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Abstract

CRISPR-Cas are self/non-self discriminating systems found in prokaryotic cells. They represent a
remarkable example of molecular memory that is hereditarily transmitted. Their discovery can be
considered as one of the first fruits of the systematic exploration of prokaryotic genomes. Although
this genomic feature was serendipitously discovered in molecular biology studies, it was the
availability of multiple complete genomes that shed light about their role as a genetic immune
system. Here we tell the story of how this discovery originated and was slowly and painstakingly
advanced to the point of understating the biological role of what initially was just an odd genomic

feature.

Main text

The exploration of prokaryotic genomes is barely starting to bear fruit. Hidden in this rich ore remain
surely many secrets about these ancient cells that have occupied our planet for close to 4 billion
years. There is nothing new in this assertion, but microbes are often far from the limelight in the
media driven science of today. And still, prokaryotes have provided humans with many tools that we
use to study ourselves, the plants and animals that we eat, see and enjoy, and the biological world at
large. The field of prokaryotic genomics is often criticized as being merely exploratory (or discovery
driven as opposite to hypothesis driven). However, exploratory research has been instrumental in
the history of biology providing the main substrate on which to build hypothesis or just opening new
unsuspected fields. One wonderful example of the value of such exploratory research has been the
discovery of the most outstanding example of heredity of acquired characteristics in biology, the

CRISPR-Cas systems.
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Clustered regularly interspaced short palindromic repeats, CRISPR for short, form arrays of up to
several hundred units in the genome of many bacteria and archaea. Together with the CRISPR-
associated (Cas) proteins, they are the main constituents of the CRISPR-Cas systems that provide
prokaryotes with acquired immunity and contribute other unrelated functions such as gene
regulation. CRISPR were reported for the first time almost 30 year ago. Since then, our knowledge on
these peculiar sequences has greatly improved, but the process has been long and, at times, also

gruelling.

In 1989, immediately after finishing his compulsory military service, one of us (FIM Mojica) joined
the Microbiology group at the University of Alicante, Spain, supported by a part-time contract to
analyse the quality of the sea water at the main beaches of the Alicante’s region. In parallel, he
started his PhD thesis work supervised by F. Rodriguez-Valera and Guadalupe Juez on the regulatory
mechanisms that allow extremely halophilic archaea (haloarchaea) to adapt to environmental
changes in salinity. The microorganism under study was Haloferax mediterranei R-4, a strain some
time ago isolated by FR-V and co-workers from ponds of a solar saltern located in the village of Santa
Pola, at the Mediterranean Sea coast near Alicante [1]. The synthesis of gas vesicles is a remarkable
feature of this strain, prominently affected by salinity. Therefore, the initial thesis project
contemplated to unveil the salt-dependent expression of genes encoding the protein components of
these buoyancy devices. However, by the time we were analysing data from the Northern blots
obtained after hybridizing with vacuole gene probes, salt and growth-phase dependent expression
of the major gas vesicle protein of this microorganism was reported by another research group [2].
While still retaining the main objective of the thesis, this publication led to a substantial shift in the
particular traits to be studied, focusing then on genetically uncharacterized regions of the H.
mediterranei genome that seemed to be subjected to some sort of salt-associated DNA modification
[3]. Such modification was supported by the observation that some sequences showed different

susceptibility to cleavage by restriction enzymes depending on the salinity of the growth medium. It
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was hypothesized that epigenetic changes were the basis of the cleavage resistance. This DNA
modification could be playing a physiological role through affecting expression of genes that might
be involved in the adaptation to growth at different salinities. Under this premise, two such regions
were selected for sequencing and gene expression analysis. These sequencing reactions in 1992
were among the very first ever performed at the University of Alicante. In one of the few readable
sequencing films we got in these initial attempts (Fig. 1), an unexpected pattern was seen: DNA
segments, 30 bp long, were repeated at regular distances (Fig. 2A). This peculiar arrangement was
initially deemed to be a sequencing artefact. However, additional sequencing experiments
confirmed the presence in this region of at least 14 almost perfectly conserved (one occasional
mismatch) repeats flanked at one end by a highly degenerated copy. Each repeat included short
inverted repeats, thus being partially palindromic. They were located in a, seemingly, noncoding
area next to open reading frames (ORFs) that did not show homology to any known protein [4]. In
contrast to the single RNA molecules detected for each ORF, Northern blots hybridized with probes
of the repeat region revealed multiple transcripts, suggesting that highly processed RNAs derived

from the repeat arrays (Fig. 3).

