Introduction

Bacteria as a domain are highly resilient organisms. Struggles for food, resources and hospitable living
conditions are a constant battle for bacteria, but they manage to proliferate at extreme rates despite
these limiting conditions. However, one particular threat can be highly damaging to a bacterial
population, even in an otherwise friendly environment. That threat is the phage. Specifically a bacterial
virus, phages have incredible population size, with an estimated 10> total phages in the biosphere!™!
(that is one million trillion trillion). In fact, samples of sea waters show up to 70% of observed bacteria
to be infected with phages, with 900 million virons existing per milliliter of sea water?.

In order to deal with this constant and ubiquitous threat, bacteria have evolved a number of ways to
combat phages. One particularly interesting strategy bacteria employ is one that is a homoplasic to the
B cell-mediated, antibody-based adaptive immune system found in mammals. However the adaptive
immune system of the bacteria is based immediately off of the bacteria's own genome. This immune
response is called a CRISPR, or a “clustered regularly interspaced short palindromic repeat”. These are
regions in the DNA which Have repeating sequences 23-47 base pairs long, interrupted by variable
regions of similar or slightly longer legnth®!. These two regions which sandwich each other are referred
to as direct repeat sequences, and variable spacer sequences.
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Figure 1. Diagram of a basic CRISPR on a bacterial genome. Courtesy of American Society for Microbiology website,
http://schaechter.asmblog.org/schaechter/2011/04/six-questions-about-crisprs.html

CRISPRS function by transcribing a spacer sequence into RNA and associating it with a Cas (CRISPR-
associated protein. Via this method, the CRISPR can effectively act as a search tool to find DNA
sequences like itself!*l. What it is searching for is phage DNA. If the CRISPR finds a match, it can tag
the phage DNA for deletion, and potentially save the bacteria from infection.

However, the bacteria needs to know what to search for first. The variable spacer sequences come
directly from free DNA the bacteria has previously encountered, and assimilated into its genome. While
this DNA may be from non-phage sources, it is often phage DNAP!. By this method, if a bacteria has
encountered phage DNA and not been killed, it may gain active immunity towards that phage, as well
as all of its exponentially reproducing descendants.

Due to this consideration, there should be large similarities between bacteria CRISPR variable spacer
sequences and actual phage DNA.

To look into this, it was my goal to first find CRISPR sequences. My next goal was to, after finding
such sequences, compare the variable spacer sequences to known phage DNA. My question was
twofold: If I could find a CRISPR variable sequence that matches to the genome of a reasobale phage
candidate, and second: If the collection of variable regions in CRISPRs has any bias towards certain
characteristics of a virus genome 9ie; coding vs noncoding regions).



Methods

As previously mentioned, the first step is to actually find a CRISPR sequence. To do this, | randomly
selected various organisms from the Biobike database. Next, | implemented the following algorithm:
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This breaks the bacterium's genome into chunks of 540. I chose this box size for two reasons. 1,
previous work on a completely unrelated project happened to come across a CRISPR sequence by
happenstance, and a box size of 540 was being used then (with slightly better justification as well). The
second reason is that 540 is actually a fairly good search size. CRISPR sequences appear in tight
clusters in the genome, not spread throughout the chromosome. Assuming a maximum sized CRISPR,
with a direct repeat sequence of 47bps and a variable spacer sequence of 60 bps, | should still return at
least five results.

The program then, in each 540 chunk, executes the “counts-0f-k-mers” function. This tallies up
nucleotide strings of 23bps in length that repeat multiple times. Here, | set 23 as the search size as this
is the lower limit for CRISPR direct repeat regions. | also set the threshold to 5, as this would return
more likely results (as previously stated, 5 should be the minimum return even for a large CRISPR).
The compiled list was then joined and sorted to be more easily viewable. In this example, using
Mycobacterium-tuberculosis-H37Ra, a maximum result of 7 was obtained.




WCRD
CCCTICICGEEETITIGREGICIGR
CCETCCCCTICTICEGEEETITITEEE
CCTICTCEEEETITITGEETICTGAL
CEICCCCICICEEEETTITTIGEET
CICGEEETITITGEEICTIGACGAC
CICTCGEEEITTIGEEICTIGACE
GICCCCTICTCGEEEITITGEETIC
GITTCCGTCCCCICTCGEEETTIT
TCCCCTICTCGEEETITTITEEGICT
TCCOETCCCCICICGEEETITITIIGE
TCICGEEEGTITITGEEICTIGROGR
TICCGEICCCCICICGEEETITITE
TITCCGTCCCCTCTCGEEETTTIT

WCRD
CCCCICTCGEEEITITGEEICTG
CCCTICICGEEETITIGREGICIGR
CCETCCCCTICTICEGEEETITITEEE
CCTICTCEEEETITITGEETICTGAL
CEICCCCICICEEEETTITTIGEET

From here, the sequence can be selected and searched for in the bacterium's genome using matches-of-
item.
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The specific instance above (highlighted) contained a highly probable CRISPR. The following is the
returned sequence from the bacterium. It is also interrupted by an unknown protein. This is interesting,
but has little to do with the topic at hand.

ATGCTCATCCTGAATGCCGGTCAACAGACGCGGTGGCGACCCAGTCGTCGTAGTTITCCETCCCCTCTCEECEETTTTGEETCTE

BGGACTCGGGCACGGCCGAAACACCGCGCGAAGGGCGGTTCAAGTTTCCGTCCCCTCTCGTGGTTTTGGGTCTGACGACTGGG
AGGATGTCACTCGGACATAGCTGTCATCGGCGGTGTGTTTCCGTCCCCTCTCGGGGTTTTGGGTCTGAGGACATGGAGCAGTA
GCGTGGCTGTGGTGTGGCGGGCGATATGCEETTCCETCCCCTCTCECEEETTTTCEETCTEGACEGAC TGCTGCACCTCCCGCACC
CGGTGCGATTCTGCGTCCAGTTTCCGTCCCCTCTCGGGGTTTTGGGTCCGACGACCCCGATAGTCGCGCTCGTCCATGTCCCA
CCATGAGGETTTCCETCCCCTCTCEEEETTTTCEETCTCACEGAC TACCTGATAGAAGCCGGAAAGCTCCGTGCCGTCAGERET

