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Application 

Disability 

Project Information 

Applicant's Institution University of Cape Town

Short Title of Project Faraoskop: a unique opportunity in palaeodemography

Is this project multi-disciplinary? Yes 

Project Abstract Faraoskop is a small rock shelter in the vicinity of Graafwater in the northwestern (Greater) Cederberg. 
Preliminary excavations there have revealed thirteen human burials with almost identical 14C ages, 
between 2000 and 2150 years ago, and extremely similar 13C isotope values, suggesting a common 
diet. More may remain in the undisturbed deposits at the site. It reflects a unique opportunity to 
investigate the circumstances of burial of a small, almost certainly related community of hunters and 
gatherers, quite possibly a single event. The time is also significant in falling precisely at the dated 
appearance of pastoralism in the Cape. In this transdisciplinary initiative we develop the rare (in South 
Africa) skills of palaeogenetics, geological micro-stratigraphy and proton magnetrometry and link these 
to more conventional archaeological and isotopic studies. This is a rare field and laboratory opportunity 
to understand the circumstances of a multiple burial and its historic context.

Project Start Year 2014

Project End Year 2015

Budget Start Year 2014

Budget End Year 2015

Required Funding Period 2

Budget End Year 2015

Has this project previously been funded by the NRF? No 

Please indicate the programme Not Applicable

Details of Research 

Details of Research : Problem Identification 

South Africa has a considerable competitive advantage in understanding the palaegenomics of San people, a community whose history is closely bound up with the 
appearance of our species, Homo sapiens. Whilst palaeogenomics laboratories are relatively common in the developed world, we here need to foster the appropriate 
skills by focusing on field opportunities at hand. Faraoskop is a small rock shelter that quite fortuitously has thrown up an almost unique circumstance that can 
become the platform for the development of significant new skills and training. Palaeogenetic, isotopic and stratigraphic skills are central to the work. This proposal 
identifies the opportunities and proposes a project to engage in research and training along several parallel, linked disciplinary lines. 
 
Faraoskop is a small rock shelter on the end of a rocky sandstone ridge some 5km north of the small town of Graafwater in the Western Cape. Quite hidden in the 
rocks and hardly visible from below the ridge, the shelter nevertheless offers a good view across the sandy coastal plains to the shoreline, 30km to the west. In the late 
1980s the landowner illegally removed deposits from the shelter that included some remarkably well preserved artefacts of reed, bone and leather, as well as the 
remains of seven human burials. When we heard of these finds we visited the owner, retrieved the artefacts and skeletal remains and visited the site to check the 
condition of any remaining intact deposit. It was clear that he had substantially pitted about half of the surface area, but that there seemed to be more than a metre of 
sediments preserved in the front parts of the site. 
 
Our excavations a year and two years later, undertaken by Antony Manhire and Royden Yates, were designed to understand better the contexts of the removed burials 
and to assess the potential for further, more systematic excavation. After cleaning out the disturbed upper levels around the back wall, we were able to remove carefully 
a further 5 intact, but slightly impacted burials from a very small portion of the rear of the shelter, and to describe a stratigraphy that extended more than a metre into 
clearly Pleistocene levels with good bone preservation and substantial stone tool assemblages.  
 
Conventional radiocarbon dating of six of the skeletal remains from both landowner and archaeological excavations produced a set of uncalibrated ages between 2000 
and 2150 years with standard deviations of about 50 years. The radiocarbon dates for organic material from the sediments, mostly charcoal, showed an episodic 
utilization of the cave with occupation in the last 1000 years, between 2000 and 2600 years, around 4500 years and intermittently between 10000 and 16000 years ago. 
Most other Western Cape sites also show such episodicity of occupation and some along the nearby Verloren Vlei show occupation at almost precisely the same 
times as Faraoskop. Careful accessioning of the human remains revealed that there may have been twelve or thirteen distinct individuals in total, not all of them 
represented by complete skeletal elements. Adult males and females, one juvenile and two young children were identified and aged by conventional bio-anthropological 
techniques (Alder 1988). Stable carbon isotope analyses of eight of the individuals generated values that cover a relatively narrow range between -16.5 and -18.5 per mil, 
illustrating a fairly similar diet with very little sea food (Sealy et al 1992). 
 
A site report has been published (Manhire 1993) with a brief description of stratigraphy, stone tool assemblages and raw material usage, organic artefacts, faunal and 
plant food remains. Since then the remarkable phenomenon of so many associated human burials so narrowly restricted in time at a single site has been mentioned 
but never significantly interrogated. We plan to do this in the project outlined below.  
 
Research issues are: how far back can we hope to extract analysable human DNA from buried skeletal remains? What light can such remains throw on the 
evolutionary history of San people? How can we combine archaeological, isotopic, bio-anthropological and genetic approaches to gain more information about San 
history? To what extent do these particular burials relate to the intrusion of pastoralists into the Cape? 

Details of Research : Rationale and Motivation 

Southern Africa currently enjoys a prominent place in the investigation of modern human origins, with most of the key sites, significant human fossils and suggestive 
behavioural innovations located here. The ancient haplotype lineages exhibited by recent San people from the area link more recent, Later Stone Age, skeletons to this 
issue and give their study an international significance. Our human skeletal record from Southern Africa is fairly substantial but largely restricted to accidentally 
discovered, isolated individuals of limited context from the last 5000 years or so. Archaeologically excavated individuals, especially those from the Pleistocene, are rarer 
but very important because they are associated with artefactual and foodwaste assemblages. Recent improvements in the recovery of DNA from increasingly older 
remains foregrounds the palaeogenetic analyses of southern African hominin material, such as the unique set of remains from Faraoskop.  
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However, whilst ancient DNA has been successfully recovered from 30-40 000 year old individuals in the cold northern hemisphere, it remains to be determined what 
age DNA can be recovered from bones buried in the soil in warmer temperate regions that are unfavourable for DNA preservation (Krause et al, 2010b, Lalueza-Fox C. 
and Gilbert MT. 2011). 
 
The major challenges of recovering ancient DNA include that DNA is degraded to sizes less than 200bp over time and is chemically modified (Greene et al 2010). This 
makes amplification of specific mitochondrial and nuclear genes by PCR difficult (Krause et al 2010a). However, this problem has been circumvented with the advent of 
next generation sequencing technology and development of associated computational techniques, which has opened the door for direct sequencing of ancient DNA, 
and the subsequent assembly of these DNA fragments into draft mitochondrial and nuclear genomes. A further challenge in the analysis of ancient genomes, is that the 
small amount of surviving ancient DNA can be diluted with large amounts of endogenous DNA from microbial organisms that colonized the specimens after death, as 
well as contaminating modern DNA that comes in contact with specimens after their excavation. Contaminating microbial DNA is a particular problem for bone samples 
that are excavated from warmer regions (Fu et al. 2013). The recent development of DNA enrichment techniques, in which immobilized, specific, single-stranded 
mitochondrial and nuclear chromosome DNA fragments are used to capture ancient DNA specifically from a complex mixture of irrelevant DNA circumvents these 
problems (Maricic et al 2010). This technique has recently been successfully used to isolate and sequence the complete mitochondrial genome, and the entire non 
repetitive portion of chromosome 21 from a 40 000 year old human excavated from a cave in China outside the permafrost region, despite the fact that large amounts of 
contaminating microbial DNA were present in the sample (Fu et al 2013). 
 
A major initiative to radiocarbon date the isolated skeletons, driven largely by Judy Sealy from the UCT Archaeology Department, has made many of them much more 
useful to researchers and has led to many advances in our understanding of ancient diet and behavior. Most of these studies have been stable isotope studies of teeth 
and bones combined with detailed morphological descriptions of the physical remains. This project describes a multifaceted approach, focused on a likely near-
contemporary set of related individuals. 
 
Faraoskop (Manhire 1993), the subject of this application, has the unique potential to expand these results by allowing the study of a set of at least 13 individuals 
excavated from a single site and associated with a very tight set of radiocarbon dates. These individuals may well be close relatives and their burial(s) may reflect a 
single event. One precedent for our study is a recent very high profile analysis of 12 Neandertal skeletons over 50 000 years old, found in a limestone cave system at El 
Sidron in northern Spain (Laluela-Fox et al 2011). Results from these analyses have allowed scientists to propose quite surprisingly detailed, albeit currently debated, 
aspects of genetic diversity and ancient kinship on the basis of sequence information from ancient mitochondrial DNA (mtDNA) recovered from teeth, mandibles and 
femurs of individuals at this site. We are convinced that we can duplicate and extend these analyses here in South Africa and lay a platform for future work by 
developing scarce skills. 
 
We propose a multifaceted analysis of the skeletal remains and their context by combining palaeogenetic, isotopic and micro-morphological studies, alongside a 
thorough re-investigation and re-analysis of the site of Faraoskop and its role as context for the burials. It is also worth noting that the suggested date for the burials, 
about 2050 years ago, is precisely that of the age of the earliest appearance of pastoralism in the Cape Fynbos region. It is clear that we have the potential to 
understand the historical and social context of these interments whilst at the same time developing our human resource and technical capacity to understand the 
evolution of San people. 
 
Our multi-disciplinary team includes John Parkington and Antony Manhire as archaeologists, Judy Sealy and Nonhlanhla Dlamini as isotope researchers, Raj Ramesar, 
Nicola Illing and Tasneem Salie as geneticists, and Alan Morris and Nonhlanhla Dlamini (again) as biological anthropologists, all from the University of Cape Town. Their 
specific roles and involvements are described later. In addition we are joined by Claude Leon post-doc Paul Cavalier, a geophysicist, who will conduct a proton 
magnetometry study of the remaining Faraoskop deposits and Chris Miller from Tuebingen, a geo-archaeologist, who will supervise the micro-morphological analysis of 
the Faraoskop sedimentary record. Tasneem Salie will spend time at the laboratory of Professor Johannes Krause in Tuebingen, a co-author on several papers on the 
analysis of the Neandertal (Greene et al 2010, Krause et al 2010a) and Denisovian (Krause et al 2010b, Reich et al, 2010) nuclear and mitochondrial genomes. A new 
set of ams radiocarbon dates on both skeletons and sediments will be obtained from the Oxford laboratory and a complete re-analysis of all excavated stone tool 
assemblages and faunal remains from Faraoskop will be undertaken. 
 
 

Details of Research : Research Aims 

We are planning a biographic and demographic study of the Faraoskop skeletal collection. In this we treat the individuals as people rather than specimens and we ask 
questions about their relationships and the circumstances of their death. Our aims are to undertake the integrated and interconnected analyses of the morphology, 
genetics and isotopic composition of all Faraoskop individuals and to contextualize these with a detailed restudy of the stratigraphic and historical framework of the 
site. We are confident that the immediate research result will be interesting and the longer term payoff in terms of the development of new research tools even more so. 
Obviously, our aims revolve around the potential that this archaeological circumstance offers us a highly resolved critical moment in southern African prehistory. At one 
end of the spectrum of results, it may be possible to posit and understand events at a very precise, and historically significant moment in time. Even if this almost 
absolute contemporaneity is not forthcoming, the fact that so many skeletons were buried here within a few decades and no others in the millennia that preceded and 
followed this period, is highly significant and suggestive. Several investigatory directions need to be followed. 
 
Obviously a major key to the nature of the events recorded in the site and the skeletal interments is the most precise dating of sediments and human remains. From 
the earlier excavation and report, we have 7 conventional radiocarbon dates on stratigraphic horizons and a further 6 on individual human remains. Our objective is to 
use ams radiocarbon dating to add precision to this chronology, although we do realize absolute contemporaneity is not strictly possible even from such an approach. 
The existing radiocarbon dates on human remains overlap one another at one standard deviation and the mean age estimate is almost exactly that derived from one of 
the stratigraphic units adjacent to the burial pits. Smaller ams-derived standard deviations, allied to a Bayesian approach and contextualized in a denser set of 
stratigraphic readings, and a reanalysis of the nature of the burial pits, may allow us to be firmer on whether the interments were singular or multiple events. 
 
