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Prokaryote adaptive immunity (CRISPR-Cas systems) can be first a threat to its carriers. We analyze
risks of autoimmune reactions in prokaryotes by computational methods. We found important
differences between Bacteria and Archaea with respect to manifestations of autoimmunity.
According to the results of our analysis, CRISPR-Cas systems in Bacteria are more prone to self-
targeting even though they possess several times less spaces per organism on average than Archaea.
The results of our study provide opportunities to use self-targeting in prokaryote for biological and
medical applications, e.g., for treatment of bacterial infections.
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1. Introduction

Adaptive immunity was first demonstrated in prokaryotes in 2007. Many important
findings led to this discovery and helped put the puzzle of this enigmatic mechanism
together®. In 2007, Barrangou et al. found experimental evidence? of the hypothesized
function of the segments consisting of repetitive structures (spacers-repeats) and
associated genes previously found in prokaryote genomes. Later practical protocols using
these systems for precise genome editing attracted great attention®. However, many
questions regarding the fundamental mechanism of adaptive immunity still remain open.
The most poorly understood part of this immunity mechanism is spacer acquisition®.
Criteria that bacteria use for spacer selection are under investigation®. Researchers
suggest that molecular mechanisms can play a role in determining the size of spacers at
least for some bacterial species®. However, the question of “wise” spacer selection
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remains open given that bacteria utilize very rapid and extensive exchange of genetic
materials’. All these findings raise a question of how self-targeting occurs in prokaryotes.

Stern et al. carried out the first systematic search® of self-targeting spacers in 2010
using the information from CRISPRdb® about CRISPR structures found in the sequenced
genomes available at that time. The authors found over a hundred of self-targeting
spacers in 330 organisms (0.4% of 23550 spacers in total). After previous sketchy reports
about the observed self-targeting events, that study provided the first systematic estimate
of self-targeting rate in prokaryotes: “59 of 330 (18%) CRISPR-encoding organisms
possess at least one array with at least one self-targeting spacer”. Stern et al. also
explored the hypothesis about a suggested role of self-targeting spacers in gene regulation
and rejected it. Their conclusion was that self-targeting is a form of autoimmunity with a
negative fitness cost. They also outlined possible ways to escape autoimmunity for
prokaryotes including inactivation of self-targeting spacer, inactivation of CRISPR-Cas
system, mutation of self-protospacer.

Subsequent researchers demonstrated that self-targeting spacers can be a marker of
the presence of CRISPR-Cas inhibitors!®l, These inhibitors mostly encoded by phages
represent anti-CRISPR mechanisms that can help phages overcome CRISPR systems.
These inhibitors may be used to control artificial CRISPR-Cas systems in the process of
genome editing in eukaryotic cells.

These observations indicate that self-targeting events deserve further exploration. We
use newly developed dictionary-based methods to facilitate this analysis. First, we repeat
the initial analysis made by Stern et al. in 2010 to benchmark our methods. Second, we
apply the same analysis to the current data available in CRISPRdb (3261 prokaryotes,
167,583 spacers). Our analysis aims to answer the following questions: (1) Are Archaea
more prone to self-targeting compared to Bacteria? (2) Is there a difference in spacer
length with respect to self-targeting between Bacteria and Archaea; (3) Are self-targeting
spacers more often located on plasmids than on chromosomes? The answers to these
questions help us to better understand self-targeting mechanism in the context of our
current knowledge about CRISPR-Cas systems. In turn, it will provide opportunities to
utilize self-targeting for biological and medical applications.

2. Results

We repeated the analysis of self-targeting events carried out by Stern et al. (2010) using
our newly developed dictionary methods. Comparison of the results of our analysis and
the results of Stern et al. is shown in Table 1. In 87.07% of cases (101 of 116 spacers),
the number and localization of additional copies of spacers coincided. However, only in
42% (49 cases) the polarity (sense/antisense) of the protospacer found by us and reported
by Stern et al. agreed. In 24% (28 spacers) the position we found matched the position(s)
reported by Stern, but with the opposite polarity. In 20.69% (24 spacers) the information
about the polarity was missing in the report of Stern et al., but our methods were able to
identify the polarity for these self-targeting events. In the remaining 12.93% of cases (15
spacers) we found mismatches: 5 spacers had the mismatched position(s) due to the
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sequence updates, 8 spacers had copies only within the identified CRISPR arrays, and the
information about the rest 2 spacers was missing in the current version of CRISPRdb.
The results of this comparative analysis are to validate the dictionary method as a viable
approach to identify self-targeting spacers: both location and polarity.

Table 1. The correspondence between Stern et al. results and the results of our analysis.