CCETCCCETCTCEEEETTTITEEETCTEACEACA GGGCACTGGACCTGTATGAGGCACAGATGGCGTACT AGTITCCETCCCET
CTCEEEETTTTCEETCTEACEAC CCGGATCGGTTACCCACGCCGATTTACTGGCCATCGTCGCEETICCECTCCCCTCTCEEEE
EEFFGEEICNEACEAG C T TGCGCGCACAACGCATCCGCCATCCACGGGCC EICOEIEEEeICICEEECTTITEECTCTCH
EEACCTGAAAGGGGGACTGTGGACGAGTTCGCGCTCAAAATETTTCCETCCCCTCTCEEEETTTTCEETCTCGACGACT TGAAC
ACGCCGATACCTATTTGGTCGGGAGTGATAAAGTTTCCETCCCCTCTCEEEETTTTCCETCTCACGACGCGGACTTGATCGACG
CGAACCTGTCTGACGCGAACCTEETTCCETCCCCTCTCEEEETTTTCEETCTGACGACGGC TGGARAAAGGGCGCGGGGCAALC
GCATCGTCAAGAGETTCCETCCCCTCTCECEEETTITCEETCTECACCACGCGTTGTGGTCGTGTCGTGGAGCCTGTATTTCGCT
GETTICCETCCCCTCTCEEEETTTTCEETCTICACCACCATTAGTTGGTGTTGTGATCGCTAAACGCCGGGGCAGETTCCETEE
CCTCTCEEEETTTTEEETCTCACGACC TATCCGCGGGAAGAGATCACGAATCCGGCGTCGAAGGETTTCCETCCCCTCTCEEE
EITTTEEETCTCACGACA TGCTGAGCTGAGGCGCCGGATGATGGTGGTGCTGAAGETTTCCETCCCCTCTCECEEETTTTCEET

CTGACGACTGACAGGGTGCGGTGGTCGCTGATCGGCTCCCCGAGTTTCCGTCCCCTCTCGGGGTGAACCGCCCCGGTGAGTCC
GGAGACTCTCTGATCTGAGACCTCAGCCGGCGGCTGGTCTCTGGCGTTGAGCGTAGTAGGCAGCCTCGAGTTCGACCGGCGGG
ACGTCGCCGCAGTACTGGTAGAGGCGGCGATGGTTGAACCAGTCGACCCAGCGCGCGGTGGCCAACTCGACATCCTCGATGGA
CCGCCAGGGCTTGCCGGGTTTGATCAGCTCGGTCTTGTATAGGCCGTTGATCGTCTCGGCTAGTGCATTGTCATAGGAGCTTC
CGACCGCTCCGACCGACGGTTGGATGCCTGCCTCGGCGAGCCGCTCGCTGAACCGGATCGATGTGTACTGAGATCCCCTATCC
GTATGGTGGATAACGTCTTTCAGGTCGAGTACGCCTTCTTGTTGGCGGGTCCAGATGGCTTGCTCGATCGCGTCGAGGACCAT
GGAGGTGGCCATCGTGGAAGCGACCCGCCAGCCCAGGATCCTGCGAGCGTAGGCGTCGGTGACAAAGGCCACGTAGGCGAACC
CTGCCCAGGTCGACACATAGGTGAGGTCTGCTACCCACAGCCGGTTAGGTGCTGGTGGTCCGAAGCGGCGCTGGACGAGATCG
GCGGGACGGGCTGTGGCCGGATCAGCGATCGTGGTCCTGCGGGCTTTGCCGCGGGTGGTCCCGGACAGGCCGAGTTTGGTCAT
CAGCCGTTCGACGGTGCATCTGGCCACCTCGATGCCCTCACGGTTCAGGGTTAGCCACACTTTGCGGGCACCGTAAACACCGT
AGTTGGCGGCGTGGACGCGGCTGATGTGCTCCTTGAGTTCGCCATCGCGCAGCTCGCGGCGGCTGGGCTCCCGGTTGATGTGG
TCGTAGTAGGTCGATGGGGCGATCGGCACACCCAGCTCGGTCAGCTGTGTGCAGATCGACTCGACACCCCACCGCAAACCATC
GGGGCCCTCGCGGTGGCCCTGATGATCGGCGATGAACCGGGTAATTAGCGTGCTGGCCGGTCGAGCTCGGCCGCGARGARAGC
CGACGCGGTCTTTAAAATCGCGTTCGCCCTTCGCAATTCGGCGTTGTCCCGCCGCARGCGCTTCAGCTCAGCGGATTCTTCGG




TCGTGGTCCCGGGCCGTGCGCCGGCATCGACCTGCGCCTGGCGCACCCACTTACGCACCGTCTCCGCGCAGCCAACACCAAGT
AGACGGGCGACCTCACTGATCGCTGCCCACTCCGAATCGTGCTGACCGCGGATCTCTGCGACCATCCGCACCGCCCGCTCACG
CAGCTCCGGCGGGTACCTCCTCGATGAACCACCTGACATGACCCCATCCTTTCCAAGAACTGGAGTCTCCGGACATGCCGGGG
CGGTTCAGGGTTTTGGGTCTGACGACTCGCGGCGAGCACGTCTCACCCAGCAGGCGGTGAGGTTGGEETICCETCCCCTCTCE

