A Clocked, Stored Program Pathogen Detector

Introduction

Pathogen detection generally involves detecting the presence or absence of certain DNA sequences in an unknown sample.  The traditional approach involves performing DNA extraction on a food or tissue sample, then using PCR to amplify a region that would be indicative of a particular pathogen.  The problem with this approach is that it is hard to test for multiple pathogens simultaneously – different pathogens often require different PCR primers to produce an indicative sequence, and it is very hard to perform several amplifications in a “one pot” setup.  One either has to test for pathogens in very small groups (in which case one would already have to have some idea of what type of bug one is dealing with), or enlist supplemental time or resource intensive means of differentiation.  And even in this case, the presence of multiple pathogens could cause complications.


By contrast we use the proposed stored instruction silos to build a sensitive pathogen detector which will trigger a timed release of visual markers that can detect not only the presence of a wide variety of single pathogens, but conceivably combinations of said pathogens as well. Thus, our system enjoys several advantages over the state of the art:

1. No need for PCR; amplification is provided by the DNA

2. No need for complex strand inputs because the entire DNA program is stored in the solution to which the pathogen(s) are introduced. Making the machine works requires only tick and tock strands.

3. Parallelism in that many pathogens can be detected at the same time.
4. Modularity: the ability to add tests for new pathogens without changing the operation of existing components. 


In the subsequent sections we will explain the principles behind the operation of our system, how we plan to utilize the proposed instruction silos, potential caveats and their solutions, as well as possible extensions in functionality.

Overview of Operations
1: (External) Extract DNA from an unknown sample and treat with restriction enzymes

2: (Internal) Specific fragments produced from restriction digest of the 16s RNA gene trigger unlocking of certain instruction silos

3: (External) User/robot alternately inputs two fuel strands (tick and tock), which release DNA instructions from the tops of unlocked silos

4: (Internal) Released instructions (stored as DNA hairpins) bind to and open up specific molecular beacons, resulting in an observable fluorescent response
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Biological Background
Gram+ and Gram-


For our study we have chosen to focus on Gram+ bacteria. The terms “Gram+” and “Gram-” come from the response of the bacteria to a staining test that allows one to distinguish between the two. Gram+ bacteria have a cell wall that is rich in peptidoglycan, a protein that binds to the exterior of the cell wall and gives the cell shape and rigidity.  These bacteria are distinct from Gram- bacteria, which have a thinner layer of peptidoglycan and an additional lipid membrane surrounding the cell wall. We chose to focus on Gram+ bacteria because they represent many deadly and/or common families of bacterial pathogens. These include the Bacillus family, of which anthrax is a member, the Clostridium family, Staphylococcus family, and Streptococcus family.


Because most forms of pathogen detection, including our own, rely on identifying specific DNA sequences, DNA must first be extracted from the pathogen. Gram+ and Gram- bacterial DNA can be treated in the same way once extracted. Thus, the distinction between the two is only relevant to our project in that Gram+ bacteria require a different extraction protocol that first disrupts the thick layer of peptidoglycan.  Our system could just as easily be applied to the Gram- bacteria using a different DNA extraction protocol.  

DNA extraction


There are three layers that must be breached in bacteria in order to extract DNA: the outermost cell wall, the cell membrane, and the nucleus.  Extracting DNA from Gram+ bacteria requires an initial step to disrupt the thick cell wall surrounding them.  This is accomplished by a process called “bead beating,” which smashes zirconia glass beads into the layer of peptidoglycan to break it up and expose the cell membrane beneath.  Once the cell wall is removed, the cell membrane can be disrupted by sonication.  This process uses sonic waves to disrupt the lipid bilayer that comprises the cell membrane, which releases its contents, including the desired nucleus, into solution.  Finally the DNA must be freed from the nuclear membrane, which is composed of a network of proteins called nuclear lamella.  During cellular division, cells can naturally dissipate this membrane in order to free recently duplicated DNA for distribution into the two daughter cells, reforming this membrane after division is completed.  The dissipation of the nuclear membrane in DNA extraction is accomplished by the addition of lysis solution.  


