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Abstract 
 

The innovation of genomics has progressed at pace with the 

development of high-throughput DNA sequencing technologies. 

Prior to the outbreak of next-generation sequencing, retrieving 

genetic information was limited to a set of molecular markers. 

Additionally, acquiring genetic information from complex samples, 

due mostly to the limitation to extract good quality and quantity of 

DNA from them, was especially challenging. Nonetheless, over the 

last decade, there has been an enormous advancement in target 

enrichment methodologies that permits the improvement of the 

quantity of DNA obtained from the sample of interest, with the 

consequent increase in the amount of data recovered and the 

reduction in sequencing costs. All these advancements have also a 

great value in other fields such as population genetics, evolution, 

medicine and conservation. In this thesis I present an experimental 

method for library preparation and exome target enrichment and its 

application to chimpanzee faecal samples. This method may be 

appropriate for other researchers working with complex samples 

and/or focused in specific parts of the genome such as certain 

chromosomes, the exome, a set of SNPs or even the whole-genome. 
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Resumen  
 

La innovación en genómica ha progresado al mismo ritmo que lo han 

hecho las tecnologías de secuenciación masiva de ADN. Antes del 

estallido de la secuenciación de última generación, la obtención de 

información genética se limitaba a un conjunto de marcadores 

moleculares. Además, la adquisición de información genética de 

muestras complejas, debido principalmente a la limitación para 

extraer de ellos suficiente cantidad de ADN de buena calidad, fue 

especialmente difícil. No obstante, en la última década, se ha 

avanzado mucho en las metodologías de enriquecimiento de regiones 

objetivo que permiten mejorar la cantidad de ADN obtenida de la 

muestra de interés, con el consiguiente aumento en la cantidad de 

información recuperada y la reducción en los gastos de 

secuenciación. Todos estos avances tienen también una gran utilidad 

en otros campos, como la genética de poblaciones, la evolución, la 

medicina y la conservación. En esta tesis presento un método 

experimental para la preparación de las bibliotecas de ADN y el 

enriquecimiento del exoma, y su aplicación a partir de muestras 

fecales de chimpancé. Este método puede ser adecuado para otros 

investigadores que trabajan con muestras complejas y/o se centran en 

partes específicas del genoma, como ciertos cromosomas, el exoma, 

un conjunto de SNPs o incluso el genoma completo. 
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Preface 
 

The great apes are our kin. Like us, they are self-aware and have 

cultures, tools, politics, and medicines. They can learn to use sign 

language, and have conversations with people and with each other 

Sadly, however, we have not treated them with the respect they 

deserve, and their numbers are now declining, the victims of logging, 

disease, loss of habitat, capture, and hunting.  

Nevertheless, there are signs of hope. In some places, governments 

have taken the lead in conservation efforts, often cooperating across 

national frontiers. It has become increasingly clear that whoever 

initiates actions, be it central governments, local governments, 

international nongovernmental organizations, or individual citizens, 

local communities need to be involved. It is they who live with the 

great apes, and it is they who need to have the incentives - such as 

sharing in revenues from tourism - to conserve them.  

Often, people treat great apes better when they treat each other 

better, as a result of education, good governance, and reduced 

poverty. But saving the great apes is also about saving people. By 

conserving the great apes, we can also protect the livelihoods of the 

many people who rely on forests for food, clean water, and much else.  

Indeed, the fate of the great apes has both practical and symbolic 

implications for the ability of human beings to move to a sustainable 

future.  

Kofi A. Annan  

Secretary-General of the United Nations  
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The work I present here pretends to summarize the relationship 

between human and the rest of non-human primates. Also, to evaluate 

the relevance of the study of primates’ genetics and the applications 

of the genetic information obtained. 

As most of the work I developed during my thesis was experimental, 

I have tried to explain the most employed methods, samples used, 

and technologies that are applied nowadays in genomics research 

laboratories. 
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1. INTRODUCTION 

In this section I will explain the connection among the great apes and 

evolutionary medicine, the use of complex samples and the new 

technologies applied for this sort of samples and, finally, the genetic 

information that can be extracted from them. 

 

1.1. Humans as Great apes 

Great apes belong to the order Primates within the Hominidae family. 

The great apes or hominids are composed of eight living species 

grouped in four genera: Pan, Gorilla, Pongo and Homo. Within each 

genus we find different species: Pan, Pan troglodytes (common 

chimpanzee), and Pan paniscus (bonobo); Gorilla, Gorilla gorilla 

and Gorilla beringei (Western and Eastern gorilla); Pongo, Pongo 

pygmaeus and Pongo abelii (the Bornean and Sumatran orangutan); 

and Homo, Homo sapiens, the species to which modern humans 

belong to (Figure 1) (Herron and Freeman, 2013).  

Four subspecies of common chimpanzee are commonly accepted: 

Pan troglodytes ellioti (Nigeria-Cameroon chimpanzee), Pan 

troglodytes schweinfurthii (Eastern chimpanzee), Pan troglodytes 

troglodytes (Central chimpanzee) and Pan troglodytes verus 

(Western chimpanzee); and two subspecies of western gorilla: 

Gorilla gorilla diehli (Cross river gorilla) and Gorilla gorilla gorilla 

(Western lowland gorilla) (Caldecott et al., 2005). 
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Humans share with the other great apes abundant derived features 

(apomorphies) like the larger brain size, sexual dimorphism, a more 

vertical posture, similar gestation time, no external tail and y-shaped 

molar teeth among others (Herron and Freeman, 2013). Additionally 

to these evolutionary changes, the molecular analyses distinguish the 

great apes from the rest of the taxon Catarrhini (Goodman et al., 

1998) pointing out that the apes descend from a common ancestor. 

There has been some controversy about the dating of the last common 

ancestor of great apes, a recent revision establishes it around 13 to 14 

million years ago (Alba et al., 2015; Casanovas-Vilar et al., 2011; 

Nengo et al., 2017). When referring to the last common ancestor of 

Figure 1. Phylogeny of the apes. Relationships among the Old-World monkeys, 

represented by a rhesus monkey and the apes including humans. Among the apes, the 

gibbons branch off first, followed by the orangutans. The evolutionary relationships 

among gorillas, the two chimpanzee subspecies, and humans were long the subject of 

considerable dispute. (Adapted from Herron & Freeman, 2013) 
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Old World Monkeys and apes (catarrhines), the two first primate 

species appeared as early as 25 million years ago (Figure 1) (Stevens 

et al., 2013). Moreover, recent studies of molecular data demostrate 

that primates split from other placental mammals approximately 76 

million years ago (Steiper and Seiffert, 2012). 

Despite the controversy with the different times to the common 

ancestor, which has become manifest is that humans, chimpanzees 

and bonobos are more tightly related to each other than with the other 

great apes and the rest of primates. All these evidences situate 

humans not only close to apes, but enclosed within the great apes. 

Humans share around 98.77% of the DNA coding regions with the 

common chimpanzee; that is to say, the number of substitutions per 

synonymous site (functionally less important changes) is 1.23% for 

human-chimpanzee, only 1.06% or less corresponding to fixed 

divergence between them; indels occur in around 1.5% of the 

euchromatic sequence in each species (The Chimpanzee Sequencing 

and Analysis Consortium, 2005). On the other hand, between human 

and gorilla the number of nonsynonymous changes is 1.48% and 

1.64% between chimpanzee and gorilla (Chen and Li, 2001; 

Wildman et al., 2003). These are absolutely minor differences 

compared for example with two species of birds, the red-eyed vireos 

and white-eyed vireos, who share barely 97.1% of their DNA (Rowe, 

1996). 
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1.2. Relevance of primates’ genetic research 

In the last decades, there has been an immense development on the 

field of genetics and genomics, and these advances have also landed 

in the human research sector. One could ask what makes the human 

research so important, and the first obvious answer would be that, as 

humans, we are interested in the deeply understanding of our own 

species. From an anthropocentric-based point of view, we consider 

Homo sapiens the most important species on earth. And not only on 

a species level, but also focused on the human genetic variation, 

including the research of other species to better discern ourselves, 

contributing to the comprehension of genetics in general.  

Another reason is the applicability of the study of human genetic 

variation to discover the genetic contribution to human diseases. 

These discoveries are a very effective instrument to understand how 

the different genes can contribute to the development of different 

diseases like Alzheimer, autoimmune diseases, cancer, or diabetes.  

The third reason to focus on the study of human genetics is its 

relevance for evolutionary researchers. A few decades ago, the only 

data available for human evolution exploration was based on 

information about physical traits. Fortunately, in most cases, 

nowadays we have access to genetic data that can be integrated with 

palaeontology, providing a more feasible method for the studies on 

human evolution and, furthermore, relevant for primate studies. 

All these arguments have led to the increment in the number of 

studies involving human genetics, by increasing the involvement of 
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organizations and governments and their financial investment for the 

investigation and development of new studies. 

The first populations of modern humans appeared in Africa around 

200 thousand years ago (Kya) and extended out of Africa between 75 

to 50 Kya, arriving to Europe almost 35 Kya; spreading afterwards 

to Asia and Australia (Lewis et al., 2012). Due to this recent 

spreading, we can considerate Homo sapiens as a quite young 

species; hence, not much time has passed for our species to acquire a 

huge amount of genetic variation compared to other species.   

The total length of the human genome is over 3x109 base pairs (bp), 

organized in 22 pairs of autosomal chromosomes plus two sexual 

chromosomes (X and Y). Although our species has a relatively young 

age, there has been a significant genetic variation accumulation, such 

that there cannot exist two individuals genetically identical (except 

for identical twins). This genetic variation can be measured among 

any two humans as around 0.1 percent, meaning that, for each 1,000 

bp, there is one change. In total, two persons possess 6x106 bp of 

difference, making these dissimilarities a considerably useful tool to 

analyse genetic variation.  

Evolutionary studies have focused in some regions, as mitochondrial 

DNA (mtDNA), and/or molecular markers, the more frequently used 

are single nucleotide polymorphisms (SNPs) and microsatellites. 

mtDNA 

The DNA present inside the mitochondria is a haploid molecule with 

several copies per cell. mtDNA is inherited through the maternal 
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lineage, has a high mutation rate and it is absent of recombination 

(Gustafsson et al., 2016). Some mtDNA genes are conserved enough 

to allow comparisons across species and to permit their use as 

markers to distinguish between closely related species. 

Consequently, mtDNA has being employed to infer patterns of 

maternal relatedness, phylogeography and phylogenetics, and 

conservation among other uses (Ballard and Rand, 2005; Emery et 

al., 2015). 

SNPs 

SNPs are defined as a nucleotide change at a single site, generally 

found approximately every 1,000 bp (Kitts and Sherry, 2002). SNPs 

are located in noncoding regions, but even if they do not modify 

encoding proteins, they are a relevant marker for evolutionary, 

ecological and comparative genomics studies, as well as disease 

genetics and pharmacogenetics studies (Kim and Misra, 2007).  

Microsatellites 

Microsatellites are also known as short tandem repeats (STRs), 

simple sequence length polymorphisms (SSLPs), or simple sequence 

repeats (SSRs), and are typically composed of 1 to 6 nucleotide 

repeats. This short sequence of nucleotides in tandem is repeated 

consecutively, and can be located across all the genome. They are 

characterized by their high polymorphism, high frequency of 

distribution and co-dominance. Some of their applications include 

paternity and kinship studies, population genetic structure, genetic 

variation, and migration rates (Chistiakov et al., 2006; Launhardt et 

al., 1998). 
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1.2.1. Evolutionary medicine  

As a result of the previously explained reasons, a new discipline 

called Evolutionary medicine or Darwinian medicine appeared. The 

field of evolutionary medicine consists in the application of modern 

evolutionary theory in order to understand health and disease. Using 

basic science from evolutionary biology it seeks forms of preventing 

and treating disease. It also explores why evolution has let the 

physiological and molecular mechanisms controlling health 

susceptible to disease. Evolutionary medicine is as well interested in 

the evolutionary history of humans and pathogens, focusing on 

preventing pathogens from becoming resistant to antibiotics, and 

creating new chemotherapy strategies for cancer treatment. 

(Gluckman, Beedle, & Hanson, 2009; Perlman, 2013; Stearns, 2012) 

Nowadays, not only data from humans can be applied for studies in 

evolutionary medicine, since humans are primates, the shelter of wild 

primate populations guarantees the capacity to study the behaviour, 

health, physiology, ecology, genetic and sociality of our close 

relatives (Tung et al., 2010). Long time ago primates started to be 

contemplated as valuable to improve research in human health 

(Johnson et al., 1984; The Chimpanzee Sequencing and Analysis 

Consortium, 2005; Thung et al., 1981). Although in 2015, the US 

National Institutes of Health announced that they were not longer 

supporting biomedical research on chimpanzees due to ethical 

reasons, their physiological and genetic similarities with humans 

makes them relevant for the understanding of human illnesses 

(Bermejo et al., 2006; Formenty et al., 1999; Prado-Martinez et al., 
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2013; Solis-Moruno et al., 2017). Nevertheless, wild populations can 

be helpful for this purpose without the disadvantages of biomedical 

research (Walsh et al., 2017). For instance, it may contribute to the 

comprehension of future human diseases by analysing primate 

populations protected against some novel pathogens by natural 

immunity. However, most species of primates are endangered and 

close to disappearing, for this reason is their conservation crucial; 

their extinction would imply the loss of vital information to the 

survival of other species, including humans (Wich and Marshall, 

2016). 

1.2.2. Primate conservation  

Primate conservation is a discipline focused on the preservation of 

non-human primates as well as the territory where they belong. As 

introduced in the previous paragraph, the attention paid in the last 

decades to primate conservation has increased considerably, a prove 

of that is the increment in the number of studies focused on this 

matter. 

The IUCN Red List of Threatened Species is recognized as the most 

comprehensive global approach for evaluating the conservation 

status of animal and plant species. Through the IUCN Global Species 

Programme and the Species Survival Commission (SSC) the 

conservation status of species, subspecies, varieties, and several 

subpopulations has been evaluated globally for the past 50 years in 

order to underline the species in danger of extinction, to develop 

conservation programmes (International Union for Conservation of 

Nature and Natural Resources., 2000). 
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Around 200 species of primates were identified in 2000, from which, 

31% were listed as threatened by IUCN; ever since, the number of 

primate species identified and the proportion of them classified as 

threatened have increased to a total number of 504 species from 79 

genera, and 60% of them threatened with extinction (Estrada et al., 

2017).  

A 

B 

Figure 2. A) Geographic distribution of primate species. Richness and 

percentage of species threatened with declining populations. B) Phylogeny 

from 340 primate species. IUCN Red List Categories: CR (Critically 

Endangered), EN (Endangered), VU (Vulnerable), NT (Near Threatened), and 

LC (Least Concern). (Extracted from Estrada et al. 2017) 
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The increment in the number of endangered species has been 

explained by a set of threats, including habitat loss, disease, hunting 

and climate change (Figure 3).  

The habitat loss may be due to agriculture (for example, forest 

clearance for rice, sugar cane and oil palm plantations), logging, 

mining and fossil fuel extraction. The reduction of the territory is also 

produced by the construction of human transportation road networks, 

that aside from reducing and fragmenting their living area, produces 

abundant deaths because of run overs when primates cross from one 

location to another of their territory. Deforestation has concluded in 

shredding around 50% of the forests, primates have been forced to 

live in separate forest spots, leading to the decline in their number, 

Figure 3. Causes of primate population declines. (Extracted from Estrada et al. 

2017). 
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loss of genetic diversity and population restructuration (Estrada et al., 

2017).  

Due to the phylogenetic relationship between humans and other 

primates there has been evidence of disease transmission by their 

contact through agriculture, hunting, tourism, or research. One 

known example would be the well documented Ebola virus outbreaks 

(Bermejo et al., 2006; Walsh et al., 2003), as well as the effect of  the 

insecurity and poaching of apes by armed militias and rebel groups 

(Plumptre et al., 2016), producing a tragic decline of gorilla 

population.   

Hunting takes place as a result of human bushmeat consumption, pet 

trade, biomedical research, zoo collections and for the sale of parts 

of the body (for traditional medicine, as trophies or talismans, and for 

magical purposes). The Convention on International Trade in 

Endangered Species (CITES) reported a global primate trade of 

around 450,000 live animals between 2005 and 2014 and another 

11,000 individuals in the form of body parts (Estrada et al., 2017), 

demonstrating the high impact human activity imposes of great ape 

populations.  

Lastly, climate change also affects primates. Resulting from the 

limitations of geographic distribution and their slow life history traits, 

primates are exposed to alterations on climate conditions, making 

them vulnerable. Ecological changes can force animals to move from 

their protected patches, and subsequently, leave them unprotected 

against hunting. Also, these changes may alter the food supplies that 
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can derive in other consequences like competition with other species, 

exposure to new predators, disease and pathogens (Estrada et al., 

2017; Wich and Marshall, 2016).  

Besides sharing a close evolutionary and genetic history with 

humans, primates also participate to the cultural and biological 

richness of the countries where they are present. Most primates play 

an important role in ecosystem dynamics, affecting its function, 

structure, and elasticity, by their capacity to act as predator, prey, and 

mutualist species. They also have an impact in local and regional 

history and economy, and many societies protect and include 

primates as a key piece in their social structure. 
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1.3. Complex samples 

Nowadays, the fields of genomics and genetics are used by a 

multitude of disciplines (Swenson et al., 2011; Wultsch et al., 2014, 

2015). All of these disciplines are integrating new techniques to 

improve the datasets, by extending the data available, and that can be 

achieved by improving the diversity of samples used. So far, blood 

and other tissues have been the most used sources in genetic and 

population history studies (Lobon et al., 2016; de Manuel et al., 2016; 

Prado-Martinez et al., 2013; Rogers and Gibbs, 2014; Xue et al., 

2016). Even though these types of samples have a crucial importance 

in molecular research, due to quality and quantity of DNA, other 

more complex samples have gained in importance in recent years. 

With these complex samples, such as non-invasive (NI) samples and 

ancient DNA (aDNA), we can obtain deep genomic data to be 

employed in genetic diversity studies of wild, living populations. 

With this replacement, we minimize the direct contact and interaction 

with the objects of study, that, as can be extracted from the previous 

section, may be of critical importance for primate conservation. But 

in exchange, other complications come into play when using these 

complex samples, that will be explained below. 

 

1.3.1. Non-invasive samples 

As a consequence of the endangered situation wherein many primates 

are involved, many researchers are concerned about the challenges 

presented by sample collection. The difficulty arises in finding the 
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best way to collect samples causing the least possible disturbance to 

the animal but yielding a sufficient amount of good-quality DNA for 

the genetic analysis. By using invasive samples as blood or fresh 

tissue, the animal must be trapped or darted, causing several 

disadvantages, such as raising the individuals’ stress, elevating the 

risk of infection, affecting their behaviour, and extremely causing the 

animals’ death (Morin et al., 1993; Taberlet et al., 1999). Moreover, 

permits from CITES and other institutions are needed for the 

collection, transport and deliver of samples like tissue and blood 

between and within countries.  

To avoid all these inconveniences, the fields of genetics and 

genomics are moving forward to the use of NI samples. The most 

frequent source of DNA from NI samples are faeces and hair 

(Goossens and Bruford, 2009; Ouborg et al., 2010; Shafer et al., 

2015; Steiner et al., 2013), but we can also find studies of wild 

populations of primates that use other DNA sources such as saliva, 

urine, menstrual blood or male ejaculates (Goossens et al., 2011). 

Another added benefit from the use of NI samples, apart from not 

causing any injury to the animal, is that it does not have the limitation 

of using only samples collected from sanctuaries, zoos, museums, or 

hunted animals; NI samples from wild populations provide additional 

information from their geographic origin and are a better 

representation of the existent genetic diversity of the species 

(Hofreiter et al., 2003; Yu et al., 2004). 

However, this type of samples presents two handicaps: the low 

proportion of endogenous DNA and the degree of degradation (Perry 
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et al., 2010). For example, in the case of faecal samples, the low 

proportion of endogenous DNA is a result of the nature of the sample, 

composed by the genetic material from the individuals’ own cells 

(endogenous DNA) and the microorganisms that constitute the gut 

flora as well as those that have adhered to the stool (exogenous 

DNA). Degradation is produced by the tropical conditions where 

these samples are collected, that accelerate degradation because of 

the warm and humid environment, and also by the effect of dung 

beetles and other scavengers, that decompose the excrement rapidly. 

In addition, the effect of the UV radiation and the degradation by the 

enzymes present in the faeces, influence highly the quality of the 

sample, reducing in this way the quality of the DNA that is going to 

be extracted. 

Consequently, recovering enough DNA and of good quality from NI 

samples is a challenging task, which has led to some restrictions in 

their use for genetic studies and the resultant focus on targeting some 

regions of the genome. Numerous studies in great apes have utilized 

autosomal microsatellites (Fünfstück et al., 2014, 2015; Inoue et al., 

2013; Kanthaswamy et al., 2006; Morin et al., 1993; Nater et al., 

2013; Thalmann et al., 2007), other studies applied Y-chromosome 

microsatellites (Arandjelovic et al., 2011; Eriksson et al., 2006; Erler 

et al., 2004; Langergraber et al., 2014), the mitochondrial genome 

(Kawamoto et al., 2013; Thalmann et al., 2004a, 2004b) and also 

autosomal regions (Fischer et al., 2004, 2011; Hans et al., 2015; 

Thalmann et al., 2007) for genotyping NI samples.  
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There are different techniques for storage and DNA extraction from 

the different sources of NI samples (Wich and Marshall, 2016). 