EEETTTTEEETCTEACEACACGGACGAGCTGGACCGCATCAGCGATGCTGAGCTGAGCETTTCCETCCCCTCTCECEEETTTTE
BETETEACEAGT TGTCTCAATCGTGCCGTCTGCGGTGACACGCTCCALBNITCCETCECCTCTCCECETITTCCETCTCACEA
ECACCAGGATCAGCGCCAAGCCAGTTAGCGCAATCCACETTCCECTCCCCTCTCECEETTITTCEETCTCACEAGCTCCCGGACC
ATCTGCAGCTCGCCCGGGTCCATGCGEIIICCECTCCCCTCTCCEEETTTICEETCTEACEAE CGGAGTCATCCGCGCGGGCCG
GCGCGATTGTTGCCGGEETTCCETCCCCTCTCECEEETTTTCEETCTCACCGAC TGGCGATTTACGACGCTGACGGGAACTCGTG
CGAATGTTTCCGTCCCCTCTCGGGGTTTTGGGTCTGATCCGCGAAATTCACTGCGCGTTATTCAAGETTICCECTCCCCTCTCE
EECTTTICEETCTEACEAE C CGAGCCGACCATCCGCATCACACCGAAAGGGTTGGCGCAACTITCCETCCCCTCTCCEEETTT
EGEETCTGACGACA CGTGGGGAGAGGGAATGGCAATGATGGTCGACGAAGITTCOGTCCCCTCTCEEEETTTTCEGTCTCACE
BECTCGGACAGCATCTCCCCGGGCGGGCAGCAGATATCCCATEFTTCCETCCCCTCTCEEEETTTTCEETCTCACGAC CGACC
CGTGGCCGCCAGGTTGCCGCCGCCGTTGCTCACCTGETTECCETCCCCTCTCEEEETTTTCCETCTCACCACC CGGAAGTCAA
CTAGAGCGGGTGTCGAACGCTGCCCCEETICCETCCCCTCTCEEEETTITTCEETCTCACGACA T GCGAATCCGCTGTCAGCAC
ATGGGATTCCGAGT EEETCCETCCCCTCTICCEEETTITCEETCTEACEAE C TAGGCGGCCCCGGCGAGGCTGGGGGCGGTTTC
ACGCETTTCCETCCCCTCTCEEEETTTTCEETCTECACEALC CAGCGCAGACGGCAGCCCCGAGTACTCGCTCTCCTCAGEEEEC
EETCCCCTICTCCEEETTTICECETCTCACCAEA GGCTGAAATTGAAGCCGGARATGACGACGCATTGGTGTTTCCGTCCCCTCT

CGGGGTTTTTGGGGTCTTGACGACCTAAAGCCCCGCCTAAATCCCCGCACARAGTTGGGTCAGAAAAAAGGTTTTCCCGTTCC
CCCCTCCTCGGGGGGGTTTTGGGTCTGACGACCTGATGATTGGTCGGCGTATGACGTGCTACTGAGGTGT TEETEICCETCCETE

ICTCGEEE I TGEGTCIGAOGA T~ C1AGGCCATCACTGGAAGCACGGCGCTTGCG A S COTCOCOCTOEECTITTe
BEECEGABGAG T TGGTCAANAGC TGTCGCCCAAGCATGAGGCANAN A S TCEGTCECCTCTCGECET T TCECTCTCACGAT

ACGACTAGGGGAGCGTGATCCAGAGCCGGCGACCCTCTATGEITTCCETCCCCTCTCEEEETTTITCCETCTCACCGACGTGCAA
GAATTCCGGGTTGCAGTGCAACACGGTTTTAAGTTTCCETCCCCTCTCEEEETTTTCGECTCTGACGACTCTATGGACAATTCG

TCCAGCGTGTGGTAACAATGCCTGCTGATGATGTCAAAAGAACACAAACTCCTCTGCGCTGACAAGCCGTCCCCTTCCGTAGA
ACGTAACTGCCGCAACACCTCTTATCTTATAGATCCGGATGTTGTCGCAGTCGATGGCGAAGCGGTCGATACGTGCAACTAGT
TTCGCGAGCTGGCCCTTCGTCAGCATCGCTTCGAATGCGGACTC

As can be seen, the direct repeat sequence is 36bps in length. Based on Biobike's knowledge of protein
function, the sequence is also directly before a CRISPR protein.

3135421 TGEETCTEACGACETGCAAGART TOCEEETTECAGTGCARCACCHN SRR aaaTs

3135541 EEEEEEEEE e ST E S ACTCTATGGACAAT TCGTCCAGCGTGTIGEIAACAR

3135601 TGCCTGCIGATGATGICARARGAACACARACTCCTCTGCECTGACARGCCETCCCCTTICC Meub-H3TRa . Meub-H3TRa-7901 (3135616 <- 3135957)
3135661 GTAGAACGTARCTECCGCAACACCTCTTATCTIATAGATCCGEATGTTIGTCGCAGTCEAT CRISER asscciated protein Cas2

3135721 GGCGARGCGETCGATACGTGCAACTAGTTTCRCGARCTGECCCITCETCAGCATCGCITC

3135781 GAATGCGEACTCTTGGACGCGATAGCCARACCCEGCCAGGATCTTCGCARGT
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3135841 CCGCCEETTGTCECTGATETC G
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GIATATTACGAGEACGAACATCTTGCCTATASTGCCGCT

3135901 GGACTCGTCCACTTIGRAGCGEGRAGAT TGAAGTACTCCTCACGECTGCGAGTGEECATTTA Meub-H37Ra. . Moub-H3TRa-79802 (3135958 «<- 3136974)

3135961 GECTCCGEATGECTCERAGGTGATAT CEATAT CRACGAGCCGCGACEGETGCCCGECTIC CRISFR-associated protein Casl [55]

3136021 GATARCRCGCACGAGGCTTTGCAGT TGCAAGT CRAGGECETACT GARAGGTGTATCEETG

3136081 AGEATCGCCTTTGATGTAGGTGECEGITCET GCEAT TCRAT TACCARAGGCGCGCGCGAT

3136141 GGATCGIGIGECTICCCGIGI CECRARGACGECCCCCETGTCGGAGT ICTIGCT GARAGT

3136201 COGGETGTCGACCACACCEICCECEATCAATCARGTACGETGTCATCGATGATCGELET

3136261 CCGCCATACCTCCATGAGETCGCTCGCCAACGITGCGIGCCCICRIGARTCCTGETIGTAG

3136321 GARACCGATATACGCGIICAGGCT G GACGCI CGAT CGCCCCTATGATGTICTIGTACAG

3136381 CAGCGAATAGCCGAGGCTGACCAT CGAGT TGARGGCGICCRACGECEGLCGAGTCGAGCE

3136441 GCCCTGGARTGCGARCTCCTECEGRACGRAGAT GCCCCAGCECEETGRAGTATSCCTTTEC

3136501 GGCATTTCCCTCGARCCCETTCRACT CCRCCAGERAGCCORATCRATCRACCCAGGCCAG

3136561 CeAGTGCTICATCGTGCGRATGCTCTCAGCAACGICTITRCCCCGACET T ST GCCCGART

3136621 CARGGCCTGCTGATTCAGEATCTICCTCRACACGAT COGCTTECT TAACGACAGSCAGAR

3136681 CGCAGGATCGTCGETGCGET RARCT TFCTRACGEAGCCECEGCGCGTATGACACSTICGEE

3136741 IGTIGAGATCCGECCCIGETAGIGECCGICEEICET ZRAAGRAGCTGGATGTCGOGCTCACG

3136801 CTTGAGCATCTCAACGAT GARGEGCGITGICATCGI CGCCGUCCARACAGCGTGATGCC

So, this region is very likely to be a CRISPR. The method of finding CRISPRs appears to be effective.
| repeated this with other bacterial organisms.

