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Abstract

In order to defend themselves against viral predation, the majority of 

prokaryotic organisms employ an adaptive immune system comprised of curious 

loci call CRISPRs, or “clustered regularly interspersed short palindromic repeats.” 

These loci consist of direct repeats of around 22-40 bp in length, in between which 

are spacer sequences derived from foreign DNA. These spacer sequences are used to 

recognize complementary invading DNA so that the CRISPR can target and 

subsequently remove the threat. It has been well documented that CRISPRs evolve 

rapidly in response to their environment, leading to a wide variation of spacer 

sequences. The role and evolution of the repeats has not, however, been fully 

characterized. Here, I have examined constraints on repeat evolution using 

computational methods to analyze polymorphism and divergence across repeat 

sequences in putative closely related families, specifically those which display 

conserved secondary structure. Results suggest that different evolutionary schemes 

are acting on distinct regions of each repeat sequence, perhaps indicative of their 

different functional purposes.
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Introduction

Some of the most abundant organisms on the planet, prokaryotes are 

characterized as lacking a nucleus and membrane-bound organelles and consist of 

two main clades, Bacteria and Archaea. Due to their high abundance and nearly 

ubiquitous presence, prokaryotes are the most significant players in biogeochemical 

cycles, and their population dynamics therefore have an important influence over 

climate change and environmental stability [1]. Their significance in such processes 

is surpassed only by bacteriophages1, or the viruses which infect them. Phage 

populations dwarf those of prokaryotes by an estimated fifteen-fold, killing at least 

20% of their populations on a daily basis [2]. Indeed, phage attack is the primary 

factor in controlling bacterial population size [3]. This dynamic imposes specific 

selective pressures on phage and prokaryotic populations, represented by a co-

evolutionary “arms-race” in which prokaryotes gain resistance and the phage 

overcome it. Several such adaptations in bacteria have been documented. For 

instance, bacteria alter the structure or composition of their cell-surface receptors 

that phage would normally bind to and subsequently inject its genetic material into 

the bacteria’s cytoplasm [3,4]. Bacteria can shield these receptors by secreting 

molecules such as EPS (exopolysaccharides), an exoskeletal variant that also serves 

as protection from a harsh environment. The phage can readily overcome this 

hindrance by cleaving it or even recognizing it as a new receptor [3,5]. In the event 

where a phage does succeed in invading the prokaryote, the host must use another 

system to counter the imminent threat. One such mechanism employs CRISPRs, or 

                                                       
1 From now on, referred to as “phage.”
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“regularly interspersed short palindromic repeats,” rapidly evolving loci which 

serve as an adaptive immune system in 90% of Archaea and 40% of Bacteria [3, 6].

Although CRISPRs were first observed in 1987 by Ishino et al. in their study 

of the ipa gene in E. Coli [7],  studies characterizing CRISPR structure and function 

have been conducted predominantly in the last five years, and frequently using 

Streptococcus bacteria. Jansen et al. coined the name CRISPR in 2002 [8] based on

their curious structure – each locus consists of a series of direct repeats 

interspersed by unique spacer sequences and flanked by an AT-rich leader sequence 

on its 5’ end, as well as a suite of Cas (CRISPR-associated) genes [6,8]. 

In 2005, Haft et al. described a core set of these Cas genes which every 

CRISPR possesses, as well as several subtypes of Cas families with diverse functions 

including exonuclease and DNA-binding [9]. Although repeats are highly conserved 

within a locus, there is significant diversity across all loci. Repeats can range from 

23-47 bp, and Kunin et al. [10] have shown that they can be organized into 

“clusters” based on sequence alignment. Furthermore, these clusters coincide with 

FIGURE 1. A CRISPR locus from Streptococcus thermophilus, strain 
DGCC7710. L1 is leader sequence.  Repeats depicted by black diamonds, with 
“T” labeling terminal repeat. Spacers represented by white boxes in between 
the repeats. [6]
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specific Cas gene subtypes as defined by Haft. et al. [8,10], suggesting that repeats 

and Cas genes might mechanistically co-evolve [10,11]. Kunin et al. additionally 

found that many repeats can form stable secondary structures, which is conserved 

in some of their reported repeat clusters [10]. 

Based on the high degree of similarity between spacer sequences and 

extrachromosomal elements such as viruses and plasmids, it was hypothesized that 

the spacers are actually derived from foreign DNA  [12,14]. Barrangou et al. 

confirmed this hypothesis in 2007 by showing that, upon viral challenge, bacteria 

integrate short sequences derived from the phage’s DNA into their genomes. These 

21-72 bp sequences [6] become spacers in CRISPR loci [14] and serve the microbe’s 

“working memory” of past predators. Provided the spacer has perfect sequence 

identity with a region of the invading phage’s genome, CRISPRs can genetically 

identify phages which have previously infected them and destroy them [14]. 

Additional spacers matching the phage increase the level of resistance, as well [14]. 

New spacers are incorporated at the CRISPR’s 5’-end next to the leader sequence 

through addition of a repeat-spacer unit [11]. Spacers may also be deleted through 

homologous recombination between repeats within a locus [11]. The bacteria do not 

target specific functional regions of the phage’s genome [14], but rely on “proto-

spacer adjacent motifs” (PAMS), or a specific set of ~3 nucleotides bordering the 

region that the prokaryote will take up for its spacer [15]. PAM sequences may also 

be specific to Kunin et al.’s repeat clusters, further supporting their co-evolution and 

revealing the potential for differences in mechanism among repeats and their 

respective Cas genes [10,15].
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Several points of evidence suggest that horizontal gene transfer (HGT) is 

rampant among CRISPRs. Many distinct and unrelated loci can be found within a cell 

[11], and loci are also frequently seen on plasmids and megaplasmids, the primary 

agents of HGT [6]. This hypothesis is further supported by the observation that 

CRISPR phylogenies do not correlate with the organisms they are from [6].  In fact, 

closely related species may not even have the same CRISPRs, and shared CRISPRs 

might be in different locations in their respective genomes [6, 11]. 

Although little is known about how CRISPRs integrate new spacers, recent 

studies have illuminated some aspects of the defense mechanism. In 2008, Brouns et 

al. [16] found that short CRISPR RNAs, called crRNAs, target invading DNA for 

destruction in E. coli. A pre-crRNA region, consisting of a spacer and its two flanking 

repeat sequences, is transcribed and processed by a Cas endonuclease into a mature 

crRNA, which contains roughly half of the 5’ flanking repeat, the complete spacer, 

and a variable amount of the 3’ flanking repeat. Presumably, the crRNA can then 

direct a protein complex to the foreign DNA based on spacer identity [16]. 

Through this process, it is important that the crRNA target foreign DNA rather than 

the organism’s own chromosome; since the spacer region in the crRNA could bind to 

the genomic CRISPR from which is 

was transcribed, organisms must 

have a manner to distinguish its 

DNA from foreign nucleic material. 

The mechanism for this self/non-

self recognition (Figure 2) was 
FIGURE 2. Diagram of self/non-self 
recognition in CRISPRs [17].
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classified for a CRISPR locus whose repeat corresponds to cluster 5, as defined by 

Kunin et al. [10], in a 2010 study by Marraffini and Sontheimer [17]. They  

concluded that base-pairing between the crRNA and targeted DNA determines 

whether the target is part of its own genome or not. This pairing relies on the 

repeat-derived regions in the crRNA which flank to the spacer-derived portion. If 

positions 2, 3, and 4 of the repeat region beginning immediately upstream and 

downstream from the spacer are complementary to the target DNA, then the target 

will be protected as it is presumed to be “self.” On the other hand, if 

complementarity is absent, particularly at position 2, the DNA is recognized as non-

self and is removed from the host cell [17].

Phage response to CRISPRs has been characterized both in natural and lab 

settings. A study by Andersson and Banfield [18] of microbial-phage dynamics in 

acid-mine biofilms revealed that extensive recombination of the phage genome 

counteracts CRISPR’s conferred resistance. Creating new DNA regions through 

recombination preserves the genome’s functional integrity while simultaneously 

making it more difficult for CRISPRs to obtain spacers [18]. On the other hand, 

laboratory cultures of Streptococcus thermophilus  triggered a high degree of single-

nucleotide additions or deletions in phage genomes as a method of evading the 

CRISPRs [19]. 

Upon further mechanistic characterization, CRISPRs may have wide-ranging 

potential applications. Their influence on natural microbial and phage populations 

alone indicates that CRISPRs indirectly play a role in key biogeochemical cycles and 

will be useful in microbial ecology. Some have already used CRISPRs for 



7

epidemiological purposes, namely for typing different strains of bacteria [20]. 