Whereas regularly spaced repeats had not been seen before in archaea, similarly arranged
structures had been reported in the chromosome of Gram-negative (Escherichia coli) [5] and Gram-
positive (Mycobacterium spp.) [6] bacteria. Two DNA segments with 14 and 7 copies, respectively, of
a 29-bp sequence were identified in E. coli K12 (Fig. 2B). As in the case of H. mediterranei, the E. coli
repeats were highly conserved within each array (with the exception of the terminal unit), contained
a dyad symmetry and were probably located in noncoding regions. Hybridization assays suggested
that similar repeats were present in other E. coli strains as well as in isolates of the closely related
Salmonella enterica and Shigella dysenteriae species [7]. An array with 49 copies of a 36 bp direct
repeat (DR), separated by nonrepetitive spacer DNA of 35-41 bp in length (Fig. 2C), was found in

Mycobacterium bovis BCG strains [6]. Southern blot hybridization suggested that these repeats are a
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general feature in the Mycobacterium tuberculosis complex, where a high polymorphism of the DR-
containing region among strains was inferred. Taking advantage of such variability, the DR loci were

soon harnessed for typing purposes [8].

Putative biological functions such as chromosomal rearrangement or regulation of neighbouring
genes were proposed for the bacterial repeats [6,7]. However, functional studies aiming to discover
their biological role were only addressed in haloarchaea [9]. Even though salt-dependent
transcription of genes surrounding the haloarchaeal repeats (by then called TREPs after Tandem
REPeats) was detected, their implication in exclusively transcription regulation of a few genes was
guestionable due to the large size of the repeat loci. TREP sequences were found in the chromosome
and a large plasmid of both H. mediterranei and Haloferax volcanii, and hybridization assays
disclosed the presence of similar repeats in a second haloarchaeal genus, Haloarcula. Taking
advantage of a genetic manipulation system developed for H. volcanii [10], the effect of the
presence in H. volcanii cells of recombinant plasmids carrying fragments with TREPs was
investigated. Firstly, the possibility that TREPs could serve as frequent recombination sites, and
hence recombination as the main biological role of TREPs, was dismissed. Then, a reduction in cell
viability detected in these cultures, concomitant with the appearance of cells with reduced
chromosomal content, was seen as a sign of incompatibility between replicons containing the
repeats, hinting at a role for TREPs in replicon partitioning [9]. Unarguably, a different explanation to
the perceived incompatibility could have been envisaged if data on the origin of spacers, unveiled a
decade later [11], would have been known at the time. Indeed, it might be possible that the extra set
of repeat arrays provided additional insertion sites for spacers, increasing the likelihood of spacer
acquisition. In principle, being chromosomal DNA the most abundant in the cell, the vast majority of
newly acquired spacers would derive from it. Hence, the chromosome would become preferentially
targeted and degraded by interference guided by the novel spacers. However, at the time we could

not guess that we were dealing with an adaptive immune system.
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In 1995 FJMM moved to the University of Oxford for a postdoctoral stay to work on regulation of
gene expression in E. coli. Subsequently, back in Alicante, he attempted to start his own research
group and resume TREP research in Haloferax. However, applications for grants did not get through:
halophilic archaea were not regarded as a good model to investigate this issue. Without specific
funding and with very limited infrastructures in terms of lab space and facilities, the partitioning
hypothesis was challenged now in E. coli. When experiments equivalent to those previously
performed in H. volcanii were replicated in E. coli, no clear phenotype was seen. Moreover,
additional studies did not provide any evidence of an involvement of the E. coli repeats in the
partition apparatus. Otherwise, the peculiar arrangement provided by palindromic, regularly spaced
repeats, suggested that they might serve as exceptional landmarks for binding to a cellular structure
(i.e., the cytoplasmic membrane) or to soluble proteins in a cooperative way. Moreover, they could
also influence the structure of the carrier DNA molecule. However, repeat binding proteins could not
be recovered from cell extracts and topology of recombinant plasmids was not affected by the

presence of repeat stretches.