Nitrosomonas europaea, a nitrogen fixing bacterium found in soils, returned this:

ARCGCATTTACGCACTALT COGGCEETAATTCAGGGTATCGGTGTTTCGGTATCCTGCTGT TGRARA ARG
ATRAGGTEGGGCETTGET TCTATTGGCCGTATGETTT
CERRGTRRRGATGET TCTACTGETTCGAGACATAT
CCAGRAATCRALRGRARRGE
CCAGRATCRAAGALD
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And C. tetani, which causes tetnus, returned this:

GGGAGTAGACAATTATAGTTATATTAATGGTTTATAAATTATTTAACATAACTTGTATTATAATA
ATAGACTATAAGAAATCCCAACTTAGTAGGTAGA CAGAAATA GAAGTTATACTATAGA CATAT
AGTGCATCATAGATGAAC
CTAAATTTAAGGTAAGAATGGT
TATCTCCATTAACTACTGAAAAAGG.
GAATAATTCTAATTTTATCCAAGGAACT
AATTTTACTAGCTGCTACCCCAACGCCTAAT.
AAATATATTACTTCCTTCTTGCACTGTAGGTTTTT
GTTCGTAACTGTTAAAGCTATCTTTCTTTAT
AGAGCCTAGTTTCCTAAGCCCTTATAACCAACTTAC
ATACAATGCTCCATGGAAAGGACTCCACTTAGATATAT:
CCCACATCATTAAAGGATATAAAATTACCACCTTCC
GTTTTAATAT TAATATCGGCAAGTGCTAATTCATAT
GTTTTAATATTAATATCGGCAAGTGCTAATTCATAT
CTGCACAGTATCACCGCTAGCTTTTAATTCTTT.
TTGAAGTATATTATAAAGGCACAGTAACACGCCC
CTTTAACTCTTAAAAAAGATAAAGTTCTAAAT
GATGCAGCCAACGCACTTGGATATATGGC
GGTAATGTAAGTAATTCTACAACCAATA
ACAGAATACAAGATTATAGTTAGT
AATGAAGTCAAATAATAACATAC
TTAAATCTGGTTTATTTTTTA
CATTCTTCCAATC GTGCGTTATTTACGCCTT
CTATATGTCCGAATAC CATTAGCAATTCC
TTTGTACTGCCATCTTCC CTAGTACGCCCAG
CATACCCAAAAAAGAACTACTT.
AGGCAATAAAGCATTAGGAATAATAAAAT
ACTAACACTTTCAGACCTAGTATTAAAAT
TGTTACATCTCCCAATTTCTCCTCATAATACT
CTATAGCTAGTATAGTAGATACGTTGCGAGAAT GG
AATATTGGCAGTATATGCTATACCATCTATA
ATCTAACTCAATATTTTCTTCTTTTACATCCTGTTT.
AATAAAGATAGTAGGTTAAAGGGTATATTA
ATAAAATTCTATTTCTAGTTCTTCTTGAGTAT.
GTCGACCCATTGGAGTTAGACAGATGGGATTTTC.
AGCATCTATAATATTTACTTCTTTAATAGTTC
ATATGTGAT GATGAATTAGAGAAAGTGCTTGAAAGG
ACCATATTGGAATATAAATTGACTGTAACTATAGTATAAATAGGTAAATAGGGACGGTTA
ATGAATTTTTCAAAAGTATGATATAATAAAAACATAATTTACTTGATGAGGTATGATATGGATT
TTAATGAAACAATATATAATA GAATATTAAAATTTGTTAAGGAGAATCCCGATAGTGTTTATTT
GCCACAGGATTTTGATGAAGCGGGAAAGAAAGATGCATATTTTATTTTTAATGCGAAATGCG
GAACGGAAAAATTTGAAATTGAAAATA GCAATAATTTAATTAAGCTTATATCAAATTATTTAA
ATGATGAAGCTCAATATAATGATTTAATA GAGTATATTCATGAGT TTCCAATAATAGTATATTAT
TTTGAGTTTTGTAGAATACTTGAAATGCAA




So, I was able to find a few CRISPR regions. The next step is to find similar matches between the
variable spacer sequences (unhighlighted regions) and potential phage genomes. Exact matches may
occur, but may also be unlikely due to rapid mutation of phages.

I implemented the following for Nitrosomonas europaea, but repeated the process for all of the variable
spacer sequences :

[ x x
SEQUENCE/S-SIMILAR-TO 51 > "GAICGGITACCCACGCOGAT..."j IN [ <ol phage+ | | | MISMATCHES -:::ga-z

I did not take the entire sequence, but rather the middle 20-or-so nucleotides. 1 did this because
nucleotides outside the repeated regions may be associated with the CRISPR structure instead of
collected foreign DNA®!.

However, this did not yield any matches with Nitrosomonas europaea.
Next, I did the same for C. tetani. A potential match was found.
Finding this sequence in a genome the size of the phage's is very unlikely.

AATGAAGTCAAATAATAACATACCATTTITGTGCTC
AATAATAACATACCATTITT

Chance of occurring randomly in genome the size of
organism's: 9.18 x 107

Finding this sequence randomly in a genome the size of the phage's is very unlikely. It should be noted
that other matches were found, but many were based on weaker matches that could have easilly
happened by chance.