The genetic and morphological analyses will be designed to extract the most plausible evidence for phylogenetic (and indeed familial) relationships between individuals. 
Previous analyses, whilst recognizing the potential for establishing a communal burial of consanguinial or affinal relatives, were not designed to demonstrate this. Ours 
will be. Should such a situation be a reasonable possibility, the isotopic evidence for dietary variability, as well as the number and demographic profile of the burials 
become useful indications of past social and organisational circumstances. Perhaps the most critical observations from the bio-anthropological analyses, will then be 
any evidence of peri-mortem injuries, their nature, extent and severity. If our integrated analyses lead in the direction of a simultaneous interment of related individuals, 
disease and inter-group conflict need investigation. The median date, corresponding apparently with the appearance of pastoralism if not pastoralists, in the local social 
landscape will encourage us to compare these individuals with others buried before, simultaneously with, and after them in nearby locations. Current genomic 
technologies will allow the phylogenetic relationships between individuals, and their lineages relative to current African populations. We are sure this will re-ignite and re-
energise issues of the impact of pastoralism and the distinctiveness, or otherwise, of extant San and Khoi populations. 
 
All of these perspectives inform our aims with regard to the better, more detailed understanding of the stratigraphy and its relationship to the burial events. We do not 
propose at this stage to re-excavate the site, although the possible discovery of more pits and likely interments in the undisturbed part of the site may eventually 
encourage this. What we do aim to do is to open up the re-filled excavated section and to take a column sample of the sediments for microscopic analysis and to 
retrieve bone and tooth specimens freshly from the deposit. These microscopic techniques, collectively known as micro-morphology, were not ubiquitous at the time of 
the original excavation, but are standard practice now. We will follow the methods used, in fact by our current collaborator, at Diepkloof (Miller et al 2013), Sibudu and 
Pinnacle Point in the understanding of early modern human shelter use. It may be no coincidence that one substantial ash deposit at Faraoskop, too extensive to be 
simply a hearth, has a radiocarbon date exactly contemporary with those from the human skeletons. Described by the original excavators simply as an ash body, this 
deposit may microscopically hold clues to the nature of the burning, the materials burnt and the relationship to the pits containing the human remains. Further dates 
will focus on this time period. 
 
We are well aware that the speculation of a very brief, integrative event is only one of several potential outcomes of our investigations. Nevertheless, having honed our 
skills across a range of sub-disciplines, we are confident that we will have prepared ourselves to tackle many other issues in Later and Middle Stone Age archaeology 
in southern Africa. At present, for example, we do not know how far back in time, under the general conditions of Cape rock shelters, useful genetic material can be 
retrieved. Our study, then, is a proof of concept initiative to discover this. Contemporary with human skeletal remains are many faunal remains of teeth and bones that 

AOP13122159234 - Prof JOHN Parkington Page 4 / 22



can be assessed for their palaeogenetic potential. Some palaeo-zoological issues may become amenable to these techniques. There is, in addition, an interesting set 
of contemporary human burials scattered across the Fynbos landscape, a group of individuals who almost certainly knew one another, many of whom were related to 
one another. We will, in due course, extend our palaeogenetic studies to include these people. In this way we can develop a biological layer to sit alongside the dietary 
reconstructions and isotopic conclusions about population movements and settlement systems. 
 
 

Details of Research : Workplan: Research Activities  
We understand that no destructive analysis is allowed without the appropriate permitting, and no intrusive analyses of human remains without this and, perhaps more 
importantly, ethical clearance. We are already seeking these permissions and clearances. In the meantime, however, we can begin to re-examine the excavated 
materials and start the non-intrusive examination and description of the remains currently curated in the UCT Health Sciences Faculty. There is, likewise, no reason not 
to begin immediately to sample and assess fragments of animal teeth and long bones from the various excavated levels at Faraoskop to try to predict the survival of 
intact mitochondrial or other DNA from the contemporary human remains. As soon as possible we will schedule the proton magnetometry survey of the site and use 
this field trip as an opportunity to familiarize the multi-disciplinary team to the site and its landscape context. As funds and permissions allow, we will embark on the 
isotopic and genetic sampling.  
 
When schedules permit, we will revisit Faraoskop and open up the site to enable us to excavate animal bones of different ages for ancient DNA analysis, and to retrieve 
a column sample for micro-morphological analysis and, at that time remove small charcoal samples for further radiocarbon dating. During the second year of this 
project, we will organize at least one workshop in which collaborators will share results, debate interpretations and decide on such further analyses, dating or sampling 
that is needed. We will collectively present the results at the meetings of the constituent professional bodies, publish jointly in the highest level of journal attainable and 
put together a scientifically sound but publically accessible version of our findings.  
 
A tentative workplan, with time lines, responsibilities, student involvements and uses of equipment and infrastructure, is detailed below. 
 
January 2014: under the supervision of Parkington and Manhire, the collections from Faraoskop will be relocated to the UCT Archaeology laboratory, resorted and re-
examined. Honours graduates will work on these materials and animal teeth and bones from each stratigraphic layer will be selected for DNA analyses. These 
specimens will be transferred to Professor Nicci Illing’s laboratory in Molecular and Cell Biology (MCB) for assessment. Freshly excavated animal bones and teeth will 
later be added for examination and assessment. 
 
At the same time, under Morris’ supervision, he and Nonhlanhla Dlamini will begin to re-describe the skeletal remains from Faraoskop. Because some of the interments 
were recovered unprofessionally by the landowner, careful attention will be paid to the assembling of bones from individual burials, the re-assignment of sex and age to 
each individual and the cataloging of all morphological details related to diet, lifestyle and circumstances of death. Effectively we will be writing the biographies of past 
San people. 
 
At the same time, under the supervision of Professor Judy Sealy, she and Nonhlanhla Dlamini will begin the sampling of human skeletal tissues for carbon, nitrogen, 
oxygen and strontium analyses in the laboratories of the Archaeology and Geology Departments at UCT. The procedures for sample extraction and preparation are 
standard in these established labs and will be carefully supervised. The emphasis will be on the multiple sampling of individuals, with the hope of reconstructing life 
history through individual trajectories of readings. 
 
To analyze d13C and d15N in the protein component (collagen) of bone and dentin, collagen will be extracted using standard procedures employed for many years in 
the Stable Light Isotope Laboratory in the Department of Archaeology at the University of Cape Town. Small chunks (with diameters of a few millimetres) of dentin or 
bone will be surface-cleaned with fine sandpaper, decalcified in ca. 2% hydrochloric acid, rinsed in distilled water, then treated overnight with 0.1 M sodium hydroxide to 
remove humic acids. If rootlets are present, they will be removed from the wet collagen by hand, using fine tweezers. The collagen samples will be soaked in distilled 
water until all traces of acid and alkali have been removed, then freeze-dried. The dry collagen will be weighed and the % yield (% of the starting weight of whole bone or 
dentin) calculated. 
 
Approximately 0.6 mg of dry collagen will be weighed into a tin cup that is tightly folded to exclude air. Each sample will be analysed in duplicate. The tin capsules will 
be loaded into an automated elemental analyser and combusted at 1020°C. The resultant gases are introduced into a Thermo-Finnigan Delta Plus XP or a Delta V Plus 
mass spectrometer via a continuous flow (Conflo) inlet, using helium as the carrier gas. Standard deviations of repeated measurements of a homogeneous laboratory 
standard (Merck gelatine, n = 12) are typically less than 0.2‰ for both d13C and d15N. Results are reported relative to international standards Vienna PDB and AIR. 
 
The d13C in the carbonate component of tooth enamel will be prepared and analysed as follows: For each tooth, a diamond-tipped drill will be used to burr a line on 
either the buccal or lingual surface, extending from the occlusal surface to the cementum-enamel junction, in order to sample tooth enamel formed over the duration of 
development of the crown. This inflicts only minimal damage on the tooth (see figure). About 10 mg of the resultant enamel powder will be collected and transferred to a 
microcentrifuge tube for pre-treatment according to the protocol used by Lee- Thorp et al. (1997), with slight modifications, as specified below. The powder will be 
reacted with 1.75% sodium hypochlorite for 15 min to remove organics, then rinsed three times with distilled water. It will then be treated with 0.1 M acetic acid for 15 
min to remove any diagenetic carbonates that may be present, then again rinsed three times with distilled water and freeze-dried. The pre-treated powders will be 
analysed on a Thermo-Finnigan Delta Plus XP stable isotope ratio mass spectrometer coupled to a Finnigan Gas Bench II. Carbon dioxide is produced by reaction with 
100% phosphoric acid at 72°C, then swept in a stream of helium through hygroscopic Nafion™ tubing to remove water, then through a glass capillary gas 
chromatograph, a second water trap, and finally into the mass spectrometer. The standard deviation of repeated measurements of homogeneous material (NBS 18, n = 
12) is typically lower than 0.2‰ for d13C, and frequently lower than 0.1‰. Results are reported relative to the international standard Vienna PDB. 
 
87Sr/86Sr in tooth enamel will be measured on a small sample of powdered enamel collected as described above for d13C analysis. 87Sr/86Sr in tooth enamel will be 
measured on a Nu Instruments NuPlasma HR (multi-collector inductively coupled plasma - mass spectrometer) in the Department of Geological Sciences at UCT. If 
isolated (loose) teeth are available, a single tooth can be placed in the sample chamber, where a small amount of tooth enamel is removed using a laser and fed 
directly into the instrument. If isolated teeth are not available, a small sample of powdered enamel will be collected as described above. This will be digested in 
concentrated nitric acid at 140°C, then taken up in dilute acid and passed through an ion exchange column in order to separate out the strontium. The strontium 
isotope ratios will be measured on the ICP-MS using NIST SRM987 as a reference standard. 
 
March to May 2014: Professor Johannes Krause head of the Human Genetics laboratory at Tuebingen University will visit UCT as a Visiting Scholar to advise Prof Illing, 
Professor Ramesar and Ms Tasneem Salie, a PhD candidate supervised by Professors Ramesar, Morris and Parkington, on the techniques and methods of sample 
treatment of both animal and human bones excavated from this site. Ms Salie will spend 4-6 months in Prof Krause’s laboratory during May-October 2014, extracting 
ancient DNA from the Faraoskop human bones, on a scholarship arranged through the International Office at the University of Cape Town. 
 
May 2014: at this time we plan to arrange a group visit to the site of Faraoskop. This will allow all team members to familiarize themselves with the landscape context 
of the site and the circumstances within the shelter. On this trip we will conduct a detailed survey of the depositional surface of the shelter to gain an impression of the 
existence of further pits and likely burials. Dr Paul Cavalier, who is a visiting Claude Leon post-doctoral Fellow in the Department of Archaeology at UCT and Mr Jaco 
Boshoff from the Iziko Museums of Cape Town, will supervise this survey. 
 
July 2014: we plan to revisit Faraoskop at this time in the company of Professor Chris Miller from the Department of Palaeo-Archaeology at Tuebingen University. 
Before this, we will locate a senior post-graduate student from the Department of Environmental Science and Geography at UCT to undertake supervised study of the 
micromorphology of the sedimentary column, and an Honours student from the Department of Molecular and Cell Biology for the determining the age at which ancient 
DNA can be recovered from animal bones excavated from the site. Antony Manhire will re-expose the sections from his 1980s excavations and assist Miller to make a 
column sample for preparation and study. Miller, Parkington and Manhire will re-describe the section and resample charcoal for 14C ams dating in Oxford. 
 