Hair 

Samples from shed hair can be recovered from empty nests 

(Goossens et al., 2002; Jeffery et al., 2007; Morin et al., 1994), 

hanging from branches, or directly from the animal (in the case of 

individuals from zoos and sanctuaries). The best source of hair DNA 

is from pulled hair, because it preserves the roots, where mitotic cells 

can be found. In other cases, the hair has lost the root cells by 

apoptosis before shedding. When the root is present, a single hair 

provides enough mtDNA, and nuclear DNA; but whenever the root 

has been cut or is degraded only mtDNA is available for genetic 

analysis. For these reasons, there is another recommendation about 

the number of hairs to be collected, being more than 10 per individual 

a proposed amount (Goossens et al., 1998, 2002) on account of the 

variation in the completion of DNA amplification, affected by the 

environmental conditions under which the samples were collected 

and stored, and the method used for DNA extraction.     

Specifically, storage is another very important aspect to consider. 

Generally, hair is stored in paper envelopes, dried with self-indicating 

silica granules, at room temperature or frozen at -80 °C (Goossens et 

al., 2011).  

DNA extraction from hair is commonly performed with Chelex® 100 

and Proteinase K (Walsh et al., 1991) , but other researches have 

obtained better results using taq polymerase PCR buffer as the 
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extraction buffer (Allen et al., 1998). In another study by Jeffery et 

al.,(2007) (PCR buffer, Proteinase K, and H2O in a small extraction 

volume) using gorilla’s hair, the described method is used for shed 

and plucked hairs, with positive results. 

Even though the use of hair over faeces has some advantages, like the 

lower presence of chemical inhibitors and contamination from other 

sources, some studies employing hair from great apes show that the 

amount of DNA is smaller, due to the reduced number of cells 

obtained from a shed-hair sample compared with a faecal sample 

(Broquet et al., 2006; Jeffery et al., 2007; Morin et al., 2001). 

Faeces  

Faecal samples are generally collected from nests, after the animals 

have left them, or collected directly on the ground. This last option is 

the only choice in non-nesting primates, which becomes a more 

demanding task in tropical forests where the vegetation is dense. To 

simplify these laborious task, the use of faeces detection dogs has 

been proposed (Orkin et al., 2016; Vynne et al., 2011; Wasser et al., 

2004), but up until now this approach had not been tested for 

primates’ stool (Orkin et al., 2016).  

There are a few methods for the storage of faeces, depending on the 

diet, the species, and the habitat wherein the samples are collected 

(Piggott and Taylor, 2003; Waits and Paetkau, 2005). The most 

popular methods are the two-step, DETs (DMSO-EDTA-Tris-salt), 

and RNAlater (Bradley and Vigilant, 2002; Frantzen et al., 1998; 

Goossens et al., 2004; Nsubuga et al., 2004). The two-step method 
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consists of a first step of desiccation with silica gel beads, followed 

by the freezing of the sample, and a second step of ethanol storage; 

this is the most reliable one to store faecal samples (Roeder et al., 

2004), producing more high-quality DNA than methods where only 

silica gel is used. 

As explained before, faecal samples are composed of a combination 

of the host DNA or endogenous DNA and the exogenous DNA 

(unabsorbed food, gut flora and enzymes). These exogenic sources 

may behave as chemical inhibitors that can negatively affect the 

succeeding reactions in DNA extraction and PCR reactions (Vallet et 

al., 2008). Besides the DNA level of degradation and inhibition, the 

quality and quantity of DNA may also diverge between species, and 

the ecological and environmental circumstances surrounding the 

sample: animals’ diet, temperature, and humidity experienced by the 

sample since it was defecated and collected, method and time of 

preservation, and extraction method. The size of the faecal sample 

also varies between species, enabling the performance of multiple 

extractions from the same sample, obtaining more quantity of DNA 

than the amount that can be extracted from hairs. Faecal samples may 

as well be advantageous because not only genetic studies can result 

from them, but they can be used to monitor feeding patterns and 

microbiota (Quéméré et al., 2013; Schaumburg et al., 2013). 

DNA extraction is a crucial step for this type of samples, and thus it 

is very important to use a method with the least possible number of 

steps. This way, we reduce the possibility of contamination and 

sample swapping. Even so, a minimal number of steps are inevitable 
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due to the nature of these samples, to remove PCR inhibitors by 

several purification steps. The QIAamp Stool Mini Kit (Qiagen) 

protocol is one of the preferred methods used with verified results in 

primates (Bayes et al., 2000; Bradley et al., 2000; Eriksson J, 

Hohmann G, Boesch C, 2004; Goossens et al., 2004; Liu et al., 2009; 

Salgado-Lynn et al., 2010); there are also other methods available, as 

the CtAB/2PCI (Vallet et al., 2008) used in Lemuriformes (Quéméré 

et al., 2010a, 2010b), a standard phenol/chloroform extraction 

(Radespiel et al., 2008), CtAB (Lathuillière et al., 2001; Launhardt et 

al., 1998), diatomaceous earth (Gerloff et al., 1999), Chelex-100 

(Walsh et al., 1991), and silica-based (Boom et al., 1990). 

Apart from all the previous mentioned reasons to choose one method 

of storage and/or extraction over another, one more factor that may 

affect this selection is the cost of each technique. When the number 

of samples to be included in the study is considerable, the use of 

commercial kits may not be possible. Consequently, before starting a 

project, planning all the methods that will be applied before 

collecting the sample is utmost important. 

Contamination is one of the most important factors to consider during 

collection, storage and processing of any type of sample, but it is 

more critical with NI samples. From collection to processing, at each 

of the steps where the sample is manipulated, contamination is a great 

concern. There are some preventing measures that can be applied: the 

use of latex gloves and sterile materials (pincers, tubes, bags, etc.) for 

handling samples in the field, changing gloves when collecting 

different samples, and the sterilization of mechanical tools with 
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ethanol and fire. To limit human contamination the use of mask is 

recommended. 

1.3.2. Ancient DNA samples 

Ancient DNA samples are recovered from ancient specimens, 

examples include material recovered from archaeological and 

historical skeletons, being teeth, bones, tissues and hair the most used 

sources (van der Valk et al., 2017). Ancient DNA, alike DNA 

extracted from NI samples, is composed by endogenous and 

exogenous DNA. These external sources derive from the post-

mortem colonization of the sample and consist of bacteria, fungi, 

plants and other microorganisms, and furthermore, from 

contamination from present-day environment, which occurs during 

the collection, storage, extraction or succeeding processing of the 

sample. The percentage of endogenous content in aDNA varies in a 

broad range, from samples with very low proportion (less than 5%; 

Green et al. 2010; Reich et al. 2010; Carpenter et al. 2013) to samples 

that exceed 70% (Keller et al., 2012; Miller et al., 2008; Rasmussen 

et al., 2010). 

Due to the DNA repair mechanisms that are involved after the death 

of the organism, the enzymes present in the body and those present 

in the microorganisms that decompose the body, begin to digest 

immediately the biological material. Under perfect circumstances for 

DNA conservation, with cold, dry and low-radiation conditions, the 

survival of DNA is estimated to be around one million years (Millar 

and Lambert, 2013).  The environmental conditions that can affect 
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this survival are the presence of oxygen and humidity, temperature, 

pH and microorganisms present.  

The consequences of degradation are the reduction of DNA length, 

due to breaks on single and double stranded DNA; the miscoding 

lesions, such as cytosine deamination; and the lesion that affects the 

replication of the DNA molecules, blocked by the polymerases 

(Dabney et al., 2013).  

As a result of this DNA damage actions affecting aDNA sequences, 

we observe distinctive patterns. Recognizing and measuring them is 

a very important task when processing these samples at the laboratory 

and when computational analysing them. These damage patterns are, 

however, remarkably helpful when analysing the data, to 

discriminate the aDNA sequences from the contaminated sequences, 

which must not present these damage patterns. 

As happens with NI samples, the low proportion of endogenous DNA 

has a huge impact on the amount of genetic information obtained by 

sequencing, requiring deeper sequencing and, consequently, 

increasing the costs of the experiments. To give an example, to obtain 

the draft sequence of the Neandertal genome, 1.5 billion reads were 

produced from samples with a percentage of endogenous content 

below 5% (Green et al., 2010). 

1.3.3. Formalin-fixed and paraffin-embedded samples 

Formalin-fixed paraffin-embedded (FFPE) tissue is the most 

common method of storage for tissue based molecular biological 
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testing. In most pathology laboratories in a day-to-day base routine, 

all biopsies and surgical specimens are formalin-fixed and paraffin-

embedded. FFPE tissue samples are extensively feasible, inexpensive 

in long term storage and, in many cases, are the only accessible 

materials for studies in retrospect. Moreover, FFPE tissue samples 

are also the most important material for standard diagnostics, used 

for some predictive and diagnostic tests in clinical routine with 

tumour tissues for genotyping somatic mutations. These analyses are 

essential to improve clinical management of cancer in the routine 

diagnostics, even more in the period of personalized medicine.  

Degradation is also present in FFPE samples, fragmented primarily 

in small fragments, shorter than 300bp. Moreover, fixation with 

formalin produces DNA-protein crosslinks, which are not removed 

entirely by laboratory lysis protocols (Dietrich et al., 2013; 

Kuykendall and Bogdanffy, 1992). The sensitivity of DNA to 

mechanical stress increases with crosslinks, decreasing the 

accessibility for enzymes. Formalin is also oxidized to formic acid, 

originating DNA depurination and breaks in the DNA strand. The 

level of DNA degradation can be affected by various factors, such as 

type of fixative, composition of the fixative, duration of fixation, type 

of tissue and temperature.  

DNA extraction method, as described in the previous complex 

samples, is a vital decision, affecting the final performance of DNA, 

by influencing the quality and quantity of DNA extracted. The first 

step for DNA extraction is the paraffin removal by dissolving it with 

xylene and it is followed by rehydration through subsequent washes 
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with lower percentage of ethanol. Some researchers find the use of 

xylene time-consuming, and also, as it is a toxic chemical, prefer the 

use of mineral oil (Lin et al., 2009). For genomic DNA extraction 

there are different protocols, such as DNeasy Blood & Tissue Kit 

(Qiagen), Lysis buffer (10 mM Tris-HCl pH 8.0, 100 mM EDTA pH 

8.0, 50 mM NaCl, 0.5% SDS and 200 μg/ml proteinase K) QIAamp 

DNA FFPE Tissue kit (Qiagen) and glycine-tris-ethylenediamine 

tetra-acetic acid buffer (100 mM glycine, 10 mM Tris-HCl - pH 8.0, 

1 mM EDTA) (Ghatak et al., 2015; Lin et al., 2009; Pikor et al., 2011; 

Snow et al., 2014). 
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1.4. Target enrichment methods 

Over the past years there has been an immense progression in 

sequencing technologies, which, along with the reduction in costs, 

have allowed the development of next-generation sequencing (NGS) 

platforms, also named second-generation or high-throughput 

sequencing techniques. Sequencing techniques have evolved from 

amplification of a single template by PCR to NGS techniques that 

allow parallel sequencing of millions of reads. This increase in the 

genetic information obtained by NGS allows the study of genetics at 

the genomic level compared with what was obtained previously. 

Some examples of these platforms are the HiSeq2500 (Illumina), 

obtaining 450-500 Gigabase (Gb) of data or up to 2 billion reads (2 x 

125 bp) with a single flow cell, or the HiSeq4000, with 650-750 Gb 

or 2-2.5 billion reads (2 x 150 bp).  

Whenever we apply NGS from NI samples, as mentioned in the 

preceding segment, there are some difficulties we have to address: 

the limited quality and quantity of endogenous DNA present in the 

sample. Resulting from these obstacles, the use of NI samples 

directly for high-throughput sequencing is not economically feasible. 

For example, some studies in great apes have proved that the amount 

of endogenous DNA that can be extracted from shed hair is lower 

than from other sources, because of the reduced number of cells 

(Jeffery et al., 2007; Morin et al., 2001). The same happens with 

faecal samples, but with the additional problematic of PCR inhibitors 

and contamination from exogenous sources. 
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However, recent target enrichment methodologies have provided 

methodological advances in acquiring more information from 

complex degraded samples like those used by zoologists and 

ecologists (Perry et al., 2010; Snyder-Mackler et al., 2016).  

There are several target enrichment strategies available, such as 

hybridization-based enrichment, tagmentation, PCR-based 

enrichment and molecular inversion probes (Figure 4).  

* Hybridization-based enrichment consists in preparing the DNA 

(known as library preparation) by first fragmenting it, followed by 

end-repair and indexed adapter ligation. Later, the DNA will be 

hybridized to probes complementary to the regions of interest (library 

preparation and hybridization further explained in Methods: 2.1.3. 

Library preparation, and Methods: 2.1.4. Target capture approach, 

pages 41-43 respectively).  

* Tagmentation is based on transposon-mediated fragmentation. This 

strategy uses the same probes as hybridization-based enrichment, but 

the protocol followed to prepare the DNA is different. The 

fragmentation and labelling are performed in a single step using a 

transposase enzyme system.  

* In PCR-based enrichment, by regular PCR technology, the regions 

of interest are amplified using primers. These amplicons are 

afterwards pooled in equimolar amount and prepared for sequencing 

through library preparation.  
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* Molecular inversion probes, also called MIPs, is a procedure 

similar to the previous approach. The probes are designed with 

approximately 20-nucleotide-long segment on both edges, 

complementary to each of the ends of the target region; these two tail 

segments are linked by a 40-nucleotide connection sequence. These 

probes hybridize to the target region and the central gap is filled-in 

by a ligase, creating a circle. All the non-circular DNA is removed, 

and this is followed by an amplification using primers 

complementary to part of the connection sequence that comprise 

indexed sample specific barcodes and other fragments necessary for 

the sequencing platforms (Kozarewa et al., 2015).  

The application of these methods to different studies has proven to 

provide significant contributions to a variety of disciplines such as 

evolution, ecology and population genetics, and should prove 

invaluable to conservation efforts. The usage of target-enrichment 

strategies in general has been broad, focusing on the enrichment of 

SNPs (Perry et al., 2010), exomes (Chilamakuri et al., 2014; Guo et 

al., 2012), specific chromosomes and entire genomes (Carpenter et 

al., 2013; Snyder-Mackler et al., 2016). Some of this target 

enrichment methods have been developed for aDNA (Carpenter et 

al., 2013; Castellano et al., 2014; Fu et al., 2013; Gansauge and 

Meyer, 2014; Olalde et al., 2015, 2017). Due to this broad availability 

of capture methods, researchers use a variety of methods and 

technologies for obtaining genetic sequences depending on the 

target-regions of interest, considerations towards the specificity to 

their species of study, probe density, kit contents, adaptability of the 

method, sample multiplexing and cost (Ávila-Arcos et al., 2015).  
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Figure 4. Enrichment strategies.  

A) Hybridization-based enrichment. 

B) Tagmentation.  

C) PCR-based enrichment.  

(Extracted from Korarewa et al. 2015).  

D) Molecular inversion probes. (Extracted 

from 

https://en.wikipedia.org/wiki/Molecular_In

version_Probe) 

 

A B 

C D 
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1.5. Application of the genetic information 

The use of genetic markers has been exploited for innumerable 

purposes, since 2001, different molecular markers such as STRs, 

mtDNA, Y-chromosome and amelogenin, have been used for genetic 

studies. These markers can be used to describe general taxonomy, 

patterns of genetic differentiation and diversity, and to identify the 

ecological circumstances that conducted them (Liu et al., 2009; 

Quéméré et al., 2010b). They can be helpful for individual and 

species identification, sex determination, forensic and legal actions, 

disease status and dietary analysis, but also to estimate kinship and 

relatedness patterns and to determine effective population size and 

demographic history among others (Minhós et al., 2013; Vigilant et 

al., 2001; Wikberg et al., 2014) (Table 1). 

Even though in the last two decades the two most commonly used 

markers for non-invasive genetics were microsatellites and mtDNA. 

Nowadays, genome-wide SNPs have become part of the genetic 

markers of choice, if not the most important genetic markers to study 

the ecology and conservation of wild populations (Wich and 

Marshall, 2016). Comparable to the experimental process, when 

planning an experiment, laboratories have to consider the amount of 

time and resources to bioinformatics training, data analysis, and data 

storage (Allendorf et al., 2010). 
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Of course, there are also more difficulties when referring to genetics 

in primates, added to the problematic of the use of NI samples, is the 

APPLICATIONS EXAMPLES AND REFERENCES MOLECULAR MARKERS SAMPLE TYPE

Census Mountain gorilla (Gorilla beringei beringei; Guschanski et al. 2009) STRs Faeces

Yunnan snub-nosed monkey (Rhinopithecus bieti; Liu et al. 2009) mtDNA & STRs Faeces

Muriqui (Brachyteles hypoxanthus; Fagundes et al. 2008) mtDNA Faeces

Squirrel monkey (Saimiri oerstedii; Blair et al. 2012) mtDNA & STRs Faeces

Chimpanzee (Pan troglodytes verus; Mcgrew et al. 2004) STRs & amelogenin Faeces

Leaf monkeys (genus Presbytis; Meyer et al. 2011) mtDNA Faeces

Kipunji (Rungwecebus kipunji; Davenport et al. 2006; Olson et al. 

2008)

mtDNA; LPA, CD4, X

Chromosome & TSPY

Tissue

Mountain gorilla (Nsubuga et al. 2008) STRs Faeces

Chimpanzee (Pan troglodytes schweinfurthii; Constable et al. 2001) STRs Faeces & hair

Sumatran orang-utan (Pongo abelii; Utami et al. 2002) STRs Faeces

Black howler monkey (Alouatta pigra; Van Belle et al. 2012) STRs Faeces

Black-and-white colobus (Colobus vellerosus; Wikberg et al. 2012) STRs Faeces

Cross River gorilla (Gorilla gorilla diehli; Bergl and Vigilant 2007) STRs Faeces

Western lowland gorilla (Gorilla gorilla gorilla; Douadi et al. 2007) mtDNA, STRs,

& Y-chromosome

Faeces

Orang-utan (Pongo spp.; Goossens et al. 2006b; Nietlisbach et al. 

2012)

STRs; Y Chromosome

& mtDNA

Faeces

Cross River gorilla (Bergl and Vigilant 2007) STRs Faeces

Golden-crowned sifaka (Propithecus tattersalli; Quéméré et al. 2009) STRs Faeces

Bornean orang-utan (Pongo pygmaeus; Goossens et al. 2005) STRs Faeces

Orang-utan (Pongo spp.; Nater et al. 2011) mtDNA & STRs Faeces & hair

Bonobo (Pan paniscus; Kawamoto et al. 2013) mtDNA Faeces

Yunnan snub-nosed monkey (Liu et al. 2007) mtDNA Faeces, blood, 

& tissue

Bornean orang-utan (Sharma et al. 2012a) STRs Faeces

Savannah baboon (Papio cynocephalus; Storz et al. 2002) STRs Blood

Macaques (Macaca spp.; Evans et al. 2001) mtDNA & STRs Blood & tissue

Howler monkey (Alouatta spp.; Cortés-Ortiz et al. 2007) mtDNA, STRs

& Y Chromosome

Blood & hair

Golden-crowned sifaka (Propithecus tattersalli; Quéméré et al. 2010) STRs Faeces

Bornean orang-utan (Goossens et al. 2006) STRs Faeces

Mouse lemur (Microcebus spp.; Olivieri et al. 2008; Schneider et al. 

2010)

STRs Tissue

Mountain gorilla, chimpanzee (Pan troglodytes verus), and gibbon 

(Hylobates lar; Bradley et al. 2001)

Amelogenin Faeces

Multi genera (Villesen and Fredsted 2006) UTX/UTY Hair, tissue, &

blood

Chimpanzee (Pan troglodytes; Kaur et al. 2008) Viral DNA Faeces & 

tissue

Japanese macaque (Macaca fuscata; Kawai et al. 2014) Plasmodium spp. mtDNA Urine & faeces

Western lowland gorilla (Hamad et al. 2014) Eukaryotic 18S rRNA,

ITS, and other genes

Faeces

Chimpanzees, gorillas, & bonobos (Pan paniscus; Liu et al. 2010) Plasmodium spp.

mtDNA

Faeces

Chimpanzees (Keele et al. 2006) SIV/HIV nucleic acids Faeces

Multi genera (Rönn et al. 2009) DNA microarray Tissue & 

blood

Multi genera (Minhós et al. 2013) DNA barcoding Bushmeat

Douc langur (Pygathrix spp.; Liu et al. 2008) mtDNA & amelogenin Hair, bone, &

tissue

Wild western gorilla (Gorilla gorilla) and black-and-white colobus 

monkey (Colobus guereza; Bradley et al. 2007)

Chloroplast DNA and

plant nuclear DNA

Faeces

Golden-crowned sifaka (Quéméré et al. 2013) Metabarcoding Faeces

Multi genera (Pickett et al. 2012) Arthropod mtDNA Faeces

Leaf-feeding monkey (Pygathrix nemaeus; Srivathsan et al. 2014) Metabarcoding &

metagenomics

Faeces

Inferring population 

structure

Identification of 

management

units and/or 

Individual and species 

identification, and 

general taxonomy

Exclusion and 

assignment of

Kinship and 

relatedness

patterns

Dispersal patterns and

individual movements

Evolutionary study

of pathogen genomes

Forensic and legal 

actions

Dietary analysis

Phylogeography

Determination of 

effective

Detection of 

hybridization

events

Evaluation of impact of 

habitat fragmentation, 

reduced gene flow and 

demographic history

Sex determination

Disease status

Table 1.  Applications of non-invasive genetics and genomics in primatology, with 

a few examples from the literature. (Extracted from Wich and Marshall 2016). 
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lack of a reference genome for all the non-model species of primates. 