However, according to biobike this is a phage that infects Prochlorococcus, which is a cyanobacterium
that lives in the ocean. As C. tetani is terrestrial, its unlikely the two came in contact with echother. The
sceific sequence matches only this phage, and is located towads the end of a Phytanoyl-CoA
dioxygenase gene. So, the reeason for this match isn't very clear, and could actually be due to
coincidence (1 in 90 million can still occurr).

Next | looked back at Mycobacterium-tuberculosis-H37Ra. | noticed that this bacterium actually had
associeted phages that had available gnomes in Biobike. | decided I should focus on this organism.

Using the method described above, | got the following four matches (Green are matching nucleotides)
Phage - ATCGACGCGAACCTGTCTGACGCG

Bacterium-TTCGAGCCGAACCCCGGTGACGCG

Chance of occurring randomly: 4 x 106
Phage: Mycobacterium-phage-KBG
This is promising, as the phage is known to specifically infect mycobacteria.

Phage- GGAAGAGATCACGAATCCGGC



Phage- GGAACAGATCAGCCAACGGAC

Bacterium-

GGACGTGATCAACGATCCGGC

Chance of occurring randomly: 2.5 x 1074

These are Mycobacterium-phage-Kamiyu and Mycobacterium-phage-Tweety. This is good, as these

both supposedly infect mycobacteria as well. Additionally, the differences seen are whole-codon

changes, which is also promising (as frame-shifts are damaging but codon switches can have much

smaller effects).

| also found;

Bacterium- ACGAGGGCGCGGGGCACCCG

Phage- AAAAGGGCGCGGGGCAACCG
(Mycobacterium-phage-kikipoo)
Probability of occurring randomly in phage genome: 1 x 10-6

This was a very simila sequence, again occurring in a bacteriophage that attacks the genus of the

bacteria whos CRISPR is being analyzed.

| decided to search some more.
Taking the 24 bp sequence
GATAGAAGCCGGAAAGCTCCGTGC

And searched while allowing for 5 mismatches.

‘ * SEQUENCE/S-SIMILAR-TO &3

mach

=

"GATAGAAGCOGGAAAGCTCC.. &1

N > *all—phage*

MISMATCHES

Oplions

| got;

‘bb

((Mycobacterium phage Maverick ((5 "B" 27402 "GGGAGAAGCCGGAAGGCTGCGTGT")) (Mycobacterinm phage Peaches (3 "B" 27401
"GGGAGAAGCCGGAAGGCTGCGTGT"))) (Mycobacterinm phage-Shaka (3 "B" 27402 "GGGAGAAGCCGGAAGGCTGCGTGT )

Mycobacterium-phage-Maverick

Mycobacterium-phage-Peaches

Mycobacterium-phage-Shaka
Which all have the same matching string

Bacterium- GATAGAAGCCGGAAAGCTCCGTGC
Phage -GGGAGAAGCCGGAAGGCTGCGTGT




27701 GACGAGTTCGEECTACCGEATACARCGEAGCCCCTGCTGECCETCCTGETTGOGEGEACET

27641 GICCACGTCGRACGAGTARCGCCAGARCCTGEOGTO ATAaIIAC GCTCOGEEAGEEACAC

27581 GTTIGTGICGCRAGTACATGCAGAGECTARCGOGCTTCTCTACTGOGAT AGRAGRAGEACCTIC

27521 GCGEAGCTGCTCTCTACAT CACCAGRGCCCCCTEOGEAGACTGCTCGARGCTGAT OGRS

27461 CCGCCGGCRATCGAGCGAGTGETETACCCGTTCGACT B REREEFIEERVERaNal conserved hypothetical protein
27401 GIECTEEECCCﬁCCCPCCCCTECC&CGGGIGEIGCG&ICCGIGCRGCEEGCICCCGAHGA Maverick.Mawve-0036 (27376 -» 27900)
27341 TCGIGETGCARGAGCAGGRCCGCT GEEAGCEEARCGAGTACACCGICCGGAT GGARCCGE Maverick. Mave-0035 (27211 <- 27405)

These are all located inside a hypothetical protein.

I did this again with:
GTTACCCACGCCGATTTACTGGCC

&=

((Mycobacterinm-phage Vix ((5 "F" 26138 "GTTGCCGACGACGATCTTCTGGCC"))) (Myoobacterium-phage JHC117 ((5 "F" 26054
"GTTGCCGACGACGATCTTCTGGCC))) (Mycobacterinm.phage Pukovnik (5 "F" 45865 "GCTACCCACGCGCATATACTCGCC"))) (Mycobacterium phage Rockstar ((3
"F" 23324 "GTTGCCGACGACGATCTTCTGGCC™)) (Mycobacterinm-phage Microwolf (5 "F" 26057 "GTTGCCGACGACGATCTTCTGGCC™)))

Again, all mycobacteriophages.

Mycobacterium-phage-Vix

Mycobacterium-phage-JHC117

Mycobacterium-phage-Pukovnik (with a slightly differrent matching sequence)
Mycobacterium-phage-Rockstar

Mycobacterium-phage-Microwolf

Phages- GTTGCCGACGACGATCTTCTGGCC
Phage Pukovnik- GCTACCCACGCGCATATACTCGCC
Bacterium- GTTACCCACGCCGATTTACTGGCC

For the phage vix, the match is seen here-
Select orgfcontig Start Prev Next End

i = R = w = = =

Integrase

26078 RACCATCGCOGOGR FIG =
26138 :;:__
26193 C: CPCCC““ 3 ATGERE

26258 GCTICETCCACE
26318 CEIC
26378
26438
26498 FERCE, GGCGTCATCTIC
26558 COGCTTCCTES ETT_T;CACC
Located at an integrase.

CICCACG C

TT sTCCTC

sTCECGCTCRG

For JHC117,

________ I e =T T=7

GICTTIGET Integrase

GCTCGICCACGCG.
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Also at the integrase protein.



