Ancient DNA Facility

Hugh Cross

“The fault, dear Brutus, is not in our stars, but in ourselves” 

The molecule of DNA is of central importance to life due to its ability to transfer genetic information—almost unchanged—from generation to generation, for over two billion years of life on earth.  The biochemical structure of this molecule provides the key to this longevity, and gives us the ability to still read its message long after its host has died.  Indeed, the two central components of a DNA molecule that make it so important to life, its stability and its mutability, also are the two most important things we must understand as we try to read and interpret these ancient texts.  DNA is an incredibly stable molecule, vastly more so than its sister molecule, RNA.  A single difference between the two provides this stability.  The only difference between them chemically is that DNA lacks an oxygen atom (hence deoxy-ribonucleic acid), and without this relatively large atom, it is able to wrap around another complementary strand of DNA to form a double helix, providing the stability that makes it one of the toughest organic molecules known.  In extracting DNA, the organic tissue containing it is crushed, burned, washed with harsh chemicals like phenols, and whipped around at 13,000 rpm.  After this kind of treatment, DNA is about the only molecule that could be left intact in the resulting mixture.  RNA, on the other hand, cannot form a double helix and remains as a single strand which compromises its durability.  As a result, most RNA molecules degrade within hours at the most.  In order to isolate RNA, the tissue must be rapidly frozen in liquid nitrogen.  RNA is a transient thing, DNA is permanence.  

And yet DNA is not a perfect molecule, and is not immune to the rages of time.  If it were perfect, then evolution of all life would not have been possible.  DNA is so important to life because it has found a balance between stability and mutability: it is stable enough to transmit the code of life across millions of generations, yet changing just enough in each generation to allow for the evolution of plants, insects, people, and everything else.  And it is these two opposing factors that must be understood as we attempt to isolate DNA from very old tissues.  The fact that it is so stable allows us to isolate DNA from such old material.  Under the right conditions, DNA has successfully been extracted from tissues almost a million years old (there are reports of DNA from much older material, but none of these have been successfully replicated).  With increasingly more sophisticated techniques, the maximum age will probably be expanded further still.  Yet the imperfection of the molecule haunts us still, for after the organism dies, it begins to decay, and so too does its DNA.  It begins to break apart.  Its own cellular chemistry betrays it as well, for as cells break down, enzymes called nucleases that are designed to break apart older DNA spill out of their intracellular sac and begin to chop the DNA up.  The sun, water, and of course saprophytic organisms also play their part.  

It would seem that the decay of the DNA molecule would have nothing to do with the mutation it experiences during replication down the germline, yet much of the damage that happens to DNA postmortem can resemble the changes wrought by evolution.  A sequence from ancient DNA may appear to have point mutations differentiating it from other species or populations, yet these may also be from damage.  There seems to be “hot spots” of evolution in many parts of the genome—spots that are more susceptible to change than others, and these spots may have changed over evolutionary time, or in the time since the organism died and we picked it up.  Great care must be taken when assessing these changes and fortunately there are now many techniques that can help distinguish between these two types of change.  
1. Ancient DNA Experimental Design

The overall steps of an ancient DNA extraction experiment is shown on the flow chart.  

Contamination

There are many sources of contamination that can affect the results of ancient DNA experiments.  For purposes of organization, we divide them into two categories (though they overlap somewhat): 1) internal presence of foreign nucleic acids that are present in the target material, and can be co-extracted with them; and 2) external sources that may be introduced into the material during the extraction process or pcr setup (once the material is successfully amplified, the target DNA should be in sufficient quantity so that any foreign DNA introduced downstream from PCR should not be a factor).  Finally, replication of the experiment is advised, both in the same room, and for very old material, some of the experiment should be repeated in another lab, ideally by another researcher.  The sources of contamination and how to minimize these risks is described below. 