Because CRISPRs can limit the cell’s uptake of foreign genetic material [21], spacers 

could also be genetically engineered into bacterial genomes to help combat the 

spread of antibiotic resistance in clinical settings [6,21].

As previously mentioned, the rapid evolution noted in CRISPRs is primarily 

due to the frequent uptake of spacers, while the repeat sequences are highly 

conserved within loci. Even so, some internal repeat polymorphisms, especially at 

its 3’ terminal where activity is assumed minimal compared to its 5’ end, have been 

documented [11]. Other than this observation and Kunin et. al’s organization of 

repeats into clusters [10], very little is known about how the CRISPR repeats evolve.  

I employed a bioinformatics approach to classify the evolution of CRISPR repeats, 

specifically those in clusters which display conserved secondary structure. Analysis 

of the variation within discrete CRISPRs as well as across CRISPR loci in a given 

cluster, as defined by Kunin et al. [10], reveals that different regions of the repeats 

are evolving separately, each with its own set of evolutionary constraints.

Materials and Methods

Data Collection

I implemented a local relational CRISPR database in MySQL using perl 

through DBI, perl’s database interface module. CRISPR features were imported and 

periodically updated from the CRISPR properties files in the publicly available 

database, CRISPRdb (http://crispr.u-psud.fr/crispr/) [22]. Taxonomic information 

for each CRISPR was downloaded from NCBI Taxonomy Browser 
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(http://www.ncbi.nlm.nih.gov/Taxonomy/). CRISPRs were only retrieved if 

CRISPRdb identified them as such rather than as questionable structures, and they 

were only included in subsequent analyses if they were associated with adjacent Cas 

genes as recorded in the NCBI Protein Database 

(http://www.ncbi.nlm.nih.gov/protein). These parameters yielded a total of 804 

genomes. Additional criteria, described below, narrowed this data set to a total of 

197 CRIPSR loci across 169 genomes.

Repeat Classification into Clusters

From this point, repeats were selected for analysis provided they exhibited 

both conserved sequence and secondary structure (see Appendix A). Each repeat in 

my database was categorized as belonging to a specific cluster as defined by Kunin 

et al. [10] provided it had a sequence identity of at least 90% to a repeat whose 

cluster Kunin et al. had already defined. Sequence alignments were performed with 

ClustalW2 [23]. The secondary structure of each repeat was then determined by 

RNAfold [24-28] followed by a structural alignment performed by RNAforester [29-

31], both of which are distributed by the Vienna Package. Although other repeat 

clusters display secondary structure, structure as well as sequence was only 

conserved in clusters 2, 3, and 4, as classified by Kunin et al. [10], which were 

therefore selected for analysis. These clusters correspond those of the same number 

in Kunin et al. [10]. Additionally, each cluster is treated independently of the others 

so calculations were performed on three distinct data sets.
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Phylogenetic Tree Construction

Neighbor-joining phylogenies were constructed for each repeat cluster and 

bootstrapped 1000x in ClustalW2 [23] using Cas genes affiliated with each CRISPR 

rather than the repeats themselves (see Appendix B). Genes were used for two 

reasons: the repeats are too short (28-32 bp) to generate a well-supported tree, and 

the occurrence of extensive horizontal gene transfer renders classical organismal 

protein phylogenies inaccurate [6]. Kunin et al. [10] showed that these clusters each 

coincide with a specific Cas subtype, as defined by Haft et al. [9]. Cluster 2 coincides 

with the Ecoli subtype, cluster 3 with the Dvulg subtype, and cluster 4 with the 

Ypest subtype [10]. For each respective tree, the following genes were retrieved 

from the NCBI Protein Database (www.ncbi.nlm.nih.gov/protein): Cse1 and Cse2, 

Csd1, and Csy1. CRISPRs for which no adjacent genes were recorded in NCBI were 

not included. In instances when multiple CRISPRs were adjacent to the same Cas 

genes, each CRISPR was treated separately but was assigned the Cas gene in order 

to construct the phylogenies.

Kappa and Rate Analysis

An analysis of the values of , the ratio of the rate of transitions to that of 

transversions, for the stem and loop regions of each cluster was performed in HyPhy 

[32] according to Knies et al. [33], using the HKY85 model, which provides for 

different rates of transitions and transversions as well as unequal base frequencies, 

with rate heterogeneity. Based on each cluster’s consensus secondary structure, the 

repeats were then partitioned into regions with putatively distinct functional 



constraints, consisting of 5’ outer 
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the HYK85 model with global 
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Variation of CRISPR Repeats
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and tabulated for each repeat cluster. This internal polymorphism was compared t
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to test whether the secondary structure was truly conserved or simply an artifact of 
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constraints, consisting of 5’ outer 

loop, 3’outer loop, inner loop, 

and stem as shown in Figure 3. A 

site substitution rate for 

each region was estimated for

each cluster in HyPhy [32] with 

the HYK85 model with global 

Variation of CRISPR Repeats

Within each aforementioned repeat partition, SNPs were visually detected 

and tabulated for each repeat cluster. This internal polymorphism was compared t

divergence across loci, which was calculated by HyPhy [32]. Although this analysis is 

conceptually very similar to the McDonald-Kreitman test [34], my approach was 

fundamentally different because within-locus and between-locus variation were 

portantly, loci in the same cluster [10] were regarded as distinct even 

if they occurred in the same species or even within the same genome. Hereafter, this 

experiment is referred to as the modified McDonald-Kreitman test.

Because the repeat clusters that Kunin et al. [10] observed have a conserved 

secondary structure and a highly conserved sequence, values for  were calculated 

to test whether the secondary structure was truly conserved or simply an artifact of 

FIGURE 3. Generalized secondary structure of CRISPR 
repeats with conserved secondary structure, as 
determined by RNAfold [24-28], with specific 
regions color-coded as shown.

Within each aforementioned repeat partition, SNPs were visually detected 

and tabulated for each repeat cluster. This internal polymorphism was compared to 

divergence across loci, which was calculated by HyPhy [32]. Although this analysis is 

Kreitman test [34], my approach was 

locus variation were 

portantly, loci in the same cluster [10] were regarded as distinct even 

if they occurred in the same species or even within the same genome. Hereafter, this 

Because the repeat clusters that Kunin et al. [10] observed have a conserved 

were calculated 

to test whether the secondary structure was truly conserved or simply an artifact of 

Generalized secondary structure of CRISPR 
ndary structure, as 
28], with specific 
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sequence identity.  A validated population genetics model [33] that uses of  to test 

for the presence of conserved secondary structure was used for this purpose. In this 

model, the stem is expected to exhibit compensatory mutations that restore stem 

structure upon disruption. Additionally, compensatory point mutations are 

expected to be paired; that is, a stem break caused by a transition can only be 

restored by a secondary transition. Similarly, a transversion would have to be 

followed by another transversion. The stem should therefore have elevated values 

of transitions and transversions given the constraint imposed upon sequence to 

preferentially maintain structure. Thus, the model should confirm secondary 

structure if, when a sequence is partitioned into its whole loop and stem regions, 

for the loop region squared equals the stem’s  [33]. 

Results of the analysis, shown in Table 1, reveal that cluster 2 matches the 

model while clusters 3 and 4 do not. It is, however, important to note that this 

approach is highly dependent on the amount of sequence variability and sequence 

Cluster 
Number Structurea Loci

Sites(Variable)b

Diversityc

   Loop         Stem

L(CI)d S(CI)d

2
.......(((((((....)))))))....

97 15(15)
0.29

14(14)
0.086

2.46
(1.96-3.27)

9.95 
(7.24-15.78)1-7;15-18;26-29 8-14;19-25

3
...........(((((((.....-)))))))-..

57 20(14)
0.12

14(13)
0.10

10.78
(7.52-
18.98)

22.73 
(14.14-
55.56)1-11;19-24;32-34 12-18;25-31

4
.......((((((.....))))))....