Rockstar:

T o= =

25264 GRCCATCIGTECGACGIGTGECGECACAGTCACCGECCECTICERCCEEACGETCTTGET
25324 [y eSS L OG0 EECCECECCCCEECECACCCEERACAGCAT
25384 COTCTCOCCCTCOICRICTATCTCCTICC0ECRARGCTCEATCACCTCCCCARACCECAS
25444 GCTCETCCAGECGACARTGTAGACCGOGRCCCEETACTECTCATGCACCTCEGCCGCRAL
25504 GATCTCCAGCTCCTCCGEAGTCAGGGCCTCCACGTCGCECTCAGCCTCTGCCTTGATCTC
25564 GATCCGGCACEGGTTCTCCRACAGCAGCTTGTCETCCACGGOEETCTGECAGACGGCRTS
25624 GRACATCCGETACGTICIGICICCIGECGECGATGTIGCTIGTTGCCCATTCCEGCERACCA
25684 CECRCGGATGAGAGCCEETGTCAGCTCGECCACCEEGETCTCECCCAGEACCGEETTGAT
25744 GCGCTTCCGCECATGAATCTIGTACAGCTCTCEGGTGCCCTCAGCGAGCGECCGCTCCTC
25804 GATCCACTTCCGCGTGTACTCCTCGACGETGATGGACGAGGCTTGEGCCTTCTTCGCOCE
25864 GICCTCGEECEECETCCAGGTCTCCATCTCGATGAGCCECTICTCCTGEGCCAGCCAGET
25924 TICGECGTCCATCCGGTTGTCGTAGGTGT GCAGGGCGTAGTACCGCACCCCETCCAGCGE

R

25984 GTGEACATACGAGGCTIEGATACECCCACTCCGCATCGTCTTCAGTGATCCCCATGRACCG
26044 TCGIGAGGCIGCCACCGAGETCTCCITICTCCCGI CAGARAGGETACCGATTTGCARCTC
26104 TCATGCARCTCCOGAGGCTCATTCCGTITTCACGACCTGCARTTTICTITCACTIIGRAGAG
26164 TTGCGATCTGGCGAGETTARARCCTGCTCTGRACCT GCACATACAGTCTGATACGGGCTCT

Also at itegrase.

Microwolf:

Integrase

Also at integrase

T T T T e e T R e T TR O T O T T S e T E e T
25997 GACCATCGCCGCGACETGTGECGECACGETCACCEEACECTTCRAGCEEACGEICTIGET Integrase
26057 R SN e e = G CFEECCECECCCCEECECACCOEEARCTICAT

26117 CETCACGCCEICEICCATEATCICCTICORECEARTCTCER TCAGCTCCCCGRRCCGCRG

26177 GCTCETCCACGCARGGAGETAGRCGGCCACCCEETAGTGCTCATGGACCTCGECTGOGALC

26237 CGTCTCCRATTCCTGGGGCETGAGAGCCTCCACETCACECTCETTGGEGGCCTTCTGCTE

26297 GATCCGGCACGGETICTCCGAGAGCAGCTTGTCCTCARACGGCEETGTTCATGACGGCCCS

26357 GAGGATGTTGTAGGCETGTCGACECGCTETCGGETGCTATGCCCCATGLCGECCCACCA

26417 CGCCCGGRCGAGEECTGGCETCATCTCGECGACCGCCETGTCECCCAGCACCEEGTAGAT

26477 CCGCTTCCIGGECETGEETCITETACAGCTCCCGCETCCCCTCOGCGAGETCEOGCTCAG

26537 GAGCCACTICTTGETGTACTCCTCGACCETGATGEAGEATGCEECCTTCTTCTTGGCCCSE

26597 CTCGECGGGCGGCETCCAGETCTCCATCTCGATGAGRCEECGCTCGGRATTGAGCCACGT

26657 TTCCECGTCCATCCEGTTGTCGTAGGTCTGCAGTGCGTAGTACCGCAGGCCGTCCAGTGSE

26717 GTGELCGTACGACECTTGEATACECCCECTCCGCATCETCTTCAGCGCTCCCCRAGGAGCS

For Pukovnik, it was located at a completely different egion in a different protein.

B e Lo L e ) S LS IR Lo, e e L}

BCERAGCTTCCTCCACCACGACAG

45335 GCGRAGC LEL;CC;TT”TT“TT STCC ”“"’”’T GICTTGRA

roalen
45295 R EEINERE N NS EERs - TG T CECEAMGCCTCTEETAAGCCTTCEACTTCET
45955 CTGCAGCITAGTGAT I T1CCAL GRCCACGCCTCTTCRACCATCTACCTAGTAETCARTCE
46015 TCCCCCGTATGICTICTICTGCCACRARRCARCCTEECEGGETGACGCCATGCATEICCEC
46075 GATCTCGCTCTGATTGARCCCCTTCCTGCGARGATCCTCARTCGTECTGAGEE
46135 CIGICGCEACGEEGCCGATCGCCTCECCACGTIGTIGATTTIGCCGCTCATEITICCCTC
46195 CATGAGRRAGETTCAGTTGTATTCTCCTGTCARGEAGAAT TETAGETGACTGICARGTCR
46255 ATCTCTCTICCCATARCTCGTGCCTTCGACCECGTCTCEATCTCAGACACCTICGECTCT
46315 TACCAGGTECTGCCTAGTAGCTAGCTGARCARGGCI TACGCAGTCETARACCTAGCTGET

Ll

CRARRGG

A phage-repressor gene.

e e T TToToTT T

Phage repressor # Pham54

It is interesting that both viruses contain the matching sequence yet do not appear to be related. Still, it

is reasonable to assume that

Vix, JHC117, Rockstar and Microwolf are all related to each other closely, as they show highly

homologous DNA sequences.

| again searched with:
TGCGCGCACAACGCATCCGCCATCCA

One match:



™ 17> ((Mycobacterivm-phage-Wildcat (5 "B" 36894 "TCCGCGCGCAACACATCAGCCAGCCA™))

Again, a mycobacterium phage.
Bacterium- TGCGCGCACAACGCATCCGCCATCCA
Phage- TCCGCGCGCAACACATCAGCCAGCCA

37373 RATAGCGCCAGEGTCCCACTIGOCCTECACGOECTCRCCCCACTCACRETEC

37313 CCIR

GRGATACE

RGGRCCCATCRARL Fhage endolysin
E > Wildcat.Wildcatp4d (36288 -> 37796)

36833 OG5

This is a page endolyain gene.
More searching with:
GGGGGACTGTGGACGAGTTCGCG

™ 10>

((Mycobacterium-phaze-DS6A ((3 "F" 35433 "GGGTGACGGTGGAGGAGGTTGCG")) (Mycobacterium-phage Pari (3 "B" 37214
"GGGGGACCAAGGGCGAGTTCGAG™)) (Myeobacterinm phage Backyardigan (5 "F" 31580 "GGGAGACGGTGGATGGGTTCACG™))

Three matches. All mycobacteria. DS6A, Pari, Backyardigan. All slightly different.