But besides these problems, the population genetics community has 

noticed the great transformation that population genetics studies have 

undergone with the evolution of genomic markers.   

These molecular markers combined with statistical analyses can help 

understand primate populations and operate as a powerful tool in 

primate conservation, by evaluating threats and advising to wildlife 

managers and governing authorities on the conservation measures 

that can be applied in each case (Vigilant and Guschanski, 2009).  

Some examples of genetic studies that can be applied to conservation 

genomic studies of primate species are Perry et al. (2010), that tested 

a DNA capture protocol on western chimpanzees (Pan troglodytes 

verus). The use of faecal samples provided genome-wide data and 

allowed the study of the species’ genetic diversity. Later on, his team 

also extracted genomic data and performed population studies of the 

aye-aye (Perry et al., 2012, 2013). 

With the new techniques for target enrichment, these genetic markers 

can also include whole chromosomes and exome. The study of 

exomes allows a characterization of the adaptive history of natural 

populations at coding sequences, while also permitting the evaluation 

of inter- and intra-group variation and population structure (Kidd et 

al., 2014). Some studies have been centred around exomes using 

different custom (Carpenter et al., 2013) and commercial target-

enrichment methods (MYBAITS, Roche, Agilent, Illumina, etc.; 
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(Chilamakuri et al., 2014; Gnirke et al., 2009; Guo et al., 2012; 

Hodges et al., 2007; Kidd et al., 2014; Sulonen et al., 2011).  

Overall, these new advances in target enrichment and sequencing 

technologies will allow to expand the genetic knowledge of a 

tremendous number of species using less common sources. 

Furthermore, embracing the progression of other fields such as 

ecology, conservation, evolution and medicine (Chiou and Bergey, 

2018; Jones and Good, 2016; Kidd et al., 2014).  
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2. METHODS 

2.1. Laboratory procedures 

2.1.1. Sample collection and DNA extraction 

For most of the faecal samples, the amount of DNA that belongs to 

the individual of study is very low (low quantity and quality of the 

DNA and deficient extract quality) (Taberlet et al., 1999). The 

endogenous DNA content is derived from the source individuals’ 

intestinal wall epithelial cells, while the remaining DNA that can be 

found in the sample is a combination of the diet of the animal, the 

microbial flora and/or environmental contaminants (bacterial and 

other sources present on the ground) (Perry et al., 2010).  

Due to the limitations described above, the efficiency of the 

collection methods, preservation of the samples and DNA extraction 

take on special relevance to try to meliorate as far as possible the 

quality and quantity of the obtained DNA (Ramón-Laca et al., 2015). 

Sample Collection 

The collection of the faecal samples for this thesis was performed by 

field teams conducting biomonitoring and ape habituation activities 

at Loango National Park, Gabon, and Kibale National Park, Uganda; 

the teams collected chimpanzee faecal samples from the ground 

beneath night nests and from areas where chimpanzees had defecated 

as they moved through the forest during the day, up to three-days-old 
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(ape samples do not remain more than three days due to the presence 

of maggots, dung beetles and rain) (Arandjelovic et al., 2011).  

Faeces were preserved using the two-step ethanol-silica procedure: 

approximately 5 g of faecal samples were conserved in 50 mL tubes 

containing 30 mL of 97% ethanol and mixed by inversion (faecal 

aliquots were placed into ethanol no later than 5 hours post-

collection). After 24-36 hours the ethanol was poured off 

meticulously and the solid material left was shifted to new 50 mL 

tubes containing 25-30 mL of silica (Nsubuga et al., 2004; Roeder et 

al., 2004); these samples were stored in the field for up to 6 months 

and at 4ºC afterwards (Arandjelovic et al., 2010) (Two-step storage 

protocol available in Electronic Appendix, page 133). 

DNA extraction 

Faecal samples were extracted using the QIAmp DNA Stool kit 

(QIAGEN), from one month to one year after collection, with the 

following modifications (Figure 5) (QIAamp DNA stool mini kit 

protocol available in Electronic Appendix, page 135).  

In the first step, around one fifth of the entire sample, 100 mg of dried 

sample, was mixed by vortexing at least 1 min with 1.7 mL of ASL 

buffer and left overnight (12-16 h) in a shaking heat block at 23ºC. 

This first step consists in the cell lysis, breaking the cell membranes 

in order to release the DNA present inside the cells. Vortexing 

thoroughly the mix takes on special relevance to ensure maximum 

DNA concentration in the final eluate. The subsequent steps followed 

the manufacturer’s protocol.  
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The InhibitEX Tablet in the succeeding step is used to absorb the 

PCR inhibitors that can degrade DNA and inhibit enzymatic 

reactions. Once the DNA has been liberated and protected from the 

PCR inhibitors, the DNA must also be protected by the digestion of 

the proteins present in the mix, like DNases that degrade DNA, with 

the addition of Proteinase K. The addition of Buffer AL compromises 

the membrane integrity of the cell and improves the binding of the 

Figure 5. QIAamp DNA Stool 

Mini kit workflow. This kit is 

designed for rapid purification of 

total DNA from up to 220 mg 

stool (for both fresh and frozen 

samples). The fast and easy 

procedure comprises the 

following steps: lysis of stool 

samples in Buffer ASL, 

adsorption of impurities to 

InhibitEX matrix, and 

purification of DNA on QIAamp 

Mini spin columns. (Extracted 

from QIAamp DNA stool mini 

kit handbook, catalogue number:  

51504). 
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DNA to the spin column. Lastly, the DNA purification is performed 

by adding ethanol; being the DNA insoluble in alcohols, such as 

ethanol or isopropanol, this step will produce DNA precipitation and 

agglomeration; the ethanol also contributes to the binding of the 

DNA to the spin column and washes the salts off the membrane.  

Afterward, the Buffers AW1 and AW2 are added to wash all the 

components present in the lysate except the DNA. 

At the final step, after adding 200 µL of Buffer AE, a 30 min 

incubation was included in the protocol and finished with a 2 min 

centrifugation. The purpose of this step is to elute the DNA present 

in the spin column to collect and store it; the additional incubation is 

performed to increase DNA yields by permitting a proper dilution of 

the DNA from the column, and the longer centrifugation to ensure 

that all the DNA has eluted. 

Quantification of the faecal DNA (fDNA) obtained was performed 

by a quantitative PCR (qPCR) (Figure 6) (Morin et al., 2001) (qPCR 

protocol available in Electronic Appendix, page 138).  

Figure 6. Quantitative PCR (qPCR) workflow. After DNA extraction the sample 

is dispensed to a plate and analysed in the qPCR machine. 
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2.1.2. Sample quality control, endogenous content and level of 

degradation 

As mentioned before, the percentage of endogenous DNA in a faecal 

sample is unpredictable and shows extreme variation within samples 

even from the same individual. For this reason, it is decisive to 

accomplish certain analysis to determine the quality of the sample 

and to detect the presence of PCR inhibitors that will interfere with 

the following lab procedures. 

To confirm that the samples collected were of chimpanzee origin and 

not misidentified (gorilla faecal remains), a set of putative 

chimpanzee genotypes and 13 genetically identified gorilla 

genotypes from the study site (Arandjelovic et al., 2010) were 

incorporated in a STRUCTURE 2.1 Bayesian model-based clustering 

program analysis (Pritchard et al., 2000). The genotype results were 

considered representative of sample quality and absence of PCR 

inhibitors. 

Endogenous content was predicted by qPCR and low-level shotgun 

sequencing of sample libraries, as reported in Meyer & Kircher, 

2010. For shotgun sequencing, libraries were prepared following the 

in-house library preparation protocol published by Meyer & Kircher, 

2010 (Figure 7) (Library preparation for shotgun sequencing protocol 

available in Electronic Appendix, page 144). 
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The level of degradation was estimated by measuring the length 

distribution of DNA molecules, extracting the average fragment 

length. This measure was quantified by running samples on a 

Fragment analyzerTM (Automated CE System 96 capillary, 

Advanced Analytical Technologies, Inc.), an automated system for 

the quantification and qualification of NGS libraries, gDNA and 

RNA (Figure 8). For an accurate quantification, qualification, and 

sizing of genomic DNA we used the High Sensitivity Genomic DNA 

Analysis kit, following the manufacturer’s protocol (Cat. Number 

Figure 8. Quantification and qualification with Fragment Analyzer (AATI). 

(Extracted from http://geneer.tistory.com/category/Fragment%20Analyzer) 

Figure 7. Double-

stranded library 

preparation steps.  

Blunt-end repair, adapter 

ligation, adapter fill-in and 

indexing PCR. (Extracted 

from Meyer & Kircher, 

2010, 

http://cshprotocols.cshlp.o

rg/content/2010/6/pdb.pro

t5448.full) 
 

http://geneer.tistory.com/category/Fragment%20Analyzer
http://cshprotocols.cshlp.org/content/2010/6/pdb.prot5448.full
http://cshprotocols.cshlp.org/content/2010/6/pdb.prot5448.full
http://cshprotocols.cshlp.org/content/2010/6/pdb.prot5448.full
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DNF-488) (High sensitivity genomic DNA analysis kit protocol 

available in Electronic Appendix, page 160). To assess the gDNA 

quality we used PROSize® Data Analysis Software. The smear 

analysis function in PROSize® reports the size (bp) and 

concentration of the gDNA smears. 

2.1.3. Library preparation 

Through the last 10-15 years, sequencing technologies have been 

broadly used by scientists, evolving and improving so fast that what 

was called next-generation sequencing has been converted into 

second-generation sequencing (SGS). At the same time, this new 

sequencing boost has led to the emergence of methods for preparing 

nucleic acids, as these NGS technologies require some previous 

modifications of the DNA before sequencing. This preparation of 

nucleic acids consists in attaching adapters (DNA fragments 

produced artificially) at the 3’ and 5’ ends of the DNA to be 

afterwards recognized by the sequencer; this method is known as 

library preparation. 

DNA was sheared using a Covaris S2 focused ultrasonicator to 200 

bp fragments to prepare it for library preparation, with the following 

settings: intensity 5, duty cycle 10%, cycles per burst 200, treatment 

time 120 s, temperature 7°C and water level 12. 

In this work, we have used KAPA Library preparation kit (Cat. 

Number 07137923001) with slight modifications (Figure 9) (SeqCap 

EZ Library SR protocol available in Electronic Appendix, page 163). 

https://www.aati-us.com/instruments/fragment-analyzer/prosize-data-analysis-software/
https://www.aati-us.com/instruments/fragment-analyzer/prosize-data-analysis-software/
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The amount of starting material used was 40 µL in Experiment 1 and 

20 µL for samples in Experiment 2 (variation of DNA concentration 

was between 1.31 and 4.03 µg). The reaction clean-ups for the end-

repair and A-tailing were performed with MinElute Reaction clean-

up spin columns, eluting in 20 µL of elution buffer (Cat. Number 

28206) instead of Agencourt AMPure XP beads (solid-phase 

reversible immobilization (SPRI) paramagnetic bead technology). 

The reason for this change in the clean-ups was to retain molecules 

Figure 9. KAPA Library preparation workflow. Clean-ups after the steps 1 and 

2 were modified, we used MinElute spin columns instead of SPRI-beads to recover 

smaller fragments of DNA. (Adapted from 

http://sequencing.roche.com/en/products-solutions/by-category/library-

preparation/dna-library-preparation/kapa-htp-ltp.html) 



 

43 
 

smaller than 100 bp. SPRI-beads retain molecules down to 100 bp 

and MinElute spins columns can retain molecules down to 50 bp, 

which is the expected size of most of the endogenous DNA present 

in the degraded samples. After the ligation reaction, the first bead 

clean-up was performed using 90 μL of Agencourt AMPure XP 

beads, the following steps were performed following the standard 

protocol. Finally, at the library amplification step, we used the pre-

capture LM-PCR program with a total of 12 cycles. 

2.1.4. Targeted capture approach 

After the DNA has been processed in library preparation it can be 

sequenced straight away, a procedure called shotgun sequencing. 

This method has been used to study whole genomes, but also, as 

explained in a previous section, to obtain information about the 

endogenous content present in the sample as well as its degree of 

degradation. However, due to the low proportion of endogenous 

content present in non-invasive samples, and even though the 

sequencing costs have decreased in the last decade, the amount of 

sequencing required to obtain enough information is expensive and 

can not be afforded by a great majority of researchers. 

Nowadays, thanks to the advances in target enrichment 

methodologies, this difficulty has been diminished. These targeted 

methodologies increase the proportion of endogenous DNA present 

in the library, acquiring more information from NI samples (Perry et 

al., 2010; Snyder-Mackler et al., 2016; Wall et al., 2016).  

This target enrichment consists in the use of biotinylated RNA or 

DNA baits designed to hybridize complementarily with the DNA 
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from the species of interest, which are pulled down with magnetic 

streptavidin-coated beads; these DNA libraries/biotinylated 

baits/streptavidin-coated beads are captured by a magnet, and after 

subsequent washes, these DNA fragments are isolated, eluted, and 

can be sequenced (Figure 10). 

 

For this thesis, we used Nimblegen baits (Roche) for the chimpanzee 

exome (57.5 Mb) designed using the panTro4 assembly (SeqCap EZ 

Developer Library, Cat Number 06740278001). We followed the 

manufacturer’s protocol for the hybridization, except for the starting 

amount of Multiplex DNA sample library pool, adding 1.5 µg and 

0.24 µg from Experiment 1 and 2 respectively, instead of 1 µg as the 

protocol suggested. This modification was introduced due to the 

number of samples included in each experiment. We also modified 

the hybridization time to 36 hours and reduced the number of PCR 

cycles to 12 in the post-capture PCR amplification. We increased the 

hours of hybridization to allow all baits to bind to their 

Figure 10. Target enrichment procedure. DNA libraries are hybridized with the 

biotinylated probes that bind to streptavidin-coated beads, after capturing them 

with a magnet and performing a PCR, a library enriched in endogenous DNA is 

obtained. (Adapted from Miyazato et al. 2016, https://doi.org/10.1186/s12864-

016-2836-6).  

https://doi.org/10.1186/s12864-016-2836-6
https://doi.org/10.1186/s12864-016-2836-6
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complementary DNA fragment. The number of PCR cycles was 

reduced to avoid raising the number of PCR duplicates sequenced, 

and also, because in some aliquots we performed a second round of 

capture and a second post-capture PCR amplification. This second 

PCR amplification increases exponentially the number of PCR 

duplicates sequenced, and ultimately, reduce the information 

obtained from our libraries. The second round of capture was 

performed following the same protocol used in the first hybridization, 

only altering the amount of starting material, using the entire volume 

obtained from the first hybridization. We reduced the number of PCR 

cycles also for this second post-capture PCR amplification, for the 

reasons explained beforehand (Figure 11). 

Figure 11. Workflow for SeqCap EZ Library preparation and probe 

hybridization experiments. A) One hybridization protocol. B) Two hybridizations 

protocol. (Adapted from Samorodnitsky et al. 2015, 

https://doi.org/10.1016/j.jmoldx.2014.09.009) 

 

A B 

https://doi.org/10.1016/j.jmoldx.2014.09.009
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2.1.5. Sequencing 

The high cost of traditional sequencing methods, such as Sanger 

sequencing, lead to the advancement in early 2005 of novel 

technologies that intended to extensively increase sequencing 

throughput and to reduce cost. These methods, usually known as 

NGS, entail the fragmentation of genomic DNA to shear it into ~200–

500 bp fragments, and the succeeding immobilization of spatially 

separated template DNA fragments on a solid superficies previous to 

sequencing. These characteristics permit sequencing of millions or 

billions of fragments at the same time, for this reason, are often 

referred as massively parallel sequencing methods.  

Once libraries are attached to the flow-cell surface, bridge 

amplification generates spatially separated clusters that contain 

around 1,000 identical molecules (Figure 12). This amplification is 

performed because the fluorescence detection method is not sensitive 

enough to recognize single-molecule fluorescence. After the 

annealing of the sequencing primers to each cluster template, a DNA 

polymerase incorporates the fluorescently labelled nucleotide/base 

that is complementary to the base present in the DNA fragment. The 

bases are added one at a time, with a 3-prime block to avoid the 

addition of a new base until the signal from the previous one has been 

detected. The nucleotides that have not been incorporated are washed 

away. Each of the four bases has a unique emission fluorescence that 

is recorded by imaging to determine the identity of the nucleotide that 

has been incorporated. The fluorescence and the 3-prime block are 

removed, allowing the enlargement of the next base. This process is 
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repeated: adding just one base in each DNA fragment, detecting the 

signal, eliminating the block and the fluorescence, and washing. 

This cyclical process continues, and it is known as reversible 

terminator chemistry. It allows the addition of all 4 nucleotides in one 

reaction and gives regular read lengths of 100 bp, but depending on 

the machine and the kit used it can vary from 50 to 300 bp (Jobling 

et al., 2013).  

The development of these high-throughput DNA sequencing 

technologies has enabled the whole-genome sequencing of different 

species’ genomes. Certainly, one of the most important advances in 

genetics was the achievement of the Human Genome Project 

Figure 12. Illumina Sequencing platform. (Adapted from Jobling, Hollox, 

Kivisild, &amp; Tyler-Smith, 2013). 
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(International Human Genome Sequencing Consortium, 2001; 

Venter et al., 2001): the sequencing of the entire human genome, 

conformed by approximately 21,000 protein-coding genes; this 

project began in 1990 and was completed in 2003.  

From then on, whole-genome of hundreds of species have been 

sequenced, including mice (Mouse Genome Sequencing Consortium, 

2002), chimpanzees (The Chimpanzee Sequencing and Analysis 

Consortium, 2005), western lowland gorillas (Scally et al., 2012), 

orangutans (Locke et al., 2011), bonobos (Prüfer et al., 2012), and 

rhesus macaques (Rhesus Macaque Genome Sequencing and 

Analysis Consortium, 2007). In May 2010, researchers finished 

sequencing the entire Neandertal genome (Green et al., 

2010).(Extracted from Jurmain, Kilgore, Trevathan, & Ciochon, 

2017). 

Figure 13. Dramatic reduction in sequencing cost. Moore’s law is the 

observation that over the history of computing hardware, the number of transistors 

in an integrated circuit doubles approximately every 2 years. Since 2001, genome 

sequencing costs are decreasing at a rate that outpaces Moore’s law. (Adapted from 

https://www.genome.gov/sequencingcostsdata/; National Human Genome 

Research Institute (NHGRI)) 

https://www.genome.gov/sequencingcostsdata/
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During the past decade there has been an incredible decline in the 

cost of DNA sequencing, since the development of NGS (Figure 13). 

This decline is frequently compared to Moore’s law, which describes 

a long-term trend whereby computing power doubles every two 

years. In fact, the decay of the sequencing cost per megabase declines 

faster than the predictions from Moore’s law. 

This decline has resulted in the achievement of the target price of 

$1,000 per genome, which has been largely discussed to be the goal, 

not forgetting the quality and coverage to be reached (Jobling et al., 

2013). The affordable sequencing opens the feasibility of studying 

the genomes of many species and individuals, making a great impact 

in science and biomedical research.  
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2.2. Bioinformatic processing 

As I have already pointed out, the strategies for generating NGS data 

are broadly developed and are, day after day, becoming easier to 

produce and more affordable. After the data from NGS has been 

generated, the next step is to storage and process it to extract 

significant information, which is becoming an arduous task due to the 

high amount of data originated. Depending on the data used, the 

information that needs to be extracted, the programs used, etc., the 

pipeline followed may change. In this thesis we proceed with the 

pipeline represented in Figure 14. 

Figure 14. Bioinformatic pipeline followed for data processing.  
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The first step was carried out using Trim Galore (version 0.4.0) and 

Cutadapt software (version 1.8.3), that automatically and consistently 

apply quality and adapter trimming to FastQ files (Krueger, 2016; 

Martin, 2011). 

2.2.1. Mapping 

After removing the adapters, the reads sequenced have to be aligned 

against a reference genome. Nowadays, there are more than 60 

software tools that can be used for mapping. These tools have had to 

adapt to manage the growing quantities of NGS data, exploiting 

technological improvements, and handling protocol advancements 

(such as the addition of new useful information with the development 

of paired-end library protocols). The elevated number of different 

mappers complicates the task of selecting the appropriate one for a 

specific application. The main purpose of a mapper is to find the 

location of each read sequenced in the reference genome, while 

admitting errors and structural variation (Fonseca et al., 2012).  

The software used in this thesis is the Burrows-Wheeler Alignment 

tool (BWA, version 0.7.12), a read alignment package based on 

backward search with Burrows–Wheeler Transform (BWT) (Li and 

Durbin, 2009). As the samples used for this thesis were chimpanzee 

faecal samples and the target regions were designed using the 

panTro4 assembly (Feb. 2011, CSAC Pan_troglodytes-2.1.4 

(GCA_000001515.4), the reads were aligned to that reference 

genome.  
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2.2.2. Duplicate removal and quality filtering 

As explained in the library preparation and target enrichment 

sections, during the PCR amplifications, as the DNA is amplified to 

obtain the required amount for capture or sequencing, an excess of 

clonal molecules is produced. These molecules are defined as those 

that map to the same strand and have the same start and end 

coordinates as another molecule, and are known as PCR duplicates. 

The PCR duplicates must be recognized and removed, because they 

can seriously bias succeeding analyses such as effectiveness of the 

target enrichment or coverage achieved. 

Using Picard Tools MarkDuplicates (version 1.95) with default 

parameters (http://broadinstitute.github.io/picard/) duplicates were 

removed. 