43 16(7)
0.080

12(11)
0.033

4.83
(2.83-
16.12)

970.9
(256.4-inf)1-7;14-18;25-28 8-13;19-24

TABLE 1  Results of Kappa () analysis for each cluster.

aLoop is represented by periods, stem by parentheses, and gaps by dashes. Below the diagrammed structure, the numbers on 
the left side represent loop positions, and numbers on the right side represent stem positions.

bVariable represents sites within the denoted region displaying any divergence from the consensus nucleotide atthat position, 
including gaps.

c Diversity calculated according to Knies et. al. [33], except the mean across all positions was taken ratherthan the median. 
Gaps were not included.

dCI, or confidence interval, represents 95% of the  distribution.
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Cluster 
Number

5’ Outer 
Loop

3’ Outer 
Loop

Inner  
Loop

Stem p-valuea

2 0.55 1.43 3.41 0.41 p<0.0001
3 0.15 0.25 2.97 0.99 p=0.002
4 0.10 0.55 3.48 0.63 p=0.055

TABLE 2Average per-site substitution rates for each repeat region.
a From an ANOVA to test for homogeneity in rates of evolution 

among regions

length. Cluster 2 does have more sequence diversity, leading to smaller confidence 

intervals for the  values and perhaps explaining why it fits the model best. Indeed, 

the diversity found within cluster 2 is nearly twice that of cluster 3 and three times 

that of cluster 4, mirroring the increasing size of confidence intervals and adherence 

to the model. While the  values yield inconclusive results as to whether secondary 

structure is truly conserved, the results for cluster 2 do lend support to the 

hypothesis. Without the data limitations, it is very possible that each cluster would 

fit the population genetics model.

For the per-site substitution rate analysis, the outer loop region of each 

repeat was further partitioned into 5’ outer loop and 3’ outer loop based on the 

observation that the 5’ end seemed to have a more conserved sequence than the 3’ 

end. For each 

cluster, a one-way 

ANOVA performed 

among the per-site 

substitution rates 

for each of the four regions, as delineated in Figure 3, supports the hypothesis that 

each region is evolving separately. Although cluster 4 only nearly has a significant p-

value, clusters 2 and 3 do show very high levels of significance (Table 2). 

Additionally, the following relationship holds for the loop regions’ average rates in 

each cluster: 5’ outer loop< 3’ outer loop < inner loop. The stem rate does not have a 

consistent place within that relationship; in cluster 2, stem rate is less than that of 

the 5’ outer loop, but in clusters 3 and 4 it is greater than both the value of 5’ and 3’ 
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outer loop regions. One explanation for this discrepancy is that sequence evolution 

in the stem is largely constrained by the maintenance of its structure, making it hard 

to compare with the outer loop regions which have putatively different mechanistic 

constraints. For instance, nucleotides in the outer loop play a significant role in the 

CRISPR self/non-self recognition system [17] while the inner loop does not yet have 

an identified mechanistic purpose. Its significantly higher substitution rate might be 

attributed to its relative functional inactivity, compared to other repeat regions 

which do have implicated functional roles. Thus, there might not be strong selective 

pressure to conserve inner loop sequence.A modified McDonald-Kreitman test was 

performed for each cluster to compare polymorphism within each CRISPR locus to 

divergence between CRISPR loci (Table 3). This analysis tests the neutrality 

hypothesis, or whether evolution within loci proceeds at the same rate as evolution 

between loci. Out of the 197 CRISPRs studied here, only 37 showed no repeat 

polymorphism. The 

lowered ratio for 

inner loop regions 

shows more variation 

between loci than 

within, reflecting a 

pattern similar to that 

found in the rate 

analysis. On the other 

hand, the 5’ outer 

Region
Ratio of Polymorphisms to Fixed Differencesa

     Cluster 2              Cluster 3             Cluster 4

5’ Outer Loop 3.05 0.79 4.5

3’ Outer Loop 0.47 1.0 1.6

Stem 0.70 0.48 0.88

Inner Loop 0.39 0.42 0.45

p-valueb p<0.0001 p<0.0001 p<0.001

TABLE 3 Results of the modified McDonald-Kreitman Test.

a Polymorphisms refer to nucleotide changes within each locus, 
and fixed differences to changes across the consensus sequences 
of the collective loci.
b p-values calculated through a chi-squared test with each 
region’s values for polymorphism and fixed differences.
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loops are among the highest of all ratios. Unlike the original McDonald-Kreitman 

test [34], which used the ratio of synonymous changes as a proxy for neutral 

evolution, this procedure does not inherently yield a base-line reference ratio. 

Therefore, the results can take on several interpretations. Firstly, the depressed 

inner loop ratios could reflect directional selection, in which fixation is more 

prevalent than polymorphism. The opposite might hold for the 5’ outer loop; 

purifying selection would produce an elevated ratio since polymorphism would be 

more common than fixation. 

We then focused on patterns of polymorphism specifically within CRISPR 

loci. As previously noted by Horvath et al. [11], CRISPR repeats show increased 

levels of polymorphism at the 3’ end of the locus. This observation was confirmed 

and further classified, as shown in Figure 4. In fact, the last repeat as reported by the 

CRISPRdb [22] exhibits polymorphism roughly 12% diverged from the consensus 

repeat. Downstream of this repeat, however, is a true “terminal” repeat that the 

CRISPRdb’s stringent 

algorithm could not 

detect. This repeat is even 

more diverged than its 

neighbor, displaying a 

divergence of at least 

40% from the consensus 

repeat. There was no 

detectable repeat farther 

FIGURE 4.Polymorphisms in the terminal eleven   
repeats in a CRISPR locus.
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downstream of the terminal one that we found, either because ClustalW2 [23] could 

not find a good enough alignment to report or because the CRISPR locus truly ends 

there.

Discussion

As data collection is dependent on the number of sequenced prokaryotic 

genomes, data limitations are unfortunately an inherent aspect of the computational 

analyses performed here. Furthermore, inferences about secondary structure are 

computational and have not been verified in a laboratory setting. Because cluster 2 

has the most extensive and diverse data set, it is not surprising that the  values for 

cluster 2 are the only ones that validate the presence of true conserved secondary as 

previously shown. The lack of confirmation in clusters 3 and 4, on the other hand, 

should not be interpreted as nullifying the results obtained for cluster 2 since it is 

likely that small data sets will yield inaccurate results. This experiment should be 

repeated as the number of available microbial genomes increases in order to assess 

its validity. In addition, a previous study by Brouns et al. [16] showed that 

secondary structure is important in the modification of pre-crRNAs, which consist of 

two repeats flanking a spacer. In particular, the particular splicing location they 

noted on the 5’ repeat occurred at the 3’ base of its stem. This study was conducted 

with a CRISPR in E. Coli belonging to cluster 2, which does display conserved 

secondary structure, suggesting that this structure adopts functional roles that 

select for its maintenance.
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Although data was a limiting factor in the  analysis (Table 3), it remains 

unclear how the small data sets affected the results of the per-site substitution rate 

analysis. As HyPhy did not return confidence intervals for the substitution rates 

(Table 4), it is unclear how much credence we can lend to the experiment. 

Determination of values of standard deviation, for example, could negate the 

experiment’s statistical significance. This would mean that different rates of 

evolution might not be governing the four partitioned regions. The highly significant 

results of the modified McDonald-Kreitman test, however, do show that the regions 

are evolving under different selective regimes independent of one another. 

Even so, it is difficult to interpret those results without a reference value for 

the rate of neutral evolution. Negative selection could be acting on regions with very 

high ratios, or positive selection could characterize regions with the smaller ratios. 

Biologically, the former interpretation would make sense in terms of the CRISPR’s 

interaction with the phage environment. In the self/non-self recognition process, 

the prokaryote’s genome integrity is maintained only if the nucleotides immediately 

flanking the targeted “spacer” DNA can effectively pair with the repeat-derived 

portions of the crRNA [17], which correspond to the outer loop regions of the repeat 

from which it was transcribed. In order to protect its genome, then, it makes sense 

for the CRISPR repeats to maintain a highly conserved outer loop sequence. Were 

the outer loop regions extremely variable, the prokaryote runs the risk of confusing 

its own genome for foreign nucleic material. If this system exerts a strong selective 

pressure on repeat evolution, the outer loop sequences would indeed be 

constrained, as observed in the polymorphism to fixation ratios. 



17

On the other hand, the organism must account for the phage’s adaptations 

that counter the acquired resistance conferred by CRISPRs. With just a few 

mutations to nucleotides matching a CRISPR repeat found in its host, the phage 

could circumvent the threat of the self/non-self recognition system. This would 

essentially trick the prokaryote into thinking the phage DNA is not foreign, but part 

of its genome which should be protected, thus allowing the phage to carry out its 

lifecycle. As CRISPRs do not capture specific functional regions of phage, but rather 

regions adjacent to specific 3-4 bp PAM identifiers [15], they will likely always be 

able to obtain a spacer since the signaling sequences are so short and have a high 

probability of occurrence. It seems, then, that a phage’s best chance for beating a 

CRISPR is to have a high mutation rate leading to changes in the sequences that a 

crRNA would recognize as a spacer [19]. 