July 2014 to April 2015: we anticipate that all parallel analyses will proceed through these months. Because most activities will be housed by UCT departments in local 
laboratories, there will be many opportunities to organise both informal and formal meetings to share results. Parkington, as Principal Investigator, will co-ordinate such 
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gatherings, inviting others to review and comment on our results and interpretations where necessary. 
 
May 2015: we will organise a Workshop for all participating scientists at the Travellers Rest guest cottages in the Agter Pakhuis area of the Cederberg. NRF and UCT 
funding will be used or sought to facilitate the participation of our international colleagues. 
 
July 2015: there are a number of sites in the western Cape that have produced skeletal remains, all of them curated in UCT or at Iziko Museums of Cape Town, that are 
contemporary with the Faraoskop individuals. Dependant on the implications from the results from Faraoskop, we propose to re-examine this material and visit the field 
locations from which they come. 
 
July to December 2015: this will be a period of writing and conference presentations. Joint publications and individual or joint presentations at the annual meetings of 
local and international professional scholars is envisaged. 

Details of Research : Workplan: Research Approaches/Methods/Techniques  
Archaeology: Parkington and Manhire will resort and re-catalog the excavated collections from Faraoskop using standard methods also used for many other Holocene 
and Pleistocene assemblages. With the stone tools, the objective will be to identify changes in assemblage composition, to document changes in raw material 
sourcing and to link stone tool making with manufacturing debris among organic remains. Dr Marina Igreja Araujo, a visiting Marie Curie post-doctoral Fellow at UCT, 
will help analyse edge damage and use wear features as well as signs of mastics on tools, especially adzes. On the opening of the previous excavated sections, 
Parkington, Manhire and Miller will redraw, redescribe and resample all available newly cleaned sections. 
 
Stratigraphy: micro-morphological study includes the careful sampling and consolidation of one or more column samples reflecting the stratigraphic deposition at the 
site. Thin sections are then prepared and examined microscopically for very small inclusions and the dip and strike of micro-stratigraphic horizons and objects (Miller et 
al 2013). Crucial observations can be made from these features that help interpret the nature of superimposed layers and their taphonomic history, a history that, we 
hope, will throw light on the short-lived burial phase of site use. 
 
Proton magnetometry: previous excavations struggled with a portion of the site very badly disturbed by the landowner’s illegal investigations. It remains crucial that we 
try to understand whether interments were made singly, sequentially or communally. A highly resolved, gridded survey of the remaining deposits may indicate the 
nature of any remaining pits and their relative chronology, though this is not guaranteed. We will take a proton magnetometer to the site and, under the supervision of Dr 
Paul Cavalier, a visiting Claude Leon post-doctoral Fellow, grid and survey the surface of the site seeking to understand sub-surface structure. 
 
Radiocarbon dating: by using extensive pre-cleaning measures, the Oxford Radiocarbon Dating Laboratory will offer us the maximum resolution of the ages of the 
samples we will submit. We anticipate focusing on the micro-stratigraphic horizons that provide the depositional envelope for the burials. Bayesian analysis of the 
resulting ages may allow us to make an estimate of the ‘precise’ time of the interments, though there remain several possibilities for this event or events. 
 
Stable isotope analysis: the Stable Light Isotope Laboratory of the Archaeology Department and the ICP mass spectrometer in the Geology Department will prepare 
and measure the isotope values for the elements carbon, nitrogen, oxygen and strontium. The strategy, in the case of most of these elements, will be to measure 
several samples per individual skeleton in an attempt to measure a sequence of moments in the life histories of individuals by targeting life history-linked tissues. 
Although previous experience cautions us to have limited expectations for these measurements, we anticipate that the real value will derive from the integration of the 
reults with those of the genetic, bio-anthropological and chronological patterns. 
 
Bio-archaeology: again, although preliminary analyses were carried out as an Honours project (Alder1988), renewed analyses will focus on systematic re-assembling of 
individuals, confirmation of sex and age, and an intense study of lifestyle clues, especially any peri-mortem injuries. At this point, we appear to have a predominance of 
adults, but potential relations between adults and between adults and children remain untested. 
 
Genetics: the international reputation of the collaborating Tuebingen laboratory team, as reflected in the reading of Neandertal and Denisovian mitochondrial and nuclear 
genomes, underpins the strategy for examining mtDNA of the Faraoskop sample. The intention is to use the collaboration with Professor Krause and the experiences 
we will gain from the Faraoskop remains to lay a platform for the development of a UCT palaeogenetics facility. This is not, however, the intention within this application 
and will be the subject of further applications, depending on results achieved.  
 
There will be two aspects to the paleogenetics pillar in this proposal. Professor Ramesar and Ms Salie will directly recover and analyze ancient DNA from human teeth 
and long bones in Professor Krause’s laboratory at Tuebingen (Germany) and in the Health Sciences facility at UCT. The Ramesar laboratory has just been granted 
funds from the NRF to acquire a Next Generation Sequencer. The comparison of DNA sequences from these preserved remains, with that of current, extant 
populations, will be important towards understanding genomic variation in response to environment and other pressures. It will also reveal details of inter-individual 
relationships. Beginning even before this, Professor Illing and an MCB Honours student will isolate ancient mitochondrial DNA from animal bones of different ages, 
excavated from the Faraoskop site to calibrate the age at which ancient DNA can be successfully recovered in the warmer South African environment. A strategy of 
DNA enrichment using a custom-designed all mammalian mtDNA array designed by Dr Matthias Meyer (Max Planck Institute for Evolutionary Anthropology in Leipzig, 
Germany) will be followed to capture ancient mitochondrial DNA from these bone and tooth samples, followed by library construction, next generation sequencing, and 
mitochondrial genome assembly and analysis. This work will be done at the University of Cape Town as a first step in setting up ancient DNA capability and 
establishing the feasibility of doing this work locally, in addition to answering an important question on the age of ancient DNA recovery in the South African context.  
 
Trans-disciplinary studies and data storage: This application is the beginning of a longer term initiative to develop a palaeogenetics laboratory at the University of Cape 
Town and to integrate the results from several disciplines into a Biographic and Demographic evolutionary history of San and Khoi people. With its long history of 
studies in Rock Art, Holocene and Pleistocene human prehistory, its housing of the ethno-historic Bleek and Lloyd Archive and a record of late pre-colonial and early 
colonial San history, UCT is a natural choice to house an extended San archive of this kind. In addition, all sequence data generated in this project will be made 
publically available via submission to the National Centre for Biotechnology Information (NCBI) in the USA. 
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Details of Research : Potential Impact on HR Development 
Archaeology, including geo-archaeology and coastal archaeology, is well established in, albeit few, South African academic institutions, as is the analysis of stable 
carbon, nitrogen and oxygen isotope ratios for the purpose of reconstructing ancient diets and environments. There is also a rapidly strengthening tradition of the 
genetic analyses of modern human populations, especially descendant San and Khoi, to aid in reconstructing human evolutionary history. There are, however, no 
palaeogenetic laboratories in South Africa capable of recovering detailed records of genetic materials surviving in fossil hominins. Obviously, because of contamination 
and recovery hurdles, such laboratories are expensive to build. This has meant that preliminary attempts have been based in overseas laboratories, with authorship by 
and large dominated by international colleagues. In parallel to this, the study of the archaeological evidence for the behavioural record of early Homo sapiens, a record 
that is abundant in South African sites, has been carried out by a research community dominated by international colleagues attracted to the sites from Europe, North 
America and Australia (where such opportunities do not exist). South African-based scholars have played an important but perhaps not proportionally significant role. 
 
It is in this context that we propose to use the multi-disciplinary analysis of the unique Faraoskop shelter to develop and extend local expertise in research areas that 
are under-represented in our institutions. This includes attracting young postgraduates, assigning them to senior international as well as local scholars and improving 
our capacity to maintain a tradition of research appropriate to an African Origins Platform. At least five postgraduate learning, mentorship and training opportunities are 
offered here. 
 
Ms Nonhlanhla Dlamini, a graduate of the Archaeology Department at UCT is currently finishing her PhD under the supervision of Professor Alan Morris of the 
Department of Human Biology at UCT. She will, thereafter, take up a postdoctoral Fellowship with Professor Judy Sealy in Archaeology, as a part of which she will 
participate in both the bio-anthropological and the isotopic studies of the Faraoskop human remains. 
 
Ms Tasneem Salie, a graduate of Human Biology in the Health Sciences Faculty at UCT, is currently registered for a PhD under the joint supervision of Professors 
Ramesar, Morris and Parkington and will undertake the genetic analyses of Faraoskop human remains at UCT under the guidance of Professor Ramesar and at 
Tuebingen under the guidance of Professor Johannes Krause. 
 
An as yet unselected graduate in the Engeo Department at UCT will undertake the micro-morphological study of a column sample from Faraoskop under the 
supervision of Professor Chris Miller at Tuebingen and Professor John Parkington at UCT. 
 
Dr Paul Cavalier, a Claude Leon postdoctoral Fellow in the Archaeology Department at UCT will head the ground penetration survey of the remaining Faraoskop 
deposits. 
 
The 2014 UCT Archaeology Honours class will study the Faraoskop faunal remains as a class project during the course of their Honours core learning module. One 
candidate will be recruited for a masters degree from 2015. 
 
A UCT Molecular and Cell Biology Honours student will be recruited to recover ancient DNA from animal bones as her/his dedicated research project (June-October 
2014). If successful, the student will be encouraged to stay on for a Masters in 2015. 
 
 

Details of Research : Potential Impact on Redress and Equity 

Our multi-disciplinary team includes a number of women and people who would previously not have been described as white.

Details of Research : Collaboration  
This initiative is driven from the University of Cape Town through members of the Science Faculty (Parkington, Sealy, Illing) and Health Science Faculty (Ramesar and 
Morris). It includes archaeologists, human anatomists, microbiologists and geneticists. All of these particip[ating scholars know one another well and have previously 
collaborated but not as a complete team. The proposed research takes advantage of new advances in our fields that encourages wider collaboration. Faraoskop 
provides an irresistable opportunity. The University of Tuebingen is a major, critical even, collaborating institution with the research and supervisory roles of Professors 
Krause and Miller in palaeogenomics and micro-morphology essential, as the skills they bring are precisely ones we envisage developing at UCT. Fortunately the 
Archaeology Department of Archaeology at UCT is currently already hosting two prestigious post-doctoral Fellows (Drs Igreja Araujo and Cavalier from Portugal and 
France respectively) who bring scarce but relevant skills in artefact analysis and proton-magnetometry surveying. We regard these partnerships as a major enrichment 
of the project and an unusual opportunity to develop among our postgraduate body some extremely valuable skills and technical experience.

Details of Research : Potential Outcomes and Outputs (dissemination strategy and impact in 
society) 
 
There is a growing literature on the genetics of living San and Khoi descendants based on the research of a small number of active and internationally known South 
African scientists (Soodyall, Ramesar and others). Similar exposure on the relevance of this to broader studies of human evolution has been achieved by these same 
scientists as well as other international scholars attracted by the implications of results from southern African societies for the specific issue of the origins of our 
species. There is, however, very little research so far directly on fossil and sub-fossil skeletal material from archaeological contexts, although a few samples have been 
taken and are just reaching publication stage. The attempts to carry out genomic analyses of South African stone age human skeletal remains has been largely driven 
by very recent advances in capacity to obtain well preserved DNA from ancient bones and teeth. International laboratories lead this movement and South African 
institutions are keen to play a more prominent role. Partly by collaborating with the leading institutions with experience of ancient DNA extraction, partly by taking 
advantage of highly developed local skills, but primarily by approaching the issue of local human evolution through an explicitly trans-disciplinary research framework, 
we are confident of widespread exposure and acclaim. The Faraoskop opportunity is rare even by global standards and we are sure it will pay extremely well in terms of 
research results and high impact journal publications. 
 