To ensure the confidence of the data, quality filters were applied, 

identifying these filtered reads as “reliable reads”. Reliable reads are 

those that map to a single unique genomic location and have a 

mapping quality score of 30 or higher. When performing the analysis, 

reliable reads on-target were also defined, which are simply reliable 

reads that mapped to our target space. These reliable reads on-target 

were extracted by intersecting the target regions with the reliable read 

set and counting the number of reads for each condition using the 

function samtools -c (samtools version 0.1.19; Li et al., 2009).  

 

 

 

http://broadinstitute.github.io/picard/
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2.2.3. Variant calling and principal component analysis 

Similarly as what happens with the mappers, there are various 

software solutions that have been developed to identify genomic 

variants, such as SNPs and DNA insertions and deletions. The most 

extensively used callers in genomic variant analyses are Genome 

Analysis Tool Kit HaplotypeCaller (GATK-HC), Samtools mpileup, 

Freebayes, and Torrent Variant Caller (TVC) (Hwang et al., 2016). 

In this thesis SNPs were called using Freebayes (version 0.9.20) 

(Garrison and Marth, 2012) with standard filters and no population 

priors. Sites with a quality score below 30 and a depth of coverage 

(DP) smaller than 4 were removed from further analysis, with the 

caveat that variants used in the principle component analysis were 

identified using a less stringent quality score of 20. The output file 

generated is in variant call format (VCF). Data from all libraries 

generated in this thesis was merged with whole-genome sequencing 

data derived from 59 country-referenced chimpanzees (de Manuel et 

al., 2016). 

Principal component analysis (PCA) is one of the most popular 

statistical methods used in multiple scientific disciplines. PCA was 

invented in 1901 by Karl Pearson as an equivalent of the principal 

axis theorem in mechanics, and it has been subsequently developed 

depending on the field of application, being 1978 the year when it 

was used in the analysis of multilocus genetic data (Menozzi et al., 

1978). This procedure transforms a number of potentially associated 

variables into a smaller number of different variables called principal 

components.  
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The VCF file generated in the variant calling (merged with the 59 

chimpanzees with WGS) was processed by PLINK (version 1.90b) 

(Purcell et al., 2007) to ascertain the population structure among the 

individuals of study. The aim of this procedure is to acquire the most 

significant information from multivariate data where a visual 

representation is infeasible due to the multiple dimensionality. This 

method has been used to provide insight into further substructure 

within different ape populations (Hormozdiari et al., 2013). In this 

case, combining Alu and L1 insertions, the PCA visibly classifies the 

four chimpanzee subspecies, discriminating two groups of 

chimpanzees: Western-Nigerian from Central-Eastern. It also 

distinguishes Eastern lowland gorillas from Western lowland 

gorillas, and Sumatran from Bornean orangutans (Figure 15). 

 

 

Figure 15. Principal component analysis. PCA using merged Alu and L1 

insertions events on GRCh36 are depicted for chimpanzee, gorilla, orangutan, and 

human. (Extracted from Hormozdiari et al., 2013) 
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3. OBJECTIVES 

The major objective of this thesis is to develop, refine and evaluate 

an experimental method to target enrich specific regions of the 

genome from complex samples. In this sense, the sample sources are 

faeces from chimpanzee and the target regions entangled the whole 

exome. Capturing the exome, the protein-coding portion of the 

genome, may be relevant for studies of natural selection, protein 

function, and evolution and yet, also remains useful in estimations of 

population ancestry, inbreeding, and potential geographic 

assignment. But this method can as well be adapted for other target 

regions as SNPs, specific chromosomes, etc., in consideration of the 

space selected and the desired coverage. 

The empirical method developed here has the aim to provide essential 

knowledge, suggestions and guidelines for scientists in the usage of 

NI samples.  

More explicitly, the aim of this work is to: 

1. Assess the performance and replicability of a capture 

enrichment experiment involving a pool of multiple individuals.  

2. Quantify the impact of wet lab technical variation on data 

acquisition and genotype discordance of a single sample. 

3. Compare the differences of carrying out a single capture to 

that of a double capture. 
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4. Explore the information that may be gained by having faecal 

replicates, extract replicates, and/or library replicates in a study 

design. And measure discordance among these levels. 

5. Quantify sample quality, defined as the endogenous DNA 

content and level of DNA fragmentation.
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4. RESULTS

4.1. The impact of endogenous content, 

replicates and pooling on genome capture 

from faecal samples 

DOI: 10.1111/1755-0998.12728

Hernandez-Rodriguez J, Arandjelovic M, Lester J, de Filippo C, 
Weihmann A, Meyer M, et al. The impact of endogenous content, 
replicates and pooling on genome capture from faecal samples. 
Mol Ecol Resour. 2018 Mar;18(2):319–33. DOI: 
10.1111/1755-0998.12728

https://onlinelibrary.wiley.com/doi/10.1111/1755-0998.12728
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5. DISCUSSION 

Next-generation sequencing strategies have experienced a massive 

revolution over the last decade, introducing constantly new 

methodologies that can be applied to improve the results obtained by 

sequencing. 

One of these methods is target enrichment. As presented in this work, 

this new approach allows the selection of the genomic regions of 

interest for each study. An advantage of this methodology is that 

other researchers can adapt it to their laboratory techniques, selecting 

the regions to study, whether is whole chromosome, a selected set of 

SNPs, or any target choice. Some adjustment must be made, taking 

into account the target space intended to be covered and re-adjusting 

the sequencing to obtain the desired coverage. In this work we also 

set the stage for pooling samples with different percentage of 

endogenous content, being a crucial step in any experiment of this 

kind, this has to be kept in mind while planning the experimental part 

of the study. This assumption was made on the basis of the percentage 

of endogenous DNA being the most important factor, affecting the 

number of raw reads obtained, that directly influences mean coverage 

(91.6% of variance explained) and proportion of target space covered 

(55% of variance explained). 

With these precedents, we encourage researchers to, first, analyse 

DNA quality from as many specimens as possible to detect samples 

that will behave poorly. Second, when pooling multiple samples, to 



82 
 

merge them by endogenous content or by generating equi-

endogenous content (when the estimates of endogenous content are 

used to equilibrate the amount of each library added to the pool prior 

to hybridization and sequencing). This is important to minimize the 

negative effect that samples with higher content of endogenous DNA 

may have on the samples with lowest proportion; understanding this 

adverse outcome as the acquisition of most of the raw reads by the 

samples with higher proportion of endogenous DNA. To accurately 

estimate the percentage of endogenous DNA we suggest the 

performance of quantification assays and if possible, low level 

shotgun sequencing. And third, to perform multiple DNA extracts per 

specimen and/or create various libraries per extract when possible. 

By doing so, the molecule diversity will increase while the amount 

of sequencing necessary is reduced. 

Another aim of this project was to produce enough data to allow the 

genotyping of our samples. A conclusion that can be extracted from 

our analyses is that the number of genotyped positions correlates with 

the proportion of target space covered at our minimum calling depth 

of four. At that depth, we estimate that, to cover around 80% of the 

target space we need a mean coverage of 20X, and 40X to cover 

around 95% of our target space (57.5 Mb).  

We have demonstrated that at least 16 libraries can be pooled and 

captured together and still obtain enough amount of on-target reads. 

From our results it is clear that when performing two rounds of 

capture as opposed to just one, more genotype data is acquired for 

less sequencing data (by obtaining a 5-fold decrease in the off-target 
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regions when performing two rounds of hybridization), when 

working with NI samples. Even though we discern some allele 

imbalance towards the reference allele present in the probe, the 

observed small difference is equivalent when comparing one versus 

two rounds of capture. 

In summary, we have sequenced and captured chimpanzee exomes 

from a total of 24 libraries from 17 chimpanzees with a 4-reaction 

kit, executing two rounds of hybridization from most of the libraries 

and replicates. We have tried to make the protocol as cost-effective 

as possible, providing a methodology affordable for most 

laboratories using a commercial kit. We estimate that the cost from 

all Roche kits for the library preparation (24 libraries) and 

hybridization (without sequencing), including clean-up beads and 

purification columns, for the 72 experiments is around 450€ per 

library. 

By applying capture technologies, the use of most uncommon 

samples, such as NI samples, has come into play. Their use had been 

restricted over the past decades to certain molecular markers, but 

nowadays, all the advances in the fields of genetics and genomics 

have enabled the expansion of the genetic information that can be 

obtained from this type of samples. Implementing all the advantages 

this entails, more information about the geographical origin of the 

sample, their habitat, diet habits, behaviour and other data can be 

compiled from wild populations. Moreover, individuals living in zoo 

and research organizations, as well as sanctuaries and other captive 

institutions, will benefit from the use on NI samples, avoiding the use 
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of invasive samples like blood that can jeopardize their health 

because of the stress and infections the sampling can produce, not to 

mention the change in their behaviour that can affect the whole group 

of individuals. 

The use of other complex samples such as aDNA (museum samples; 

van der Valk et al., 2017) can provide an immense advancement 

when seeking to understand how primate species have evolved since 

the expansion of humans to their territories. This has produced a 

decline in their populations due to the reduction of their habitat and 

hunting, bringing closer to extinction some species in several areas 

and sometimes even producing a complete extinction. Nowadays, 

when these extinction processes occur, we can rely on aDNA samples 

to sketch a map of which species could be found in those regions in 

the past and compare them with those we find these days, to evaluate 

if there has been a loss of diversity. 

Furthermore, this genetic information can be of use and implemented 

in conservation programmes, not just for primates, but also for 

endangered species protection management in general. As reported 

by the International Union for the Conservation of Nature (IUCN) in 

their Red list of threatened species, more than 20.000 species are 

exposed to extinction worldwide, and 69 are already extinct in the 

wild (International Union for Conservation of Nature and Natural 

Resources., 2000). 

In the case of primates, there are several threats that affect their 

survival: hunting, habitat loss, disease, climate change and road 
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network. Hunting takes place when people seize them for trade or 

consumption and in most of the cases it also entangles killing other 

animals of the group. Habitat loss is mainly produced by the 

reduction of their habitat produced by the expansion of the land 

intended for agriculture, housing, roads, and plantations. There is also 

habitat degradation by forest exploitation, which increases the risk of 

being caught. Disease occurs mostly by the contact between humans 

and great apes through hunting, research, tourism and other 

incursions into their territory. Climate is likewise detrimental by 

diminishing their habitats or varying their alimentary sourcing. Road 

network, besides reducing their total area, produces the 

fragmentation of the habitat, increments the number of casualties and 

injures by vehicles impact and eases the approach of hunters. 

Due to these threats, the species susceptible to extinction are grouped 

in 3 categories: vulnerable, endangered and critically endangered; the 

number of species included in each category changes each time the 

IUCN Red List is updated. This change of category may be produced 

by genuine or non-genuine reasons. The genuine reasons are divided 

in two: 1) absence of the main risks or conservation measures that 

have upgraded the species status to a less at risk category, and 2) 

continuance or escalation of the existing threats, or presence of new 

threats that have degraded the species status to a higher risk of 

extinction. The non-genuine categories may be a consequence of the 

availability of new information not present in the previous 

assessment, the detection of an error, and taxonomic revision. 

With reference to primates, conservationists have played an 

important role in protecting primate populations, even overcoming 
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unbeatable impediments. Some of the followed strategies range from 

law enforcement, protection of primates’ territories and 

reintroduction programmes to payments for environmental benefits. 

In most countries there is an absence of a proper legislation of 

primate protection. This legislation is indispensable to handle illegal 

hunting or habitat transformation. 

The management of protected areas is controversial because of the 

different conditions that exist across protected areas. This 

controversy springs from the role of local communities in the 

administration of protection areas and their influence in their 

efficiency. Reintroduction is a delicate procedure that must be held 

cautiously considering the exposition of wild populations to novel 

pathogens and the well-being of the introduced animal. This strategy 

should be performed as a last resource option and under rigorous 

guidelines (Campbell et al., 2017; IUCN, 2012). 

Besides all these strategies adopted for conservation, there are still 

some limitations that could be circumvented with the use of genetic 

tools such as molecular genetics. This allows the collection of 

ecological and biological data that is not available with only field 

studies. The genetic information provides an approximation of the 

genetic diversity within a population, which corresponds to the 

phenotypic diversity. This information is of utmost importance, as 

the existence of diversity between populations would contribute to 

the survival even with environmental variance. 

Molecular markers can be used to evaluate genetic diversity and its 

association with the surrounding environment. They are also 
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effective to infer evolutionary history by measuring genetic and 

genotypic changes. As referenced in the introduction, some of these 

molecular markers include nuclear microsatellites, and mtDNA (Di 

Fiore, 2003), which have been largely significant in the study of NI 

samples. Microsatellites have been applied mostly for individual 

identity, parentage testing, to establish the degree of relatedness 

between individuals or populations, dispersal patterns and population 

structure. Given that mtDNA evolves considerable faster than most 

nuclear DNA, it is frequently used to evaluate maternal relatedness 

and sex-specific population structure for phylogenetic and 

phylogeographic studies. Yet, these markers present some 

discrepancies when comparing their respective phylogenies (Lobon 

et al., 2016; Shaw, 2002; Wiens et al.). 

However, SNPs are the preferred molecular markers in current 

conservation and ecology studies, used for individual and population 

analysis, phylogeny inferences, population growth, patterns of gene 

flow, to evaluate models of selection, to assess patterns of migration 

in different populations and to examine novel adaptive mutations and 

diversity. Together with the exome and whole-genome, they are the 

sources of genetic information most commonly obtained through 

NGS for conservation genomics. 

Along with population genetics, genomic knowledge will contribute 

to identifying genomic regions under selection, to reconstructing the 

demographic history of populations and to assessing the level of 

inbreeding (an important issue when referring to endangered 

species). All the genetic information collected in genomic research 
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should be shared with conservationists, governments, and politicians, 

to devise a plan of action for the management and conservation of 

primate populations.  

All things considered, we might wonder about the importance of non-

human primate conservation. In the first place, for the mere fact of 

avoiding their decline and, ultimately, their extinction. Besides, their 

diminution may affect other species, for instance, humans. Primates 

have been decisive in human health research on account of the 

physiological and genetic closeness to humans (Carlsson et al., 2004; 

The Chimpanzee Sequencing and Analysis Consortium, 2005), and 

may contribute to the comprehension of human evolution. Moreover, 

to help understand human behaviour, for instance cognitive and 

linguistic adaptations, such as the theory of mind, thought to be 

exclusive from humans, but recently observed to be possessed by 

other apes as well (Buttelmann et al., 2017; Krupenye et al., 2016). 

They also play a key role in ecological functions like pollination and 

seed dispersion. Their conservation causes a benefit to local 

communities, as a tourist appeal, providing economic prosperity. 

Additionally, their conservation may contribute to the conservation 

of other species. 

Given these points and thanks to the development of NGS, target 

enrichment technologies and the use of NI samples, the fields of 

genetics and genomics will contribute to a large extent in other fields. 

From an evolutionary medicine point of view, these data from non-

human primates can be useful in studies applied to humans. As 
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mentioned in the introduction, several studies have suggested non-

human primates as animal models to study certain human diseases. 

Some of these conditions include hepatitis B virus infection, malaria, 

ebola, immunodeficiency virus and Arnold-Chiari malformation 

(Faust and Dobson, 2015; Klatt et al., 2012; Solis-Moruno et al., 

2017; Thung et al., 1981; Walsh et al., 2017). All the data generated 

from target enrichment, as seen in this project, can be applied to 

ecological, population, evolutionary, and conservation genetic 

studies. Consequently, affecting primate conservation by fighting 

trafficking of primates as pet animals by identifying the origin of the 

individuals captured for trade, which allows punishment and the 

reintroduction of the animals in their region of origin.
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File S1 

Following the PCA analysis from the 17 samples we observed 

that the sample N189-10_LR16 was separated from the rest of 

samples by the first component, indicating that this sample may be 

from another species (Supplementary Figure S5). After performing 

an allele balance analysis (Supplementary Figure S6), we noticed that 

the proportion of heterozygotes from N189-10_LR16 was different 

from the rest of samples, pointing to a contamination (some of the 

samples are flat due to the low number of heterozygote SNPs 

available for them). 

Even though we were capturing exome, we were able to 

retrieve mitochondrial reads to be used for a contamination analysis. 

We mapped the mitochondrial reads from all samples against 

different mitochondrial genomes of different species of primates and 

discovered that for this specific sample, the proportion of 

mitochondrial reads that mapped against the baboon (Papio anubis) 

mitochondrial genome was higher than for the chimpanzee genome 

(Supplementary Table S1).   

Given these results we conclude that this sample may contain 

within it the digested remains and thus DNA source material from a 

member of the Cercopithecidae family, as has been previously 

describe in the literature as a hunting and predating behaviour 

observed in chimpanzees from Kibale National Park, Uganda (Watts 

and Amsler, 2013; Watts and Mitani, 2015), where the Eastern 

chimpanzees of this study belong. 
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Figure S1 

Figure S1. Sample distribution by average of degradation and percentage 
of endogenous DNA divided in 4 quadrants (blue line). Samples were 
selected in order to have the four possible combinations that represent 
faecal samples, samples that exhibit 1) low average of fragmentation and 
low percentage of endogenous content, 2) low average of fragmentation 
and high percentage of endogenous content, 3) high average of 
fragmentation and low percentage of endogenous content, and 4) high 
average of fragmentation and high percentage of endogenous content. 
Samples selected for this study are highlighted in colours and the name of 
the sample. A) All samples from the initial subset of 48 collected samples 
used as the initial screening pool. B) Zoomed version of the left side of the 
plot. 
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Figure S2 

Figure S2. Fragment analyzer (before the shearing) and Bioanalyzer (after 
the shearing) with 3 types of samples. A) Fragment analyzer (left) and 
Bioanalyzer (right) from a sample with DNA below and above 500 bp. B) 
Fragment analyzer (left) and Bioanalyzer (right) from a sample with almost 
all the DNA below 500 bp. C) Fragment analyzer (left) and Bioanalyzer 
(right) from a sample with almost all DNA above 500 bp.
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Figure S3 

Figure S3. Molecule diversity of double capture in Experiment 2, comparing 
the unique target regions covered from different libraries, extractions and 
faeces from the same individual. The number of reliable reads on-target 
were merged by extract, faeces and individual, selected the unique target 
regions covered at least by one read.
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Figure S4 

Figure S4. A) Analysis of the allele imbalance in Experiment 1. A1) Dot plot 
of the relationship between average allele imbalance and number of reliable 
reads on target in Experiment 1. B) Analysis of the allele imbalance in 
Experiment 2, B1) Dot plot of the relationship between average allele 
imbalance average and number of reliable reads on target in Experiment 2. 
C) Dot plot of the relationship between allele imbalance with all data from 
Experiment 1 and 2 (except the contaminated sample N189-10_LR16). 
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Figure S5 

Figure S5. Principal component analysis with the 17 different individuals. 
The sample N189-10_LR16 is represented on the right, separated from the 
rest of the chimpanzee samples. The first principal component has the 
highest variability, in this case indicating that this isolated sample is more 
variable from the rest. 
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Figure S6 

Figure S6. Analysis of the allele balance, merging all the reads of the same 
library from the 3 lanes, reveals differences in the proportion of 
heterozygosity. These results suggest that there has been some 
contamination in sample N189-10_LR16. 
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Table S1  
Green 
monkey 

Gorilla Human Crab-eating 
macaque 

Rhesus 
macaque 

Chimpanzee Olive 
baboon 

Hamadryas 
baboon 

Orangutan Squirrel 
monkey 

Philippine 
tarsier 

GB-18-10_LR1 0% 0% 0% 0% 0% 100% 0% 0% 0% 0% 0% 

GB-22-03_LR2 6% 5% 6% 5% 1% 55% 8% 4% 2% 5% 4% 

GB-28-08_LR3 0% 20% 0% 13% 7% 53% 0% 0% 0% 7% 0% 

GB-28-10_LR4 0% 18% 12% 5% 0% 39% 6% 6% 5% 11% 0% 

GB-30-13_LR5 9% 6% 4% 6% 3% 43% 7% 4% 4% 8% 6% 

GB-32-12_LR6 0% 6% 2% 2% 2% 70% 6% 6% 0% 6% 0% 

GB-32-13_LR7 0% 12% 0% 0% 4% 85% 0% 0% 0% 0% 0% 

GB-36-09_LR8 0% 31% 0% 12% 4% 38% 0% 8% 0% 8% 0% 

GB-36-16_LR9 0% 0% 0% 6% 0% 88% 0% 0% 0% 6% 0% 

N183-9_LR10 0% 11% 7% 3% 5% 59% 3% 0% 0% 11% 0% 

N183-10_LR11 0% 26% 1% 13% 5% 41% 2% 1% 1% 9% 0% 

N184-7_LR12 0% 2% 0% 4% 0% 89% 0% 0% 0% 5% 0% 

N184-10_LR13 3% 9% 3% 6% 1% 48% 6% 6% 3% 16% 0% 

N186-7_LR14 0% 16% 0% 9% 5% 50% 0% 0% 0% 20% 0% 

N189-1_LR15 0% 18% 0% 9% 0% 55% 0% 0% 0% 18% 0% 

N189-10_LR16 10% 3% 0% 1% 7% 9% 41% 18% 6% 4% 0% 

N184-8_LR17 0% 11% 3% 5% 0% 61% 0% 1% 7% 9% 2% 

N184-8-2_LR18 0% 28% 4% 15% 0% 33% 4% 0% 0% 15% 0% 

N184-8-3_LR19 0% 15% 0% 2% 0% 65% 0% 0% 0% 19% 0% 

N184-8-4_LR20 1% 17% 4% 9% 1% 50% 3% 2% 2% 10% 0% 

N190-1_LR21 1% 16% 3% 6% 1% 50% 6% 5% 3% 9% 0% 

N190-1-2_LR22 1% 11% 3% 4% 1% 61% 4% 4% 3% 7% 1% 

N190-1-3_LR23 0% 20% 2% 6% 1% 52% 5% 4% 4% 6% 0% 

N190-1-4_LR24 0% 14% 4% 5% 1% 60% 3% 3% 3% 5% 1% 

Table S1. Contamination analysis with mitochondrial (MT) genome. Mapping percentage of the MT reads of all samples to 11 
primates’ MT genomes. In the sample N189-10_LR16 the percentage of reads that mapped against Olive baboon were 41% 
compared with the 9% that mapped against Chimpanzee. Note that in all samples there are reads that mapped against other 
primates’ genomes, due to the conservative regions in the MT genome. 
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Table S2. Data from all samples with the information for statistical analysis and interpretation (continues). 
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8.2. Experimental protocols 

8.2.1. Two-step storage protocol 

Two-step storage of faeces for DNA analysis 

Materials needed: 

•50 mL tubes containing silica gel beads and topped with a Kim wipe 

•Ethanol (pharmacy grade, 97%), 90% should also work 

•Empty 50 mL tubes 

Preparation: 

1. Pour approximately 30 ml of ethanol into empty tubes for sample 

collection. 