The extreme repeat polymorphism at the terminal ends of each CRISPR has 

been previously attributed by Horvath et al. [11]to the infrequent activity, or spacer 

use, occurring at that end of the locus compared to the 5’ end, where new spacers 

are added [11]. If it were true that relative activity along a CRISPR locus determines 

repeat integrity, repeat polymorphism should increase linearly as activity declines 

moving away from its 5’ end. Instead, what we do see is high sequence conservation 

across the locus until the final two repeats. Interestingly, this pattern persists 

regardless of the size of the CRISPR, meaning the number of spacers it has. The 

polymorphism does not decrease, however, in a linear fashion from the 5’ CRISPR 

region to its 3’ terminal. According Horvath et al.’s hypothesis, this indicates that 

every spacer ahead of the terminal end is necessary in the organism’s given 
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environment. As repeat sequence is generally very conserved, it is also possible that 

the CRISPR will not function properly when polymorphism is greater than that of 

the final repeat. Any farther downstream repeats, which would presumably have a 

very high level of polymorphism, would be easily lost.

Repeat integrity within a locus could be maintained either by purifying 

selection, through which polymorphic repeats would be selected against, or by 

concerted evolution, which describes a homogenization of repeated sequences 

within a genome [35]. This process leads to greater sequence similarity within a 

species than between them [35]. We do see this phenomenon in CRISPRs, as repeats 

sequences are more similar within a locus than among loci. The primary mechanism 

attributed to concerted evolution is gene conversion, the process by which DNA is 

converted to another homologous sequence during recombination or mismatch 

repair. Indeed, gene conversion has homogenized a gene in the bacterial genus 

Salmonella roughly 1000 times faster that only mutation could have [35].

As homologous recombination has been observed within CRISPRs as a mechanism 

by which spacers can switch places or are lost [11], it could also play a role in repeat 

sequence maintenance. 

Furthermore, if every other spacer before the degenerate repeats is 

necessary in its given phage environment, it follows that the phage populations also 

play a role in determining the length of a CRISPR locus, or how many spacers it has. 

Under this reasoning, prokaryotes in areas with high phage predation should have 

longer CRISPRs. Under these circumstances, we would expect a correlation between 

lengths of CRISPRs in a particular genome, as each has adapted simultaneously to its 
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surroundings. This pattern is indeed present; an ANOVA to compare variation in 

CRISPR length within genomes versus between yielded a p-value of 0, indicating that 

lengths of CRISPRs within a given genome are significantly more similar than 

between. Similarly, as it is generally assumed that CRISPR repeat clusters co-evolve 

with their Cas genes [6,9,10,15], different clusters might be more efficient at 

capturing spacers, potentially leading to different levels of activity among the 

clusters. This would lead to different sizes of CRISPR loci across clusters. However, 

an ANOVA to test for the correlation between a CRISPR’s cluster and how many 

spacers it has yielded a p-value of 0.092, so the expected pattern was not detected. 

This could indicate phage predation might not select for the preferential use of 

certain clusters. Together, these observations yield the conclusion that currently 

unknown factors, in addition to the phage environment, must also be affecting 

repeat integrity and the size of a CRISPR locus. Future research should therefore 

focus on CRISPR use in genomes where more than one CRISPR cluster exists in 

order to classify the circumstances under which the different CRISPRs are 

employed.

An important area of future CRISPR research involves the rate of spacer 

turnover. If CRISPRs are evolving through rapid incorporation of spacers, for 

instance, the methodology for the current exploitation of CRISPRs for typing 

purposes would have to be modified. Methods such as spoligotyping [20] rely on 

spacer sequences for identifying different strains of bacteria. If spacers are being 

removed relatively quickly from the genome to make way for new ones, however, 

spoligotyping would be unsuitable for long-term applications as typed strains would 
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soon disappear. Additionally, if the rate of horizontal gene transfer for CRISPRs 

were fairly rapid, strains would be increasingly difficult to type as spacers from 

various strains would invade one another. A different approach to typing could, 

however, be useful for understanding the past and present biogeography of 

prokaryotes. If distantly related species have CRISPRs with very similar repeats, it is 

likely that these species once lived in close contact and share analogous 

evolutionary histories. This could reveal patterns of migration among prokaryotes 

and thereby alleviate some of the difficulties in building their phylogenies. As this 

method assumes regular HGT of CRISPRs, it might illuminate the biological 

differences between species possessing CRISPRs and those which do not. Species 

without CRISPRs would have to live either in isolation from other species that do 

have them or in environments without significant phage populations. The selective 

pressure exerted by phage predation would be removed from such populations, 

resulting in different patterns in their evolutionary histories. 

As one of the qualifying aspects of CRISPRs is their diversity, further studies 

should be conducted not only to elucidate unknown mechanisms but also to clarify 

those already documented. The previously discussed co-evolution between CRISPR 

repeats and their respective Cas genes could manifest as different mechanisms 

among the different clusters. For instance, the mechanism for pre-crRNA [16] 

processing has only been documented in cluster 2, and that of self/non-self 

recognition [17] in cluster 5, according to the cluster system set up by Kunin et al. 

[10]. It is possible that these mechanisms, while important in understanding how 

CRISPRs work, are not universally applicable to all CRISPRs. 
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The full diversity and function of CRISPRs remains to be unearthed, but its 

potentially wide-ranging applications should make a significant impact in areas as 

diverse as the food sciences, medicine, and environmental science. Resistance to 

viruses could be engineered into bacteria used in food production such that their

populations could be better maintained. Such engineered spacers could also inhibit 

plasmids containing antibiotic resistance from entering the pathogens, thus curbing 

the spread of resistant strains. Additionally, understanding how CRISPRs contribute 

to host-phage evolution will provide a needed insight into the population dynamics 

of microbes which direct global ecological interactions.



22

Sources Cited

1. Madsen, E.L. (2005) “Identifying microorganisms responsible for ecologically 
significant biogeochemical processes.” Nature Reviews Microbiology3: 439-
446.

2. Suttle, C.A. (2007) “Marine viruses – major players in the global ecosystem.” 
Nature Reviews Microbiology5: 801-812.

3. Labrie, S.J., Samson, J.E., and Moineau, S. (2010). “Bacteriophage resistance 
mechanisms.” Nature Reviews Microbiology. doi:10.1038/nrmicro2315

4. Nordström, K. and Forsgren, A. (1974). “Effect of protein A on adsorption of 
bacteriophages to Staphylococcus aureus.” Journal of Virology14:198–202.

5. Sutherland, I.W., Hughes, K.A., Skillman, L.C. and Tait, K. (2004). “The 
interaction of phage and biofilms.”FEMS Microbiolology Letters232:1–6 .

6. Horvath, P. and Barrangou, R. (2010). “CRISPR/Cas, the Immune System of 
Bacteria and Archaea.” Science327: 167-170.

7. Ishino, Y., Shinagawa, H., Makino, K., Amemura, M., and Nakata, A. (1987). 
“Nucleotide sequence of the iap gene, responsible for alkaline phosphatase 
isozyme conversion in Escherichia coli, and identification of the gene 
product.” Journal of Bacteriology169:5429–5433.

8. Jansen, R., Embden, JD., Gaastra, W., Schouls, L.M. (2002). “Identification of 
genes that are associated with DNA repeats in prokaryotes.” Molecular 
Microbiology43(6): 1565-1575.

9. Haft, D.H., Selengut, J., Mongodin, E.F., Nelson, K.E. (2005). “A Guild of 45 
CRISPR-Associated (Cas) Protein Families and Multiple CRISPR/Cas Subtypes 
Exist in Prokaryote Genomes.” PLOS Computational Biology1(6): 474-483.

10. Kunin, V., Sorek, R., and Hugenholtz, P. (2007). “Evolutionary conservation of 
sequence and secondary structures in CRISPR repeats.” Genome Biology8(4):
181-187.

11. Horvath, P. et al. (2008). “Diversity, Activity, and Evolution of CRISPR Loci in 
Streptococcus thermophilus.” Journal of Bacteriology190(4):1401-1412.

12. Bolotin, A., Quinquis, B., Sorokin, A., and Ehrlich, S.D. (2005). “Clustered 
regularly interspersed short palindromic repeats (CRISPRs) have spacers of 
extrachromosomal origin.” Microbiology151: 2551-2561.