Internal

Internal sources of contamination include fungus or bacteria present in the living or decaying tissue, human contact with the sample during collection, and pollen or dust that can settle on the sample while it is sitting on a museum shelf or archaeologists cabinet.  Precautions such as extraction blanks, PCR negative controls, and testing of the ancient room will not detect the presence of internal contaminants.  In addition to surface sterilization of all tissues (e.g. irradiation or bleaching the surfaces of seed or bone), co-extracted contaminants can be detected or eliminated from the experiment through primer design, cloning of PCR products, and an in-depth analysis and comparative study of resulting sequences.  Real-time PCR can also be used to assess the possibility of contaminants. 

Primer design

Whenever possible, primers should be designed specific to the taxa under study.  This will lessen the risk of contamination and usually results in cleaner, stronger, sequences.  For example, primers specific to plants will largely prevent the amplification of animal, fungal or bacterial contamination.  Chloroplast regions are especially useful in this regard.  

Some general guidelines for designing primers for an ancient DNA project:

· The target region should be sufficiently informative to answer the research question.    

· Length of the amplified region should be between 50-300 bp. Generally, the more degraded and/or older the sample, the shorter the fragments should be.  For a larger region, primers should be designed to amplify smaller, overlapping, fragments in the  target gene region.

· To determine the best loci for a particular taxa, consult the literature and other researchers working in this area.  It may be necessary to test primers in the main lab on modern material.  Ideally, a colleague in another lab can assist with this.  

Cloning

A typical PCR amplification and its resulting sequences is an amalgamation of millions of cells and their trillions of molecules of DNA.  Therefore, damaged DNA molecules in some of these cells as well as foreign DNA will also be amplified at random, and the resulting sequence can contain double (or triple) peaks and it will be impossible to know what the true signal is.  Even single peaks in a sequence can be the result of a foreign or damaged molecule that “outcompetes” the true sequence.  To ensure that a single sequence is resulting from amplification of a single molecule, PCR products can be ligated into vectors which are taken up by bacteria.  By sequencing the target region from an individual bacterial colony (which is the product of an individual vector containing a single copy of the target sequence) ensures that each sequence is derived from just one molecule.  By comparing several of these clones from the same PCR reaction, it is possible to determine the amount of damage or the presence of foreign sequences.  

Sequence Analysis

One of the tenets of verifying ancient DNA results is that the resulting sequences should make sense in the context of its related taxa and evolutionary biology.  That is, if your purported wheat sequence appears to be more closely related to a fig, lentil, or even human, than it does to other modern wheat sequences, then it is likely a contaminant.  It is possible that part of your ancient wheat sequence matches the modern wheat sequence, and another part matches something completely different.  These “chimeras” produced by the PCR reaction are another sign of contamination in the mix.  All sequences resulting from ancient DNA should be subjected to a Blast search, in which your sequence is compared to an online database of sequences to determine what it is most similar to. 

Quantitative PCR

Quantitative, or Real time PCR, is a relatively new tool in molecular biology with many applications.  It is essentially a machine that measures the amount of DNA produced at each cycle of the PCR.  For ancient DNA work, quantitative PCR can be used to measure the amount of DNA after several cycles, and then the researcher can use this data to extrapolate back to estimate how many molecules of DNA were present at the beginning of the cycle.  If this number is very low (a thousand molecules of template or less) then the possibility of amplifying foreign template is much higher.  It is simply a question of numbers: if you have one molecule of contaminant DNA mixed in with a thousand molecules of target, then the chances of amplifying this contaminant to sufficient numbers to confuse the signal is much higher than if that one molecule of contamint was mixed in with a million or a billion molecules of template (as would be found in a PCR reaction of DNA extracted from fresh material).  Quantitative PCR can also be used to determine if there are significant numbers of PCR inhibitors in the target template—another common problem with ancient DNA.  This is done by measuring the quantity at different cycles, and comparing this to a standard curve of what is expected (theoretically the number of molecules should double each step, so after n cycles there should be 2n more molecules than the first cycle measured). 