Bacterium:  GGGGGACTGTGGACGAGTTCGCG
DS6A: GGGTGACGGTGGAGGAGGTTGCG
Pari: GGGGGACCAAGGGCGAGTTCGAG
Backyardigan: GGGAGACGGTGGATGGGTTCACG

______________________________________________________________________________________ T T == === =T

35373 TGCRACGIGARGCTGACGEOGECGACGCTGACCGAGTACCACCEEEITGCTGCGECEGCGE hypothetical protein

35433 CEEEAGECGATTGOGEAGCGETICGCGETIGATGETGR

35493 AGECECAGECEEE0GECOGECETOGEGECEETARAGCEETGEC DS6A.DSRA-0051 (35536 -» 38210)
35553 & GIGIGGE CT > hypothetical protein

35613 &

35673 &
35733 C
35793 GEC

AEEEG ST

In DS6A this occurrs in a hypothetical protein

pari, this also occurrs in a hypothetical protein.



37693 ACGACATCCGECACGTGCCEEAT GET T CRACGTARATCEACAGETTCFFEARCCGGCRAR
37633 GC CCCCCCECETEPTEAGCCGGTTTEEEECECrcTTﬂﬁ GAACGAATGGGCTCCGTICA Protein of Unknown Function

37573 CCGRGETCETCGAGTGATCGTCEETARGAGCCAGACCCTCCCEEAGEEATTCGCGETCET Pari.Pari-0052 (37560 <- 38214)

37513 CGGEGICGAGCICGGCGGIAACCGIACCIACACAACEGICGCCAACGCGAICABCGCGCI

37453 GGACGACGTCTACCGATCAGTACGCGCGEAGCTATCCCTCCTCGCAGAGRAGGGRRACCAR Conserved hypothetical Mycobacteriophage

37393 lTEECTEEPCCEPT““ CTTTCTACCCGACAC CEETTECCTTTCCP“CCCCCC"““P

C GLG
37333 ATGCAGGCEGTCATCCECTTCATCGEGGATGTCCAGCCGTACGGOS ;cz:nnc—c—r
37273 GACETCCTAGACCTECCCCARCCCTCECECTRERR T
37213 CETTCEATCTACCECEACCOECACTACCCCARGRACGRACCTE rhcr-cccr-_c GCGCRAG
37153 GTCTACGACGECTEEATCGEEATGCACGAGEECARCTR G

in backyardigan,

Pari.Pari-0051 (37333 <- 375&0)

G & Conserved hypothetical protein
ACCACGATCTGCGAGCCCGCGRGTAC Pari.Pari-0050 (36629 < 37393)

T e e T e e e e

31528 GACARCATGCCGETGCTCGATCATGGTGCTCCTACTIGIGETACTGCCCCCGEACGATCC Backyardigan.Backyardigan-0044 (31560

31589 geerteniue eyyelenyiele eyyRese T CSA L GEACFCEE0GRCATCGCFCCGEETGACGCCCE hypothetical protein

31645 CTCGGACGRGGTCCTTGAT GRACGCGACCTOGGACTIGTCGAGCTTCGETCGETITIGEGIC
31708 GETIG CPCChIT::I“TCC&PCIIECCICECPECICCCCCTT”ICCICC@CCPCCCCC
31768 CGTTCACCGACGCCRAAGTGCTCCCGCTGTTGGTACAGCGTGETGT TCGAGCTIGCGAGRG

31829 CGICGATGER CCC#IICECCT”ICCCPCPCCC#CTIICEEITECIICIIICECE?CAGII Backyardigan.Backyvardigan-0045 (3183

318858 GTICTTCCAGCGGTGACACCGCGTAGTACATGAGGTTCGEGCGETAGRAGCTGAGATACGC hypothetical protein

319458 TCCGCTEICECCCGAGATFACCARCGTGTICICGATGEEETCRACGTTGACCTCACCGAC

320049 CEIGCEGAIEAIGEICCCEICGAIGEECAGEACCGIGBCIICCIICIICAIIECGCCICT Backyardigan.Backyardigan-00448 (32083

32068 CAGTAGCIGIAGEECTICCIIGEEEATGICCIGEIAGGTIGITGEERGCGATCTICCCGEAGC Thymidvlate synthase thyX (EC 2.1.1.-)

32129 TCCCCCECCAEITCCCCTECCAEIICECCCEIITCECCCICCCCICCC CGIGCCAGCGE
32189 GCCTTGATGACGTAGCGCCAGECGCGETGEI IGCCEETGACGRACCATCGETIGAGTIGETC

312249 ATGITCGGRCAGRACCGCTCRTGCTGOCTCGCRAGCCTTCTTGORGEECARCCCAGCCGTC

Lirblarzaliis LU E L BT 1E L TLirrrseanl L aglive Ll
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Another hypothetical protein.

Another search:

CGCGGGAAGAGATCACGAATCCGG

318

31>

((Mycobacterium phage Gadjet (5 "B" 30187 "CGCCGGACGTGATCAGGGATCCGG)) (Mycobacterium phage Akoma ((5 "B" 30181

"CGCCGGACGTGATCAGGGATCCGG")))
Two more mycobacteriophages.