Collection: 

2. Collect each fresh faeces sample (approx. 5 g – approximately the 

size of a small walnut) into a tube containing ~ 30 ml ethanol. 

3. Label tube (but remember this tube will be discarded). 

*** It is very rare, but occasionally a tube containing ethanol will 

leak and cause the writing to wear off itself and adjacent tubes. It is 

best to just put a few ethanol containing tubes together in any single 

plastic bag to minimize potential losses of information*** 

Processing (next day): 

4. The faecal sample will either have maintained its shape and 

structure (faecal bolus) or have dissipated into the ethanol and have 

formed a sludge. 
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5. Carefully pour out as much ethanol as possible 

a. If the faecal bolus is intact, it should be simple to pour off all of 

the ethanol and then transfer the bolus onto the Kim wipe in the silica 

tube, close lid. 

b. If a faecal sludge has formed, let the sludge settle to the bottom of 

the tube and then decant as much ethanol from the tube as possible 

(it is OK to lose some faecal sludge at this step). Then, transfer the 

sludge to the Kim wipe in the silica tube, close lid. 

6. The tube should be labelled, with a unique identifier and date (GPS 

location, collector name, species collected, field site of collection if 

possible). 

7. Store at RT. 

8. All samples and associated information should be entered into a 

spreadsheet and this spreadsheet should be sent with the samples. 

Reference: 

Nsubuga AM, Robbins MM, Roeder A, Morin P, Boesch C and 

Vigilant L (2004) Factors affecting the amount of genomic DNA 

extracted from ape feces and the identification of an improved sample 

storage method. Molecular Ecology 13: 2089-2094. 

Protocol extracted from: 

https://www.eva.mpg.de/fileadmin/content_files/primatology/Molec

ular_Genetics_Laboratory/pdf/protocols/2step_collection_protocol_

2012.pdf 
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8.2.2. QIAamp DNA stool mini kit protocol 

Fecal DNA Extraction 

Materials needed: 

•QIAGEN QIAamp DNA Stool Mini Kit (cat. no. 51504) 

•4x 2ml tubes 

•4x collection tubes (provided in kit) 

•1x 1.5ml tubes 

•100% EtOH 

•Carrier RNA (Poly(A) carrier, Roche, cat. no. 0108626) 

Required equipment: 

Microfuge 

Heat block/shaker 

Processing: 

1.Set heat block to 70°C. 

2.Make sure that buffers ASL and AL are not precipitated, dissolve 

soln. at 70°C if necessary. 

3.Add 100 mg desiccated faeces or 250 mg of fresh faeces to a 2 ml 

tube. 

4.Add 1.6 ml ASL, vortex very well, and soak for 1 h at RT (fresh 

faeces) or 2-72 h (desiccated faeces) vortex occasionally while 

soaking. 

5.Centrifuge full speed for 3 min to pellet faeces. 
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6.Transfer 1.4 ml of the supernatant into a new 2 ml tube, discard the 

pellet. 

7.Add 1 InhibitEX tablet to each sample and vortex vigorously until 

the tablet is completely suspended. 

8.Incubate the suspension for a few minutes at room temperature. 

9.Centrifuge samples at full speed for 10 min. 

10.Transfer the supernatant into a 2 ml tube. 

11.Centrifuge the pellet at full speed for 3 min. 

12.Transfer the supernatant into the tube from step 10, discard the 

pellet (you need 600μl of supernatant for step 15 (steps 11 and 12 

may be repeated). 

13.Centrifuge the supernatant at full speed for 6 min. 

14.Pipet 25 µl proteinase K (provided in kit) into a new 2 ml tube. 

15.Transfer 600 µl supernatant (avoid the white precipitate) from step 

13 to the 2ml-tube containing proteinase K. 

16.Add 600 µl of AL and vortex immediately (15 sec.). 

17.Incubate at 70°C for 10 min (go to this step directly after 

vortexing). 

18.Add 4 µl of carrier RNA and vortex immediately. 

19.Add 600 µl of 100% EtOH to the lysate and mix by vortexing. 

20.Carefully apply 600 µl of solution from step 19 to a QIAamp spin 

column. 
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21.Centrifuge at full speed for 2 min, place the spin column in a new 

2 ml collection tube, discard the tube containing the filtrate. 

22.Apply a second aliquot of 600 µl lysate and centrifuge at full speed 

for 2 min, place the spin column in a new 2 ml collection tube and 

discard the filtrate. 

23.Apply the last aliquot of lysate (600 µl) and centrifuge at full 

speed for 2 min, place the spin column in a new 2 ml collection tube 

and discard the filtrate. 

24.Wash the column with 500 µl AW1, centrifuge at full speed for 2 

min, discard the filtrate and place column in a new collection tube. 

25.Wash the column with 500 µl buffer AW2, centrifuge at full speed 

for 6 min, discard the collection tube with filtrate 

26.Optional: place the spin column in a new collection tube and 

centrifuge at full speed for 2 min, discard the collection tube 

containing filtrate. 

27.Transfer the spin column into a labelled 1.5 ml tube and pipet 200 

µl buffer AE directly onto the membrane. 

28.Incubate for 20-30 min at RT and then centrifuge at full speed for 

2 min to elute the DNA. 

Protocol extracted from: 

https://swfsc.noaa.gov/uploadedFiles/Divisions/PRD/Projects/Resea

rch_and_Development/Molecular_Lab/3.fecal.extraction.pdf 
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8.2.3. qPCR protocol 

Materials needed: 

Starred (*) reagents are described in the ‘standard laboratory 

solutions’ document) 

1.CMYC taqman assay reagents 

•fwd primer = cMYC_E3_F1U1 (AGAGGAGGAACGAGCT) 

•rv primer = cMYC_E3_R1U1 (GGGCCTTTTCATTGTTTTCCA) 

•probe = cMYC_E3_TMV (TGCCCTGCGTGACCAGATCC) 

•Eurogentec Taqman reagents (qPCR core kit/RT-QP73-05): 

 10 x master mix 

 MgCl2 (25 mM) 

 dUTP’s (2.5 mM) 

 Hotstar Gold Taq polymerase (5 U/μl) 

•Bovine Serum Albumin (BSA) (20 mg/ml) 

•Uracil–n–glycosylase (UNG) (1 U/μl) 

2.Perkin Elmer (PE) DNA standard dilution plate for the 7700 

sequence detector prepared following the qPCR Dilution Series 

protocol (Protocol #1). 

3.PE optical 96-well PCR plates (N801-0560). 

4.PE optical strip caps for sealing the plate. (4323032). 

Required equipment: 

7700 Sequence Detector ("Taqman" instrument). 
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Processing: 

1.Design your experiment and enter the sample names into the 

Datasheet worksheet of the Experiment Workbook (see QPCR excel 

workbook and figure 1 below). For each set of samples to be 

quantified in one experiment, triplicate standards need to be run, 

along with several no-template controls and the samples.  If more 

samples are to be run than can fit on a 96-well plate, they can be 

amplified sequentially in the QPCR instrument (using one PCR 

master mix) and analysed with the same standard. 

2.In the no-DNA hood prepare a mastermix for the cMYC 

quantitative PCR assay using the following conditions (adjusted for 

the number of samples). You will need enough for 36 tubes of 

standards and 2 replicates of each of your DNA samples (plus ≥ 3 no 

template controls (NTCs)). 

3.In the DNA hood, add 5 μl of sample DNA to wells in rows D to H 

of a pre-prepared PE Standard plate (see protocol # 1 on preparation 

of PE Standard plates). Ensure that you have duplicates of each of 

your samples and to include at least 3 NTC’s. Samples that cannot go 

on the first plate can be put into additional plates or tube-strips 

(optical quality). 

4.Use the multichannel pipette to add 15 μl of master mix into each 

well. Ensure that you change tips after each row to avoid cross-

contamination. Cap the tubes with optical 8-strip lids. 
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Starting the QPCR run 

1.Open a blank PEstd.sds template from the cMYC Taqman folder. 

This template is already set up with the PE standards in triplicate. 

Adjust the number of unknowns to reflect the number of samples in 

your plate. Highlight the empty wells and use the drop-down Sample 

Type Menu to change their status to “not in use”. 

2.Check to see which reporter dye is on your taqman probe (usually 

VIC) and ensure that template is showing that dye layer for your 

assay set up. 

3.Click on the box marked Thermal Cycler Conditions to make sure 

the proper conditions are listed. These should read as follows: 

Step 1: 50°C, 2 min 

Step 2: 95°C, 10 min 

Step 3: 95°C, 15 sec 

Step 4: 59°C, 30 sec 

Go To Step 3, 49 times 

Step 5: 20°C, 1 min 

Step 6: End 

4.Click on Show Analysis. 

5.Load your sample tray into the taqman machine ensuring that well 

A1 is in the top left corner, and close and screw down the lid. 
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6.Ensure that Appletalk is disconnected and then click Run on the 

Show Analysis screen. After the cycles have begun, the time to 

completion will be shown (typically 1 hour and 58 minutes). 

Analyzing Data after a Taqman Run 

1.Immediately use the “save as” option from the File menu to save 

your run to an appropriate folder. 

2.Pull down the Analysis menu and select Analyze. 

3.When you see the amplification plot window, do the following: 

Look at the figures in the Baseline boxes. Make sure the largest 

number is at least 3 cycles PRIOR to the beginning of the exponential 

amplification on the plot window. If it looks like it may be close, 

double click on the “∆Rn” (Y axis) and select “linear plot”, then 

check to see at what cycle the fluorescence values begin to rise above 

the baseline. If you need to change the maximum “baseline” cycle 

number, change it in the Baseline box, then change the plot back to 

“logarithmic”. 

Establish the Use Threshold by clicking and holding on the black 

horizontal bar on the amplification plot. Move it to a point ABOVE 

the baseline and well WITHIN the area of exponential amplification. 

NOTE: If you ran your standards on a previous plate, record the value 

of the Use Threshold from the standard plate, and enter this number 

in the appropriate box at the lower left hand of the screen for each 

subsequent set of samples. 

If you make any changes to the values in the box at the lower left, 

click on Update Calculations. 
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4.Pull down the File menu, select Export and then choose Results. 

5.When prompted, save the exported file as <Filename>.results. 

Make sure that Export All Wells is selected and then click on Export 

to complete the process. 

6.Open your <Filename>.results file and copy the entire table. 

7.Open your Excel Experiment Workbook in which you entered all 

the sample names. Click on the tab labeled 7700 Results at the 

bottom of the sheet and paste the results table here (be sure to start at 

the first cell (A1). 

8.On the menu at the bottom of your Experiment Workbook, click 

on the Standard Curve worksheet tab to view an excel graph of the 

standard curve and the points used to construct the graph. 

9.If the correlation coefficient (R2) of the curve is not >0.98, check 

the graph for outlier points which may represent anomalous 

amplifications or failed reactions. Delete these outliers from the data 

table to the left of the graph to improve the R2 value. As the curve is 

made up from 3 sets of identical standards, the removal of 1 or2 

outliers will not unduly bias the plot because there are still 2 

homologous points left from that exact same standard DNA. 

10.Record the values for the slope, y-intercept and R2 from the 

equation of the line for the standard curve. 

11.On the menu at the bottom of your Experiment Workbook, click 

on the Datasheet tab. On the Datasheet fill in the three yellow boxes: 

Slope, y-int & R2; with the values recorded from the standard curve. 
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12.As soon as you have entered the above values, the DNA quantities 

for your unknown samples Will be calculated automatically in the 

data sheet, columns J & K (pg and ng). (calculated from the equation: 

DNA amount = 10((Ct - Yint)/slope)). 

13.SAVE YOUR RESULTS. Print out hard copies of the standard 

curve and datasheet for your lab notebook. 

 

Protocol extracted from: 

https://swfsc.noaa.gov/uploadedFiles/Divisions/PRD/Projects/Resea

rch_and_Development/Molecular_Lab/2.qPCRprotocol.pdf 
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8.2.4. Library preparation for shotgun sequencing protocol 

Illumina Sequencing Library Preparation for Highly 

Multiplexed Target Capture and Sequencing 

Materials needed: 

•Agarose gel (2%) and reagents for agarose gel electrophoresis. 

•AMPure XP 60 mL Kit (Agencourt-Beckman Coulter A63881) 

•ATP (100 mM) (Fermentas R0441) 

•Bst 

•DNA polymerase, large fragment (supplied with 10X ThermoPol 

reaction buffer) (New England BioLabs M0275S) 

•DNA ladder (e.g., GeneRuler; Fermentas) (optional; see note before 

Step 6) 

For unknown reasons, ladders from New England BioLabs do not 

work for this purpose. 

•dNTP mix (25 mM each) (Fermentas R1121) 

•EBT buffer 

•Ethanol (70%, freshly prepared) 

•H2O (HPLC grade) 

•Illumina reagents for DNA sequencing (Illumina, Inc.) 

•Cluster generation kit (e.g., GD-103-4001 [Standard Cluster 

Generation Kit v4], PE-203-4001 [Paired-End Cluster Generation Kit 

v4]) 

•Multiplexing sequencing primer kit (PE-400-1002 [Multiplexing 

Sequencing Primers and PhiX Control Kit v1]) 
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Alternatively, the following primers may be used for sequencing: 

Read 1 Sequencing Primer:  

5'-ACACTCTTTCCCTACACGACGCTCTTCCGATCT-3' 

Index Read Sequencing Primer:  

5'-GATCGGAAGAGCACACGTCTGAACTCCAGTCAC-3' 

Read 2 Sequencing Primer: 

5'-GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT-3' 

 

•Sequencing kit (FC-104-4002 [36 Cycle Sequencing Kit v4]) 

•MinElute PCR Purification Kit (QIAGEN) (optional) 

•Oligo hybridization buffer (10X) 

•Oligonucleotides (Sigma-Aldrich) (see Table 1) 

•Phusion Hot Start High-Fidelity DNA Polymerase (New England 

BioLabs F-540L) (supplied with 5X Phusion HF buffer) 

•Positive control DNA (200-to 300-bp fragment, generated via PCR 

using unmodified primers and a polymerase with terminal transferase 

activity, e.g., Taq DNA polymerase) (200-500 ng) 

•Sample DNA 

This protocol works reliably with as little as 100 pg and up to 1 μg of 

double-stranded sample DNA (e.g., genomic DNA, long-range PCR 

products, or cDNA). The amount of starting material should be 

chosen so that the representation of target molecules in the final 

library is sufficient. The final yield of the library preparation process 

is ~10%-20%. Therefore, a library prepared from 1 ng of human 

genomic DNA (about 300 copies of the haploid genome), will contain 

30 to 60 copies of the human genome. 
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•Standard for quantitative PCR (qPCR) (see Steps 21.i-21.ii) 

•SYBR Green qPCR master mix (e.g., DyNAmo Flash SYBR Green 

qPCR Kit; New England BioLabs) 

•Tango buffer (10X; Fermentas BY5) 

•T4 DNA ligase (5 U/μL; Fermentas EL0011) (supplied with 10X T4 

DNA ligase buffer and 50%  

•PEG-4000 solution) 

•T4 DNA polymerase (5 U/μL; Fermentas EP0062) 

•T4 polynucleotide kinase (10 U/μL; Fermentas EK0032) 

•TET buffer 

•Tween 20 

Required equipment: 

•Centrifuge for 96-well plates 

•DNA shearing device (e.g., Bioruptor UCD-200 [Diagenode]; 

Covaris E210 [Covaris Inc]) (for high-molecular-weight DNA; see 

Step 3) 

The Bioruptor UCD-200 can process 12 samples in parallel. Among 

the many alternative systems that are available for this step, the 

Covaris E210 system may be preferable, because it is compatible 

with the 96-well plate format. 

Equipment for agarose gel electrophoresis: 

•Ice 

•Multichannel pipettes 

•Multichannel reagent basins (e.g., Thermo Scientific 9510027) 

•PCR plates (96-well, 200-μL capacity) and strip caps 

•Real-time PCR cycler (e.g., Mx3005P QPCR System; Agilent 

Technologies-Stratagene) 
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•Sequencing machine (Genome Analyzer II/IIx/IIe or HiSeq2000; 

Illumina) 

•Spectrophotometer for DNA quantification (e.g., NanoDrop; 

Thermo Scientific) 

•SPRIPlate 96R-Ring Super Magnet Plate (Agencourt-Beckman 

Coulter A32782) 

•Thermal cycler 

•Tubes (microcentrifuge, 0.5-mL) 

•Tubes (PCR) 

•Vortex mixers for tubes and 96-well plates 

Processing: 

The protocol can be interrupted after Steps 3, 12, 16, 19, 24, and 26 

by freezing the DNA at –20°C. Up to 94 samples can be processed in 

parallel on a 96-well reaction plate; two wells should be reserved for 

a blank and a positive control. 

Seal each reaction plate with strip caps and centrifuge to 2000g in a 

plate centrifuge after setting up each reaction in order to collect the 

liquid in the bottom of the wells. This prevents cross-contamination 

while removing the caps. 

•Preparation of Adapter Mix 

This step produces sufficient adapter mix for 200 reactions. The 

adapter mix can be used repeatedly and stored at –20°C before and 

after usage. 

1. Assemble the following hybridization reactions in separate PCR 

tubes: 
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Hybridization Mix for Adapter P5 (200µM): Volume (µl) 

IS1_adapter_P5.F (500µM)  40 

IS3_adapter_P5+P7.R (500µM)  40 

Oligo hybridization buffer (10x)  10 

H2O   10 

  100µl 

Hybridization Mix for Adapter P7 (200µM): Volume (µl) 

IS2_adapter_P7.F (500µM)  40 

IS3_adapter_P5+P7.R (500µM)  40 

Oligo hybridization buffer (10x)  10 

H2O   10 

  100µl 

2. Mix and incubate the reactions in a thermal cycler for 10 sec at 

95°C, followed by a ramp from 95°C to 12°C at a rate of 0.1°C/sec. 

Combine both reactions to obtain a ready-to-use adapter mix(100 μM 

each adapter). 

•Fragmentation and Purification of Sample DNA 

This step in the method is not always required. Prior to library 

preparation, high-molecular-weight sample DNA must be sheared 

into fragments of suitable size for Illumina sequencing (<600bp). If 

samples other than high-molecular-weight DNA are used (e.g., short 

PCR products, highly degraded DNA, or short double-stranded 

cDNA), fragmentation may not be necessary. Step 3 describes DNA 

hearing by sonication using the Bioruptor UCD-200. 

3. Shear the DNA as follows: 

i. Transfer the samples to 0.5-mL tubes, and add H2O to reach final 

volumes of 50 μL. 
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ii.Expose the DNA four times to sonication cycles of 7 min, using the 

energy setting "HIGH" and an "ON/OFF interval" of30 sec. If liquid 

spills to the tube walls, shake it down to the bottom of the wells after 

each sonication cycle. 

This produces a fragment size distribution between 100 bp and 400 

bp, with a mean around 200 bp. 

iii.Transfer the sheared DNA samples to a 96-well PCR plate. 

The fragment size distribution obtained from sonication is well-

suited for sequencing. However, if a very narrow fragment size 

distribution is desired, the fragmented DNA may be separated on an 

agarose gel and isolated from a gel slice to obtain a more narrow 

distribution. In the example given in Figure 2, no gel excision was 

performed. 

•Blunt-End Repair 

If the sample DNA is not dissolved in H2O, Tris-Cl buffer (e.g., 

QIAGEN’s Buffer EB), or TE buffer, purify the DNA as described 

in Steps 6-13 prior to beginning Step 4. If the sample volume exceeds 

50 μL, purification can be used for concentrating the DNA. We 

strongly recommend carrying a positive and a blank control through 

Steps 4-18 of the protocol. As a positive control, 200-500 ng of a 

purified PCR product with a discrete size of 200-300 bp may be used. 

The product should be generated using unmodified PCR primers and 

a polymerase with terminal transferase activity (e.g., Taq DNA 

polymerase). 
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4. Add a blank control (50 μL of H2O) and a positive control to two 

empty wells of the reaction plate. Prepare a master mix as below for 

the required number of reactions. Mix carefully by flicking the tube 

with a finger. Avoid vortexing after addition of enzymes. 

Reagent    Vol(µl/sample) Mastermix 110x Final conc. 