Once the three membranes have been disrupted, the DNA is now floating in solution.  The unwanted bulky components of the cell (fragments of membranes, organelles) are removed by simple centrifugation.  At this stage, the lysate could be used to extract either DNA or RNA.  In order to selectively obtain DNA, RNases (enzymes that specifically degrade RNA) are introduced and a solution is added to precipitate proteins out of solution. After removing RNA fragments and protein precipitate by centrifugation and a few additional cleaning steps, all that remains is purified DNA.

Restriction digest


After the DNA is extracted and purified, it must be cut into smaller fragments before it can be introduced to the system.  The idea for this step would be that because relatively short sequences of DNA can theoretically be used to distinguish between organisms, DNA should be cut into fragments of approximately that length.  Although these unique sequences could still be “read” as a part of a longer strand (say an intact chromosome or plasmid), larger strands require more heat to separate (because they are complementary over larger areas) and have a higher chance of having regions of unwanted complementarity with other parts of the system.  On the opposite extreme, fragments that are too short may not be unique enough to identify a particular pathogen, as short sequences are more likely to occur randomly in the rest of the genome.  We decided that a length of 20 base pairs would be sufficient, since such a sequence has a low chance (approximately, 1/420, which is about 1 in a trillion) of occurring randomly in other parts of the genome.


The cutting of DNA into fragments of a desired size is accomplished through the use of restriction enzymes, which are enzymes that recognize specific sequences of double-stranded DNA and cleave strands at those sites.  The enzyme AluI, for example, cuts at the site AG/CT, meaning it would cleave the double-stranded fragment:

5’- ACTTAAGCTGCAT - 3’

3’- TGAATTCGACGTA – 5’

Into the two fragments:

5’- ACTTAAG - 3’
5’ - CTGCAT - 3’

3’- TGAATTC - 5’
3’ - GACGTA - 5’


Although AluI happens to cleave both strands at the same position, this is not always the case.  Some restriction enzymes cut the two strands in a “staggered” fashion, such that there are exposed single-stranded portions on the resulting fragments called “sticky ends”.  The enzyme MseI, which cuts at the site T/TAA, for example, would cut the same sequence:

5’- ACTTAAGCTGCAT - 3’

3’- TGAATTCGACGTA – 5’

into two fragments each possessing a 2bp single-stranded domain:

5’- ACT - 3’

5’ - TAAGCTGCAT - 3’

3’- TGAAT - 5’
     3’ - TCGACGTA – 5’

The sites at which restriction enzymes cleave can vary in length and in specificity (some enzymes can tolerate “wobble” at some sites, allowing the enzyme to bind to multiple sequences), as well as in the sequence to which they bind.  Enzymes with shorter recognition sites and/or nonspecific sites would be expected to produce smaller fragments, since cleavage sites should be encountered with greater frequency. 

16s rDNA


From among the set of fragments produced by restriction digest of pathogen DNA, the system must be tailored to respond to the fragments whose sequences vary the most from pathogen to pathogen.  There are many areas of the genome that accumulate mutations faster than others, often due to selective pressure from the environment.  Because so much genetic variation is concentrated in these hypervariable regions, they are often important sources of data for reconstructing evolutionary relationships between species.  


In order to differentiate between many pathogens using relatively short sequences, we decided to tailor our system to respond to fragments of a hypervariable region of DNA within the gene for 16s rRNA. 16s rRNA is a component of the small subunit of the ribosome, which is responsible for the cellular process of translation.  Because translation is evolutionarily such a “tried and true” process, the genes for the cellular components involved in translation (such as the ribosome) exist almost unchanged in most organisms.  

Such a largely unchanged gene would seem to be a poor choice for a region to differentiate among so many species. Fortunately, however, within the 16s subunit of the ribosome there are six hypervariable regions that have a very high concentration of genetic differentiation.  These hypervariable regions exist in the non-functional regions of the ribosome, and thus do not affect its ability to perform translation.  These regions are good targets for our study not only because of their high concentration of genetic difference, but also because they are located within a gene that all pathogens possess and sometimes as multiple copies.

Thus, the processes of DNA extraction and restriction digest should ultimately yield a set of DNA fragments, within which can be detected fragments of the hypervariable regions of 16s rDNA that can uniquely identify a wide variety of pathogens.