13. Mojica, F.J.M., Díez-Villaseñor, C., García-Martínez, J., and Soria, E. (2005). 



23

“Intervening sequences of regularly spaced prokaryotic repeats derive from 
foreign genetic elements.” Journal of Molecular Evolution60: 174-182.

14. Barrangou, R. et al. (2007). “CRISPR Provides Acquired Resistance Against 
Viruses in Prokaryotes.” Science 315: 1709-1712.

15. Mojica, F.J.M., Díez-Villaseñor, C., García-Martínez, J., and Almendros, C. 
(2009). “Short motif sequences determine the targets of the prokaryotic 
CRISPR defense system.” Microbiology155: 733-740.

16. Brouns, S.J.J. et al. (2008). “Small CRISPR RNAs Guide Antiviral Defense in 
Prokaryotes.” Science321:960-964.

17. Marraffini, L.A. and Sontheimer, E.J. (2010). “Self versus non-self 
discrimination during CRISPR RNA-directed immunity.” Nature Letters463: 
568-571.

18. Andersson, A.F. and Banfield, J.F. (2008). “Virus Population Dynamics and 
Acquired Virus Resistance in Natural Microbial communities.” 
Science320:1047-1049.

19. Deveau, H. et al. (2008). “Phage Response to CRISPR-Encoded Resistance in 
Streptococcus thermophilus.” Journal of Bacteriology190(4): 1390-1400.

20. Sorek, R., Kunin, V., and Hugenholtz, P. (2008). “CRISPR — a widespread 
system that provides acquired resistance against phages in bacteria and 
archaea.” Nature Reviews Microbiology6: 181-186.

21. Marraffini, L.A. and Sontheimer, E.J. (2008). “CRISPR Interference Limits 
Horizontal Gene Transfer in Staphylococci by Targeting DNA.” Science322: 
1843-1845.

22. Grissa, I., Vergnaud, G., and Pourcel, C. (2007). “The CRISPRdb database and 
tools to display CRISPRs and to generate dictionaries of spacers and repeats.” 
BMC Bioinformatics8(1):172.

23. Larkin, M.A., Blackshields, G., Brown, N.P., Chenna, R., McGettigan, P.A., 
McWilliam, H., Valentin, F., Wallace, I.M., Wilm, A., Lopez, R., Thompson, J.D., 
Gibson, T.J., Higgins, D.G. (2007). “Clustal W and Clustal X version 
2.0.”Bioinformatics23: 2947-2948.

24. Hofacker, I.L., Fontana, W., Stadler, P.F., Bonhoeffer, S., Tacker, M., Schuster, P. 
(1994) “Fast Folding and Comparison of RNA Secondary Structures.” 
Monatshefte f. Chemie125: 167-188.

25. Zuker,  M. and Stiegler, P.(1981) “Optimal computer folding of large RNA 



24

sequences using thermodynamic and auxiliary information.” Nucl Acid Res9: 
133-148.

26. J.S. McCaskill. (1990) “The equilibrium partition function and base pair 
binding probabilities for RNA secondary structures.” Biopolymers29: 1105-
1119.

27. I.L. Hofacker & P.F. Stadler (2006). “Memory Efficient Folding Algorithms for 
Circular RNA Secondary Structures.” Bioinformatics22(10): 1172-1176.

28. Bompfanewerer, A.F., Backofen, R., Bernhart, S.H., Hertel, J., Hofacker, I.F., 
Stadler, P.F., Will, S. (2008) "Variations on {RNA} Folding and Alignment: 
Lessons from Benasque" Journal of Mathematical Biology 56(1-2): 129-144.

29. Höchsmann, M., Töller, T., Giegerich, R., Kurtz, S. (2003).“Local Similarity in 
RNA Secondary Structures.” Proceedings of the IEEE Bioinformatics 
Conference:159-168.

30. Höchsmann, M., Voss, B., Giegerich, R. (2004).“Pure Multiple RNA Secondary 
Structure Alignments: A Progressive Profile Approach.”IEEE/ACM 
Transactions on Computational Biology and Bioinformatics1(1): 53-62.

31. Höchsmann, M.“The Tree Alignment Model: Algorithms, Implementations 
and Applications for the Analysis of RNA Secondary Structures.” Phd Thesis, 
Universitat Bielefeld.

32. Pond S.L., Frost S.D., Muse S.V. (2005). "HyPhy: hypothesis testing using 
phylogenies." Bioinformatics 21(5): 676–679.

33. Knies, J.L. et al. (2008). “Compensatory Evolution in RNA Secondary 
Structure Increases Substitution Rate Variation among Sites.” Molecular 
Biology and Evolution25(8); 1778-1787.

34. McDonald. J.H. and Kreitman, M. (1991). "Adaptive protein evolution at the 
Adh locus in Drosophila." Nature351(6328): 652–654.

35. Liao, D. (1999). “Concerted evolution: molecular mechanisms and biological 
implications.” The American Journal of Human Genetics. 64(1): 24-30.



25

Acknowledgements

Firstly, thanks beyond thanks to Professor Weinreich. Working in his lab for two 
and half years and being generally unsure of what I really want to do the whole time 
has shown me exactly what I want to do. His guidance and support was 
unprecedented. 

Thanks to Professor Dunn for sharing some chapters from his forth-coming book 
and helping me with a few/a myriad of software glitches. I’m considering buying a 
soapbox for the book – not for me to talk about the book, but for the book to speak 
for itself. I am no longer afraid of the terminal window.

Thanks to Dr. Knies for not only being supportive and available, but for listening to 
the stresses of my project and my generic confusion for unprecedented amounts of 
time without any context regarding what I was going on about.

Thanks to the rest of the Weinreich lab group for advice, music, and most 
importantly, baked goods.

This research was partially supported by an Undergraduate Teaching and Research 
Award (UTRA) from Brown University.



26

Appendix A
Neighbor-joining trees for each of the analyzed CRISPRs within their respective 
clusters. (A) Cluster 2, (B) Cluster 3, (C) Cluster 4.

A. Cluster 2
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B. Cluster 3
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C. Cluster 4
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Appendix B
Table describing the CRISPRs, and their respective genomes, from clusters 2,3, and 4 used in analyses.

Taxonomy 
IDa CRISPR IDb Cluster 

Number
Number of 

Spacers

Total 
Clusters in 

Genome
Domain Phylum Class Species

882 NC_005863_3 3 26 1 Bacteria Proteobacteria Deltaproteobacteria Desulfovibrio vulgaris str. Hildenborough

883 NC_011769_3 3 51 2 Bacteria Proteobacteria Deltaproteobacteria Desulfovibrio vulgaris str. ‘Miyazaki F’

40041 NC_012470_3 3 18 1 Bacteria Firmicutes Bacilli Streptococcus equi subsp. Zooepidemicus

56780 NC_007759_3 3 83 2 Bacteria Proteobacteria Deltaproteobacteria Syntrophus aciditrophicus SB

65393 NC_011729_19 2 59 7 Bacteria Cyanobacteria Chroococcales Cyanothece sp. PCC 7424

66692 NC_006582_11 3 5 1 Bacteria Firmicutes Bacilli Bacillus clausii KSM-K16

66692 NC_006582_3 3 10 1 Bacteria Firmicutes Bacilli Bacillus clausii KSM-K16

66692 NC_006582_5 3 9 1 Bacteria Firmicutes Bacilli Bacillus clausii KSM-K16

66692 NC_006582_8 3 2 1 Bacteria Firmicutes Bacilli Bacillus clausii KSM-K16

96561 NC_009943_9 2 40 2 Bacteria Proteobacteria Deltaproteobacteria Desulfococcus oleovorans Hxd3

99287 NC_003197_2 2 5 1 Bacteria Proteobacteria Gammaproteobacteria Salmonella enterica subsp. Enterica serovar 
Typhimurium str. LT2