Buffer Tango (10x)  7  770 1x 

dNTPs (25mM each)  0.28  30.8 100µM each 

ATP (100mM)  0.7  77 1mM 

T4 PNK (10U/µl)  3.5  385 0.5U/µl 

T4 DNA polymerase (5U/µl)  1.4  154 0.1U7µl 

H2O   7.12   783.2   

  20  2200  

5.Using a multichannel pipette, add 20 μL of master mix to 50 μL of 

sample. Mix and incubate in a thermal cycler for 15 min at 25°C 

followed by 5 min at 12°C. Place plate on ice or immediately proceed 

to the next step. 

•Reaction Clean-Up Using Solid Phase Reversible Immobilization 

(SPRI) 

Carboxyl-coated magnetic beads (SPRI beads) are ideally suited for 

reaction purification in a 96-well plate setup. However, under the 

conditions described here, SPRI purification does not retain 

molecules shorter than 100-150 bp. The exact size cutoff may vary 

among different batches of beads. If retention of short molecules is 

desired, the size cutoff can be adjusted by varying the volume of 

SPRI bead/buffer suspension added to the sample. The appropriate 

ratio of SPRI suspension to sample volume can be empirically 

determined using a DNA ladder (e.g., GeneRuler ladders). If 

retention of very short molecules is desired (30-80 bp), all SPRI 
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purification steps should be replaced by spin column purification 

using the MinElute PCR Purification Kit. 

6. Resuspend the stock solution of SPRI bead suspension (AMPure 

kit) by vortexing. To make subsequent pipetting easier, add Tween 

20 to the bead suspension to a final concentration of 0.05% (i.e., add 

1 μL of Tween 20 to 2 mL of bead suspension). 

7. Add SPRI bead suspension to the reactions as follows: 

i.Add a 1.8-fold volume of SPRI bead suspension to each reaction 

(e.g., add 126 μL of SPRI beads to a 70-μL sample or 72 μL of SPRI 

beads to a 40-μL sample). 

ii.Seal the wells with caps and vortex for several seconds. Ensure the 

beads are properly suspended and repeat vortexing if necessary. 

iii. Let the plate stand for 5 min at room temperature. 

iv.Collect the liquid at the bottom of the wells by briefly centrifuging 

in a plate centrifuge to 2000g. 

8. Place the plate on a 96-well ring magnetic plate, and let it stand for 

5 min to separate the beads from the solution. Pipette off and discard 

the supernatant without removing the beads. 

9. Leave the plate on the magnetic rack, and wash the beads by adding 

150 μL of freshly prepared 70% ethanol. Let stand for 1 min and 

remove the supernatant. 

10. Repeat Step 9. 

11. Using a multichannel pipette, remove residual traces of ethanol. 

Let the beads air-dry for 20 min at room temperature without caps. 
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12. Elute as follows: 

i.Add 20 μL of EBT to the wells and seal the plate with caps. 

ii. Remove the plate from the magnetic rack, and resuspend the beads 

by repeated vortexing. 

iii. Let stand for 1 min, and then collect the liquid in the bottom of 

the wells by briefly centrifuging the plate to 2000g. 

Occasionally the beads may appear clumpy after vortexing; this does 

not have a negative effect on DNA recovery. 

13. Place the plate back on the magnetic rack, let stand for 1 min, and 

transfer the supernatant to a new 96-well reaction plate. 

Carryover of small amounts of beads will not inhibit subsequent 

reactions. 

•Adapter Ligation 

14. Prepare a master mix for the required number of ligation reactions 

as shown below. If white precipitate is present in the 10X DNA ligase 

buffer after thawing, warm the buffer to 37°C and vortex until the 

precipitate has dissolved. Since PEG is highly viscous, vortex the 

master mix before adding T4 DNA ligase and mix gently thereafter.  

Reagent    Vol(µl/sample) Mastermix 110x Final conc. 

T4 DNA Ligase Buffer 

(10x)  4  440 1x 

PEG-4000 (50%)  4  440 5% 

Adapter Mix (100µM each)  1  110 2.5µM each 

T4 DNA Ligase (5U/µl)  1  110 0.125U/µl 

H2O   10   1100   

  20  2200  

When starting from low template quantities (50 ng or less), the 

amount of adapter mix can be reduced to 0.2 μL per reaction. 
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15.Add 20 μL of master mix to each eluate from Step 13 to obtain 

reaction volumes of 40 μL. Mix and incubate for 30 min at 22°C in a 

thermal cycler. 

16. Perform reaction purification exactly as described in Steps 6-13. 

Elute in 20μL of EBT. 

•Adapter Fill-In 

17. Prepare a master mix for the required number of reactions.  

Reagent    Vol(µl/sample) Mastermix 110x Final conc. 

ThermoPol reaction buffer 

(10X)  4  440 1x 

dNTPs (25 mM each)  0.4  44 250µM each 

Bst polymerase, large 

fragment (8 U/µl)  1.5  165 0.3U/µl 

H2O   14.1   1551   

  20  2200  

18. Add 20 μL of master mix to each eluate from Step 16 to obtain 

reaction volumes of 40 μL. Mix well and incubate in a thermal cycler 

for 20 min at 37°C. 

19. Perform reaction purification exactly as described in Steps 6-13. 

Elute the library in 20 μL of EBT. 

•Library Characterization 

In addition to agarose gel electrophoresis (Step 20), performance of 

qPCR (Step 21) prior to indexing PCR (Steps 22-24) is strongly 

recommended, particularly if little sample DNA was used for library 

preparation. This is the only option to directly measure the number 

of molecules in the library. If the mean average fragment length and 

the size of the genome are known, this number can be used to 

determine whether the average coverage of genomic targets in the 

library is sufficiently high for subsequent target capture or direct 
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sequencing. Step 21 describes a qPCR assay using SYBR Green (for 

more details, see Meyer et al. 2008a). 

20. To verify the success of the library preparation, load 10μL of the 

positive control library side-by-side with 100ng of the original 

positive control sample and a size marker on a 2% agarose gel and 

perform electrophoresis. 

If all enzymatic reactions worked properly, the band produced by the 

control library should be shifted upward by 67 bp. See 

Troubleshooting. 

21. Measure the number of molecules by qPCR: 

i. Prepare a standard dilution series by incrementally diluting an 

indexed sequencing library of known molecular concentration 10-

fold in TET buffer. 

ii. If no such library is available, amplify 0.5 μL of the positive 

control in an indexing PCR (see Step 22). Purify the PCR product as 

described in Steps 6-13, determine its mass concentration on a 

spectrophotometer, calculate the molecular concentration, and use it 

as a standard as described in Step 21.i. 

iii. In a real-time PCR machine, amplify in parallel 1 μL of each 

standard dilution and each sample using primer IS4 and one of the 

indexing oligos; we recommend using a commercial PCR master mix 

containing SYBR Green (e.g., DyNAmo Flash SYBR Green qPCR 

kit). Set the annealing temperature to 60°C, and otherwise follow the 

instructions provided by the manufacturers of the kit and the real-

time PCR machine. 
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The concentration of molecules in the blank library (adapter dimers) 

should be at least one order of magnitude lower than in the sample 

libraries. 

It is often necessary to measure dilutions of the samples (e.g., 1000-

fold in EBT) to obtain values within the detection range of the qPCR 

system. 

•Indexing PCR and Pooling 

To avoid a downstream failure of Illumina’s image analysis software, 

subsets of indexes must be chosen in a way that prevents unbalanced 

usage of the four nucleotides or the two laser channels during any 

cycle of index sequencing. The indexes provided with this protocol 

(see Supplemental Material [Indexing_Oligo_Sequences.doc]) are in 

an appropriate order to fulfill these requirements and should be used 

accordingly. For example, the first 22 indexes should be used if  22 

indexes are needed. Fewer than four indexes should never be used in 

any experiment. Additional sets of indexes with different length and 

varying edit distance between indexes are provided on 

http://bioinf.eva.mpg.de. It will often not be necessary to use the 

entire library as template for indexing PCR. In this case, it is 

advisable to keep a backup that can be later used to add a different 

barcode to the sample. 

Note that Phusion polymerase has proofreading activity. If this 

property is not desired (e.g., if deoxyuracil is present in the template 

DNA), another polymerase can be chosen for indexing PCR. 

22. Prepare a PCR master mix for the required number of reactions. 

Dispense the master mix into a 96-well reaction plate, and then add 
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template DNA and a different indexing primer to each well using a 

multichannel pipette. 

Reagent    Vol (µl/sample) Final conc. 

Phusion HF buffer (5X)  10 1x 

dNTPs (25 mM each)  0.4 200 µM each 

Primer IS4 (10 μM)  1 200 nM 

Phusion Hot Start High-Fidelity DNA 

Polymerase (2U/μL)  0.5 0.02 U/µL 

H2O  37.1 - x  

Add separately to each well:    

Indexing primer (10µM)  1 200nM 

Template DNA (library)   x   

If large amounts of sample DNA were used for library preparation 

(>>100 ng), only a fraction of the library containing the equivalent of 

~100 ng of starting material should be used for indexing PCR in order 

to prevent saturation of the PCR with template DNA. 

23. Mix and perform cycling using the following temperature profile:  

Initial denaturation     98°C  30 sec 

Denaturation/cycle    98°C  10 sec 

Annealing/cycle    60°C  20 sec 

Elongation/cycle    72°C  20 sec 

Final extension    72°C  10 min 

The optimal number of PCR cycles, that is, the number of cycles 

required to reach PCR plateau, will depend on the amount and 

concentration of template DNA and can be directly inferred from the 

amplification plots of the qPCR (Step 21). The cycle number can also 

be adjusted by rule of thumb according to the lowest amount of 
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sample DNA that was used for library preparation:>100 ng12 

cycles; >10 ng16 cycles, >1ng20 cycles,>100 pg24 cycles. 

24. Perform reaction purification exactly as described in Steps 6-13. 

Elute the indexed libraries in 25 μL of EBT. 

25. Load 3 μL of some of the PCR products on a 2% agarose gel to 

verify amplification success. 

Indexed libraries prepared from sheared DNA should produce a 

smear. Due to the formation of heteroduplexes in the plateau phase 

of PCR (Ruano and Kidd 1992), the fragment size distribution 

inferred from the agarose gel may deviate slightly from the true 

distribution. However, no low-molecular-weight artifacts, such as 

primer dimers or adapter dimers, should be visible in the indexed 

sample libraries. See Troubleshooting. 

26. Determine the DNA concentration, and pool the indexed libraries 

in equimolar ratios. 

The pool of indexed libraries is now ready for target capture or direct 

sequencing on one of Illumina’s sequencing platforms. Due to the 

presence of heteroduplexes, qPCR is the only means of exactly 

determining the DNA concentrations in indexed libraries. However, 

concentration estimates derived from measurements with a 

spectrophotometer are sufficient in this step and more convenient. 

End product yield of indexing PCR is usually similar for all samples, 

particularly if there are no major differences in fragment size 

distribution. If this is the case, as can be confirmed by measuring 

DNA concentrations in a subset of indexed libraries, pooling equal 

volumes of all libraries will be sufficient. 
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•Target Capture and/or Sequencing on the Illumina Platform 

27. For target capture on microarrays, follow, for example, the exact 

procedure given in the protocol of Hodges et al. (2009) with the 

following modifications: 

i. Use a different set of blocking oligos (BO1-BO6). 

ii. Use primers IS5 and IS6 at an annealing temperature of 60°C for 

amplifying the library pool after capture. 

28. For sequencing and data analysis, use the recipes, kits, and 

analysis tools for multiplex sequencing provided by Illumina. 

A tool for splitting up the qseq sequence files according to indexes is 

available in CASAVA 1.6 and later versions (demultiplex.pl). 

However, when using the 7-nt index sequences given in this protocol, 

the --qseq-mask parameter must be set to seven (the default is six). 

No modifications to the recipes provided by the Illumina machine 

control software (SCS) are required, because seven cycles of index 

sequencing are carried out by default. Additional software for data 

analysis on FastQ files (SplitFastQIndex.py), a file format created for 

example by the alternative base caller Ibis (Kircher et al. 2009), is 

provided on http://bioinf.eva.mpg.de. If single mismatches are 

allowed during index identification, the fraction of unidentified index 

sequences typically reduces to ~5%, as compared to ~15% when a 

perfect match is required. Using alternative base callers like Alta-

Cyclic (Erlich et al. 2008), BayesCall (Kao et al. 2009), or IBIS 

(Kircher et al. 2009) may also increase the fraction of correctly 

identified indexes. 

http://bioinf.eva.mpg.de/


 

159 
 

Indexed sequencing libraries are compatible with all capture methods 

requiring sequencing libraries. It is recommended to carry the blank 

library all the way through target capture and/or sequencing. To avoid 

cross-contamination of samples through jumping PCR (Meyerhans et 

al. 1990), pools of indexed libraries should be amplified with a 

minimum number of PCR cycles or sequenced without amplification 

if possible. See Troubleshooting. 

 

Protocol extracted from: 

http://www.protocol-

online.org/forums/uploads/monthly_11_2010/msg-6470-

047872000%201289836361.ipb 
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8.2.5. High sensitivity genomic DNA analysis kit protocol (DNF-

488) 

Materials needed: 

•Genomic DNA Separation Gel, part # DNF-270 

•Intercalating Dye, part # DNF-600-U030 

•5X 930 dsDNA Inlet Buffer, part # DNF-355 (Dilute to 1X) 

•5X Capillary Conditioning Solution, part # DNF-475(Refill as 

needed) 

•0.25X TE Rinse Buffer, part # DNF-497 

•High Sensitivity Genomic DNA Diluent Marker, part # DNF-375 

•High Sensitivity Genomic DNA Ladder, part # DNF-377 

•BF-25 Blank Solution, part # DNF-300 

•Capillary Storage Solution, part # GP-440-0100(sold separately) 

Gel guide: For 12 capillary Fragment Analyzer systems: 

96 samples to be analysed  4.5µL Intercalating dye + 45 mL Gel 

Processing: 

1.Mix fresh Gel and Dye. Refill 1X Conditioning Solution as 

needed. 

2.Place a fresh 1X Inlet Buffer Tray on Fragment Analyzer. 

3.Place Rinse Buffer plate in Marker Drawer location. 

4.Mix Samples or Ladder with Diluent Marker in Sample Plate, add 

24 μL of Blank Solution to unused wells. 

Software: 

1.Select Tray and Row to run for 12-Cap. 

2.Enter Sample ID and Tray ID (optional). 
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3.Select “Add to Queue”, select the DNF-488-(22, 33 or 55) -HS 

Genomic DNA method from the Dropdown menu. 

4.Enter Tray Name, Folder Prefix, and Notes (optional), Select OK 

to add Method to the Queue. 

5.Select to Start the Separation. 
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Specifications: 

 

 

Protocol extracted from: 

https://www.aati-us.com/documents/quick-start-guides/dnf-488/dnf-

488-quick-start-guide-12-capillary-11-03-2015.pdf
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8.2.6. SeqCap EZ Library SR protocol 

8.2.6.1. Prepare the Sample Library 

Materials needed: 

•KAPA Library Preparation Kit 

•SeqCap Adapter Kit (A and/or B) 

•SeqCap EZ Accessory Kit v2 

•Agencourt Ampure XP Beads (warmed to room temperature prior to 

use) 

Ensure that the following are available: 

•Additional PCR-grade water for sample library preparation 

•Freshly-prepared 80% ethanol: 1.6 ml per DNA sample 

•Elution buffer (10 mM Tris-HCl, pH 8.0): 125 μl per DNA sample 

If the sample library preparation protocol is split across two 

days, freshly prepare the required amount of 80% ethanol daily. 

 

Notes: protocol modifications performed in my experiments 

will be explained in boxes with this symbol . 

Sample Requirements 

Roche NimbleGen recommends starting with 100 ng of input gDNA 

for sample library preparation; however, up to 1 ug of input gDNA 

has been validated and is supported for use in sample library 

preparation if desired (see Appendix E). 
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•Step 1. Resuspend the Index Adapters 

Resuspension of the Index Adapters must be performed on ice. Care 

should be taken when opening tubes to avoid loss of the lyophilized 

pellet. 

1. Spin the lyophilized index adapters, contained in the SeqCap 

Adapter Kit A and/or B, briefly to allow the contents to pellet at the 

bottom of the tube. 

2. Add 50 μl cold, PCR-grade water to each of the 12 tubes labeled 

‘SeqCap Index Adapter’ in the SeqCap Adapter Kit A and/or B. Keep 

adapters on ice. 

3. Briefly vortex the index adapters plus PCR-grade water and spin 

down the resuspended index adapter tubes. 

4. The resuspended index adapter tubes should be stored at -15 to -

25°C. 

•Step 2. Prepare the Sample Library 

Instructions for preparing an individual sample library are included 

here in Step 2, based on v2.14 of the KAPA Library Preparation Kit 

Technical Data Sheet. When assembling a master mix for processing 

multiple samples, prepare an excess volume of ~5% to allow for 

complete pipetting (liquid handling systems may require an excess of 

~20%). The KAPA Technical Data Sheet includes several specific 

scaling examples. 

Prior to executing the sample library preparation, please carefully 

read the entire Technical Data Sheet (v2.14 or later). Ensure you are 

using the most recent version of the protocol, and contact 
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support@kapabiosystems.com for technical assistance related to the 

library construction. 

For guidelines on preparing sample libraries using amounts of input 

DNA other than 100 ng, or for using low quality DNA extracted from 

formalin-fixed paraffin-embedded (FFPE) tissues, see Appendix E, 

or contact your local Roche Technical Support (go to 

www.nimblegen.com/contact for contact information). 

1. Pipette 100 ng of the gDNA sample of interest into a 1.5 ml tube. 

For this project I did not took amount of DNA, instead I tested 

the performance from different samples with the same 

volume of DNA from each of them. In Experiment 1 I took 40µl of 

each sample (total DNA amount varied between 0.36 µg and 4.46 µg) 

and from Experiment 2 I took 20µl (total DNA amount varied 

between 1.31 µg to 4.03 µg). 

2. Adjust the volume to a total of 52.5 μl using 1x TE (low EDTA) 

and transfer to a Covaris microTUBE for fragmentation.  

3. Fragment the gDNA so that the average DNA fragment size is 

180–220 bp.  

Genomic DNA was fragmented by shearing using a Covaris 

S2 focused-ultrasonicator with the following settings for 200 

bp fragments: Intensity 5, duty cycle 10 %, cycles per burst 

200, treatment time 120 s, temperature 7ºC and water level 12. 

4. Following fragmentation, proceed with the End Repair 

Reaction Setup: 
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a. Transfer 50 μl of the fragmented DNA to a 0.2 ml PCR tube.  

b. To each 50 μl fragmented sample add 20 μl of End Repair Master 

Mix, resulting in a total volume of 70 μl. 

End repair master mix Per individual sample library 

PCR-grade water 8 µl 

10X KAPA End Repair Buffer 7 µl 

KAPA End Repair Enzyme Mix 5 µl 

Total 20 µl 

c. Mix the End Repair reaction by pipetting up and down. 

d. Incubate the reaction at +20°C for 30 minutes. 

e. Following the 30 minute incubation, proceed immediately to the 

next step. 

5. Perform the End Repair Cleanup: 

 Reaction clean-up for end-repair in my project was 

performed with MinElute Reaction clean-up spin columns 

(Cat. Number 28206) rather than Agencourt AMPure XP beads. This 

choice was made in an attempt to retain molecules smaller than 100 

bp, that could be overly abundant because of initial sample 

degradation not sample fragmentation. In our hands, the MinElute 

Reaction kit retains molecules down to ~50 bp while SPRI-beads 

retained molecules down to ~100 bp. After each cleanup step, DNA 

was eluted in 20 µl of elution buffer. If you want to follow MinElute 

reaction cleanup protocol is explained below with the symbol  
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To follow SeqCap End repair clean-up: 

a. To each 70 μl End Repair Reaction add 120 μl of room temperature 

Agencourt AMPure XP beads, resulting in a total volume of 190 μl. 

 

End repair cleanup Per individual sample library 

End Repair Reaction 70 µl 

Agencourt AMPure XP beads 120 µl 

Total 190 µl 

b. Mix thoroughly by pipetting up and down multiple times. 

c. Incubate the tube at room temperature for 15 minutes to allow the 

DNA to bind to the beads. 

d. Place the tube on a magnet to capture the beads. Incubate until the 

liquid is clear. 

e. Carefully remove and discard the supernatant. 

f. Keeping the tube on the magnet, add 200 μl of freshly-prepared 

80% ethanol. 

g. Incubate the tube at room temperature for ≥30 seconds. 

h. Carefully remove and discard the ethanol. 

i. Keeping the tube on the magnet, add 200 μl of freshly-prepared 

80% ethanol. 

j. Incubate the tube at room temperature for ≥30 seconds. 

k. Carefully remove and discard the ethanol. Try to remove all 

residual ethanol without disturbing the beads. 
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l. Allow the beads to dry at room temperature, sufficiently for all the 

ethanol to evaporate. 

Caution: Over-drying the beads may result in dramatic yield 

loss. 

m. Remove the tube from the magnet. 

MinElute® Reaction Cleanup Kit (Cat. Number 28206). 

Quick start protocol 

Notes before starting 

􀂄 This protocol is for cleanup of up to 5 μg DNA (70 bp to 4 kb) 

from enzymatic reactions.  

􀂄 The yellow color of Buffer ERC indicates a pH of ≤7.5. Adsorption 

of DNA to the membrane is efficient only at pH ≤7.5. 