Meanwhile, a new opportunity to tackle the study of the repeats arose. From 1987 to 1995, the
amount of publicly available sequence data was very limited. As a result, regularly spaced repeats
had only been seen in the few above mentioned microorganisms. Moreover, its presence was in
most cases just inferred after hybridization experiments instead of by direct sequencing, arguably
due to the technical hitches. This panorama progressively changed thanks to the improvement of
sequencing techniques that led to the publication of the first complete genome of a free-living
organism, a bacterium, in 1995. This milestone achievement accounted for a radical transformation
of the way biological questions will be addressed henceforth, and a new period in biology began.
Sequencing was greatly facilitated and data of additional prokaryotic genomes were released during
the late 1990s. The first comprehensive report of regularly spaced repeats in a complete genome

was published in 1996 [12] and additional descriptions joined it in the following years. By the end of
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the century, similarly arranged repeats had been discovered in 12 species of archaea and bacteria,
and open access to 26 completed microbial genomes was granted. However, there was a lack of
computer tools for the accurate detection of such peculiar sequences. Therefore, taking into account
the length range of known interspersed repeats and spacers, César Diez-Villasefor (University of
Alicante) implemented a specific computer programme to detect, with a wide tolerance, analogous
regions in complete genomes. Even though such permissiveness frequently retrieved false-positives,
this allowed for the identification of novel repeat units and complete arrays in prokaryotes where
their presence had already been reported, as well as in additional completed or close to completion
genomes. This comprehensive study demonstrated the wide distribution of this sort of redundant
sequences across a wide microbial diversity, hinting at an ancestral origin and high biological
relevance [13]. Furthermore, it led to the recognition and definition of a family of prokaryotic
repeats termed SRSR after Short Regularly Spaced Repeats, an acronym that also mirrored the
Spacer-Repeat-Spacer-Repeat organization of the clusters. This initial description was followed by a
second one, authored by Jansen and collaborators, where the designation SPacers Interspersed
Direct Repeats (SPIDR) was proposed [14]. The potential naming conflict was solved after mutual
agreement of the two research groups to use CRISPR (pronounced krisper) after “Clustered Regularly
Interspaced Short Palindromic Repeats”. Jansen immediately accepted the new definition and
acronym rather than the other, less descriptive or not so distinctive alternatives, that were proposed

[15].

We knew that the CRISPR arrays were transcribed, at least those of Haloferax, and the fact that
these transcripts were playing a role, either on their own or in collaboration with other components
of the cell, could be anticipated. In 2002, four genes encoding CRISPR-associated (Cas) proteins were
identified nearby the repeat loci [16]. Apparently, they were exclusively present in genomes carrying
CRISPR. Based on sequence similarity, some Cas were tentatively linked to activities related to

interaction with nucleic-acids. Therefore, Cas proteins were candidates to assist the CRISPR RNAs
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whatever they were doing. The key to unravel the function of the two-component CRISPR-Cas
systems came from the repeat-intervening spacers. The origin of these sequences had remained
enigmatic. The name itself (spacer) hints at an irrelevant role in the repeats just separating the
palindromes. They were unique in the carrier-genome, except for some occasional duplication in the
CRISPR locus. Perhaps they were synthesized de novo upon the generation of new repeats [14].
Maybe the yet uncharacterized Cas proteins were responsible for their synthesis. In the early 2000s,
the research group of FIMM was working on a project to assess the polymorphism of CRISPR loci in
E. coli. To that end, a collection of phylogenetically diverse isolates of the species was chosen for a
representative analysis. Initially, the arrays of a few strains could be successfully PCR amplified and
eventually sequenced. As in many other occasions before, spacers were systematically probed
against public nucleotide databases. However, this time one of the queries retrieved a matching
sequence. To our surprise, the spacer homolog was located in the genome of a coliphage. Then,
three additional spacers were found to be similar to sequences in either that bacteriophage orin a
conjugative plasmid of E. coli. To corroborate this finding, the spacers of 61 additional strains,
including all available complete genomes, were subjected to the same sort of analysis, turning out
that about a 2% of them matched sequences in non-CRISPR loci, invariably in genetic elements of the
corresponding spacer-carrier species [11]. The CRISPR meaning suddenly clicked into place; these
arrays are crisper-like compartments for storing DNA chunks of invaders, to keep a fresh memory of
past infections. The next question was then why the cell dedicated part of its limited genome space
to this “trunk of souvenirs”. Four microorganisms were selected, as representatives of their
respective prokaryotic groups, for further analysis: E. coli (Gram-negative bacteria), Streptococcus
pyogenes (Gram-positive bacteria), Sulfolobus (crenarchaea) and Methanothermobacter
thermoautotrophicum (euryarchaea). They greatly differ in their physiology, ecology and phylogeny.
Hence, common observations related to their CRISPR loci would provide conclusions applying to the
prokaryotes in general. Notably, spacer-homologs were found in mobile genetic elements that,