Molecular beacons


The observable indication of the presence or absence of a pathogen will be the state – lit or unlit, respectively – of a certain color of molecular beacon.  Molecular beacons are DNA-protein constructs that can be caused to fluoresce by binding to a particular sequence of DNA.  The basic structure of the beacon is a strand of DNA with a fluorophore (a protein that fluoresces) attached to one end and a quencher (a molecule that inhibits fluorescence) attached to the other.  When the beacon is not bound to any other DNA molecules, it adopts a stem-loop formation that brings the fluorophore and quencher in close proximity.  This effectively puts the beacon in an “off” state, since the proximity of the quencher to the fluorophore staunches any fluorescence.
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When a “light” strand that is fully (or nearly fully) complementary to the beacon is introduced, the unbound loop domain of the beacon (domain “b” in the above figure) will bind to this strand and initiate a branch migration.  Because the “light” strand is fully complementary, the beacon will abandon the stem-loop conformation for a more energetically favorable full match.  This will open the stem-loop into a relatively linear double helix, thus separating the fluorophore from the quencher and allowing fluorescence to occur. 


Molecular beacons have several limitations under experimental conditions.  Firstly, there is a limit to how little DNA can be detected. Fluorescence can only be detected above a certain threshold, so small amounts of “light” strands added to solution could yield a false negative.  There is currently research into beacons with better detection limits, such as lathanide-based luminescent beacons, but these are currently more costly than their fluorescent counterparts.  Secondly, one cannot accurately distinguish combinations of above five or six colors of fluorescence.  This places limits on how many “light” strands can be detected simultaneously.  Thus, simple probe-target complexes between pathogen DNA and beacons would not be a viable means for a pathogen detector, since there would be limits on sensitivity and ability to test for multiple target sequences simultaneously. We will have to be more clever.
Basic operation of the detector

The detector is composed mainly of a specialized form of DNA instruction silo.  In its purest form, these are locked silos containing the same instruction repeated many times in succession. Thus, each silo has a unique lock that is associated with one repeated instruction.  These instructions act on the system by serving as “light” strands for certain molecular beacons that are free in solution.  These silos can exist either free in solution or anchored to a DNA origami substrate from the terminal strand.
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As seen in the figure above, lock A is associated with repeated “Light Red Beacon” instructions, while locks B and C are respectively associated with “Light Green Beacon” and “Light Blue Beacon” instructions.  It is worthwhile to note that although the instruction strands are bound up in the silo, the domain that contains the beacon-lighting sequence (indicated as an arrow in the figure above) protrudes into the solution.  This is a result of making all instructions released by the same universal tick and tock strands – the functional domain can be changed in whatever way is needed without affecting the ability to be incorporated into the silo.  This does, however, create the risk of instructions that have not yet been released from the silo interacting with beacons in solution.  There are several ways to avoid this problem which will be discussed later, but in designing the basic system we decided to encode the functional domains of the instructions as stem-loops as well as the beacons, since interactions between two stem-loops (instructions on the silo and free beacons in solution) should be slow and sterically hindered. The actual instruction silo will therefore more closely resemble the figure below.
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In the simplest form of the detector, each silo will be associated with one color and a unique lock.  Thus, the introduction of a specific unlock strand will open up a stack of “light [color] beacon” instructions that can be released by simply adding tick and tock strands.  The user will input the fragmented pathogen DNA generated by the previously described methods into a vessel containing the locked stacks.
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As shown above, the unlock strands bind to the exposed single stranded portion of the lock strands (capped by an “anti” sign in the figure above), then displace the lock from the top of the silo by branch migration.  Any and all unlock strands present should bind to their corresponding silo (provided favorable annealing conditions and sufficient time), while any strands that the system is not tailored to interact with should effectively be filtered out.  Although it is likely that not all unlock strands will be able to bind to their corresponding silos in the reaction time, it is worth noting that unlike the simplified diagram above, there will be multiple copies of each colored silo, just as there will be multiple copies of each unlock strand from the pathogen sample.  Thus, a 100% unlock rate is not required since partial unlocking should provide a strong enough signal to be observed.