􀂄 Add ethanol (96–100%) to Buffer PE concentrate before use (see 

bottle label for volume). 

􀂄 All centrifugation steps are carried out at 17,900 x g (13,000 rpm) 

in a conventional tabletop microcentrifuge at room temperature (15–

25°C). 

􀂄 Symbols:  centrifuge processing;  vacuum processing. 

 

1. Add 300 μl Buffer ERC to the enzymatic reaction (sample volume 

20–100 μl) and mix. If the enzymatic reaction is in a volume of <20 

μl, adjust the volume to 20 μl. If the enzymatic reaction exceeds 100 

μl, split your reaction, add 300 μl Buffer ERC to each aliquot, and 

use the appropriate number of MinElute columns. 

2. Check that the color of the mixture is yellow (similar to Buffer 

ERC without the enzymatic reaction). If the color of the mixture is 
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orange or violet, add 10 μl 3 M sodium acetate, pH 5.0, and mix. The 

color of the mixture will turn to yellow. 

3. Place a MinElute column  in a provided 2 ml collection tube or 

 into a vacuum manifold. See the MinElute Handbook for details 

on how to set up a vacuum manifold. 

4. Apply sample to the MinElute column and  centrifuge for 1 min 

or  apply vacuum to the manifold until all samples have passed 

through the column.  Discard flow-through and place the MinElute 

column back into the same collection tube. 

5. Add 750 μl Buffer PE to the MinElute column and  centrifuge for 

1 min or  apply vacuum.  Discard flow-through and place the 

MinElute column back into the same collection tube. 

6. Centrifuge the column in a 2 ml collection tube (provided) for 1 

min. Residual ethanol from Buffer PE will not be completely 

removed unless the flow-through is discarded before this additional 

centrifugation.  

7. Place each MinElute column into a clean 1.5 ml microcentrifuge 

tube. 

8. To elute DNA, add 20 μl Buffer EB (10 mM Tris·Cl, pH 8.5) or 

water to the centre of the MinElute membrane. (Ensure that the 

elution buffer is dispensed directly onto the membrane for complete 

elution of bound DNA). Let the column stand for 1 min, and then 

centrifuge the column for 1 min. 

9. If the purified DNA is to be analyzed on a gel, add 1 volume of 

Loading Dye to 5 volumes of purified DNA. Mix the solution by 

pipetting up and down before loading the gel. 
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6. Perform the A-Tailing Reaction Setup: 

a. To each tube of DNA plus beads add 50 μl of the A-Tailing Master 

Mix, resulting in a total volume of 50 μl. 

A-tailing master mix Per individual sample library 

PCR-grade water 42 µl 

10X KAPA A-tailing Buffer 5 µl 

KAPA A-tailing Enzyme 3 µl 

Total 50 µl 

As End-repair cleanup was performed with MinElute 

Reaction Cleanup Kit and eluted in 20 µl, A-tailing master 

mix was modified: 22 µl of PCR-grade water were added instead of 

42 µl.  

b. Thoroughly resuspend the beads by pipetting up and down multiple 

times. 

c. Incubate the A-Tailing reaction at +30°C for 30 minutes. 

d. After incubation, proceed immediately to the next step. 

7. Perform the A-Tailing Cleanup: 

Reaction clean-up for a-tailing was performed with 

MinElute Reaction clean-up spin columns (Cat. Number 

28206) rather than Agencourt AMPure XP beads. Eluted in 20 µl of 

Elution buffer 

MinElute® Reaction Cleanup Kit (Cat. Number 28206). 

(Explained in page 168) 
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a. To each 50 μl A-Tailing Reaction add 90 μl of thawed, room 

temperature PEG/NaCl SPRI Solution, resulting in a total volume of 

140 μl. 

A-tailing cleanup Per individual sample library 

A-tailing Reaction 50 µl 

Agencourt AMPure XP beads 90 µl 

Total 140 µl 

b. Mix thoroughly by pipetting up and down multiple times. 

c. Incubate the tube at room temperature for 15 minutes to allow the 

DNA to bind to the beads. 

d. Place the tube on a magnet to capture the beads. Incubate until the 

liquid is clear. 

e. Carefully remove and discard the supernatant. 

f. Keeping the tube on the magnet, add 200 μl of freshly-prepared 

80% ethanol. 

g. Incubate the tube at room temperature for ≥30 seconds. 

h. Carefully remove and discard the ethanol. 

i. Keeping the tube on the magnet, add 200 μl of freshly-prepared 

80% ethanol. 

j. Incubate the tube at room temperature for ≥30 seconds. 

k. Carefully remove and discard the ethanol. Try to remove all 

residual ethanol without disturbing the beads. 
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l. Allow the beads to dry at room temperature, sufficiently for all the 

ethanol to evaporate. 

Caution: Over-drying the beads may result in dramatic yield 

loss. 

m. Remove the tube from the magnet. 

8. Proceed with the Adapter Ligation Reaction Setup: 

a. To each tube of beads add 47 μl of the Ligation Master Mix, 

resulting in a total volume of 47 μl. 

Ligation master mix Per individual sample library 

PCR-grade water 32 µl 

5X KAPA Ligation Buffer 10 µl 

KAPA T4 DNA Ligase 5 µl 

Total 47 µl 

As A-tailing cleanup was performed with MinElute Reaction 

Cleanup Kit and eluted in 20 µl, A-tailing master mix was 

modified: 12 µl of PCR-grade water were added instead of 32 µl. 

b. Thoroughly resuspend the beads by pipetting up and down multiple 

times. 

c. Add 3 μl of the SeqCap Library Adapter (with the desired Index) 

to the tube containing the Ligation Master Mix plus DNA and beads. 

Ensure that you record the index used for each sample. 

d. Pipette up and down 10 times to mix. 

e. Incubate the Ligation reaction at +20°C for 15 minutes. 
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f. Following the incubation, proceed immediately to the next step. 

9. Perform the First Post Ligation Cleanup as follows: 

a. To each 50 μl Ligation Reaction add 50 μl of thawed, room 

temperature PEG/NaCl SPRI Solution, resulting in a total volume of 

100 μl. 

First post ligation cleanup Per individual sample library 

Ligation reaction 50 µl 

PEG/NaCl SRPI solution 50 µl 

Total 100 µl 

As End-repair and A-tailing cleanup were performed with 

MinElute Reaction Cleanup Kit, in this step we added 

Agencourt AMPure XP beads. Beads were added in a 1.8x ratio. 50 

µl Ligation reaction x 1.8 = 90 µl Agencourt AMPure XP beads 

added to the Ligation reaction (No need to add PEG/NaCl SRPI 

solution in this step). 

b. Mix thoroughly by pipetting up and down multiple times. 

c. Incubate the tube at room temperature for 15 minutes to allow the 

DNA to bind to the beads. 

d. Place the tube on a magnet to capture the beads. Incubate until the 

liquid is clear. 

e. Carefully remove and discard the supernatant. 

f. Keeping the tube on the magnet, add 200 μl of freshly-prepared 

80% ethanol. 

g. Incubate the tube at room temperature for ≥30 seconds. 
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h. Carefully remove and discard the ethanol. 

i. Keeping the tube on the magnet, add 200 μl of freshly-prepared 

80% ethanol. 

j. Incubate the tube at room temperature for ≥30 seconds. 

k. Carefully remove and discard the ethanol. Try to remove all 

residual ethanol without disturbing the beads. 

l. Allow the beads to dry at room temperature, sufficiently for all the 

ethanol to evaporate. 

Caution: Over-drying the beads may result in dramatic yield 

loss. 

m. Remove the tube from the magnet. 

n. Thoroughly resuspend the beads in 100 μl of elution buffer (10mM 

Tris-HCl, pH 8.0 or PCR-grade water). 

   In this and subsequent steps, use buffer rather than PCR-

grade water if the eluted sample will be stored for an 

extended period of time (> 24 hours). 

o. Incubate the tube at room temperature for 2 minutes to allow the 

DNA to elute off the beads. 

p. Proceed immediately to the next step. 

10. Perform the Dual-SPRI Size Selection: 

a. To each tube containing 100 μl resuspended DNA with beads add 

60 μl of thawed, room temperature PEG/NaCl SPRI Solution, 

resulting in a total volume of 160 μl. 
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Dual-SRPI size cleanup Per individual sample library 

Resuspended DNA with beads 100 µl 

PEG/NaCl SRPI solution 60 µl 

Total 160 µl 

b. Mix thoroughly by pipetting up and down multiple times. 

c. Incubate the tube at room temperature for 15 minutes to allow 

library fragments larger than ~450 bp to bind to the beads. 

d. Place the tube on a magnet to capture the beads. Incubate until the 

liquid is clear. 

e. Carefully transfer 155μl of the supernatant containing library 

fragments smaller than ~450 bp to a new tube. 

Do NOT discard the supernatant at this step. It is also critical to 

not transfer any beads with the supernatant. 

f. To the 155 μl supernatant add 20 μl of room temperature Agencourt 

AMPure XP beads. 

g. Thoroughly resuspend the beads by pipetting up and down multiple 

times. 

h. Incubate the tube at room temperature for 15 minutes to allow 

library fragments larger than ~250 bp to bind to the beads. 

i. Place the tube on a magnet to capture the beads. Incubate until the 

liquid is clear. 

j. Carefully remove and discard the supernatant. 
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k. Keeping the tube on the magnet, add 200 μl of freshly-prepared 

80% ethanol. 

l. Incubate the tube at room temperature for ≥30 seconds. 

m. Carefully remove and discard the ethanol. 

n. Keeping the tube on the magnet, add 200 μl of freshly-prepared 

80% ethanol. 

o. Incubate the tube at room temperature for ≥30 seconds. 

p. Carefully remove and discard the ethanol. Try to remove all 

residual ethanol without disturbing the beads. 

q. Allow the beads to dry at room temperature, sufficiently for all the 

ethanol to evaporate. 

Caution: Over-drying the beads may result in dramatic yield 

loss. 

r. Remove the tube from the magnet. 

s. Thoroughly resuspend the beads in 25 μl of elution buffer (10 mM 

Tris-HCl, pH 8.0 or PCR-grade water). 

t. Incubate the tube at room temperature for 2 minutes to allow the 

DNA to elute off the beads. 

u. Place the tube on a magnet to capture the beads. Incubate until the 

liquid is clear. 

v. Transfer the clear supernatant to a new tube and proceed with the 

amplification of the sample library as detailed in Chapter 4. 
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8.2.6.2. Amplify the Sample Library Using LM-PCR 

Materials needed: 

• SeqCap EZ Accessory Kit v2 

• SeqCap Adapter Kit A and/or B 

• SeqCap Pure Capture Bead Kit 

Ensure that the following is available: 

• Freshly-prepared 80% ethanol: 0.4 ml per DNA sample 

Sample Requirements 

For each sample library to be captured, 20 μl of the sample library 

from Chapter 3 is amplified via Pre-Capture LM-PCR. 

•Step 1. Resuspend the SeqCap Pre-LM-PCR Oligos 

1. Briefly spin the lyophilized ‘Pre-LM-PCR Oligos 1 & 2’, 

contained in the SeqCap Adapter Kit A and/or B, to allow the 

contents to pellet at the bottom of the tube. Please note that both 

oligos are contained within a single tube. 

2. Add 550 μl PCR-grade water to the tube of centrifuged oligos. 

3. Briefly vortex the resuspended oligos. 

4. Spin down the tube to collect contents. 

5. The resuspended oligo tube should be stored at -15 to -25°C. 

•Step 2. Prepare the Pre-Capture LM-PCR Master Mix 

The Pre-Capture LM-PCR Master Mix is temperature sensitive. 

Thawing of components and preparation of LM-PCR reactions must 

be performed on ice. 
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  We recommend the inclusion of negative (water) and 

positive (previously amplified library) controls in the Pre-

Capture LM-PCR step. 

  Instructions for preparing an individual PCR reaction are 

shown here. When assembling a master mix for processing 

multiple samples, prepare an excess volume of ~5% to allow for 

complete pipetting (liquid handling systems may require an excess of 

~20%). 

1. To each PCR tube/well add 30 μl of Pre-Capture LM-PCR Master 

Mix, resulting in a total volume of 30 μl per tube. 

Pre-Capture LM-PCR Master Mix Per individual sample library or 

negative control 

KAPA HiFi HotStart ReadyMix (2x) 25 µl 

Pre LM-PCR Oligos 1 & 2, 5 μM* 5 µl 

Total 30 µl 

* Note: The pre-capture LM-PCR Oligos are contained within the SeqCap Adapter Kit A and/or B. 

2. Add the 20 μl of sample library (or PCR-grade water for negative 

control) to the PCR tube or each well of the 96-well plate containing 

the LM-PCR Master Mix. 

3. Mix well by pipetting up and down five times. Do not vortex. 

•Step 3. Perform the Pre-Capture PCR Amplification 

1. Place the PCR tube (or 96-well PCR plate) in the thermocycler. 

2. Amplify the sample library using the following Pre-Capture LM-

PCR program: 
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• Step 1: 45 seconds at +98°C 

• Step 2: 15 seconds at +98°C 

• Step 3: 30 seconds at +60°C 

• Step 4: 30 seconds at +72°C 

• Step 5: Go to Step 2, repeat eight times (for a total of nine cycles) 

• Step 6: 1 minute at +72°C 

• Step 7: Hold @ +4°C 

Amplification of each sample library was performed using 

the pre-capture LM-PCR program, with a total of 12 cycles. 

3. Store the reaction at +2 to +8°C until ready for cleanup, up to 72 

hours. 

•Step 4. Purify the Amplified Sample Library using Agencourt 

AMPure XP Beads 

  Alternatively, samples can be purified using the Qiagen 

QIAquick PCR Purification Kit. If this purification method 

is chosen instead of the Agencourt AMPure XP Beads, follow the 

protocol detailed in Appendix D. 

1. Allow the Agencourt AMPure XP Beads, contained in the SeqCap 

Pure Capture Bead Kit, to warm to room temperature for at least 30 

minutes before use. 

2. Transfer each amplified sample library (approximately 50 μl) into 

a separate 0.2 ml PCR tube (for use with a DynaMag-96 Side 

Magnet) or 1.5 ml tube (for use with a DynaMag-2 Magnet). Process 

the negative control in exactly the same way as the amplified sample 

library. 
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3. Vortex the Agencourt AMPure XP Beads for 10 seconds before 

use to ensure a homogenous mixture of beads. 

4. Add 90 μl Agencourt AMPure XP Beads to the 50 μl amplified 

sample library. 

5. Vortex briefly. 

6. Incubate at room temperature for 15 minutes to allow the DNA to 

bind to the beads. 

7. Place the tube containing the bead bound DNA in a magnetic 

particle collector. 

8. Allow the solution to clear. 

9. Once clear, remove and discard the supernatant being careful not 

to disturb the beads. 

10. Add 200 μl freshly-prepared 80% ethanol to the tube containing 

the beads plus DNA. The tube should be left in the magnetic particle 

collector during this step. 

11. Incubate at room temperature for 30 seconds. 

12. Remove and discard the 80% ethanol and repeat Steps 4.9-4.11 

for a total of two washes with 80% ethanol. 

13. Following the second wash, remove and discard all of the 80% 

ethanol. 

14. Allow the beads to dry at room temperature with the tube lid open 

for 15 minutes (or until dry). 

Over drying of the beads can result in yield loss. 
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15. Remove the tube from the magnetic particle collector. 

16. Resuspend the DNA using 52 μl of PCR-grade water. 

It is critical that the amplified sample library is eluted with 

PCR-grade water and not buffer EB or 1X TE. 

17. Pipet up and down ten times to mix to ensure that all of the beads 

are resuspended. 

18. Incubate at room temperature for 2 minutes. 

19. Place the tube back in the magnetic particle collector and allow 

the solution to clear. 

20. Remove 50 μl of the supernatant that now contains the amplified 

sample library and transfer into a new 1.5 ml tube. 

•Step 5. Check the Quality of the Amplified Sample Library 

1. Measure the A260/A280 ratio of the amplified sample library to 

quantify the DNA concentration using a NanoDrop 

spectrophotometer and determine the DNA quality. 

When working with samples that will be pooled for 

hybridization (i.e. multiplex Sequence Capture), accurate 

quantitation is essential. Alternative quantitation methods, such as 

those that are fluorometry-based, should be used in place of, or in 

addition to, the NanoDrop spectrophotometer. Slight differences in 

the mass of each sample combined to form the ‘Multiplex DNA 

Sample Library Pool’ will result in variations in the total number of 

sequencing reads obtained for each sample in the library pool. 

• The A260/A280 ratio should be 1.7 - 2.0. 

• The sample library yield should be > 1.0 μg. 
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• The negative control yield should be negligible. If this is not the 

case, the measurement may be high due to the presence of 

unincorporated primers carried over from the LM-PCR reaction and 

not an indication of possible contamination between amplified 

sample libraries. 

2. Run 1 μl of each amplified sample library (and any negative 

controls) on an Agilent Bioanalyzer DNA 1000 chip. Run the chip 

according to manufacturer’s instructions. 

• The Bioanalyzer should indicate that average fragment size falls 

between 150 - 500 bp (Figure 2). The negative control should not 

show any significant signal within this size range, which could 

indicate contamination between amplified sample libraries. A sharp 

peak may be visible below 150 bp. This peak, which consists of 

unincorporated primers carried over from previous steps or the LM-

PCR reaction, will not interfere with the capture process. 

• The negative control should not show any signal above baseline 

within the 150 - 400 bp size range, which could indicate 

contamination between amplified sample libraries, but it may exhibit 

sharp peaks visible below 150 bp. If the negative control reaction 

shows a positive signal by the NanoDrop spectrophotometer, but the 

Bioanalyzer trace indicates only the presence of a sharp peak below 

150 bp in size, then the negative control should not be considered 

contaminated. 

3. If the amplified sample library meets these requirements, proceed 

to Chapter 5. If the amplified sample library does not meet these 

requirements, reconstruct the library. 
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8.2.6.3. Hybridize the Sample and SeqCap EZ Libraries 

Materials needed: 

• SeqCap EZ Library 

• SeqCap Hybridization and Wash Kit 

• SeqCap EZ Accessory Kit v2 

• SeqCap HE Oligo Kit 

The hybridization protocol requires a thermocycler capable of 

maintaining +47°C for 16 - 20 hours. A programmable heated lid is 

required. 

 Note: Instructions for using SeqCap HE-Oligo Kits A & B 

with automated liquid handling instruments for setting up 

hybridizations is described in Appendix A. 

 Note: In this chapter we use the term ‘Multiplex DNA 

Sample Library Pool’, however a single DNA sample library 

may be captured using the same instructions. It is not required to 

capture more than one library at a time. 

Experiment 1: pool of 16 libraries; Experiment 2: Two pools 

each containing four libraries, one from each extract. 

(Scheme explained in Figure 1 - Section 4.1). 

 

•Step 1. Prepare for Hybridization 

1. Turn on a heat block to +95°C and let it equilibrate to the set 

temperature. 
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2. Remove the appropriate number of 4.5 μl SeqCap EZ Library 

aliquots (one per hybridization) from the -15 to -25°C freezer and 

allow them to thaw on ice. 

•Step 2. Resuspend the SeqCap HE Universal and SeqCap HE Index 

Oligos 

1. Briefly spin the lyophilized oligo tubes, contained in the SeqCap 

HE-Oligo Kits A and/or B, to allow the contents to pellet to the 

bottom of the tube. 

2. Add 120 μl PCR-grade water to the SeqCap HE Universal Oligo 

tube (1,000 μM final concentration). 

3. Add 10 μl PCR-grade water to each SeqCap HE Index Oligo tube 

(1,000 μM final concentration). 

4. Vortex the primers plus PCR-grade water for five seconds and spin 

down the resuspended oligo tube. 

5. The resuspended oligo tube should be stored at -15 to -25°C. 

To prevent damage to the Hybridization Enhancing (HE) oligos 

due to multiple freeze/thaw cycles, once resuspended the oligos can 

be aliquoted into smaller volumes to minimize the number of 

freeze/thaw cycles. 

•Step 3. Prepare the Multiplex DNA Sample Library Pool 

1. Thaw on ice each of the uniquely indexed amplified DNA sample 

libraries that will be included in the multiplex capture experiment 

(generated in Chapter 4). 
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2. Mix together equal amounts (by mass) of each of these amplified 

DNA sample libraries to obtain a single pool with a combined mass 

of at least 1.25 μg. This mixture will subsequently be referred to as 

the ‘Multiplex DNA Sample Library Pool’. One μg of the multiplex 

DNA sample library pool will be used in the sequence capture 

hybridization step, and 60 ng will be used for measurement of 

enrichment using qPCR (Chapter 8). 

To obtain equal numbers of sequencing reads from each 

component libraries in the Multiplex DNA Sample Library Pool upon 

completion of the experiment, it is very important to combine 

identical amounts of each independently amplified DNA sample 

library at this step. Accurate quantification and pipetting are critical. 

  Note: Store remaining 250 ng of Multiplex DNA Sample 

Library Pool at -15 to -25°C until use in measurement of 

enrichment using qPCR (Chapter 8). 

•Step 4. Prepare the Multiplex Hybridization Enhancing Oligo Pool 

1. Thaw on ice the resuspended SeqCap HE Universal Oligo (1,000 

μM) and each resuspended SeqCap HE Index oligo (1,000 μM) that 

matches a DNA Adapter Index included in the Multiplex DNA 

Sample Library Pool from Step 2 of this section. 