External 

Contaminating DNA introduced during the extraction or PCR setup can include almost anything, and can come from anywhere.  Dust, pollen, and bacterial or fungal spores floating in the air can land on a tip, tube, glove, or any instrument and be coextracted along with the target material.  The person performing the extraction is probably the biggest source of contaminating DNA, either from their skin cells or breathe, or something they carry into the lab on their clothes or shoes.  Because the target material may contain DNA only in very low quantities, it will not take much external material to cause problems.  A very high risk source of contaminant is amplified molecules from previous PCR reactions, sometimes called amplicons.  These amplicons are so risky because they are present in such large quantities, having been multiplied into literally billions of copies.  Amplicons can be introduced into the ancient room by researchers who have been in the main laboratory recently, where the molecules may have attached to their clothing, skin, or even to a backpack or notebook.  For this reason, no one may enter the ancient room if they have been in the main lab that day (see Central Dogma), and everyone is asked to wear a clean change of clothes on the days they work in the ancient room.  

To minimize the risk from external contaminants, rigorous cleaning and sterilization procedures and cautionary protocols must be strictly followed (these are described in a subsequent section).  In addition, the room and reagents used in the extraction can be tested for background contamination with extraction blanks and room testing as follows. 

Extraction blanks

In every extraction experiment, an empty tube is included that is extracted along with all the tubes that contain tissue.  This serves as a negative control for the extraction and any successful amplification from this extraction blank indicates that contaminating DNA was introduced inot one of the reagents or at some stage in the extraction.  

Testing of rooms (cultures, swabs, etc.)

In addition to extraction blanks, empty tubes placed around the room are left open during the entire extraction procedure.  Water is then added to these samples and amplification of these room blanks is attempted along with the other samples from the same experiment.  For extremely sensitive extractions, petri dishes with culture medium may be left open in the room during the extraction, to be covered and inspected later to see if anything grows on them.

In summary, in every extraction experiment, there should be the following minimum negative controls:

· Extraction blank

· Empty tube inside hood (or perspec box)

· Empty tube outside hood

(Note: these are in addition to the negative controls that are used in the PCR reaction.)  

Replication

Because DNA recovered from older tissues can be damaged and in low quantity, they are very sensitive to contamination.  In this case, to be able to publish aDNA results it is necessary to replicate at least a part of the experiment to verify what has been obtained.  Ideally, replication should be performed both internally (in the same facility) and externally (in a separate lab, by different researchers).  Obviously, there are limiting factors that will influence how much replication is possible or necessary.  The major factors are: 

· Availability of material: if there is very little material available, then this will limit how much of the experiment can be replicated. Archaeological remains of organic origin are generally in short supply, so great care must be taken for every single sample that is used for aDNA work—as this type of work implies destructive sampling of the material.

· Implications of the research: if the results of the research imply major changes to previously established paradigms or introduce very startling conclusions (e.g. evidence that humans inhabited the American continent 40,000 years before anyone thought; a new species of mammal in Vietnam; hairs reported to be from Sasquatch (bigfoot); or 20 million year-old Magnolia whose DNA is unchanged from modern species) then these results should be confirmed through rigorous replication.  (By the way, all the examples given here are from actual aDNA research or journal articles published in the last few years, none of which were ever successfully replicated.)

· Age of the material: generally speaking, the older the material is, the more rigor is needed to convince other researchers that what is obtained is valid (“extraordinary claims require extraordinary evidence”).  On the other hand, much younger material (e.g. 100 year-old herbarium specimens) do not engender as much skepticism and should not require such extensive replication (although some replication is still advised).  

Replication in another lab 

According to Alan Cooper, head of the Oxford Ancient Biomolecules Center, external replication of 10% of an experiment is satisfactory to verify the results obtained in the original lab.  This amount should not be too burdensome for most projects, and will add much support to the results obtained here.  