As mentioned before, in designing the lock strands one should minimize potential interactions with other parts of the bacterial genome.  To prevent any undesired unlocking, all generated fragments for unlock strands should have minimal similarity to other areas of the genome.  It would also be prudent at this step to remove any unbound strands to prevent any “noise” interfering with the system later down the line, perhaps with streptavidin beads.  These beads, when covalently attached to DNA, can be used to magnetically separate strands.  One could conceivably attach a bead to the base strand of the silos, then spin out any silos after the unlocking step and transfer them to a new flask, thus removing any unbound strands and lock/unlock complexes. 
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 After the unlocking and filtering steps, the reaction vessel should resemble the above diagram with some silos will be in the unlocked state, while others will remain in the locked position.  Once this desired state has been achieved, tick and tock strands can be added to selectively deconstruct the stacks that have been unlocked.
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In figure “a,” we see the introduction of a stoichiometric amount of “tick” strands (ie, an amount proportional to either the total number of silos in the vessel or the number of silos expected to be open after unlocking).  As shown in figure “b,” introduced tick strands will only be able to bind unlocked silos.  This is due to the fact that, as figure “a” shows, only unlocked silos have an exposed foothold to which a “tick” strand can bind and perform branch migration.  Thus, unlocked silos can be exclusively operated on in the vessel by universal “tick” strands.  As one might imagine, the subsequent addition of “tock” strands operated by a similar method.
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The added “tock” strands will only bind to silos that have been previously deconstructed with “tick,” since they have an exposed single-stranded foothold segment that allows the “tock” strand to bind and undergo branch migration.  Once the “tock” strand has bound to and released the instruction from the silo, another overhang will be revealed that will allow binding of a “tick” strand and thus further deconstruction of the stack.  This fact, however, also raises the possibility of unwanted deconstruction chain reactions occurring without the addition of further tick/tock strands.  This problem will be further discussed in the subsequent section.
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After being released by a tick/tock cycle, instruction strands will bind to a foothold on the free-floating molecular beacons and open them by branch migration, thus causing them to be lit as shown in the above figure.  Thus, in the simplest version of the pathogen detector, the presence or absence of specific pathogen DNA fragments is detected by the lighting of a single molecular beacon. 

Benefits and caveats of the simple silo system

1) Operator-level abstraction – operation of the device by the introduction of “tick” and “tock” strands simplifies the operator’s job immensely.  In the proposed walker described earlier, having three distinct “footholds” and two distinct “feet” means that twelve distinct fuel strands were needed for a complete walk cycle.  Rather than requiring the operator to input all these strands, they could be encoded as sequential instructions in one or more silos, all of which are operated by universal “tick” and “tock” strands.

2) Extended parallelism – all instruction strands are designed with a conserved domain that attaches them to the silo, all instructions across all silos can be released by the same tick/tock strands.  Thus, as long as stoichiometry is balanced [between tick and tock? Please explain], the user can simultaneously operate an arbitrary number of silos with the same “pour” operation.

3) Signal amplification – because the silos have no built-in limitations to their size, they can be constructed to any desired length.  Although there will need to be more tick/tock cycles to operate longer silos, there will still only be one strand required to unlock the silo.  Thus, even a small quantity of unlock strands can trigger the release of many times more instructions, provided there are enough tick/tock cycles.

4) Potential for branched control flow – although the tick/tock cycles will be constant throughout the operation of the device, only silos that are unlocked will be operated by said strands.  Thus, all that is required for differential responses is the presence or absence of certain unlock strands.  These can be directly input by the user in the form of unknown pathogen DNA, or can even be stored within the silos themselves. The last instruction on one silo being an unlock strand for another silo, thus ensuring that certain silos can only be operated after others have been run their course. 