Number of

Category spacers %

1. Exactly matched (position(s) and directionality) 49 42.24%
2. Matched position(s) except for directionality 28 24.14%
3. Matched position(s), directionality was undetermined by Stern et al. 24 20.69%
Total agreement on position(s) of self-targeting events 101 87.07%

4. Mismatched position(s) of found self-targeting events 5 4.31%
5. No self-targeting events within the analyzed sequence 8 6.90%
6. No information about CRISPR structure in CRISPRdb 2 1.72%
Total disagreements 15 12.93%

Having validated our dictionary approach, we applied it to all the spacers currently
stored in CRISPRdb. We found 2488 self-targeting spacers, approximately 1.5% of all
167,581 spacers. We analyzed 3261 CRISPR-encoding prokaryotes of which 957
(29.35%) have self-targeting spacers (Table 2).

Table 2. The number of organisms with self-targeting spacers in Bacteria and Archaea.

Organisms Bacteria ~ Archaea
Self-targeting 892 65
No self-targeting 2166 138

2.1. The comparison of self-targeting spacer rates in Bacteria and Archaea

There is a significant difference between Bacteria and Archaea with respect to the rate of
self-targeting spacers (Table 3, Chi squared test, p < 2.2e-16). The rate of self-targeting
spacers in Archaea is (0.59%) is lower than the rate of self-targeting spacers in Bacteria
(1.66%).

Table 3. The number of self-targeting spacers in Bacteria and Archaea.

Spacers Bacteria ~ Archaea
Self-targeting 2325 163
No self-targeting 137514 27581
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The comparison of the distributions of the number of spacers per organism in
Archaea and Bacteria demonstrates that these distributions are quite different (Fig.1A).
For Bacteria, most organisms have less than 50 spacers with the median of 28 spacers; for
Archaea, most organisms have 100-150 spacers with the median of 116 spacers (Fig.1B).
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Fig. 1. The number of spacers per organism for Archaea and Bacteria: (A) the distributions are plotted using the
semi-log scale, (B) the boxplots for both distributions.

2.2. The spread of self-targeting spacers in Archaea

We found that 163 self-targeting spacers were spread across 65 of 203 (32.02%) archaeal
organisms (Figure 2). The organisms contained from 1 up to 20 self-targeting spacers.
More than half of the organisms with self-targeting spacers, 34 of 65 organisms (52.3%)
had only one self-targeting spacer. Another 16 organisms (24.62%) had exactly 2 self-
targeting spacers. The remaining 15 organisms (23.08%) had from 3 to 20 self-targeting
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spacers. The number organisms with exactly 2 self-targeting spacers was almost the
same as those with 3 or more such spacers. Separately, only 5 of 163 (3%) self-targeting
spacers were found on plasmids, and the remaining spacers being located on
chromosomes.
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Fig.2. The distribution of self-targeting spacers in Archaea

2.3. The spread of self-targeting spacers in Bacteria

We found that 2325 self-targeting spacers were spread across 892 of 3058 (29.17%)
bacterial organisms (Figure 3). More than a half of the organisms with self-targeting
spacers, 473 of 892 organisms (53.03%) had only one self-targeting spacer, and 167
organisms (18.72%) had exactly 2 self-targeting spacers. The remaining 252 organisms
(28.25%) had from 3 to 47 spacers. Separately, we noted that only 32 of 2325 (1%) self-
targeting spacers were located on plasmids, all the remaining spacers were found on
chromosomes.
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Fig.3. The distribution of self-targeting spacers in Bacteria
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2.4. The average length of spacers in CRISPR arrays of Bacteria and Archaea

We found that Archaeal spacers are longer on average than Bacterial spacers (Fig.4 A
and B). The difference between the means evaluated using a two-sample two-sided t-test
with unequal variance is statistically significant (p < 2.2e-16); the 95% confidence
interval for the difference between the means is (3.54,3.64). Interestingly, self-targeting
spacers in Archaea tend to be shorter than archaeal spacers overall and spacers without
self-targeting (Table 4.). Self-targeting spacers in Bacteria is about the same length as
bacterial spacers overall and spacers without self-targeting. However, the standard
deviation is high compared to the difference in the means, so the difference is likely not

statistically significant.
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Fig.4. The distribution of spacer lengths in Bacteria and Archaea (spacers < 100 bp are shown): (A) The number
of spacers for each spacer length plotted on the semi-log scale; (B) boxplots for Bacteria and Archaea.
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Spacer length (mean + sd) Archaea Bacteria
All spacers 38.22 +£3.96 34.66 £5.22
Self-targeting spacers 33.83+7.28 35.33+£8.57

Spacers without self-targeting 38.24 +3.92 34.64+5.15

Table 4. The average length of spacers in CRISPR arrays of Bacteria and Archaea.

