9   

65 9   

69 9   

N-195 12   

N-211 12   

2284 9   

2253 9   

2285 9   

2262 12   

2263 9   

2268 9   

2114 9   

2117 9   

N-182 6   

N-185 9   

N-186 9   

H19-149 9   

H20-091 9   

H20-107 9   

H20-108 9   

H20-112 9   

H20-113 9   

H20-117 9   

H20-118 9   

H21-104 9   

VM08-241 9   

VM09-449 9   

VM10-131 9   

VM10-263 9   

VM10-272 9   

VM10-273 9   

VM10-311 6   
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VM10-388 9   
 
Table 1: ID and CAG assessed in M. fuscata samples from the PRI. When secondary alleles were detected (multiple 

lengths from different sequencing reactions) these are reported. 
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