according to published studies, failed to efficiently infect the corresponding spacer-carrier strain,
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even though they proficiently disseminated in populations of closely related strains lacking the
spacer. Moreover, plasmids or viruses containing spacer-matching sequences (named protospacers)
were usually absent in the spacer-carrier. In the exceptional cases where the cell harboured one of
these protospacer-carriers, the similarity between the spacer and its homolog segment was
markedly diminished with respect to the protospacer consensus sequence. Taken together, these
findings strongly supported a connection between CRISPR and immunity against foreign DNA, most
likely guided by CRISPR-RNA molecules. Nonetheless, given that protospacers were also detected in
chromosomal regions, a regulatory role for CRISPR was inferred, resembling the eukaryotic RNA

interference (RNAi) mechanism [11].

After one decade (1993-2003) of unsuccessful attempts, the mystery behind the TREPs function
seemed to be solved. Now, the challenge reached the next level: the role inferred had to be proven.
Immediately after this discovery, the immunity hypothesis was investigated by FJMM’s team in E.
coli strains carrying resident spacers that matched sequences in bacteriophages or engineered
plasmids. However, highly variable results were obtained upon deletion of phage-homologous
spacers on susceptibility to infection, as well as when analysing transformation efficiency of
recombinant plasmids containing spacer-matching sequences (unpublished results). It was later
reported that the CRISPR system of E. coli, at least that of K12-derivative strains, is usually silenced
due to repression executed by the histone-like protein H-NS. Furthermore, this inhibition can be
relieved by the activator protein LeuO. This on-off swift of CRISPR immunity [17] could account for
the results we obtained: interference was sporadically triggered by fortuitous de-repression. It is a
remarkable coincidence that, H-NS [18] and a promoter regulated by LeuO [19], had been the
subject of FJMM'’s project for the period of its allegedly parenthesis in CRISPR research during his

postdoctoral stay in Oxford.
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In spite of the novelty and interest of the revelation, that prokaryotes harbour an adaptive
interference system, the lack of solid experimental evidence obstructed the publication of the
manuscript. Initially submitted in 2003, after being rejected by four different journals, a substantially
lightened version was eventually accepted in October 2004 thanks to very positive comments of two
anonymous reviewers and constructive suggestions made by the reviewing editor of Journal of

Molecular Evolution [11].

Another paper reporting the origin of the spacers in Yersinia species [15,20], suffered a similar
ordeal. Subsequently, a third paper along the same lines appeared [21], showing a positive
correlation between spacer number and resistance to infection. They also discovered a relevant
aspect of the spacer homologs: the protospacers of a CRISPR system in Streptococcus thermophilus
were juxtaposed to a short conserved sequence. These signatures, today known as Protospacer
Adjacent Motifs (PAMs), were afterwards shown to be a common feature in diverse CRISPR systems

[22] where PAM recognition is a requisite for both spacer uptake and target interference [23].

Arguably, the advent of three independent reports pointing in the same direction helped to
overcome the almost general reluctance, as inferred from most journal editors and referees
comments, to admit the existence in prokaryotes of a widespread, adaptive immune system. The
CRISPR field experienced a golden age that strongly contrasted with the very little attention
attracted previously. Diverse bioinformatic tools and resources were soon implemented [24] for the
analysis of CRISPR loci and their dynamics [25] and the diversity of the CRISPR-Cas systems became
evident [26]. Distinct CRISPR sequences could be grouped after their sequence, and a substantial
number of canonical CRISPR were not palindromic at all [26]. However, attempts to replace
“palindromic” with “prokaryotic” in the definition of this family of repeats did not reach an ample

agreement among the CRISPR community.
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The empirical demonstration that CRISPR provides acquired resistance against genetic elements,
came from researchers of a Danish bio-based company working in collaboration with the group of
Sylvain Moineau (Université Laval, Canada). Thus, Barrangou et al. [27] found that S. thermophilus
becomes resistant to infection by bacteriophages after the insertion of new spacers matching the
virus genome. The identity of the spacer was a key determinant of the specificity of the resistance
phenotype. Notably, they proved that the Cas proteins were indeed a functional component of the
CRISPR systems. Soon after this ground-breaking work, CRISPR interference against plasmid transfer
through DNA targeting was shown [28], CRISPR-RNA molecules were identified as the guides of this
immune system [29] and target cleavage was unveiled as the mechanism of interference [30]. Many

Cas proteins were biochemically characterized and their activity established [31].