3. Methods

Information on the found CRISPR structures was obtained from CRISPRdb (the latest
update, May 9, 2017). We downloaded the xml file for all analyzed prokaryotes that have
at least one confirmed CRISPR array. Based on these data, we have compiled a list of
organisms in the genomes of which CRISPR structures were detected. We downloaded
the genomes of these organisms from the NCBI Nucleotide database. If genomes of
organisms contained several replicons (i.e., chromosomes and plasmids), then each
replicon was analyzed separately, and then the results were summarized at the organism
level.

We extracted information about 330 organisms analyzed by Stern et al.8. As a
reference, we used the list of the analyzed CRISPR arrays and the list of found self-
targeting spacers provided by Stern et al. in the supplementary materials. We re-analyzed
these data, using the most current information available at CRISPRdb. Stern et al.
searched for self-targeting spacers using BLAST alignment!? with a high similarity
threshold to find 100% identity matches. However, many self-targeting events found by
Stern et al. and included in the list of self-targeting spacers did not contain information
about polarity. Moreover, BLAST utilizes a heuristic approach; it does not guarantee the
search for all possible solutions. Instead of using an alignment-based approach, we use an
“exact matching” approach inspired by the CRISPR mechanism itself. To search for
exact matches and to accurately determine the polarity, we utilized our dictionary
methods.

This approach is made efficient by using a dictionary (hash table) data structure. To
search for self-targeting spacers in the genome of prokaryotes, we took information about
all found CRISPR structures. We grouped all the found spacers by length. For each of
their possible lengths, we compiled a dictionary with the unique strings of a given length
as the keys and the lists of positions of these strings in the genome as the values. Then,
we searched the dictionary for all spacers of that given length. To find copies on the
forward and reverse strands, we searched the dictionary for the spacer (copies of the
spacer on the direct strand) and its reverse complement (copies of the spacer on the
reverse strand). As a result, for each spacer, we recorded into the output file its content,
length, its position in the sequence and position(s) of the found copies of this spacer on
the forward and reverse stands in the sequence. This helped us accurately identify the
localization and polarity for self-targeting spacers. Then we compared all the found self-
targeting spacers to those reported by Stern et al. Next, we conducted a similar analysis
on all the data currently available at CRISPRdb.
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4. Discussion and conclusion

The autoimmunity problems are a factor of evolutionary pressure on prokaryotes that
possess CRISPR systems. Our findings demonstrate that about a third of prokaryotes
carry self-targeting spacers even though the fraction of self-targeting spacers in a pool of
all spacers is rather small (~ 1.5%).

We found a significant difference in self-targeting rates between Bacteria and
Archaea (p < 2.2e-16). Although Archaea on average possesses several times more
spacers in their genome on average than Bacteria, the rate of self-targeting spacers in
Archaea is almost three times lower than in Bacteria. This suggests that Archaea have
developed more robust mechanisms of CRISPR systems and can manage larger spacer
memory. Consequently, Archaea may accumulate more spacers and have a lower turn-
over of spacers than Bacteria.

We also found that Archaea tend to have slightly longer spacer on average than
Bacteria. It means archaeal spacers are more specific in capturing potential invaders. The
longer spacer can also explain the decrease in the number of self-targeting events since
higher spacer specificity protects better from spurious matches.

In addition, we found that self-targeting spacers in Archaea have shorter length in
comparison to the average length of spacers overall. Thus, self-targeting events might be
driven by taking spacer with not enough specificity. However, for Bacteria, the problem
of self-targeting might have a different origin since they have about the same average
length for self-targeting and other spacers. Considering very intensive genomic exchange
in Bacteria, the increased specificity might not be helpful because of extensive fragments
shared between phages and Bacteria. In this case, self-targeting is an embedded cost of
genome flexibility. Also, we found that only 1-3% of self-targeting spacers in
prokaryotes are present on plasmids. The fitness cost of plasmids that bear self-targeting
spacers is usually less that the cost of self-targeting spacers on chromosomes, and such
plasmids are often eliminated from genomes.

Future studies may explore two possible directions: (a) how the pressure of
autoimmunity shapes the evolution of bacteria and (b) how we can use autoimmunity
manifestations for treatment of bacterial infections. The induction of autoimmunity
during the operation of CRISPR-Cas systems represents a potential opportunity for the
selective destruction of pathogenic microorganisms. Our finding that CRISPR systems in
Bacteria are more prone to autoimmunity may provide important opportunities to develop
new treatment methods that are alternative to antibiotics.
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