This research is not directed at the developments of products in a literal sense. However, there is a very real and tangible product in the form of knowledge of human 
evolutionary history, local as well as global, that is invaluable to South African society, particularly but not exclusively to San and Khoi descendant communities. South 
African society is almost fixated on versions of its recent and sub-recent past. Issues of school curricular content, personal and group identities as well as the 
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vulnerability of surviving heritage all hinge on the retrieval and dissemination of accurate but accessible versions of our common past. Archaeology, particularly when 
allied with other disciplines that bear on the past, can offer these versions. The study of the Faraoskop remains that we propose will not do this on its own, but the 
research direction opened up can provide an invaluable social product that can, and undoubtedly will, be used to promote a number of educational and social issues. 
 
Faraoskop is in the Cederberg Municipality of the Western Cape Province. Based in nearby Clanwilliam, the Clanwilliam Living Landscape Project has already 
established a set of relationships with local communities and school authorities that will enable our results to be rapidly and effectively disseminated. CLLP is based in 
an old school, purchased some years ago by UCT, that has facilities and display capacities to show the scientific findings we anticipate in a way that communities can 
understand and comment on. We believe that research is not finished tip it has found its way into school curricula and intend to spend substantial effort in the 
translation of research findings into popular texts. 
 
Of course, we also anticipate more conventional publications in high impact journals. Our collaborators as well as ourselves have achieved publication in the very best 
journals (Nature, Science, PNAS, Journal of Human Evolution, Journal of Archaeological Science) and we have little doubt that our results will also find space here. 
Locally the South African Archaeological Bulletin is a logical and widely read format. Moreover, all of the UCT participants have long histories of public lecturing and 
popular dissemination of their work. We anticipate that this will continue, especially as we are very sure our results will be of as much public as scientific value.  

Details of Research : Progress to Date: Summary 

The site of Faraoskop was partly excavated in the late 1980s and the excavated materials are housed at UCT in the Archaeology and Human Biology Departments. The 
research we propose on these remains is new and hasnt yet begun, but all UCT participants have NRF track records that speak to high levels of research competence. 
The Principle Investigator (Parkington) has a B1 rating

Details of Research : Progress to Date: Research Outputs 

The applicant, Emeritus Professor John Parkington, has a long record of survey, site recording, excavation and analysis of pre-colonial stone age sites in the Western 
Cape. This has resulted in more than 100 published papers in a range of local and international journals. He is B1 rated by the NRF, has a google scholar H Index of 
35, with over 3200 citations. His web of Science H rating is 17. Faraoskop is one of over 6000 sites on a data base that he has, with substantial help from colleagues 
and students, assembled for research, community engagement and heritage conservation purposes. His collaborators in this application (Ramesar, Illing, Morris, Sealy) 
are all senior researchers well known internationally and highly rated locally, generally B rated by the NRF. 
 
Emeritus Professor John Parkington, Archaeology, UCT 
NRF rating B1 
 
Geoff Bailey and John Parkington (eds) 2009 The Archaeology of Prehistoric Coastlines. Paperback Edition. Cambridge. CUP. ISBN 978-0-521-10841-6 
 
JE Parkington, J-Ph Rigaud, C Poggenpoel, G Porraz and P-J Texier 2013 Introduction to the Project and Excavation of Diepkloof Rock Shelter (Western Cape, South 
Africa): a view on the Middle Stone Age. Journal of Archaeological Science 40: 3369-3375. 
 
John Parkington 2010 Coastal diet, encephalisation and innovative behaviours in the late Middle Stone Age of Southern Africa. In S. C. Cunnane and K.M. Stewart (eds) 
Human Brain Evolution: the Influence of Freshwater and Marine Food Resources. Pp 189-202. New York. John Wiley and Sons, Inc. ISBN 978-0-470-45268-4 
 
 
Professor Raj Ramesar, Director of the MRC Human Genetics Research Unit at the University of Cape Town. 
 
PhD in the area of bacterial ‘genetic engineering’ (1984-1988), trained in the laboratories of two of the premier NRF A-rated scientists, Professors David Woods and 
Doug Rawlings at UCT, and immediately moved to the area of Human Genetics at UCT’s Faculty of Health Sciences in 1989, worked extensively in human molecular 
genetics, with the emergent technologies from the human genome project. Professor Ramesar has more than 150 original research publications pertinent to 
characterising human genetic variants, mostly relating this to disease in African populations. More recently, it has become necessary to look more expansively at 
whole human genomic variants in terms of understanding global genomic variation, when looking at complex diseases. These population data is important for 
establishing phylogenetic lineages between populations, and individuals, and also for investigating environmental selective pressures on the genomes of 
individuals/populations being studies.  
 
Chimusa ER, Meintjes M, Tchanga MS, Mulder NJ, Seioghe C, Soodyall H, and Ramesar R. (2014) 
Genome-wide Haplotype and Signature of Selection in Indigenous Southern African Populations. PLoS Genetics (Accepted for publication) Jan 2014 
 
Chimusa ER, Daya M, Möller M, Ramesar R, Henn BM, van Helden PD, Mulder NJ, 
Hoal EG. Determining ancestry proportions in complex admixture scenarios in South 
Africa using a novel proxy ancestry selection method. PLoS One. 2013 Sep 
16;8(9):e73971. doi: 10.1371/journal.pone.0073971. PubMed PMID: 24066090; PubMed  
Central PMCID: PMC3774743. 
 
Patrinos GP, Al Aama J, Al Aqeel A, Al-Mulla F, Borg J, Devereux A, Felice 
AE, Macrae F, Marafie MJ, Petersen MB, Qi M, Ramesar RS, Zlotogora J, Cotton RG.  
Recommendations for genetic variation data capture in developing countries to 
ensure a comprehensive worldwide data collection. Hum Mutat. 2011 Jan;32(1):2-9.  
doi: 10.1002/humu.21397. PubMed PMID: 21089065; PubMed Central PMCID: PMC3058135. 
 
Hardy BJ, Séguin B, Ramesar R, Singer PA, Daar AS. South Africa: from species 
cradle to genomic applications. Nat Rev Genet. 2008 Oct;9 Suppl 1:S19-23. doi: 
10.1038/nrg2441. Erratum in: Nat Rev Genet. 2009 Jan;10(1):68. PubMed PMID: 
 
 
Professor Nicci Illing, Molecular and Cell Biology, UCT. 
NRF Rating: B3 
Research Interests 
My primary research interest is to use the tools of modern genetics to unravel the answers to interesting evolutionary biology questions, using examples from the rich 
biological landscape of southern Africa. Genetic analysis of organisms that are currently alive, can be used to delve into the past, for example, understanding how flight 
evolved in bats 50 million years ago. Similarly, we are using next generation sequencing technology to understand how desiccation tolerance evolved in flowering plants. 
The development of new methods to extract small amounts of ancient DNA means that we can now turn to the archaeological biological record, and start to answer 
important questions about human society and biodiversity thousands of years ago. 
 
Web of Science 
Total citations 1694 
H-index 25 
I10-index 36 
 
Schlebusch S, Illing N. 2012. Next Generation Shotgun Sequencing and the challenges of de Novo Genome Assembly SA J Science. 108: 8 pages http:// 
dx.doi.org/10.4102/sajs. v108i11/12.1256 
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Ravasi DF, O’Riain MJ, Davids F, Illing N (2012) Phylogenetic Evidence That Two Distinct Trichuris Genotypes Infect both Humans and Non-Human Primates. PLoS 
ONE 7(8): e44187. doi:10.1371/journal.pone.0044187 
 
Hockman D, Cretekos CJ, Mason MK, Behringer RR, Jacobs DS, Illing N. (2008) A second wave of Sonic hedgehog expression during the development of the bat limb. 
Proc Natl Acad Sci. 105,16982-7.  
 
 
Professor Judith Sealy, Archaeology, UCT 
 
NRF B1 rated, holder of SARChI chair in Stable Isotopes in Archaeology and Palaeoenvironmental Studies, have held a series of NRF grants over past 25 years. 
 
Sealy, J. 2010. Isotopic evidence for the antiquity of cattle-based pastoralism in southernmost Africa. Journal of African Archaeology 8(1): 65-81. 
 
Sealy, J. 2006. Diet, mobility and settlement pattern among Holocene hunter-gatherers in southernmost Africa. Current Anthropology 47:569-595. 
 
Sealy, J., Pfeiffer, S., Yates, R., Willmore, K., Manhire, A., Maggs, T. & Lanham, J. 2000. Hunter-gatherer child burials from the Pakhuis Mountains, Western Cape: 
growth, diet and burial practices in the Late Holocene. South African Archaeological Bulletin 55:32-43. 

Details of Research : Progress to Date: Students 

The project has yet to begin. Ms Salie and (soon to graduate) Ms Dlamini will be significant partners in the research. Other graduate students in Archaeology, MCB and 
Environmental Studies will be recruited. 

Details of Research : Public Engagement and Awareness Plan 

The South African public has a great though patchily expressed interest in the significance of our region and existing communities for the story of human evolution. For 
the earlier stages in the history of our lineage this is manifest in the popularity and public awareness of the Cradle of Humankind. For later stages, including the 
emergence of our species, evidence from the Fynbos Biome is more critical and more accessible to Cape-based scientists. The project proposed here initiates a trans-
disciplinary (meaning an issue that crosscuts the boundaries of disciplines and requires the collaborative engagement of specialists from several fields) programme that 
will eventually reveal the behavioural and biological history of southern Africa's First People. Given that descendants of these San aboriginal South Africans are very 
much represented in, particularly rural, communities of the Cape, we anticipate an ongoing interaction between ourselves and such groups. The existing Clanwilliam 
Living Landscape Project (www.cllp.uct.ac.za) has pioneered this interaction, though many others exist. We will follow a strategy of publication and dissemination that 
approaches both the scientific as well as the wider community. The CLLP has facilities for exhibitions in the UCT-supported facility in Clanwilliam and has established 
links through Cape Nature, the Department of Economic Development and Tourism and various District and Local Municipalities with many other schools, libraries and 
organisations across the Province. We will work hard to distil the essence of our work and its relevance to matters of individual and group identity, heritage significance 
and conservation and the potential rewards of archer-tourism.

Ethical Clearance 

Does this project require ethical clearance? Yes 

Has ethical clearance been obtained No 

Additional Comments on Ethical Clearance Ethical clearance to undertake genetic analyses from excavated remains has been applied for from the 
University of Cape Town.

Attachments 

Description Tuebingen genetics procedures

Document Type Other

File Name Meyer_CSHProtocols10.pdf

Participating Members 

Title Prof

Surname Ramesar

Initials R

First Name Raj

Gender Male

Citizenship

Race Indian

Department Department of Human genetics

Faculty Health Sciences

Organisation University of Cape Town

Email Address raj.ramesar@uct.ac.za

Role Co-investigator

Description of Role in Project A major component of the research and training will revolve around detailed genetic analysis of human 
remains by Ramesar and a co-supervised PhD student Ms Tasneem Salie. Professor Ramesar will 
oversee this.

Field of Specialisation Human genetics

Type of Collaboration New

Co-investigator response: Are you a co-investigator on 
the above project

N/A

Title Prof

Surname Morris
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Initials AG

First Name Alan

Gender Male

Citizenship

Race White

Department Human Biology

Faculty Health Sciences

Organisation University of Cape Town (Department of Human Biology)

Email Address alan.morris@uct.ac.za

Role Co-investigator

Description of Role in Project A key element in this project is the bio-anthropological analysis of the human remains from Faraoskop 
Rock Shelter. Professor Morris and Nonhlanhla Dlamini, currently his PhD student, will undertake this.