Final note on design of extraction experiment

The longer that tubes are open, the more susceptible they can be to contamination.  Therefore, it is advised that only 5-15 extractions be attempted at any one time.  In addition, it is advised to mix the taxa that will be studied in any one extraction so as to further verify the results (if more than one taxon is involved in the study).  For example, if you are extracting seeds of the crop species wheat, lentil, and flax from an archaeological site, it is better to extract some of each on any given day.  Instead of extracting all the wheat grains on one day, then all the lentils on another day etc., it is better to extract on one day some wheat, some lentils, and some flax.  This will make it easier to track contamination if it is present in some of this material.  

2. Protocols for Use of the Lab

Before using the ancient room, all researchers must submit a project proposal to Klaas and Hugh containing the objective of the study, what kind of materials will be extracted, what procedures will be used, and what gene regions will be targeted.  Then a decision will be made to determine if the extractions should be carried out in the ancient room.  All researchers must submit a resume detailing their experience in molecular biology.  (Note: a lack of experience in molecular biology will not necessarily disqualify anyone from using the facilities, but this information is needed for us to determine the amount of training that will be required.)

Training is required of all personnel who wish to use the ancient room.  Regardless of the experience that the researcher may have in molecular labs, extracting sensitive materials requires extra steps that must be strictly adhered to, not only to increase the rigor of the researcher’s experiments, but for all subsequent users of the room.  All researchers must also read and agree to abide by all procedures and rules for use of the ancient room.  Initial use of the room will be accompanied by Hugh, who will assist.  

Scheduling of ancient room: 

Only one experiment will be allowed to take place at any one time in the ancient room, so dates must be scheduled in advance with Hugh.  

Scheduling of PCR setup: 

Only one PCR setup can take place at any one time, so sign up is required.  However, a normal PCR setup takes only 1-2 hours (this also requires cleaning and preparation, so more time is required than a normal PCR), so several times will be available each day. 

Using the Ancient DNA room

Overview: Central Dogma of ancient DNA 

The most important concept to understand for the use of the ancient room is what we call the Central Dogma of ancient DNA.  The basic tenet of this is that all activities of aDNA research move from the ancient room downstream.  All materials to be extracted should begin in the ancient room, and extracts of these move toward the PCR setup area, and then to the main lab.  No material or equipment that has been in the main lab is allowed to go back “upstream” to the ancient room.  This includes, on a given day, all researchers.  If you have been in the main laboratory at all that day, then you cannot enter the ancient room or PCR setup area for any reason.  If you are going to use the ancient room or PCR setup, then you should go directly there from home, wearing clothes that have not been worn in the main lab.  All equipment and disposables (tubes, tips etc.) will be delivered directly to the herbarium and go directly to the ancient room.  The main reason for this is that amplified PCR is handled in these labs, and aerosols or liquid from this can land on people or clothing and thus enter the ancient room or PCR setup area.  This is the same basic reason that we have pre-PCR and post-PCR rooms, only taken to the extreme.  Because extracts of very old material will have small quantities of DNA, a single droplet of PCR product can have as many or more molecules of DNA as a tube from an extract of ancient material.  (see also under Contamination above.)

Preparation of stocks and aliquots

In general, all stocks and aliquots will be prepared by Hugh or another technician.  This is to minimize the number of people in the room and to ensure consistency of product.  Exceptions can be made for researchers with extensive experience in molecular biology who are familiar with certain recipes or protocols.  

General use

For each use:
0. Key can be found in van Steenisbuilding D102 drawer “General aDNA stuff” 
1. Entering the room and changing clothes, masks etc. 
Each time the room is entered, the user must don lab coat, pants, shoes or shoe coverings, hair cover, and mask.  These will be found in the cabinet near the door.  Once a set is used, the user can reuse the lab coat, pants and shoe coverings provided these items are kept in a different shelf (or cabinet) than the fresh linens.  Nothing should be brought into the room besides the material and a print-out of the extraction procedure [no lab books, as they may travel from post lab.  Rather, the procedure and list of samples is prepared in excel or word (or similar program) and printed out.  Pens and pencils are supplied to take any notes.  A copy of the procedure + list of samples should be supplied to the lab manager. ] 
-a primary set of gloves is put on before entering the rest of the room.  Secondary pairs of gloves will be used over the primary pair and changed frequently.  