2. Mix together the HE oligos so that the resulting Multiplex 

Hybridization Enhancing Oligo Pool contains, by mass, 50% SeqCap 

HE Universal Oligo and 50% of a mixture of the appropriate SeqCap 

HE Index oligos. The total combined mass of the Multiplex 

Hybridization Enhancing Oligo Pool should be 2,000 pmol, which is 

the amount required for a single Sequence Capture experiment. 
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Example: If a Multiplex DNA Sample Library Pool contains four 

DNA sample libraries prepared with SeqCap Adapter Indexes 2, 4, 6, 

and 8, respectively, then the Multiplex Hybridization Enhancing 

Oligo Pool would contain the following: 

Component Amount 

SeqCap HE Universal Oligo 1,000 pmol (1 μl of 1,000 μM) 

SeqCap HE Index 2 Oligo 250 pmol (0.25 μl of 1,000 μM) 

SeqCap HE Index 4 Oligo 250 pmol (0.25 μl of 1,000 μM) 

SeqCap HE Index 6 Oligo 250 pmol (0.25 μl of 1,000 μM) 

SeqCap HE Index 8 Oligo 250 pmol (0.25 μl of 1,000 μM) 

Total 2,000 pmol (2 μl of 1,000 μM) 

  Due to the difficulty of accurately pipetting small volumes, 

it is recommended to either prepare a larger volume of the 

Multiplex Hybridization Enhancing Oligo Pool using the 1,000 μM 

stocks or dilute the 1,000 μM stocks and then pool. These pools can 

be dispensed into individual single-use aliquots that can be stored at 

-15 to -25°C until needed. 

  For optimal results, it is important that the individual SeqCap 

HE oligos contained in a Multiplex Hybridization Enhancing 

Oligo Pool are precisely matched with the adapter indexes present in 

the Multiplex DNA Sample Library Pool in a multiplexed Sequence 

Capture experiment. 

•Step 5. Prepare the Hybridization Sample 
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  Note: When working with non-human gDNA, consider using 

the SeqCap EZ Developer Reagent (catalog number 

06684335001) in place of COT Human DNA. When using the 

SeqCap EZ Developer Reagent, add 10 μl of this reagent to each 

hybridization instead of COT Human DNA. 

1. Add 5 μl of COT Human DNA (1 mg/ml), contained in the SeqCap 

EZ Accessory Kit v2, to a new 1.5 ml tube. 

2. Add 1 μg of Multiplex DNA Sample Library to the 1.5 ml tube 

containing 5 μl of COT Human DNA. 

Each pool hybridization reaction was performed by adding 

1.5 µg of the equimolar pool of 16 DNA libraries in 

Experiment 1 and 0.24 µg of the equimolar pools of 4 DNA libraries 

in Experiment 2 (Scheme explained in Figure 1 - Section 4.1). 

3. Add 2,000 pmol (or 2 μl) of the Multiplex Hybridization 

Enhancing Oligo Pool (1 μl of 1,000 pmol SeqCap HE Universal 

Oligo and 1 μl of the 1,000 pmol SeqCap HE Index Oligo pool) to 

the Multiplex DNA Sample Library Pool plus COT Human DNA. 

The tube should now contain the following components: 

Component Amount Volume 

COT Human DNA 5 µg 5 µl 

Multiplex DNA Sample Lib pool 1 µg ≤ 50 µl 

SeqCap HE Universal Oligo 1,000 pmol 1 µl 

SeqCap HE Index Oligo pool 1,000 pmol 1 µl 

Total  ≤ 57 µl 
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4. Close the tube’s lid and make a hole in the top of the tube’s cap 

with an 18 - 20 gauge or smaller needle. 

  The closed lid with a hole in the top of the tube’s cap is a 

precaution to suppress contamination in the DNA vacuum 

concentrator. 

5. Dry the Multiplex DNA Sample Library Pool/COT Human 

DNA/Multiplex Hybridization Enhancing Oligo Pool in a DNA 

vacuum concentrator on high heat (+60°C). 

  Denaturation of the DNA with high heat is not problematic 

because the hybridization utilizes single-stranded DNA. 

6. To each dried-down Multiplex DNA Sample Library Pool/COT 

Human DNA/Multiplex Hybridization Enhancing Oligo Pool, add: 

• 7.5 μl of 2X Hybridization Buffer (vial 5) 

• 3 μl of Hybridization Component A (vial 6) 

The tube should now contain the following components: 

Component Solution Capture 

COT Human DNA 5 μg 

Multiplex DNA Sample Lib pool 1 μg 

Multiplex Hybridization Enhancing Oligo Pool 2,000 pmol* 

2X Hybridization Buffer (vial 5) 7.5 μl 

Hybridization Component A (vial 6) 3 μl 

Total 10.5 μl 
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*Composed of 50% (1,000 pmol) SeqCap HE Universal Oligo and 

50% (1,000 pmol) of a mixture of the appropriate SeqCap HE Index 

oligos. 

7. Cover the hole in the tube’s cap with a sticker or small piece of 

laboratory tape. 

8. Vortex the Multiplex DNA Sample Library Pool/COT Human 

DNA/Multiplex Hybridization Enhancing Oligo Pool plus 

Hybridization Cocktail (2X Hybridization Buffer + Hybridization 

Component A) for 10 seconds. 

9. Centrifuge at maximum speed for 10 seconds. 

10. Place the Multiplex DNA Sample Library Pool/COT Human 

DNA/Multiplex Hybridization Enhancing Oligo Pool/Hybridization 

Cocktail in a +95°C heat block for 10 minutes to denature the DNA. 

11. Centrifuge the Multiplex DNA Sample Library Pool/COT 

Human DNA/Multiplex Hybridization Enhancing Oligo 

Pool/Hybridization Cocktail at maximum speed for 10 seconds at 

room temperature. 

12. Transfer the Multiplex DNA Sample Library Pool/COT Human 

DNA/Multiplex Hybridization Enhancing Oligo Pool/Hybridization 

Cocktail to the 4.5 μl aliquot of EZ Library in a 0.2 ml PCR tube 

prepared in Chapter 2 (the entire volume can also be transferred to 

one well of a 96-well PCR plate). 

13. Vortex for 3 seconds. 

14. Centrifuge at maximum speed for 10 seconds. 
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The hybridization sample should now contain the following 

components: 

Component Solution Capture 

COT Human DNA 5 μg 

Multiplex DNA Sample Lib pool 1 μg 

Multiplex Hybridization Enhancing Oligo Pool 2,000 pmol* 

2X Hybridization Buffer (vial 5) 7.5 μl 

Hybridization Component A (vial 6) 3 μl 

EZ Library 4.5 µl 

Total 10.5 μl 

*Composed of 50% (1,000 pmol) SeqCap HE Universal Oligo and 50% (1,000 

pmol) of a mixture of the appropriate SeqCap HE Index oligos. 

15. Incubate in a thermocycler at +47°C for 16 - 20 hours. The 

thermocycler’s heated lid should be turned on and set to maintain 

+57°C (10°C above the hybridization temperature). 

Incubated in a thermocycler at +47 °C for 36 hours. 
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8.2.6.4. Wash and Recover Captured Multiplex DNA Sample 

Washing and recovery of the captured multiplex DNA sample from 

the hybridization of the Multiplex DNA Sample Library Pool and 

SeqCap EZ Library. (Refer to Appendix C for instructions for 

increased throughput applications.) This chapter requires the use of 

components from the following kits: 

• SeqCap Hybridization and Wash Kit 

• SeqCap Pure Capture Bead Kit 

Ensure that the following is available: 

• Additional PCR-grade water for buffer preparation and elution. 

It is extremely important that the water bath temperature be 

closely monitored and remains at +47°C. Because the displayed 

temperatures on many water baths are often imprecise, Roche 

NimbleGen recommends that you place an external, calibrated 

thermometer in the water bath. 

Equilibrate buffers at +47°C for at least 2 hours before washing 

the captured Multiplex DNA sample. 

• Step 1. Prepare Sequence Capture and Bead Wash Buffers 

  Volumes for an individual capture are shown here. When 

preparing 1X buffers for processing multiple reactions, 

prepare an excess volume of ~5% to allow for complete pipetting 

(liquid handling systems may require an excess of ~20%). 

1. Dilute 10X Wash Buffers (I, II, III and Stringent) and 2.5X Bead 

Wash Buffer, contained in the SeqCap Hybridization and Wash Kit, 
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to create 1X working solutions. Volumes listed below are sufficient 

for one capture. 

Component 

Vol. 

Concentrated 

buffer 

Vol. PCR-

grade 

water 

Total vol. 

1X 

Buffer*  

10X Stringent Wash Buffer (vial 4) 40 μl 360 μl 400 μl 

10X Wash Buffer I (vial 1) 30 µl 270 µl 300 µl 

10X Wash Buffer II (vial 2) 20 µl 180 µl 200 µl 

10X Wash Buffer III (vial 3) 20 μl 180 μl 200 μl 

2.5X Bead Wash Buffer (vial 7) 200 μl 300 μl 500 μl 

*Store working solutions at room temperature (+15 to +25°C) for up to 2 weeks. 

The volumes in this table are calculated for a single experiment; scale up 

accordingly if multiple samples will be processed. 

2. Preheat the following wash buffers to +47°C in a water bath: 

• 400 μl of 1X Stringent Wash Buffer 

• 100 μl of 1X Wash Buffer I. 

•Step 2. Prepare the Capture Beads 

1. Allow the Capture Beads to warm to room temperature for 30 

minutes prior to use. 

2. Mix the beads thoroughly by vortexing for 15 seconds. 

3. Aliquot 100 μl of beads for each capture into a single 1.5 ml tube 

(i.e. for one capture use 100 μl beads and for four captures use 400 

μl beads, etc.). Enough beads for six captures can be prepared in a 

single tube. 
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4. Place the tube in a DynaMag-2 device. When the liquid becomes 

clear (should take less than 5 minutes), remove and discard the liquid 

being careful to leave all of the beads in the tube. Any remaining 

traces of liquid will be removed with subsequent wash steps. 

5. While the tube is in the DynaMag-2 device, add twice the initial 

volume of beads of 1X Bead Wash Buffer (i.e. for one capture use 

200 μl of buffer and for four captures use 800 μl buffer, etc.). 

6. Remove the tube from the DynaMag-2 device and vortex for 10 

seconds. 

7. Place the tube back in the DynaMag-2 device to bind the beads. 

8. Once clear, remove and discard the liquid. 

9. Repeat Steps 2.5 - 2.8 for a total of two washes. 

10. After removing the buffer following the second wash, resuspend 

by vortexing the beads in 1x the original volume using the 1X Bead 

Wash Buffer (i.e. for one capture use 100 μl buffer and for four 

captures use 400 μl buffer, etc.). 

11. Aliquot 100 μl of resuspended beads into new 0.2 ml tubes (i.e. 

one tube for each capture). 

12. Place the tube in the DynaMag-2 device to bind the beads. Once 

clear, remove and discard the liquid. 

13. The Capture Beads are now ready to bind the captured DNA. 

Proceed immediately to the next step. 
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Do not allow the Capture Beads to dry out. Small amounts of 

residual Bead Wash Buffer will not interfere with binding of DNA to 

the Capture Beads. 

•Step 3. Bind DNA to the Capture Beads 

1. Transfer the hybridization samples to the Capture Beads prepared 

in the previous step. 

2. Mix thoroughly by pipetting up and down ten times. 

3. Bind the captured sample to the beads by placing the tubes 

containing the beads and DNA in a thermocycler set to +47°C for 45 

minutes (heated lid set to +57°C). Mix the samples by vortexing for 

3 seconds at 15 minute intervals to ensure that the beads remain in 

suspension. It is helpful to have a vortex mixer located close to the 

thermocycler for this step. 

•Step 4. Wash the Capture Beads Plus Bound DNA 

1. After the 45-minute incubation, add 100 μl of 1X Wash Buffer I 

heated to +47°C to the 15 μl of Capture Beads Plus Bound DNA. 

2. Mix by vortexing for 10 seconds. 

3. Transfer the entire content of each 0.2 ml tube to a 1.5 ml tube. 

4. Place the tubes in the DynaMag-2 device to bind the beads. 

5. Remove and discard the liquid once clear. 

6. Remove the tubes from the DynaMag-2 device and add 200 μl of 

1X Stringent Wash Buffer heated to +47°C. 

7. Pipette up and down ten times to mix. Work quickly so that the 

temperature does not drop much below +47°C. 
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8. Incubate at +47°C for 5 minutes. 

9. Repeat Steps 4.4 - 4.8 for a total of two washes using 1X Stringent 

Wash Buffer heated to +47°C. 

10. Place the tubes in the DynaMag-2 device to bind the beads. 

11. Remove and discard the liquid once clear. 

12. Add 200 μl of room temperature 1X Wash Buffer I and mix by 

vortexing for 2 minutes. If liquid has collected in the tube’s cap, tap 

the tube gently to collect the liquid into the tube’s bottom before 

continuing to the next step. 

13. Place the tubes in the DynaMag-2 device to bind the beads. 

14. Remove and discard the liquid once clear. 

15. Add 200 μl of room temperature 1X Wash Buffer II. 

16. Mix by vortexing for 1 minute. 

17. Place the tubes in the DynaMag-2 device to bind the beads. 

18. Remove and discard the liquid once clear. 

19. Add 200 μl of room temperature 1X Wash Buffer III. 

20. Mix by vortexing for 30 seconds. 

21. Place the tubes in the DynaMag-2 device to bind the beads. 

22. Remove and discard the liquid once clear. 

23. Remove the tubes from the DynaMag-2 device. 

24. Add 50 μl PCR-grade water to each tube of bead-bound captured 

sample. 
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25. Store the beads plus captured samples at -15 to -25°C or proceed 

to Chapter 7. 

There is no need to elute DNA off the beads. The beads plus 

captured DNA will be used as template in the LM-PCR as described 

in Chapter 7.
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8.2.6.5. Amplify Captured Multiplex DNA Sample Using LM-

PCR 

Amplification of captured Multiplex DNA sample, bound to the 

Capture Beads, using LM-PCR. A total of two reactions are 

performed per sample, and subsequently combined, to minimize PCR 

bias. This chapter requires the use of components from the following 

kits: 

•SeqCap EZ Accessory Kit v2 

•SeqCap Pure Capture Bead Kit 

In addition, ensure that the following are available: 

•Additional PCR-grade water for 80% ethanol preparation and 

elution 

•Freshly-prepared 80% ethanol: 0.4 ml per DNA sample 

•Step 1. Resuspend the Post-LM-PCR Oligos 

1. Briefly spin the lyophilized ‘Post-LM-PCR Oligos 1 & 2’ oligos, 

contained in the SeqCap EZ Accessory Kit v2, to allow the contents 

to pellet at the bottom of the tube. Please note that both oligos are 

contained within a single tube. 

2. Add 480 μl PCR-grade water to the tube of centrifuged oligos. 

3. Briefly vortex the resuspended oligos. 

4. Spin down the tube to collect the contents. 

5. The resuspended oligo tube should be stored at -15 to -25°C. 
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•Step 2. Prepare the Post-Capture LM-PCR Master Mix 

  The Post-Capture LM-PCR Master Mix and the individual 

PCR tubes must be prepared on ice. 

  Instructions for preparing individual PCR reactions are 

shown here. When assembling a master mix for processing 

multiple samples, prepare an excess volume of ~5% to allow for 

complete pipetting (liquid handling systems may require an excess of 

~20%). Note that each captured DNA sample requires two PCR 

reactions. 

1. To each PCR tube/well (one pair per captured DNA sample) add 

30 μl of Post-Capture LM-PCR Master Mix, resulting in a total 

volume of 30 μl per tube, or 60 μl per DNA sample. 

Post-Capture LM-PCR Master Mix Per individual sample library 

KAPA HiFi HotStart ReadyMix  25 µl 

Post LM-PCR Oligos 1 & 2, 5 μM* 5 µl 

Total 30 µl 

* Note: The post-capture LM-PCR Oligos are contained within the SeqCap EZ 

Accessory Kit v2. 

Two LM-PCR reactions will be performed for each captured 

multiplex DNA sample. The total volume of the PCR Master Mix is 

60 μl that will be distributed in two tubes (30 μl each). 

2. Vortex the bead-bound captured DNA to ensure a homogenous 

mixture of beads. 

3. Aliquot 20 μl of bead-bound captured DNA as template into each 

of the two PCR tubes/wells. 
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4. Mix well by pipetting up and down. 

5. Add 20 μl of PCR-grade water to the negative control. 

6. Mix well by pipetting up and down five times. 

7. Store the remaining bead bound captured DNA at -15 to -25°C. 

•Step 3. Perform the Post-Capture PCR Amplification 

1. Place PCR tubes/plate in the thermocycler. 

2. Amplify the captured DNA using the following Post-Capture LM-

PCR program: 

• Step 1: 45 seconds @ +98°C 

• Step 2: 15 seconds @ +98°C 

• Step 3: 30 seconds @ +60°C 

• Step 4: 30 seconds @ +72°C 

• Step 5: Go to Step 2, repeat 13 times (for a total of 14 cycles) 

• Step 6: 1 minutes @ +72°C 

• Step 7: Hold @ +4°C 

Captured DNA was amplified using the Post-Capture LM-

PCR program, with a total of 12 cycles. 

3. Store reactions at +2 to +8°C until ready for purification, up to 72 

hours. 
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•Step 4. Purify the Amplified Captured Multiplex DNA Sample using 

Agencourt AMPure XP Beads 

  Alternatively, samples can be purified using the Qiagen 

QIAquick PCR Purification Kit. If this purification method 

is chosen instead of the Agencourt AMPure XP Beads, follow the 

protocol detailed in Appendix D. 

1. Allow the Agencourt AMPure XP Beads to warm to room 

temperature for at least 30 minutes before use. 

2. Pool the like amplified captured Multiplex DNA Sample Libraries 

into a 1.5 ml microcentrifuge tube (approximately 100 μl). Process 

the negative control in exactly the same way as the amplified sample 

library. 

3. Vortex the beads for 10 seconds before use to ensure a 

homogenous mixture of beads. 

4. Add 180 μl Agencourt AMPure XP Beads to the 100 μl pooled 

amplified captured Multiplex DNA Sample library. 

5. Vortex briefly. 

6. Incubate at room temperature for 15 minutes to allow the DNA to 

bind to the beads. 

7. Place the tube containing the bead bound DNA in a magnetic 

particle collector. 

8. Allow the solution to clear. 

9. Once clear, remove and discard the supernatant being careful not 

to disturb the beads. 
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10. Add 200 μl freshly-prepared 80% ethanol to the tube containing 

the beads plus DNA. The tube should be left in the magnetic particle 

collector during this step. 

11. Incubate at room temperature for 30 seconds. 

12. Remove and discard the 80% ethanol, and repeat Steps 4.9-4.11 

for a total of two washes with 80% ethanol. 

13. Following the second wash, remove and discard all of the 80% 

ethanol. 

14. Allow the beads to dry at room temperature with the tube lid open 

for 30 minutes (or until dry). 

Over drying of the beads can result in yield loss. 

15. Remove the tube from the magnetic particle collector. 

16. Resuspend the DNA using 52 μl of PCR-grade water. 

17. Pipet up and down ten times to mix to ensure that all of the beads 

are resuspended. 

18. Incubate at room temperature for 2 minutes. 

19. Place the tube back in the magnetic particle collector and allow 

the solution to clear. 

20. Remove 50 μl of the supernatant that now contains the amplified 

captured Multiplex DNA Sample Library Pool and transfer into a 

new 1.5 ml tube. 
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•Step 5. Determine the Concentration, Size Distribution, and Quality 

of the Amplified Captured Multiplex DNA Sample 

1. Quantify the DNA concentration and measure the A260/A280 ratio 

of the amplified captured multiplex DNA and negative control using 

a NanoDrop spectrophotometer. 

• The A260/A280 ratio should be 1.7 - 2.0. 

• The LM-PCR yield should be ≥500 ng. 

• The negative control should not show significant amplification, 

which could be indicative of contamination. 

2. Run 1 μl of the amplified captured multiplex DNA sample and 

negative control using an Agilent Bioanalyzer DNA 1000 chip. Run 

the chip according to manufacturer’s instructions. Amplified 

captured multiplex DNA should exhibit the following characteristics: 

• The average fragment length should be between 150 - 500 bp. 

Example of successfully amplified captured multiplex DNA analyzed using an 

Agilent Bioanalyzer DNA 1000 chip. 

3. If the amplified captured multiplex DNA meets the requirements, 

proceed to Chapter 8. 

If the amplified captured multiplex DNA does not meet the 

A260/A280 ratio requirement, purify again using the Agencourt 
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AMPure XP Beads (or alternatively, a second Qiagen QIAquick PCR 

Purification column). 

A second hybridization was performed for the three pool 

replicates in Experiment 1 and four pool replicates in 

Experiment 2, as illustrated in Figure 1 - Section 4.1, following the 

same protocol as the first hybridization. Only the amount of starting 

material was altered, using for each of the second hybridizations all 

the material obtained after the PCR purification from the first 

hybridization. To limit the extent of PCR-duplicates the captured 

product of the second hybridization was amplified with 8 PCR cycles 

rather than 12. 

References: 

•KAPA Library Preparation Kit Technical Data Sheet, KR0935 – 

v2.14 (or later) (hard-copy included in the KAPA Library Preparation 

Kit or contact Kapa Biosystems Technical Support to obtain pdf, at 

support@kapabiosystems.com). 

 

Protocol extracted from: 

(SeqCap EZ Library SR User’s Guide version 5.0 used in this 

thesis, but not available online) 

http://netdocs.roche.com/DDM/Effective/06588786001_RNG_Seq

Cap_EZ_UGuide_v5.3.pdf 
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