Field of Specialisation Human anatomy

Type of Collaboration Continuation

Co-investigator response: Are you a co-investigator on 
the above project

Yes

Title Prof

Surname Illing

Initials N

First Name Nicola

Gender Female

Citizenship

Race White

Department Microbiology and Biochemistry

Faculty Science

Organisation University of Cape Town

Email Address nicola.illing@uct.ac.za

Role Co-investigator

Description of Role in Project Professor Illing will lead the interpretation of the supposed genetic links between individual buried 
individuals.

Field of Specialisation Comparative genetics

Type of Collaboration New

Co-investigator response: Are you a co-investigator on 
the above project

Yes

Title Prof

Surname Sealy

Initials JC

First Name Judith

Gender Female

Citizenship

Race White

Department Archaeology

Faculty Science

Organisation University of Cape Town

Email Address judith.sealy@uct.ac.za

Role Co-investigator

Description of Role in Project The intention is to do multiple stable carbon isotope readings from all buried individuals so as to 
investigate life histories and their interconnections. Dr Sealy along with her post-doctoral student Dr 
Nonhlanhla Dlamini will implement these analyses.

Field of Specialisation Archaeological techniques

Type of Collaboration Continuation

Co-investigator response: Are you a co-investigator on 
the above project

N/A

Possible Reviewers 

Reviewer Dr RG Richard Klein

Email Address rklein@stanford.edu

Institution Stanford University

Specialisation Not Applicable

Indicate your association, if any, with the reviewer long term colleague

Indicate your reason for nominating this reviewer Chosen for his encyclopaedic knowledge of human evolution in Africa

Priority 1

Reviewer Dr P Peter Mitchell

Email Address peter.mitchell@st-hughs.ox.ac.uk

Institution University of Oxford 

Specialisation Not Applicable

Indicate your association, if any, with the reviewer long term colleague
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Indicate your reason for nominating this reviewer Chosen for his understanding of current work in the stone age of southern Africa

Priority 2

Reviewer Dr R Robert Foley

Email Address raf10@cam.ac.uk

Institution University of Cambridge

Specialisation Not Applicable

Indicate your association, if any, with the reviewer long term colleague

Indicate your reason for nominating this reviewer Chosen because currently working in East Africa on similar evolutionary issues

Priority 3

Reviewer Dr M Marta Lahr

Email Address mbml1@cam.ac.uk

Institution University of Cambridge

Specialisation Not Applicable

Indicate your association, if any, with the reviewer long term colleague

Indicate your reason for nominating this reviewer Chosen for her deep understanding of the genetics of human evolution especially in Africa

Priority 4

Reviewer Prof L Lynette Wadley

Email Address lyn.wadley@wits.ac.za

Institution University of the Witwatersrand

Specialisation Archaeology - Middle Stone age, Cognitive archaeology, Experimental archaeology

Indicate your association, if any, with the reviewer colleague in South African Stone Age studies

Indicate your reason for nominating this reviewer Chosen because of her understanding of recent human evolution in South Africa

Priority 5

Excluded Reviewers 

Financials: Operating Costs 

Financial Category 2014 2015

Research Materials and Supplies 

Item: Excavation consumables R 5000 R 2000

Motivation: During the re-excavation and re-filling of the site, a supply of bio-degradable bags, stationary and photographic consumables will be needed. Major 
excavation equipment is available from UCT.

Item: Library Construction costs, DNA extraction and sequencing R 58970 R 0

Motivation: Sequencing costs: "90 USD per GB of data…we are targeting mitochondrial DNA for this analysis, so won’t need to sequence at great depth to get good 
coverage" (Illing). (8 needed, R7770) DNA extraction (R10000) custom designed all mammalian mtDNA array (R20000) Library Construction Library construction costs: 
$250 per library (8 needed, cost R16200) special lobind plastiware (R5000) These costs are for the testing of animal bones and teeth to assess how far back usable 
DNA survives in circumstances like Faraoskop.

Sabbatical Leave

Research and Technical Assistance

Item: Field trips R 39900 R 15900

Motivation: The intention is to make two field trips to the site in 2014 and one in 2015. The first field trip will involve all local participants and Professor Krause. The 
intention is to inform the team about the site, its form and context. The second, involving Professor Miller, will uncover and sample the cave sediments. The groups will 
stay in nearby Clanwilliam at the UCT field station. Costings are for accommodation (R330 pp per day), meals (R250 pp per day) and vehicles (2 @ 700km round trip, 
R3.50 per km). 

Item: ams radiocarbon dating R 50000 R 25000

Motivation: The high precision ams radiocarbon dates we are seeking from the Oxford Radiocarbon Dating Laboratory are needed to allow Bayesian seriation of ages in 
the pursuit of resolution of burial events. 10 dates are projected for 2014 @ R5000 per date, and 5 further dates for 2015.

Item: Laboratory assistance R 10000 R 10000

Motivation: Although most sorting, descriptive analysis and classification will be done by the collaborators and graduate students, some basic laboratory assistance 
from non-academic but experienced laboratory assistants will be sought. Costs are anticipated at R100 per hour for 100 hours each year of the project.

Local Conference

Item: Participants Field Workshop R 0 R 65000

Motivation: Our intention is to arrange a field workshop in Clanwilliam for all local and international collaborators in April 2015. We will use other sources of funding for 
international colleagues. This amount is based on similar workshops we have held in 2013 for other projects and includes transport, accommodation and meals for a 
group of 20 participants at the Travellers Rest facility in the Agter Pakhuis.

International Conference

Local Study Visit/Training Visit

International Study Visit/Training Visit

Item: Ms Salie training visit to Tuebingen R 11000 R 0

Motivation: Contribution to airfare and visa costs to cover part not paid by IAPO at UCT

Research Equipment

Total: R 174870 R 117900

Financials: Other Sources 
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Source 2014 2015

n/a R 0 R 0

Total: R 0 R 0

Financials: Student Support 

Financial Student Support 2014 2015

Honours (Full-time) R 25000 R 25000

Masters (Full-time) R 40000 R 80000

Doctoral (Full-time) R 65000 R 65000

Postdoctoral (early career researchers) R 0 R 225000

Total: R 130000 R 395000

Details of Research : Co-investigator Outputs (if applicable) 
Sealy 
Sealy, J. 2010. Isotopic evidence for the antiquity of cattle-based pastoralism in southernmost Africa. Journal of African Archaeology 8(1): 65-81. 
 
Sealy, J. 2006. Diet, mobility and settlement pattern among Holocene hunter-gatherers in southernmost Africa. Current Anthropology 47:569-595. 
 
Sealy, J., Pfeiffer, S., Yates, R., Willmore, K., Manhire, A., Maggs, T. & Lanham, J. 2000. Hunter-gatherer child burials from the Pakhuis Mountains, Western Cape: 
growth, diet and burial practices in the Late Holocene. South African Archaeological Bulletin 55:32-43. 
 
Illing 
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My archaeological interests span field research, laboratory analyses and include an involvement with method and theory. I have focused on hunter gatherer history in 
the Cape. I am eclectic in the sense that I work with rock paintings, shell middens, stone artifacts and faunal remains. I have a deep interest in what the archaeological 
record records, how it is constructed and what we can try to make it reveal about the past. I show here that all of these interests interconnect and in fact rely on one 
another to supply insights into past behaviours. For much of my career I have concentrated on the last 10000 years but recently I have become heavily involved in 
excavations and analyses of materials as much as 100000 years old. Throughout I have tried to integrate the results of different kinds of analyses, use different sets of 
ecological, ethnographic, isotopic and material frameworks and write readable, hopefully interesting, versions of long term history. 
My work is well known internationally and I have a wide range of international connections, developed during several years of visiting professorships in the US, lecturing 
and seminar-giving in the US, Africa and Europe, visits to many of the most significant European and African palaeolithic sites and flourishing collaborations with a wide 
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rock art, assessing the impact of people on pre-colonial shellfish, diet and human evolution) being widely admired. 
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Illumina Sequencing Library Preparation for Highly Multiplexed
Target Capture and Sequencing


Matthias Meyer1 and Martin Kircher
Max Planck Institute for Evolutionary Anthropology, D-04103 Leipzig, Germany


[Supplemental Material is available online at www.cshprotocols.org/supplemental/.]


INTRODUCTION


The large amount of DNA sequence data generated by high-throughput sequencing technologies
often allows multiple samples to be sequenced in parallel on a single sequencing run. This is particularly
true if subsets of the genome are studied rather than complete genomes. In recent years, target capture
from sequencing libraries has largely replaced polymerase chain reaction (PCR) as the preferred
method of target enrichment. Parallelizing target capture and sequencing for multiple samples
requires the incorporation of sample-specific barcodes into sequencing libraries, which is necessary to
trace back the sample source of each sequence. This protocol describes a fast and reliable method for
the preparation of barcoded (“indexed”) sequencing libraries for Illumina’s Genome Analyzer platform.
The protocol avoids expensive commercial library preparation kits and can be performed in a 96-well
plate setup using multi-channel pipettes, requiring not more than two or three days of lab work.
Libraries can be prepared from any type of double-stranded DNA, even if present in 
subnanogram quantity.


RELATED INFORMATION


Illumina’s “indexing” system differs from other sample barcoding methods for high-throughput
sequencing in that the barcodes (“indexes”) are placed within one of the adapters rather than being
directly attached to the ends of template molecules (e.g., Craig et al. 2008; Meyer et al. 2008b). The
barcode sequence is identified in a separate short sequencing read. This setup allows for a high degree
of flexibility in experimental design, because libraries are first prepared with universal adapters and
different indexes can repeatedly be added by amplification with tailed primers just before target capture
or sequencing. The library preparation protocol described here (see Fig. 1 for an overview) is based
on the general principle of library preparation originally developed for 454 sequencing (Margulies et
al. 2005). By exchanging adapter sequences, removing and shortening several reaction steps, and
introducing an amplification scheme, the protocol has been redesigned for rapid preparation of
Illumina multiplex sequencing libraries using a 96-well plate format. In the example shown in Figure
2, the protocol was used to simultaneously capture and sequence target regions from 50 human
samples using microarrays (HA Burbano, E Hodges, RE Green, AW Briggs, J Krause, M Meyer, JM Good,
T Maricic, PLF Johnson, Z Xuan, et al., in prep.).


© 2010 Cold Spring Harbor Laboratory Press 1 Vol. 2010, Issue 6, June


1Corresponding author (mmeyer@eva.mpg.de).
Cite as: Cold Spring Harb Protoc; 2010; doi:10.1101/pdb.prot5448 www.cshprotocols.org


Protocol


MATERIALS


CAUTIONS AND RECIPES: Please see Appendices for appropriate handling of materials marked with <!>, and
recipes for reagents marked with <R>.
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Reagents


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)
<R>EBT buffer
Ethanol (70%, freshly prepared)
H


2
O (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])
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)
<R>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.


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)
<R>TET buffer
Tween 20


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







METHOD


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:


Reagent Volume (µL) Final concentration in 100-µL reaction


Hybridization mix for adapter P5 (200 µM):
IS1_adapter_P5.F (500 µM) 40 200 µM
IS3_adapter_P5+P7.R (500 µM) 40 200 µM
Oligo hybridization buffer (10X) 10 1X
H


2
O 10


Hybridization mix for adapter P7 (200 µM):
IS2_adapter_P7.F (500 µM) 40 200 µM
IS3_adapter_P5+P7.R (500 µM) 40 200 µM
Oligo hybridization buffer (10X) 10 1X
H


2
O 10


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 (<600 bp). 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 shearing by sonication using the Bioruptor UCD-200.