2. Cleaning procedure 
Before entering, a mop bucket with bleach water and another bucket/tub with bleach water should be prepared and placed by the door, and carried in when entering, along with any autoclaved glassware or equipment.  Using bleach water, the table and the tile part of the walls should be wiped, and the floor should be mopped.  This does not have to be a overly long process, merely to sterilize as much of the surfaces of the room as possible.  

3. sterilization of equipment and disposables
All equipment to be used should be wiped with bleach, if possible, and irradiated.  All tubes, tips, and other disposables should be surface sterilized in the crosslinker before use.  

· Maceration and Incubation

1. preparation of extraction buffer (if necessary).

2. surface sterilization of material.

3. maceration of material and addition of extraction buffer and other chemicals as necessary.

4. place in incubator (wrap up if necessary).

· Isolation of DNA

1. remove all necessary reagent and water aliquots from freezer to thaw.

2. remove material from incubator.

3. proceed with extraction.

4. make aliquots of all samples and extraction blanks, tubes for this should be irradiated immediately before transfer of final product.  Aliquots leaving the ancient room will be sealed in a box with medical tape and left by the door, to be taken after the last cleaning steps are completed. 

· Final clean up

1. all waste, tubes, tips, etc. are collected, bagged and left by door; 

2. hazardous organic wastes and nasty chemicals in sealed receptacles (jar) (to be removed by lab manager).  

3. Racks into bleach bucket, and glassware in dish bucket.  

PCR Setup 

Preparation: this area does not need as much preparation as the ancient room.  However, mopping the immediate area and wiping down the surfaces is advised.  Shoe coverings in addition to a lab coat, and maybe hair and face covering should be changed upon entering the cubicle.  Perhaps a small cabinet for lab coats and cleaning supplies can be designated in this room.  

The perspec box will contain the pipetters, boxes of tips, and other assorted small items (depending on size: tube containers with tubes, medical tape, micro-centrifuge).  Racks, gloves and tubes as will be needed will be surface sterilized by turning on the UV light inside the box.  Rotation of objects with additional UV irradiation may be necessary to ensure all sides are exposed.  

Reagents and water (purified, irradiated) are found in aliquots in freezer; each researcher is assigned small aliquots of all necessary reagents for their experiment, kept in a box in assigned place in freezer.  Before each experiment the necessary aliquots are removed from the box and placed aside to thaw.  Alternatively, a smaller box (big enough to fit the tube rack) could be placed open inside the perspec box.  When the objects are rotated the reagents and DNA aliquots could be placed inside, the lid closed, and then UV light is shone on the lid of the box, which is protecting the reagents from UV.  After irradiation, the samples are ready to go, and the perspec box does not have to be opened again.  

Gloved hands are passed through the arm openings on either side of the perspec box and additional gloves are put on where the opening enters the box.  The PCR is conducted, taking care to open and close only one tube at a time.  

Clean up: The tubes destined for the thermalcycler are placed in a 0.2 ml rack and sealed with medical tape. This is placed in a ziploc back and otherwise prepared for the trip to the VMT lab.  Used tips and tubes are collected in a small receptacle that is emptied after each PCR.  After all materials are removed, the box is irradiated again(?)  Leftover aliquots of water are discarded, and leftover reagents and DNA are returned to their boxes in the freezer.  The PCR tubes should be taken immediately to the thermalcycler at the main lab.  Upon arriving, the tubes should be spun briefly, as they will likely have been shaken during transit, and then placed in the thermalcycler.  From this point, they can essentially be treated like any other PCR product.  