106370 NC_007777_1 2 37 2 Bacteria Actinobacteria Actinobacteria Frankia sp. CcI3

155864 NC_002655_2 2 2 1 Bacteria Proteobacteria Gammaproteobacteria Escherichia coli O157:H7 EDL933

156889 NC_008576_4 3 136 1 Bacteria Proteobacteria unclassified 
Proteobacteria

Magnetococcus sp. MC-1

160490 NC_002737_4 3 2 2 Bacteria Firmicutes Bacilli Streptococcus pyogenes M1 GAS

187272 NC_008340_5 2 91 1 Bacteria Proteobacteria Gammaproteobacteria Alkalilimnicola ehrlichii MLHE-1

187410 NC_004088_2 4 3 1 Bacteria Proteobacteria Gammaproteobacteria Yersinia pestis KIM 10

190486 NC_003919_5 3 17 1 Bacteria Proteobacteria Gammaproteobacteria Xanthomonas axonopodis pv. Citri str. 306

194439 NC_002932_4 2 17 2 Bacteria Chlorobi Chlorobia Chlorobium tepidum TLS

208963 NC_008463_2 4 13 1 Bacteria Proteobacteria Gammaproteobacteria Pseudomonas aeruginosa UCBPP-PA14

208963 NC_008463_3 4 20 1 Bacteria Proteobacteria Gammaproteobacteria Pseudomonas aeruginosa UCBPP-PA14

209261 NC_004631_1 2 5 1 Bacteria Proteobacteria Gammaproteobacteria Salmonella enterica subsp. Enterica serovar 
Typhi str. Ty2

214092 NC_003143_3 4 7 1 Bacteria Proteobacteria Gammaproteobacteria Yersinia pestis CO92
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214092 NC_003143_4 4 4 1 Bacteria Proteobacteria Gammaproteobacteria Yersinia pestis CO92

218491 NC_004547_5 4 27 1 Bacteria Proteobacteria Gammaproteobacteria Pectobacterium atrosepticum SCRI1043

218491 NC_004547_6 4 2 1 Bacteria Proteobacteria Gammaproteobacteria Pectobacterium atrosepticum SCRI1043

220341 NC_003198_1 2 4 1 Bacteria Proteobacteria Gammaproteobacteria Salmonella enterica subsp. Enterica serovar 
Typhi str. CT18

221988 NC_006300_1 3 12 2 Bacteria Proteobacteria Gammaproteobacteria Mannheimia succiniciproducens MBEL55E

227882 NC_003155_11 2 38 1 Bacteria Actinobacteria Actinobacteria Streptomyces avermitilis MA-4680

229193 NC_005810_3 4 2 1 Bacteria Proteobacteria Gammaproteobacteria Yersinia pestis biovar Microtus str. 91001

232721 NC_008782_1 4 5 1 Bacteria Proteobacteria Betaproteobacteria Acidovorax sp. JS42

240015 NC_012483_1 3 23 1 Bacteria Acidobacteria Acidobacteria Acidobacterium capsulatum ATCC 51196

243231 NC_002939_4 2 141 2 Bacteria Proteobacteria Deltaproteobacteria Geobacter sulfurreducens PCA

243233 NC_002977_2 2 6 2 Bacteria Proteobacteria Gammaproteobacteria Methylococcus capsulatus str. Bath

243265 NC_005126_2 4 23 1 Bacteria Proteobacteria Gammaproteobacteria Photorhabdus luminescens subsp. Laumondii 
TTO1

243365 NC_005085_1 3 25 3 Bacteria Proteobacteria Betaproteobacteria Chromobacterium violaceum ATCC 12472

243365 NC_005085_4 4 25 3 Bacteria Proteobacteria Betaproteobacteria Chromobacterium violaceum ATCC 12472

247156 NC_006361_12 2 25 1 Bacteria Actinobacteria Actinobacteria Nocardia farcinica IFM 10152

255470 NC_007356_1 2 17 1 Bacteria Chloroflexi Dehalococcoidetes Dehalococcoides sp. CBDB1

259564 NC_007955_2 2 63 2 Archaea Euryarchaeota Methanomicrobia Methanococcoides burtonii DSM 6242

262543 NC_010556_1 3 15 1 Bacteria Firmicutes Bacilli Exiguobacterium sibiricum 255-15

265072 NC_007947_2 3 91 1 Bacteria Proteobacteria Betaproteobacteria Methylobacillus flagellatus KT

269796 NC_007643_7 3 36 5 Bacteria Proteobacteria Alphaproteobacteria Rhodospirillum rubrum ATCC 11170

269800 NC_007333_8 2 28 1 Bacteria Actinobacteria Actinobacteria Thermobifida fusca YX

269800 NC_007333_9 2 10 1 Bacteria Actinobacteria Actinobacteria Thermobifida fusca YX

272558 NC_002570_1 3 14 1 Bacteria Firmicutes Bacilli Bacillus halodurans C-125

272568 NC_010125_1 3 28 3 Bacteria Proteobacteria Alphaproteobacteria Gluconacetobacter diazotrophicus Pal 5

272568 NC_010125_3 2 21 3 Bacteria Proteobacteria Alphaproteobacteria Gluconacetobacter diazotrophicus Pal 5

272568 NC_011365_4 3 10 3 Bacteria Proteobacteria Alphaproteobacteria Gluconacetobacter diazotrophicus Pal 5

272843 NC_002663_1 4 31 2 Bacteria Proteobacteria Gammaproteobacteria Pasteurella multocida subsp. Multocida str. 
Pm70

273123 NC_006155_7 4 15 1 Bacteria Proteobacteria Gammaproteobacteria Yersinia pseudotuberculosis IP 32953

290317 NC_008639_2 3 8 4 Bacteria Chlorobi Chlorobia Chlorobium phaeobacteroides DSM 266

290318 NC_009337_1 3 2 1 Bacteria Chlorobi Chlorobia Chlorobium phaeovibrioides DSM 265
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290339 NC_009778_10 2 26 2 Bacteria Proteobacteria Gammaproteobacteria Cronobacter sakazakii ATCC BAA-894

290398 NC_007963_2 2 30 1 Bacteria Proteobacteria Gammaproteobacteria Chromohalobacter salexigens DSM 3043

290512 NC_011059_1 2 37 2 Bacteria Chlorobi Chlorobia Prosthecochloris aestuarii DSM 271

291112 NC_012962_10 4 15 1 Bacteria Proteobacteria Gammaproteobacteria Photorhabdus asymbiotica

291112 NC_012962_6 4 13 1 Bacteria Proteobacteria Gammaproteobacteria Photorhabdus asymbiotica

291331 NC_006834_1 3 58 1 Bacteria Proteobacteria Gammaproteobacteria Xanthomonas oryzae pv. Oryzae KACC10331

292459 NC_006177_3 2 56 2 Bacteria Firmicutes Clostridia Symbiobacterium thermophilum IAM 14863

293653 NC_007297_4 3 3 2 Bacteria Firmicutes Bacilli Streptococcus pyogenes MGAS5005

293826 NC_009633_8 3 16 2 Bacteria Firmicutes Clostridia Alkaliphilus metalliredigens QYMF

295319 NC_006511_2 2 4 1 Bacteria Proteobacteria Gammaproteobacteria Salmonella enterica subsp. Enterica serovar 
Paratyphi A str. ATCC 9150

297245 NC_006366_1 4 52 1 Bacteria Proteobacteria Gammaproteobacteria Legionella pneumophila str. Lens

297245 NC_006369_2 4 51 1 Bacteria Proteobacteria Gammaproteobacteria Legionella pneumophila str. Lens

298386 NC_005871_1 2 63 2 Bacteria Proteobacteria Gammaproteobacteria Photobacterium profundum SS9

300852 NC_006462_7 2 22 3 Bacteria Deinococcus-
Thermus

Deinococci Thermus thermophilus HB8

300852 NC_006462_8 2 19 3 Bacteria Deinococcus-
Thermus

Deinococci Thermus thermophilus HB8

306537 NC_007164_2 2 59 1 Bacteria Actinobacteria Actinobacteria Corynebacterium jeikeium K411

314275 NC_011138_1 2 55 1 Bacteria Proteobacteria Gammaproteobacteria Alteromonas macleodii ‘Deep ecotype’

316385 NC_010473_4 2 12 1 Bacteria Proteobacteria Gammaproteobacteria Escherichia coli str. K-12 substr. DH10B

319225 NC_007512_1 3 38 1 Bacteria Chlorobi Chlorobia Chlorobium luteolum DSM 273

319795 NC_008010_1 2 65 3 Bacteria Deinococcus-
Thermus

Deinococci Deinococcus geothermalis DSM 11300

321967 NC_008526_2 2 19 1 Bacteria Firmicutes Bacilli Lactobacillus casei ATCC 334

322710 NC_012560_2 3 30 1 Bacteria Proteobacteria Gammaproteobacteria Azotobacter vinelandii DJ

323098 NC_007406_3 3 16 1 Bacteria Proteobacteria Alphaproteobacteria Nitrobacter winogradskyi Nb-255

324925 NC_011060_4 3 95 2 Bacteria Chlorobi Chlorobia Pelodictyon phaeoclathratiforme BU-1

326424 NC_008278_3 2 23 2 Bacteria Actinobacteria Actinobacteria Frankia alni I14a

331111 NC_009801_2 2 12 1 Bacteria Proteobacteria Gammaproteobacteria Escherichia coli E24377A

331112 NC_009800_5 2 10 2 Bacteria Proteobacteria Gammaproteobacteria Escherichia coli HS

331678 NC_010831_11 2 45 3 Bacteria Chlorobi Chlorobia Chlorobium phaeobacteroides BS1

334390 NC_010610_3 2 23 1 Bacteria Firmicutes Bacilli Lactobacillus fermentum IFO 3956
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335541 NC_008346_2 3 60 3 Bacteria Firmicutes Clostridia Syntrophomonas wolfei subsp. Wolfei str. 
Goettingen