5) Extensibility – To add tests for additional sequences (and thus additional pathogens), one need only introduce a new locked silo and possibly a few molecular beacons to the vessel.  Because the silos are universally operated and all possible unlock strands will already be introduced into the mixture, extending the system with more silos is solely a matter of careful design.
Potential caveats:

1) Chain reactions in construction/deconstruction – although balanced stoichiometry should limit the excess tick and tock strands in solution, there will invariably be some left over after each introduction.  Introducing “tick” will remove the top “anti-tick” strand, then “tock” will pop the instruction, but a leftover “tick” from the previous step can immediately remove the next anti-tick.  Thus, it cannot be guaranteed that one tick/tock will release only one instruction from each silo.  
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The same problem depicted above could occur in constructing the silo. If we imagine construction beginning with a vessel of “base” strands and alternately pouring “anti-tick” and “instruction” strands, excess amounts of either strand could cause a chain-reaction composition that would make it hard to build silos of a definite, uniform length. 

For the purposes of our pathogen detector, however, this problem is of little consequence.  Our instruction silos contain many repeating instructions (emitting the same color beacon) and serve mainly for signal amplification, so small inconsistencies in silo size or rate of deconstruction would not impede functionality significantly.  One could imagine, however, that these chain reactions could impede an application requiring precise control over the size and order of instructions added or released.  We have yet to experimentally determine the rate to which we would be able to control these reactions by balanced stoichiometry alone, but we anticipate that for our purposes such controls should be sufficient.

2) Interactions of instructions still on the silo – we are not yet sure if the instructions will form undesired interactions with molecular beacons in solution.  The idea of these silos is that instructions should not interact until released.  The only way to guarantee this would be to enforce spatial separation between the silos and the targets of their instructions.  [Aidan, we should also talk about simply designing the sequences so as to interact only at a few nucleotides.] Both silos and targets could be anchored to substrates that guarantee no interactions with instructions that are not free-floating.  Another solution could be to utilize streptavidin-coupled magnetic beads to separate intact stacks from the vessel before introduction of free-floating molecular beacons.
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As shown in the figure “a” above, magnetic beads can be covalently linked to the base strand of all silos.  The initial reaction vessel would be empty of free-floating molecular beacons that existed in the simple model described earlier, so there would be no danger of interactions with “light beacon” instructions still incorporated into the silo.  After deconstructing any and all unlocked silos by addition of tick and tock strands (b), one would easily be able to remove the remaining silos by way of magnetic separation.  All base silo strands and anything attached to them would be removed, leaving only free-floating instruction strands and tick/anti-tick complexes.  Subsequent addition of all relevant molecular beacons would guarantee interaction only with released instructions.


This solution is workable, and would also allow us to encode the instruction on the silo as single-stranded DNA segments instead of hairpins.  This would increase the rate at which they could hybridize with hairpin-structured molecular beacons, since hairpin-hairpin interactions are considerably slower than hairpin-single stranded interactions.  On the other hand, this solution does complicate the simple system and some of the proposed extensions we will describe later.  

3) Formation of tick/tock complexes – Because tick and tock strands have a partial region of complementarity, they can anneal in a staggered manner with overhang at both ends.  In the presence of a full complement, these overhangs could serve as toeholds for displacement, but in the presence of excess tick and tock significant aggregates might form, making large linear complexes, as shown below.
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These tick tock complexes could be either a complication or a potential boon depending on the rate and degree to which they form in solution.  If they formed in great degrees, it might slow down the rate at which stacks are deconstructed.  Rather than free-floating tick and tock strands which can bind their complement on a silo and perform a displacement, the overhang of a tick/tock strand tied up in a complex would associate with the exposed anti-tick and anti-tock strand and perform a double displacement – removing the tick or tock from the linear complex and the anti-tick or anti-tock from the silo.  


This phenomenon, however, might actually mitigate the chain reaction deconstruction of the silos that would occur in the presence of excess tick/tock strands.  These complexes would lower the effective concentration of tick and tock strands in solution, since only strands on either end of the complex can be displaced and in turn displace strands from the silo.  Excess tick/tock strands forming linear complexes might decrease the rate of chain reaction deconstructions by tying up extra strands in a bulky complex.  One could even imagine a case where excess strands form a closed circular complex (below) that would effectively remove the participating strands from solution, although one could imagine the rate of forming such a circular complex would be necessarily slow, because it would require a long complex strand to fold around itself.
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4) Double-stranded state of pathogen DNA – Although we have been considering the unlock strands for this system as free-floating single strands, the pathogen DNA after digest will still be double-stranded.  If we use a restriction enzyme that leaves sticky ends, we can use those single-stranded overhangs as toeholds to bind to the single-stranded domain of the lock strands and perform a double displacement.  This might be slow, and we’d have to make sure that the sticky ends generated are long enough to be specific to the region they are supposed to bind (we wouldn’t want them to interfere with other parts of the machinery).  In addition, we’d have to consider that other fragments of pathogen DNA generated by the same restriction enzymes would have the same sticky ends.  This would allow them to at least bind the toehold of the unlock strand, even if they can’t perform a displacement. 