3. Shear the DNA as follows:


i. Transfer the samples to 0.5-mL tubes, and add H
2
O to reach final volumes of 50 µL.
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Equipment and reagents for target capture from sequencing libraries (optional)
Several systems are available; see e.g., Hodges et al. (2009) for a target capture approach using 
Agilent microarrays.


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)
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
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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” of 30 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.


FIGURE 1. Schematic overview of the protocol and alternative amplification schemes. (A) Sample DNA is sheared into
small fragments (not depicted). During blunt-end repair, overhanging 5- and 3-ends are filled in or removed by T4 DNA
polymerase. 5-phosphates are attached using T4 polynucleotide kinase (Steps 1-13). Two different adapters, P5 and P7,
are ligated to both ends of the molecules using T4 DNA ligase (Steps 14-16). Ligation is nondirectional and also produces
molecules which have the same adapters attached to both ends (not depicted). Such molecules do not interfere with
sequencing and—due to the formation of hairpin structures—amplify very poorly during indexing PCR. Since the
adapters do not carry 5-phosphates, ligation joins only single strands. Nicks are removed in a fill-in reaction with Bst
polymerase, which possesses strand-displacement activity (Steps 17-21). Indexes and full length adapter sequences are
added by amplification with 5-tailed primers (Steps 22-26). Indexed libraries are pooled in equimolar ratio. The pool is
ready for target capture and/or sequencing on one of Illumina’s sequencing platforms (Steps 27-28). Indexes are read in
a separate sequencing read. Read 2, the paired end read, is optional. (B) Alternative amplification schemes can be used.
Using the primers IS7 and IS8, libraries can be amplified prior to indexing. Using IS5 and IS6, single or pooled indexed
libraries can be amplified, for example after target enrichment. (For color figure, see doi: 10.1101/pdb.prot5448 online
at www.cshprotocols.org.)







Blunt-End Repair


If the sample DNA is not dissolved in H
2
O, 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).


4. Add a blank control (50 µL of H
2
O) 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 Volume (µL) per sample Final concentration in 70-µL reaction


H
2
O 7.12


Buffer Tango (10X) 7 1X
dNTPs (25 mM each) 0.28 100 µM each
ATP (100 mM) 0.7 1 mM
T4 polynucleotide kinase (10 U/µL) 3.5 0.5 U/ µL
T4 DNA polymerase (5 U/µL) 1.4 0.1 U/ µL


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 purification steps should be replaced by spin column
purification using the MinElute PCR Purification Kit.


www.cshprotocols.org 5 Cold Spring Harbor Protocols


FIGURE 2. Example of a result from multiplex target capture and sequencing. Indexed libraries were prepared from 50
human samples from the CEPH human genome diversity panel as described in this protocol. Shearing was performed
using the Bioruptor with no subsequent gel excision (see Step 3). The pool of libraries was loaded on a million-feature
array from Agilent to capture 12,871 targets from the human genome with an average size of 232 bp (overall 2.9 million
bp), following the protocol of Hodges et al. (2009). The array eluate was amplified for 12 cycles using primers IS5 and
IS6 and sequenced on 5 lanes of the Illumina flow cell (2  100 cycles + 6 cycles index read). Shown are the results
from mapping the sequences against the human genome (A) and the distribution of sequences among samples (B).
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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.


Table 1. Oligonucleotides and sequences


Oligo ID Sequencea


IS1_adapter.P5 A*C*A*C*TCTTTCCCTACACGACGCTCTTCCG*A*T*C*T
IS2_adapter.P7 G*T*G*A*CTGGAGTTCAGACGTGTGCTCTTCCG*A*T*C*T
IS3_adapter.P5+P7 A*G*A*T*CGGAA*G*A*G*C
IS4_indPCR.P5 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTT
IS5_reamp.P5 AATGATACGGCGACCACCGA
IS6_reamp.P7 CAAGCAGAAGACGGCATACGA
IS7_short_amp.P5 ACACTCTTTCCCTACACGAC
IS8_short_amp.P7 GTGACTGGAGTTCAGACGTGT
BO1.P5.F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT-Pho
BO2.P5.R AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCATT-Pho
BO3.P7.part1.F AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC-Pho
BO4.P7.part1.R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT-Pho
BO5.P7.part2.F ATCTCGTATGCCGTCTTCTGCTTG-Pho
BO6.P7.part2.R CAAGCAGAAGACGGCATACGAGAT-Pho


a5-3; * indicates a PTO bond; Pho indicates a 3-phosphate.
See Supplemental Material (Indexing_Oligo_Sequences.doc) for indexing oligo sequences.
All oligos (HPLC purified, 0.2 µmol synthesis scale) should be dissolved in TE or H


2
O. Oligos 1-3 should be


dissolved to 500 µM, oligos BO1-BO6 to 200 µM, and all other oligos to 10 µM. The indexing oligos should be
transferred to a 96-well plate to allow for multichannel pipetting. HPLC purification can potentially introduce
cross-contamination among indexing oligos. It is therefore important to (1) instruct the company to properly
wash the HPLC column before loading a new oligo and (2) synthesize the oligos in a different order than listed
here. This makes sure that cross-contamination induced during synthesis can be detected after sequencing by
the appearance of index sequences that were not used in the experiment. When designing index sequences,
the following criteria were taken into account: (1) Index sequences differ by at least three substitutions. This
reduces the chance of converting one index into another by sequencing and amplification errors. (2) Indexes
cannot be converted into one another by deleting the first base, which is the only insertion/deletion error
common with Illumina sequencing. (3) Index sequences do not contain three or more identical bases in a row
to ensure that they can be differentiated from artifact sequences. (4) Stretches of bases illuminated with the
same laser (ACA, CAC, GTG, and TGT) are avoided. Software for designing alternative index sequences, for
example, with a length of 6 or 8 nt, and for selecting appropriate subsets for pooling is provided at
http://bioinf.eva.mpg.de.







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 Volume (µL) per sample Final concentration in 40-µL reaction


H
2
O 10


T4 DNA ligase buffer (10X) 4 1X
PEG-4000 (50%) 4 5%
adapter mix from Step 2 (100 µM each) 1 2.5 µM each
T4 DNA ligase (5 U /µL) 1 0.125 U /µL


When starting from low template quantities (50 ng or less), the amount of adapter mix can be reduced to 0.2
µL per reaction.


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 20 µL of EBT.


Adapter Fill-In


17. Prepare a master mix for the required number of reactions.


Reagent Volume (µL) per sample Final concentration in 40-µL reaction


H
2
O 14.1


ThermoPol reaction buffer (10X) 4 1X
dNTPs (25 mM each) 0.4 250 µM each
Bst polymerase, large fragment (8 U/µL) 1.5 0.3 U/µL


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 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 10 µL of the positive control library side-by-
side with 100 ng 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.
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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.


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 template DNA and a different indexing primer to each well
using a multichannel pipette.


Reagent Volume (µL) per sample Final concentration in 50-µL reaction


Master mix:
H


2
O 37.1 − x


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 0.5 0.02 U/µL
Polymerase (2 U/µL)
Add separately to each well:
Indexing primer (10 µM) 1 200 nM
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
sample DNA that was used for library preparation: >100 ng  12 cycles; >10 ng  16 cycles, >1 ng  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.


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.
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.


TROUBLESHOOTING


Problem: No size shift of the positive control library is visible on the agarose gel, or the size shift 
is incomplete.


[Step 20]
Solution: Consider the following:


1. Make sure the positive control PCR was generated using primers with unmodified 5-ends.


2. One of the enzymes may have degraded. Replace all the enzymes and repeat.
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Problem: The positive control library shows no band on the agarose gel.
[Step 20]
Solution: Verify that the SPRI bead suspension is functional and the size cutoff is appropriate, for


example, by purifying a DNA ladder as described in Steps 6-13.


Problem: Artifact bands are visible on the agarose gel after indexing PCR.
[Step 25]
Solution: If enough sample DNA was used for library preparation, artifact bands are only expected


from the blank control. Repeat library preparation using more sample DNA or reduce the amount
of adapters to 0.2 µL per reaction. Make sure a hot start polymerase was used for the indexing PCR.


Problem: Sequencing results in a low percentage of reads with correct index sequences.
[Step 28]
Solution: On the Genome Analyzer II, up to 5% of the raw sequences can generally be expected to be


artifacts and up to 25% of low quality. If “N” base calls are more frequent in the index read than
the other sequencing read(s), image analysis and downstream base calling partially or completely
failed due to unbalanced usage of nucleotides or laser channels. Prepare a new pool of libraries with
a more balanced composition of indexes (see Step 22) and repeat sequencing.
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Appendix 1: Recipes


Acrylamide stock for RNA gels (40%)


Reagent Quantity (for 500 mL) Final concentration


<!>Acrylamide (electrophoresis grade) 190 g 38% (w/v)
<!>Bisacrylamide (electrophoresis grade) 10 g 2% (w/v)
H


2
O, RNase-free to 500 mL —


Filter with a 0.45-µm filter and store at 4°C in a dark bottle.
Final solution is 19:1 acrylamide:bisacrylamide.


Ammonium sulfate cut dilution buffer (ASCDB)


<R>20 mM Tris-Cl (pH 7.2)
<!>1 mM DTT (dithiothreitol)
Prepare fresh and keep at 4°C.


Buffer A (FPLC Mono Q)


<!>1 mM DTT (dithiothreitol)
<R>50 mM Tris-Cl (pH 7.2)
Prepare fresh and keep at 4°C.


Buffer B (FPLC Mono Q)


<!>1 mM DTT (dithiothreitol)
1 M NaCl
<R>50 mM Tris-Cl (pH 7.2)
Prepare fresh and keep at 4°C.


Cell disruption buffer


Reagent Quantity (for 500 mL) Final concentration


KCl (2 M) 2.5 mL 10 mM
<R><!>MgCl


2
(1 M) 0.75 mL 1.5 mM


<R>Tris-Cl (1 M, pH 7.5) 10 mL 20 mM
H


2
O, RNase-free 486.75 mL —


<!>Immediately before use, for each 10 mL of buffer needed, add 10 µL of
DTT (dithiothreitol; 1 M) to give a final concentration of 1 mM. Discard
any unused DTT-containing buffer.
Prepare all reagents used to make this buffer with RNase-free H


2
O.
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[NOTE: This print edition of CSH Protocols contains only recipes for reagents requiring multiple components or non-
obvious critical steps. Recipes for reagents marked with the <R> symbol not listed below can be found online at
http://www.cshprotocols.org/recipes.]
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CsCl gradient solutions


<!>CsCl
<R>0.02 M Tris-Cl (pH 7.4)
For a 1.28 g/mL solution, dissolve 30 g of solid CsCl in 70 mL of 0.02 M Tris-Cl (pH 7.4).
For a 1.50 g/mL solution, dissolve 40 g of solid CsCl in 54 mL of 0.02 M Tris-Cl (pH 7.4).
Weigh 1-mL aliquots of each solution on an analytical balance to confirm densities. Filter-sterilize through a
0.22-µm filter.


Disruption buffer


<!>5 µg/mL chymostatin
<!>2 mM DTT (dithiothreitol)
<R>10 mM EDTA
40 mM HEPES (pH 7.2)
<!>10 µg/mL leupeptin
5 µg/mL pepstatin
Prepare fresh and keep at 4°C.


DNase inactivation buffer (2X)


Reagent Quantity (for 10 mL) Final concentration (for 2X)


<!>SDS (10%) 1 mL 1%
<R>EDTA (0.5 M, pH 8) 20 µL 1 mM
<R>Tris-Cl (1 M, pH 7.5) 200 µL 20 mM
H


2
O, RNase-free 8.78 mL —


All reagents used to make this buffer should be prepared with RNase-free H
2
O.