Bacterium: CGCGGGAAGAGATCACGAATCCGG
Gadjet and Akoma: CGCCGGACGTGATCAGGGATCCGG

30846 ACTCCTTGRACGAAGTAGATCGTGITCGEET ICTICGACETGATOGCCGUGTACTCOGCCGE
30786 CCGTGCCCTTCCAGRT ST TCAGGT TGETCAGECCGERACFICET STARCCGGCCACGRCGT
30726 CGEACCCCTROGRGEATCCGCCGCCGTACATCGOCCACETGTTGACCGTGOCCGTCGAGT
30666 AGCTGTCRCCCTITCTCGACGCCGRCRCCGCAGTACCGETAGTCGEATCCGTAGRGCGACE
30606 CCGEEETCEAGTCGRCGETCGAGTGEACCTICGTGCCGTIGACEOGEECCTCGARGTACT
30546 TGETCTCCOGCCACEETGCCGCCCTIGARCGAGAT CGRGCATCOGCCGETCAGCACETICCG
30486 CCGCCGRGRGRAGTCGETCCCATCTGOGTARRCGT GCCGICT ROGTAGCTGRRGARCCGSE,

30426 TCTCGTCCCACGOGTATCGEECCGCGRCGARGEOGETFICFEFIGTIGTTCGROCEECCS.

30366 TGAGCCACACGTAGTTGGEALCTGTCGTCGCCGRRCCACCCGT GUGAGEEGACGEACGS.

30306 GCACCGCCGTCACCTICGARCAGGTCGETGAGCAGEEGACCECCETIGARCAGETAGRACT
30246 CECGTCORGCCEACGAGLCGEACCAGECGAGCTTTC e wa s e ey e i e e ee
30186 ATCCGETGTCGAT GRCCTIGET GARCATGEACGECGEAGT FRACGCGTCCACGARCTCAC

30126 CGATGTTGACGACCTCGEAGEACGCAGCEEEETCGRAGFICCFCCACCTGOGCCTGEAGET

Located on a phage protein.

Phage protein
Gadjet.Gadjet-0031 (236

-
r

0 -> 30843)



Out of the 8 phages looked at so far, allmatching items have been located on a gene.

To see if this was odd or not, | decided to look at what roportion of the paghes' genomes were coding
regions.

>
QUOTIENT-OF [ oo ror

* LENGTH.OF EACH & o
each

>
GENE/S-OF » mycobacterium—pbage—gadjetﬂ qi}nj

"0
mycobacterium—phage—gadjetjj Hare-.

! P* LENeTHOF & ‘)—
mnch

Gadjet — 95%

DS6A - 94%

Pari- 90%
Backyardigan — 91.8%
Wildcat- 92.2%

Vix — 89.9%
Pukovnik — 93.1%
Maverick — 91.9%

Average: 92.2% coverage.

So, there's about a fifty percent chance (92.2%) that | would find the sequences exclusively on genes.
More searching.

GAGCTGGACCGCATCAGCGATGCTG

47>

((Miycobacterinm-phage Chedc ({5 "B" 3932 "GGGGTCGACCTCTTCAGCGATGCTG"))) (Mycobacterium-phage-Cooper ((3 "F" 16286
" AAGCTGGCCCGCATCAGCGAAGCAA"))) (Mycobacterium.phage-Stinger ({5 "F" 15741 "AAGCTGGCCCGCATCAGCGAAGCAA™))

GIAGGOCGECCACGTCACC

TTCCICTIC

CEACCTCTTCAGCEAT E 3.4.-.-)
FECOGTEETOGARCTE C Phage prohead protease protein (EC
Chedc.Chedcpls (3630 -> 4610)

Prohead protein. Coding region: 94.7%
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15681 ACGETEECCCEECCAGCEAGCCCGCCECCACCACCECACCEEACCAGCCOGOGATCCCET Phage protein

15741 bW (e w R e e e W C L A L CCGOCCCGRCCT TRT GRCCEEEGCGETTTRT

15801 IGICIGEGECTITAGECEECIGCEECCACCECCICGTIICACCAGEICGIAGETIGRECTIEEC Stinger. Stinger-0017 (15811 <- 16098)
15861 CGTTGCCGTAG GA hypothetical protein

159821

158381 ERY
16041 T AL Hed CC 3G ATIT
16101 TGACTCCCTTACCIGOEECGECEEEECGET CCCGCCTIGCTGAT GTGARCACACTARCCC
16161 GOCTTAGTCGGETARGT CARGATGACCGATACCGCACCGCCACCGFATACCCTGECGICE Stinger. Stinger-0018 (16220 -» 16940)

For the mycobacteria phage stringer, the match actually fell (mostly) between two declared genes.
Coding region is 94.9%.

More searching...

Another match:

152857 TGLIGCCCGCARCRAARGGEEATGALGICAT LT ICGAGAGET ICACCBRACCELELC0GIL |, e e e e oo

~~ 133563) Myrna.MYBNA 250 (152417 -> 152331)

152977

Myrna.MYBNA 252 (153560 -» 153808)
Phamas nrotein

So, there was one instance of a non-gene match and 10 instances of gene matches. This is 91% actual
instances of the match landing on a gene. The avergage gene coverage for the viruses so far is 92.9%.
This is reasonably close to what would be expected.

Clearly more data could be obtained and would likely be beneficial in elucidating a further pattern.
However, based on the obtained reuslts, it seems reasonable to conclude that there is a fair chance there
is no correlation between coding/noncoding viral DNA and the variable spacer regions in CRISPRs.
Still, it was interesting to find a number of matches to known mycobacterial phages, as this likely
indicates previous contact in the organisms evolutionary history.

I think I was able to answer my question, at least in a preliminary sense in that a lot more research
would be required to really answer the question but this was a decent start. | found very little
relationship between coding vs non coding regions in phages and CRISPR regions in bacteria. | was
also able to identify quite a few phages that likely infect one particular mycobacteria. Some of the
phages seemed related, others didn't, and some even contained highly similar sequences even though
they otherwise seemed very much unrelated (what was very surprising — perhaps they picked up similar
DNA during a lysogenic phase, or some other mechanism for horizonal gene transfer.

Future resarch into this would benefit from further automation of the process, although quite a few of
the key programs | used took between 10-50 secods for biobike to execute. Further automation may
take long periods of time for the computer to run. Still, more data could construct a better picture and
determine if there is infact a relationship between selection of variable sequences and the region of the
phage genome it comes from. This could actually be useful, as CRISPRs are rapidly being intergrated



into biotechnology purposes, and further understanding could benefit the field.
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