A more attractive solution would be to find a way to separate the strands of the pathogen DNA selectively over the silos.  If we just heated up the whole vessel, our silos would be denatured as well, however.  We could increase the GC content of the silos so that they would be stable at higher temperatures (GC base pairing has one more hydrogen bond than AT base pairing and thus is more stable).  By engineering the silos to be longer and more stable than the pathogen DNA fragments of interest, we might be able to have a temperature that would allow us to favor separation of pathogen DNA strands over silos, thus allowing single-stranded displacement. [Aidan, we could also perhaps heat up the pathogen DNA before mixing with the silos. That way there would be some single stranded pathogens when they are introduced into the cooler silo solution]
Extensions to the simple system

Multi-color silos – With each lock strand associated with a single-colored silo, we establish a one-to-one mapping of pathogen DNA fragment to observable color.  When we combine many of these silos, we essentially have a binary system where the lit or unlit state of a certain beacon (i.e., the presence or absence of a certain color), indicates the presence or absence of a certain fragment.
This would give us essentially a binary counting system through a phylogenetic tree capable of producing 2n outcomes for n sequence/color combinations.  This, however, would put us under two limitations imposed by molecular beacons:


1) There is a limit to how many color beacons we can generate.  One could imagine the difficulty of having to generate a unique colored beacon for each sequence tested in a detector that is supposed to simultaneously test for tens or perhaps hundreds of pathogens.  In addition, each new silo added (to extend the functionality of our pathogen detector) would require addition of newly designed beacons.


One workaround would be to use combinations of colors.  This would allow us to test for more sequences with fewer beacons.  This would result in a system that performs a binary search of sorts along a phylogenetic tree where the lit or unlit state of a particular node represents an evolutionary divergence.
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Such a simple binary counting system, however, would not allow us to represent combinations of pathogens, and would place us under the second limitation of molecular beacons:


2) There is a limitation on how many lit beacons can be simultaneously detected.  When more than six colored beacons are lit at the same time, it becomes hard to distinguish specific combinations of colors.  This imposes a “depth” of six on the binary search method.  Thus, the question becomes how do we design the system to minimize color usage while still allowing for combinatorial outcomes?


The answer we came up with was to use silos that contain specific color sequences.  Because of the limitations imposed by chain reactions during construction mentioned earlier, these would be coarse-grained, but one could imagine a silo containing a series of red instructions followed by a series of blue instructions.  Inspection of fluorescence after various times of operations would show a read, then purple signal as the stack is operated further.
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Introducing color changes over time allow us to increase the number of possible outcomes for a given number of colored beacons.  For example, purple could be represented as “red(blue” or as “blue(red,” giving more possibilities for fewer colors.  One could even imagine silos that have stretches of “quench beacon” instructions, which would bind to and displace a “light beacon” instruction from a lit beacon, thereby closing and quenching it.  This would allow us to transition from one full color to another, such as (red(quench red(blue) = blue.  This expanded range of outcomes allows us to avoid using the binary method – rather, looking for sequences that can identify pathogens in combination.  In the example below, we modeled restriction digest and fragment selection that would allow us to distinguish the presence of multiple pathogens closely related to Bacillus subtilis:
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Because silo deconstruction can undergo a chain reactions, all the silos reacting to the same pathogens may not emit the same color at the same time, but it should be very possible to define a reasonable time interval over which to monitor for changes in fluorescence.
Silo self-coordination – the basic principal for this extension comes from the idea that silos can incorporate instructions beyond the basic “light beacon,” as they did in the previous section with the “quench beacon” instructions.  Although this gives us a little more to worry about in terms of interactions of elements still on the silo, it opens up some interesting possibilities.  