Store indefinitely at room temperature, but remake if cloudy (bacteria or mold
contamination) or there is visible dust.


Double detergent


<!>5% deoxycholate
<!>10% Triton X-100


EBT buffer


<R>10 mM Tris-Cl, pH 8.0 or 8.5 (identical to QIAGEN’s EB buffer)
0.05% Tween 20


EDTA


<!>EDTA (ethylenediamenetetraacetic acid)
<!>NaOH
To prepare EDTA at 0.5 M (pH 8.0): Add 186.1 g of disodium EDTA•2H


2
O to 800 mL of H


2
O. Stir vigorously on a


magnetic stirrer. Adjust the pH to 8.0 with NaOH (~20 g of NaOH pellets). Dispense into aliquots and sterilize by
autoclaving. The disodium salt of EDTA will not go into solution until the pH of the solution is adjusted to ~8.0 by
the addition of NaOH.
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FPLC gel filtration buffer


<!>1 mM DTT (dithiothreitol)
50 mM HEPES (pH 7.2)
250 mM KCl
0.2 mg/mL rcm-BSA (bovine serum albumin, reduced, carboxymethylated)
Prepare fresh and keep at 4°C.


FPLC wash buffer


<!>1 mM DTT (dithiothreitol)
10% glycerol
50 mM HEPES (pH 7.2)
Prepare fresh and keep at 4°C.


Growth medium (pH 7.4) (DMEM-10)


Dulbecco’s modified Eagle’s medium (DMEM; GIBCO/Invitrogen)
10% normal calf serum
<!>1% penicillin/streptomycin (Cellgro)
1% L-glutamine (Cellgro)
Filter-sterilize through a 0.22-µm filter.


HEPES-buffered saline (HEBS; 2X)


Dextrose (12 mM)
HEPES (50 mM)
KCl (10 mM)
NaCl (280 mM)
Na


2
HPO


4
•2H


2
O (1.5 mM)


Adjust the pH to 7.05 with 10 N NaOH; accurate pH is critical for efficient transfection. Sterilize by filtration
through a 0.45-µm nitrocellulose filter. Store at -20°C.


Maintenance medium (pH 7.4) (DMEM-2)


Dulbecco’s modified Eagle’s medium (DMEM; GIBCO/Invitrogen)
2% fetal bovine serum (Cellgro)
<!>1% penicillin/streptomycin (Cellgro)
1% L-glutamine (Cellgro)
Filter-sterilize through a 0.22-µm filter.


MgCl
2


(Magnesium chloride)


To prepare 1 L of 1 M MgCl
2
, dissolve 203.3 g of MgCl


2
•6H


2
O in 800 mL H


2
O. Adjust the volume to 1 L using


H
2
O. Dispense into aliquots and sterilize by autoclaving.


Note: MgCl
2


is extremely hygroscopic. Buy small bottles and do not store opened bottles for long periods of time. Once
the crystals become saturated with H


2
O, dispose of the chemical properly.
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MS medium (1X)


Component Amount to add to make 1 L


MS salts 4.33 g
Bacto agar 7 g
H


2
O To make 1 L


Combine MS salts and H
2
O, and stir to dissolve. Adjust pH to 5.7 with KOH. Add agar. Sterilize by autoclaving.


Plants grow more quickly in MS containing 1% (w/v) sucrose, but so do microorganisms: Including sucrose in the
medium significantly increases the chance of microbial contamination.


Neutral red staining solution


<!>10 mM 2-(N-morpholino)ethanesulfonic acid-Tris (MES-Tris; pH 6.5)
250 mM sucrose
<!>80 µM neutral red in H


2
O


Nondenaturing loading dye (10X)


Reagent For 10 mL Final concentration


Ficoll 400 2.5 g 25%
<!>Bromophenol blue 25 mg 0.25%
H


2
O, RNase-free To 10 mL —


Store at room temperature indefinitely.


Oligo hybridization buffer (10X)


500 mM NaCl
<R>10 mM Tris-Cl, pH 8.0
<R>1 mM EDTA, pH 8.0


Phosphate-buffered saline (PBS)


Reagent Amount to add Final concentration Amount to add Final concentration 
(for 1X solution) (1X) (for 10X stock) (10X)


NaCl 8 g 137 mM 80 g 1.37 M
<!>KCl 0.2 g 2.7 mM 2 g 27 mM
Na


2
HPO


4
1.44 g 10 mM 14.4 g 100 mM


KH
2
PO


4
0.24 g 1.8 mM 2.4 g 18 mM


If necessary, PBS may be supplemented with the following:


<!>CaCl
2
•2H


2
O 0.133 g 1 mM 1.33 g 10 mM


<!>MgCl
2
•6H


2
O 0.10 g 0.5 mM 1.0 g 5 mM


<!>PBS can be made as a 1X solution or as a 10X stock. To prepare 1 L of either 1X or 10X PBS, dissolve the
reagents listed above in 800 mL of H


2
O. Adjust the pH to 7.4 (or 7.2, if required) with HCl, and then add H


2
O


to 1 L. Dispense the solution into aliquots and sterilize them by autoclaving for 20 min at 15 psi (1.05 kg/cm2)
on liquid cycle or by filter sterilization. Store PBS at room temperature.
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Ringer’s solution


0.125 M sodium chloride
<!>1.5 mM calcium chloride, dihydrate
5 mM potassium chloride
0.8 mM sodium phosphate, dibasic
Adjust the pH to 7.4. Filter-sterilize.


RNA gel-loading buffer (1.5X)


Reagent Quantity (for 10 mL of 1.5X) Final concentration


<!>Formamide, ultrapure 9.5 mL 95%
<!>Bromophenol blue (2.5%, w/v) 100 µL 0.025%
<!>Xylene cyanol FF (2.5%, w/v) 100 µL 0.025%
<R>EDTA (0.25 M, pH 8.0) 200 µL 5 mM EDTA


Use 5 µL for a 2.5-µL sample. Purchase a distilled, deionized preparation of formamide
and the above loading dyes. Store in small aliquots at -20°C. This solution is available
commercially (Ambion) and is recommended over homemade. Make 1-mL aliquots. Store
for up to 1 yr at -20°C.


RQ1 DNase reaction buffer


400 mM Tris (pH 8.0)
<!>100 mM MgSO


4
<!>10 mM CaCl


2
Aliquot (1 µL of buffer is used per reaction) and store frozen.


SDS solubilization buffer (1X)


Reagent Quantity (for 500 mL) Final concentration


<R>EDTA (500 mM, pH 8.0) 1 mL 1 mM
<!>SDS (sodium dodecyl sulfate; 10%) 25 mL 0.5%
<R>Tris-Cl (1 M, pH 7.5) 10 mL 20 mM
H


2
O, RNase-free 464 mL —


Store for up to 1 yr at room temperature.


SDS solubilization buffer (10X)


Reagent Quantity (for 500 mL) Final concentration


<R>EDTA (500 mM, pH 8.0) 10 mL 10 mM
<!>SDS (sodium dodecyl sulfate; 10%) 250 mL 5%
<R>Tris-Cl (1 M, pH 7.5) 100 mL 200 mM
H


2
O, RNase-free 140 mL —


Store indefinitely at room temperature.
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TBE electrophoresis buffer (10X)


Reagent Quantity (for 1 L) Final concentration


<!>Tris base 121.1 g 1 M
<!>Boric acid 61.8 g 1 M
<!>EDTA (disodium salt) 7.4 g 0.02 M


Prepare with RNase-free H
2
O. Dilute 100 mL to 1 L to make gel running


buffer. Store for up to 6 mo at room temperature.


TE buffer


Reagent Quantity (for 100 mL) Final concentration


<R>EDTA (0.5 M, pH 8.0) 0.2 mL 1 mM
<R>Tris-Cl (1 M, pH 8.0) 1 mL 10 mM
H


2
O to 100 mL


TE (pH 7.5)


Reagent Final concentration


<R>Tris-Cl (pH 7.5) 10 mM
<R>EDTA (pH 8.0) 1 mM


TET buffer


<R>TE buffer
0.05% Tween 20


Tris-Cl


<!>Tris base
<!>HCl
To prepare a 1 M solution, dissolve 121.1 g of Tris base in 800 mL of H


2
O. Adjust the pH to the desired value by


adding concentrated HCl. 


pH HCl


7.4 70 mL
7.6 60 mL
8.0 42 mL


Allow the solution to cool to room temperature before making final adjustments to the pH. Adjust the volume of
the solution to 1 L with H


2
O. Dispense into aliquots and sterilize by autoclaving.


If the 1 M solution has a yellow color, discard it and obtain Tris of better quality. The pH of Tris solutions is
temperature-dependent and decreases ~0.03 pH units for each 1°C increase in temperature. For example, a 0.05 M
solution has pH values of 9.5, 8.9, and 8.6 at 5°C, 25°C, and 37°C, respectively.


Ubiquitination mix


50 mg/mL creatine phosphokinase
<!>1 mM DTT (dithiothreitol)
5 mM MgCl


2
1 pmol E1
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5 pmol E2-C
<!>1-2 pmol (~105 cpm) of 125I-labeled cyclin B (13-91)/protein A
10 mM phosphocreatine
1 mg/mL rcm-BSA (bovine serum albumin, reduced, carboxymethylated)
<R>40 mM Tris-Cl (pH 7.6)
<!>50 µM ubiquitin
<!>1 µM ubiquitin aldehyde
Prepare fresh and keep at 4°C.


E1 was purified from human cells utilizing the method described in Hershko et al. (Hershko A, Heller H, Elias S,
Ciechanover A. 1983. Components of ubiquitin-protein ligase system. Resolution, affinity purification, and role in
protein breakdown. J Biol Chem 258: 8206-8214).


Recombinant E2-C was expressed in bacteria as described in Aristarkhov et al. (Aristarkhov A, Eytan E, Moghe
A, Admon A, Hershko A, Ruderman JV. 1996. E2-C, a cyclin-selective ubiquitin carrier protein required for the
destruction of mitotic cyclins. Proc Natl Acad Sci 93: 4294-4299) and purified by gel filtration on a Superdex
FPLC column.


Sea urchin cyclin B derivative cyclin B(13-91)/protein A was obtained and iodinated as described by Glotzer
et al. (Glotzer M, Murray AW, Kirschner MW. 1991. Cyclin is degraded by the ubiquitin pathway. Nature 349:
132-138).







Appendix 2: Cautions


Ammonium persulfate (NH
4
)


2
S


2
O


8
is extremely destructive


to tissue of the mucous membranes and upper respiratory
tract, eyes, and skin. Inhalation may be fatal. Wear appropriate
gloves, safety glasses, and protective clothing. Always use in a
chemical fume hood. Wash thoroughly after handling.


Bisacrylamide is a potent neurotoxin and is absorbed
through the skin (the effects are cumulative). Avoid breathing
the dust. Wear appropriate gloves and a face mask when
weighing powdered acrylamide and methylene-bisacrylamide.


Boric acid (H
3
BO


3
) may be harmful by inhalation, ingestion,


or skin absorption. Wear appropriate gloves and goggles.


Bromophenol blue may be harmful by inhalation, ingestion,
or skin absorption. Wear appropriate gloves and safety glasses
and use in a chemical fume hood.


CaCl
2


(Calcium chloride) is hygroscopic and may cause cardiac
disturbances. It may be harmful by inhalation, ingestion, or
skin absorption. Do not breathe the dust. Wear appropriate
gloves and safety goggles.


Chloroform (CHCl
3
) is irritating to the skin, eyes, mucous


membranes, and respiratory tract. It is a carcinogen and may
damage the liver and kidneys. It is also volatile. Avoid
breathing the vapors. Wear appropriate gloves and safety
glasses. Always use in a chemical fume hood.