335543 NC_008554_19 2 78 2 Bacteria Proteobacteria Deltaproteobacteria Syntrophobacter fumaroxidans MPOB

338963 NC_007498_1 2 110 1 Bacteria Proteobacteria Deltaproteobacteria Pelobacter carbinolicus DSM 2380

338966 NC_008609_2 2 42 2 Bacteria Proteobacteria Deltaproteobacteria Pelobacter propionicus DSM 2379

339671 NC_009655_2 3 10 2 Bacteria Proteobacteria Gammaproteobacteria Actinobacillus succinogenes 130Z

340177 NC_007514_1 3 61 2 Bacteria Chlorobi Chlorobia Chlorobium chlorochromatii CaD3

342109 NC_007705_1 3 47 1 Bacteria Proteobacteria Gammaproteobacteria Xanthomonas oryzae pv. Oryzae MAFF 
311018

345073 NC_009457_1 2 38 1 Bacteria Proteobacteria Gammaproteobacteria Vibrio cholerae O395

349161 NC_009253_3 3 51 3 Bacteria Firmicutes Clostridia Desulfotomaculum reducens MI-1

349163 NC_009468_1 2 38 1 Bacteria Proteobacteria Alphaproteobacteria Acidiphilium cryptum JF-5

349521 NC_007645_3 3 54 1 Bacteria Proteobacteria Gammaproteobacteria Hahella chejuensis KCTC 2396

349747 NC_009708_3 4 23 1 Bacteria Proteobacteria Gammaproteobacteria Yersinia pseudotuberculosis IP 31758

351160 NC_009464_12 2 113 1 Archaea Euryarchaeota Unclassified Class uncultured methanogenic archaeon RC-I

351605 NC_009483_1 2 28 1 Bacteria Proteobacteria Deltaproteobacteria Geobacter uraniireducens Rf4

351745 NC_008750_5 4 24 1 Bacteria Proteobacteria Gammaproteobacteria Shewanella sp. W3-18-1

357804 NC_008709_8 2 44 1 Bacteria Proteobacteria Gammaproteobacteria Psychromonas ingrahamii 37

357808 NC_009523_7 2 17 6 Bacteria Chloroflexi Chloroflexi Roseiflexus sp. RS-1

357808 NC_009523_86 3 109 6 Bacteria Chloroflexi Chloroflexi Roseiflexus sp. RS-1

360094 NC_010717_1 3 75 1 Bacteria Proteobacteria Gammaproteobacteria Xanthomonas oryzae pv. Oryzae PXO99A

360102 NC_008150_4 4 5 1 Bacteria Proteobacteria Gammaproteobacteria Yersinia pestis Antiqua

364106 NC_007946_2 4 7 1 Bacteria Proteobacteria Gammaproteobacteria Escherichia coli UTI89

367928 NC_008618_4 3 84 1 Bacteria Actinobacteria Actinobacteria Bifidobacterium adolescentis ATCC 15703

370438 NC_009454_6 3 3 2 Bacteria Firmicutes Clostridia Pelotomaculum thermopropionicum SI

370551 NC_008021_2 3 6 1 Bacteria Firmicutes Bacilli Streptococcus pyogenes MGAS9429

370553 NC_008023_2 3 5 1 Bacteria Firmicutes Bacilli Streptococcus pyogenes MGAS2096

370554 NC_008024_2 3 4 1 Bacteria Firmicutes Bacilli Streptococcus pyogenes MGAS10750

377629 NC_012997_2 3 30 1 Bacteria Proteobacteria Gammaproteobacteria Teredinibacter turnerae T7901

379731 NC_009434_3 3 41 1 Bacteria Proteobacteria Gammaproteobacteria Pseudomonas stutzeri A1501

386656 NC_009381_3 4 5 1 Bacteria Proteobacteria Gammaproteobacteria Yersinia pestis Pestoides F

390333 NC_008054_2 2 39 1 Bacteria Firmicutes Bacilli Lactobacillus delbrueckii subsp. Bulgaricus 
ATCC 11842
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391165 NC_008343_2 2 8 1 Bacteria Proteobacteria Alphaproteobacteria Granulibacter bethesdensis CGDNIH1

391165 NC_008343_4 2 26 1 Bacteria Proteobacteria Alphaproteobacteria Granulibacter bethesdensis CGDNIH1

391735 NC_008786_2 4 43 2 Bacteria Proteobacteria Betaproteobacteria Verminephrobacter eiseniae EF01-2

391774 NC_008741_1 3 44 1 Bacteria Proteobacteria Deltaproteobacteria Desulfovibrio vulgaris DP4

395961 NC_011884_10 2 83 4 Bacteria Cyanobacteria Chroococcales Cyanothece sp. PCC 7425

398767 NC_010814_1 2 50 1 Bacteria Proteobacteria Deltaproteobacteria Geobacter lovleyi SZ

399739 NC_009439_2 2 38 1 Bacteria Proteobacteria Gammaproteobacteria Pseudomonas mendocina ymp

399742 NC_009436_5 4 17 1 Bacteria Proteobacteria Gammaproteobacteria Enterobacter sp. 638

400668 NC_009654_4 2 107 2 Bacteria Proteobacteria Gammaproteobacteria Marinomonas sp. MWYL1

402882 NC_009665_2 4 82 1 Bacteria Proteobacteria Gammaproteobacteria Shewanella baltica OS185

405955 NC_008563_2 4 4 1 Bacteria Proteobacteria Gammaproteobacteria Escherichia coli APEC O1

409438 NC_011415_3 2 22 1 Bacteria Proteobacteria Gammaproteobacteria Escherichia coli SE11

410358 NC_008942_3 3 17 1 Archaea Euryarchaeota Methanomicrobia Methanocorpusculum labreanum Z

413502 NC_013282_2 2 37 1 Bacteria Proteobacteria Gammaproteobacteria Cronobacter turicensis

414684 NC_011420_4 2 18 4 Bacteria Proteobacteria Alphaproteobacteria Rhodospirillum centenum SW

416269 NC_009053_1 4 24 1 Bacteria Proteobacteria Gammaproteobacteria Actinobacillus pleuropneumoniae L20

434271 NC_010278_1 4 34 1 Bacteria Proteobacteria Gammaproteobacteria Actinobacillus pleuropneumoniae serovar 3 
str. JL03

435591 NC_009615_1 3 3 1 Bacteria Bacteroidetes Bacteroidia Parabacteroides distasonis ATCC 8503

439235 NC_011768_3 2 66 1 Bacteria Proteobacteria Deltaproteobacteria Desulfatibacillum alkenivorans AK-01

439851 NC_011205_2 2 5 1 Bacteria Proteobacteria Gammaproteobacteria Salmonella enterica subsp. Enterica serovar 
Dublin str. CT_02021853

439855 NC_010498_3 2 21 1 Bacteria Proteobacteria Gammaproteobacteria Escherichia coli SMS-3-5

444177 NC_010381_1 3 3 1 Bacteria Firmicutes Bacilli Lysinibacillus sphaericus C3-41

444450 NC_011353_2 2 3 1 Bacteria Proteobacteria Gammaproteobacteria Escherichia coli O157:H7 str. EC4115

447217 NC_011145_3 2 12 1 Bacteria Proteobacteria Deltaproteobacteria Anaeromyxobacter sp. K

454166 NC_011149_1 2 18 1 Bacteria Proteobacteria Gammaproteobacteria Salmonella enterica subsp. Enterica serovar 
Agona str. SL483

454169 NC_011083_2 2 7 1 Bacteria Proteobacteria Gammaproteobacteria Salmonella enterica subsp. Enterica serovar 
Heidelberg str. SL476