This first idea is aimed at getting more fine-grained control of the sequential beacon lighting previously described.  Basically, we would like to have a definite stopping point between the two  “stages” of color where we can observe the system before adding more tick/tock strands.  Imagine silos being divided into “stage-1” and “stage-2.” Unlock strands introduced from the pathogen can only unlock stage-1 silos – stage-2 silos can only be unlocked by the last instruction of a stage-1 silo. This means that silo self-coordination involves encoding an unlock strand as a silo instruction at the bottom of another silo.  This would ensure that one silo would not be operated until its predecessor has been completely deconstructed.


This should immediately raise the concern of unreleased lock instructions interacting with other silos.  Indeed, if the silos were free-floating and interactions of instructions (encoded as single-stranded segments or hairpins) were to prove significant, the bottom of a stage-1 silo could unlock the top of a corresponding stage-2 one.  The solution to this problem would most likely be to take advantage of the fact that the base strand of the silos can be anchored on a DNA-origami substrate.  By fixing them to an immobile DNA scaffold, it would be highly unlikely for this interaction to occur.


After introducing all the unlock strands and operating the opened stage-1 silos by tick/tock addition, you would finally free the bottom strand of the stage-1 silos and that instruction would unlock a stage-2 silo. At this stage, we would want to observe the fluorescence of only the stage-1 lit beacons, and thus want to ensure that there are minimal amounts of stage-2 beacons already lit.  We can’t guarantee this by simply monitoring the number of tick/tock cycles since there is room for some chain-reaction deconstruction.  Thus, one solution would be to have the stage-2 silos be operated by different tick/tock instructions.  After operating the stage-1 silos for a determined amount of time with normal tick/tock, you would then switch to inputting a series of tick’ and tock’ instructions, which selectively operate the stage-2 silos.  To summarize, the flow of the operation would be:


1) Introduce unlock strands to stage-1 and stage-2 mixture


2) Operate unlocked stage-1 silos by tick/tock for a determined amount of time (based on length of silos).  Stage-2 silos will be unlocked but not deconstructed.


3) Observe stage-1 fluorescence

4) Quench them.

5) Operate unlocked stage-2 silos with tick’/tock’ strands for a determined amount of time


6) Observe stage-2 fluorescence

This solution is more appealing than simply creating multi-colored silos because it not only gives us more fine-grained control of the instruction release, but would also allow us to perform the magnetic bead separation described earlier.  If we want to segregate silos from molecular beacons, then as previously mentioned we would have to remove all un-operated silos from the vessel before adding in beacons (to ensure they don’t bind to instructions still on the silo).  If we did this with the multi-colored silos, we would lose the ability to check fluorescence multiple times since we have to remove any half-deconstructed stacks before adding beacons.  With this stage-1 stage-2 setup, however, we could do something like the following:

1) In a vessel containing only stage-1 silos, operate with unlock strands and tick/tock until all instructions (including unlocks for not-yet-introduced stage-2 silos are released)

2) Spin out unoperated stage-1 silos and add stage-1 molecular beacons.  Observe fluorescence.

3) Add stage-2 silos, which will become unlocked by previously released stage-2 unlock strands in solution

4) Spin out unoperated stage-2 silos and add stage-2 molecular beacons.  Observe fluorescence.


Note that in the above scheme, the molecular beacons opened by stage-1 instructions will be different from those operated by stage-2 silos (i.e., even beacons of the same color will be opened by different sequences).  This is to prevent newly introduced stage-2 silos from experiencing interactions between unreleased instructions and unopened stage-1 molecular beacons.  In addition, one should be able to theoretically extend this model to an n-stage version, giving more variability in color sequences.
[Aidan: You need a summary of the issues and the various solutions for each as well as the pros and cons of those solutions. To me the most challenging is the fact that the pathogens come up double-stranded. But others are the chain-reaction decomposition of silos. The need to detect multiple pathogens at the same time. As future work (perhaps as a thesis) you might want to talk about the deep relationships between these approaches and parallel programming, because in parallel programming threads run independently and then there are barrier synchronizations that ensure that threads run up to a certain point and then resync. There could however be new programming paradigms]