Chloroform:isoamyl alcohol Chloroform (CHCl
3
) is irritating


to the skin, eyes, mucous membranes, and respiratory tract. It
is a carcinogen and may damage the liver and kidneys. It is
also volatile. Avoid breathing the vapors. Wear appropriate
gloves and safety glasses. Always use in a chemical fume hood.


Isoamyl alcohol may be harmful by inhalation, ingestion,
or skin absorption and presents a risk of serious damage to the
eyes. Wear appropriate gloves and safety goggles. Keep away
from heat, sparks, and open flame.


Chymostatin is an irritant and may be harmful by inhalation,
ingestion, or skin absorption. Do not breathe the dust.


CsCl (Cesium chloride) may be harmful by inhalation,
ingestion, or skin absorption. Wear appropriate gloves and
safety glasses.


Deoxycholate (DOC) may be harmful by inhalation, ingestion,
or skin absorption. Do not breathe the dust. Wear appropriate
gloves and safety glasses.


DMSO (Dimethyl sulfoxide) may be harmful by inhalation or
skin absorption. Wear appropriate gloves and safety glasses.
Use in a chemical fume hood. DMSO is also combustible.
Store in a tightly closed container. Keep away from heat,
sparks, and open flame.


Dry ice (Carbon dioxide; CO
2
) CO


2
(carbon dioxide; dry ice)


in all forms may be fatal by inhalation, ingestion, or skin
absorption. In high concentrations, it can paralyze the 
respiratory center and cause suffocation. Use only in well-
ventilated areas. In the form of dry ice, contact with carbon
dioxide can also cause frostbite. Do not place large quantities
of dry ice in enclosed areas such as cold rooms. Wear 
appropriate gloves and safety goggles.


DTT (Dithiothreitol) is a strong reducing agent that emits a
foul odor. It may be harmful by inhalation, ingestion, or skin
absorption. When working with the solid form or highly
concentrated stocks, wear appropriate gloves and safety
glasses and use in a chemical fume hood.


EDTA (Ethylenediamenetetraacetic acid) may be harmful
by inhalation, ingestion, or skin absorption. Wear appropriate
gloves and safety glasses. Severe overexposure can result 
in death.


Emetine is very toxic and may be fatal if inhaled or 
swallowed. It is harmful by inhalation, ingestion, or skin
absorption. Wear appropriate gloves and safety goggles. Do
not breathe the dust.


Ethidium bromide is a powerful mutagen and is toxic.
Consult the local institutional safety officer for specific handling
and disposal procedures. Avoid breathing the dust. Wear
appropriate gloves when working with solutions that contain
this dye.


Fixatives Follow manufacturer’s safety guidelines.


Formamide is teratogenic. The vapor is irritating to the eyes,
skin, mucous membranes, and upper respiratory tract. It may
be harmful by inhalation, ingestion, or skin absorption. Wear
appropriate gloves and safety glasses. Always use in a chemical
fume hood when working with concentrated solutions of
formamide. Keep working solutions covered as much 
as possible.


HCl (Hydrochloric acid, Hydrochloride) is volatile and may
be fatal if inhaled, ingested, or absorbed through the skin. It
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[NOTE: For reagents marked with the <!> symbol not listed below, please consult the manufacturer’s Material Safety Data Sheet
for further information. Researchers using the procedures in these protocols contained in this issue of CSH Protocols do so at their
own risk. Cold Spring Harbor Laboratory makes no representations or warranties with respect to the material set forth in these
protocols and has no liability in connection with the use of these materials. Materials used in these protocols may be considered
hazardous and should be used with caution.]
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is extremely destructive to mucous membranes, upper 
respiratory tract, eyes, and skin. Wear appropriate gloves and
safety glasses. Use with great care in a chemical fume hood.
Wear goggles when handling large quantities.


Isopropanol (Isopropyl alcohol, 2-Propanol) is flammable
and irritating. It may be harmful by inhalation, ingestion, or
skin absorption. Wear appropriate gloves and safety glasses.
Do not breathe the vapor. Keep away from heat, sparks, and
open flame.


Isotope125I accumulates in the thyroid and is a potential
health hazard. Consult the local radiation safety office for
further guidance in the appropriate use and disposal of
radioactive materials. Wear appropriate gloves when handling
radioactive substances. The 125I


2
formed during oxidation of


Na125I is volatile. Work in an approved chemical fume hood
with a charcoal filter when exposing the Na125I to oxidizing
reagents such as chloramine-T, IODO-GEN, or acids. Because
the oxidation proceeds very rapidly and releases large
amounts of volatile 125I


2
when chloramine-T is used, it is


important to be well prepared for each step of the reaction,
so that the danger of contamination from volatile radiation
can be minimized. Shield all forms of the isotope with lead.
When handling the isotope, wear one or two pairs of 
appropriate gloves, depending on the amount of isotope
being used and the difficulty of the manipulation required.


Leupeptin (or its hemisulfate) may be harmful by inhalation,
ingestion, or skin absorption. Wear appropriate gloves and
safety glasses and use in a chemical fume hood.


Liquid nitrogen (LN
2
) can cause severe damage due to its


extreme temperature. Handle frozen samples with extreme
caution. Do not breathe the vapors. Seepage of liquid nitrogen
into frozen vials that are immersed in liquid nitrogen can
cause the vials to explode when they are removed. Use vials
with O-rings when possible. Wear cryo-mitts and a face mask.
Do not allow the liquid nitrogen to spill onto clothing. Do not
breathe the vapors.


KCl (Potassium chloride) may be harmful by inhalation,
ingestion, or skin absorption. Wear appropriate gloves and
safety glasses.


MES (2-[N-morpholino]ethanesulfonic acid) may be harmful
by inhalation, ingestion, or skin absorption. Wear appropriate
gloves and safety glasses.


MgCl
2


(Magnesium chloride) may be harmful by inhalation,
ingestion, or skin absorption. Wear appropriate gloves and
safety glasses and use in a chemical fume hood.


MgSO
4


(Magnesium sulfate) presents chronic health hazards
and affects the central nervous system and the gastrointestinal
tract. It may be harmful by inhalation, ingestion, or skin
absorption. Wear appropriate gloves and safety glasses and
use in a chemical fume hood.


N,N,N,N-Tetramethylethylenediamine (TEMED) is highly
caustic to the eyes and mucus membranes and may be
harmful by inhalation, ingestion, or skin absorption. Wear
appropriate gloves and tightly sealed safety goggles.


NaOH (Sodium hydroxide) and solutions containing NaOH
are highly toxic and caustic and should be handled with great
care. Wear appropriate gloves and a face mask. All concentrated
bases should be handled in a similar manner.


Neutral red may be harmful by inhalation, ingestion, or skin
absorption. Wear appropriate gloves and safety glasses.


Nitric acid (HNO
3
) is volatile and must be handled with great


care. It is toxic by inhalation, ingestion, and skin absorption.
Wear appropriate gloves and safety goggles. Use in a chemical
fume hood. Do not breathe the vapors. Keep away from heat,
sparks, and open flame.


Nitrogen (gaseous or liquid) may be harmful by inhalation,
ingestion, or skin absorption. Wear appropriate gloves and
safety glasses. Consult your local safety office for 
proper precautions.


Nocodazole is a possible mutagen. It may be harmful by
inhalation, ingestion, or skin absorption. Wear appropriate
gloves and safety goggles.


Phenol is extremely toxic, highly corrosive, and can cause
severe burns. It may be harmful by inhalation, ingestion, or
skin absorption. Wear appropriate gloves, goggles, and 
protective clothing. Always use in a chemical fume hood.
Rinse any areas of skin that come in contact with phenol with
a large volume of water and wash with soap and water; do
not use ethanol!


Phenol:chloroform Phenol is extremely toxic, highly corrosive,
and can cause severe burns. It may be harmful by inhalation,
ingestion, or skin absorption. Wear appropriate gloves, goggles,
and protective clothing. Always use in a chemical fume hood.
Rinse any areas of skin that come in contact with phenol with
a large volume of water and wash with soap and water; do
not use ethanol!


Chloroform (CHCl
3
) is irritating to the skin, eyes, mucous


membranes, and respiratory tract. It is a carcinogen and may
damage the liver and kidneys. It is also volatile. Avoid
breathing the vapors. Wear appropriate gloves and safety
glasses. Always use in a chemical fume hood.


Phenol:chloroform:isoamyl alcohol Phenol is extremely
toxic, highly corrosive, and can cause severe burns. It may be
harmful by inhalation, ingestion, or skin absorption. Wear
appropriate gloves, goggles and protective clothing. Always
use in a chemical fume hood. Rinse any areas of skin that
come in contact with phenol with a large volume of water
and wash with soap and water; do not use ethanol!


Chloroform (CHCl
3
) is irritating to the skin, eyes, mucous


membranes, and respiratory tract. It is a carcinogen and may







damage the liver and kidneys. It is also volatile. Avoid
breathing the vapors. Wear appropriate gloves and safety
glasses. Always use in a chemical fume hood.


Isoamyl alcohol may be harmful by inhalation, ingestion,
or skin absorption and presents a risk of serious damage to the
eyes. Wear appropriate gloves and safety goggles. Keep away
from heat, sparks, and open flame.


Proteinase K is an irritant and may be harmful by inhalation,
ingestion, or skin absorption. Wear appropriate gloves and
safety glasses.


SDS (Sodium dodecyl sulfate) is toxic, an irritant, and poses
a risk of severe damage to the eyes. It may be harmful by
inhalation, ingestion, or skin absorption. Wear appropriate
gloves and safety goggles. Do not breathe the dust.


Streptomycin is toxic and a suspected carcinogen and
mutagen. It may cause allergic reactions. It may be harmful
by inhalation, ingestion, or skin absorption. Wear appropriate
gloves and safety glasses.


SYBR Gold is supplied by the manufacturer as a 10,000-fold
concentrate in DMSO which transports chemicals across the
skin and other tissues. Wear appropriate gloves and safety
glasses and decontaminate according to Safety Office
guidelines. See DMSO.


Tris base may be harmful by inhalation, ingestion, or skin
absorption. Wear appropriate gloves and safety glasses.


Triton X-100 causes severe eye irritation and burns. It may be
harmful by inhalation, ingestion, or skin absorption. Wear
appropriate gloves and safety goggles.


Trizol may be fatal if absorbed through the skin, inhaled, or
swallowed. It can also cause severe burns. Wear appropriate
gloves, safety goggles, protective clothing, and always use in
a chemical fume hood. Rinse any areas of skin that come in
contact with trizol with a large volume of water and wash
with soap and water; do not use ethanol!


Trypsin may cause an allergic respiratory reaction. It may be
harmful by inhalation, ingestion, or skin absorption. Do not
breathe the dust. Wear appropriate gloves and safety goggles.
Use with adequate ventilation.


Ubiquitin (Ubiquitin aldehyde) is an irritant and may be
harmful by inhalation, ingestion, or skin absorption. Wear
appropriate gloves and safety glasses.


Urea may be harmful by inhalation, ingestion, or skin
absorption. Wear appropriate gloves and safety glasses.


UV light and/or UV radiation is dangerous and can damage
the retina of the eyes. Never look at an unshielded UV light
source with naked eyes. Examples of UV light sources that are
common in the laboratory include handheld lamps and
transilluminators. View only through a filter or safety glasses
that absorb harmful wavelengths. UV radiation is also 
mutagenic and carcinogenic. To minimize exposure, make
sure that the UV light source is adequately shielded. Wear
protective appropriate gloves when holding materials under
the UV light source.


Xylene cyanol is an irritant and may be harmful by inhalation,
ingestion, or skin absorption. Wear appropriate gloves and
safety glasses. Do not breathe the dust.


www.cshprotocols.org 3 Cold Spring Harbor Protocols