455488 NC_011891_3 2 61 2 Bacteria Proteobacteria Deltaproteobacteria Anaeromyxobacter dehalogenans 2CP-1

455632 NC_010572_8 2 17 1 Bacteria Actinobacteria Actinobacteria Streptomyces griseus subsp. Griseus NBRC 
13350

460265 NC_011894_10 2 65 3 Bacteria Proteobacteria Alphaproteobacteria Methylobacterium nodulans ORS 2060
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465817 NC_010694_3 4 17 1 Bacteria Proteobacteria Gammaproteobacteria Erwinia tasmaniensis Et1/99

471852 NC_013510_15 2 20 2 Bacteria Actinobacteria Actinobacteria Thermomonospora curvata DSM 43183

471852 NC_013510_16 2 37 2 Bacteria Actinobacteria Actinobacteria Thermomonospora curvata DSM 43183

471852 NC_013510_8 2 62 2 Bacteria Actinobacteria Actinobacteria Thermomonospora curvata DSM 43183

471852 NC_013510_9 2 126 2 Bacteria Actinobacteria Actinobacteria Thermomonospora curvata DSM 43183

471857 NC_013159_2 2 7 1 Bacteria Actinobacteria Actinobacteria Saccharomonospora viridis DSM 43017

471857 NC_013159_4 2 28 1 Bacteria Actinobacteria Actinobacteria Saccharomonospora viridis DSM 43017

471857 NC_013159_5 2 31 1 Bacteria Actinobacteria Actinobacteria Saccharomonospora viridis DSM 43017

471857 NC_013159_7 2 9 1 Bacteria Actinobacteria Actinobacteria Saccharomonospora viridis DSM 43017

471876 NC_011375_3 3 5 2 Bacteria Firmicutes Bacilli Streptococcus pyogenes NZ131

476213 NC_012125_1 2 10 1 Bacteria Proteobacteria Gammaproteobacteria Salmonella enterica subsp. Enterica serovar 
Paratyphi C strain RKS4594

479431 NC_013235_8 2 37 2 Bacteria Actinobacteria Actinobacteria Nakamurella 34ultipartite DSM 44233

479434 NC_013524_5 2 37 1 Bacteria Chloroflexi Thermomicrobia Sphaerobacter thermophilus DSM 20745

479437 NC_013204_1 3 17 1 Bacteria Actinobacteria Actinobacteria Eggerthella lenta DSM 2243

480119 NC_011586_4 4 52 1 Bacteria Proteobacteria Gammaproteobacteria Acinetobacter baumannii AB0057

481805 NC_010468_1 2 12 2 Bacteria Proteobacteria Gammaproteobacteria Escherichia coli ATCC 8739

485916 NC_013216_10 3 28 4 Bacteria Firmicutes Clostridia Desulfotomaculum acetoxidans DSM 771

498211 NC_010995_4 3 72 1 Bacteria Proteobacteria Gammaproteobacteria Cellvibrio japonicus Ueda107

502800 NC_010465_2 4 46 1 Bacteria Proteobacteria Gammaproteobacteria Yersinia pseudotuberculosis YPIII

502801 NC_010634_6 4 8 1 Bacteria Proteobacteria Gammaproteobacteria Yersinia pseudotuberculosis PB1/+

515619 NC_012781_3 3 24 1 Bacteria Firmicutes Clostridia Eubacterium rectale ATCC 33656

521011 NC_011832_4 2 3 1 Archaea Euryarchaeota Methanomicrobia Methanosphaerula palustris E1-9c

525146 NC_011883_2 2 29 1 Bacteria Proteobacteria Deltaproteobacteria Desulfovibrio desulfuricans subsp. 
Desulfuricans str. ATCC 27774

525904 NC_013526_1 2 19 2 Bacteria Unclassified 
Phylum

Unclassified Class Thermobaculum terrenum ATCC BAA-798

525909 NC_013124_2 2 27 1 Bacteria Actinobacteria Actinobacteria Acidimicrobium ferrooxidans DSM 10331

537457 NC_010939_1 4 29 1 Bacteria Proteobacteria Gammaproteobacteria Actinobacillus pleuropneumoniae serovar 7 
str. AP76

544404 NC_013008_2 2 3 1 Bacteria Proteobacteria Gammaproteobacteria Escherichia coli O157:H7 str. TW14359

550537 NC_011294_1 2 8 1 Bacteria Proteobacteria Gammaproteobacteria Salmonella enterica subsp. Enterica serovar 
Enteritidis str. P125109

550538 NC_011274_2 2 10 1 Bacteria Proteobacteria Gammaproteobacteria Salmonella enterica subsp. Enterica serovar 
Gallinarum str. 287/91
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552526 NC_011134_1 3 9 2 Bacteria Firmicutes Bacilli Streptococcus equi subsp. Zooepidemicus 
MGCS10565

557760 NC_011963_3 3 29 1 Bacteria Proteobacteria Alphaproteobacteria Rhodobacter sphaeroides KD131

561229 NC_012912_1 4 20 2 Bacteria Proteobacteria Gammaproteobacteria Dickeya zeae Ech1591

561229 NC_012912_2 4 42 2 Bacteria Proteobacteria Gammaproteobacteria Dickeya zeae Ech1591

561229 NC_012912_3 4 17 2 Bacteria Proteobacteria Gammaproteobacteria Dickeya zeae Ech1591

561229 NC_012912_4 2 121 2 Bacteria Proteobacteria Gammaproteobacteria Dickeya zeae Ech1591

561231 NC_013421_1 2 16 2 Bacteria Proteobacteria Gammaproteobacteria Pectobacterium wasabiae WPP163

561231 NC_013421_4 4 17 2 Bacteria Proteobacteria Gammaproteobacteria Pectobacterium wasabiae WPP163

573235 NC_013361_1 2 8 1 Bacteria Proteobacteria Gammaproteobacteria Escherichia coli O26:H11 str. 11368

579405 NC_012880_1 4 43 2 Bacteria Proteobacteria Gammaproteobacteria Dickeya dadantii Ech703

579405 NC_012880_2 4 61 2 Bacteria Proteobacteria Gammaproteobacteria Dickeya dadantii Ech703

579405 NC_012880_3 2 3 2 Bacteria Proteobacteria Gammaproteobacteria Dickeya dadantii Ech703

585034 NC_011741_3 2 17 1 Bacteria Proteobacteria Gammaproteobacteria Escherichia coli IAI1

585035 NC_011742_2 4 5 1 Bacteria Proteobacteria Gammaproteobacteria Escherichia coli S88

585054 NC_011740_1 2 16 1 Bacteria Proteobacteria Gammaproteobacteria Escherichia fergusonii ATCC 35469

585055 NC_011748_4 2 15 1 Bacteria Proteobacteria Gammaproteobacteria Escherichia coli 55989

585056 NC_011751_7 2 9 2 Bacteria Proteobacteria Gammaproteobacteria Escherichia coli UMN026

585395 NC_013353_2 2 7 1 Bacteria Proteobacteria Gammaproteobacteria Escherichia coli O103:H2 str. 12009

585396 NC_013364_1 2 4 1 Bacteria Proteobacteria Gammaproteobacteria Escherichia coli O111:H- str. 11128

585397 NC_011745_2 4 17 1 Bacteria Proteobacteria Gammaproteobacteria Escherichia coli ED1a

595494 NC_012691_2 4 92 1 Bacteria Proteobacteria Gammaproteobacteria Tolumonas auensis DSM 9187

595496 NC_012759_4 2 12 1 Bacteria Proteobacteria Gammaproteobacteria Escherichia coli BW2952

622759 NC_013357_1 3 49 2 Bacteria Proteobacteria Alphaproteobacteria Zymomonas mobilis subsp. Mobilis NCIMB 
11163

634452 NC_013210_1 2 23 1 Bacteria Proteobacteria Alphaproteobacteria Acetobacter pasteurianus IFO 3283-01

634499 NC_012214_2 2 11 2 Bacteria Proteobacteria Gammaproteobacteria Erwinia pyrifoliae Ep1/96

634499 NC_012214_4 4 10 2 Bacteria Proteobacteria Gammaproteobacteria Erwinia pyrifoliae Ep1/96

a. As assigned by NCBI Taxonomy Browser (http://www.ncbi.nlm.nih.gov/Taxonomy/).
b. As assigned by CRISPRdb (http://crispr.u-psud.fr/crispr/).