We know now that CRISPR can acquire spacers from, and eventually interfere with, RNA [32] and/or
DNA molecules, depending on the particular system. Besides, target cleavage is not the only way
CRISPR may act and roles beyond immunity, notably through regulation of gene expression [33], are
played by specific systems. This is the case of some complete CRISPR-Cas systems, but also of CRISPR
that function without the assistance of Cas proteins, and vice versa. There are orphan CRISPR arrays
in prokaryotic genomes and viruses [34,35], as well as CRISPR-like stretches in eukaryotic viruses [36]
and mitochondria [13], most of which are enigmatic regarding their activity or function. The
discovery of canonical CRISPR almost three decades ago opened an avenue with many side paths to
unknown destinations. The role in genome editing that has brought up Cas9 to notoriety might be

played by other unrelated proteins as well [37].

But CRISPR-Cas are much more than a prokaryotic immune system. Their existence proves that
prokaryotic genomes are environment tuned. They can adapt by Lamarckian inheritance keeping
track of genomic encounters, what probably helps in fine tuning the delicate equilibrium between

conservation (maintaining the status quo) and variation providing novel genomic features and
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phenotypic properties in bacterial populations. There might be many more unknown mechanisms
among the roughly 30% function-unknown proteins that appear in each prokaryotic genome
regardless of how common the microbe is, not to mention the average 10% non-coding DNA [38]

present in all these genomes.

It seems appropriate to remember here that the great motor of molecular biology during the XX™
century, molecular cloning, was made possible by restriction endonucleases and plasmid vectors,
both derived from serendipitous discoveries of prokaryotic cell biology features involved in self/non-
self discrimination as well. The lesson here to scientists, science policy makers and mankind at large
is that the only way forward is enlarging evenly the sphere of knowledge supporting fundamental
research. In words of Louis Pasteur: “There does not exist a category of science to which one can
give the name applied science. There are science and the applications of science, bound together as

the fruit of the tree which bears it”.
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Fig. 1. Autoradiograph of an unpublished Sanger sequencing gel, dated 21/08/1992, where regularly

spaced repeats were discovered in H. mediterranei. Repeats are marked with side bars.
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A

GTTACAGACGARCCC TAGTTEEET TERAGCCTC GoCATCGoCGUGAAC TEGGTCCTCCTE
GEGETGGTTACAGAC GRACCC TRGTTEGETTEARGCARGCC T TGAGRG TGTC TG TTGGTA
TEATGAATET TG TTACAGACGARCCC TAGT TEEGTTGRAAGCAAGTAGRCCGCGC TCAGTT
ACGACAGCTGCTCGAGTTACAGRCGRARCCC TAGTTGGETTEARGE

B

CEG T T AT COC G TON TG B ARG AEC AGC GTC AGGCGTGARATC TCACCGTOG TG
ECGG'T'I'TH.TCCCTE:_WGCWGGMC‘ICTCGGT'TCHE-E-CGT:EEWCCTGG-CTRCCG
FECEETTTATCCCOGE TARCEOGEEGRARCTCGTAGTCCATCATTCCACCTATGTC TGAAC
TCCOGGTTTATCCOC GE TGO GEGEEGERAACTE

c

ETCETCAGRCCC ARRRCCCCGRAGAGEEGACGERAAC TGC CCCGECETTTAGCGATCACAR
CRCCAACTRATGETCETCAGACCCARRACC COCRGAGEEEREGEAARC CRGCGARATACH
GEC TCCACGRCACGACCACAACGCGTC GTCAGRCCC ARAACCCCGAGRAGEGGAC GEARRT
TCTTGACGA TR GETTRCCCCRCGCCC TTTTOC AGCCETCGTCAGAC CCARRACCOCGAG
AGGEFEACGERARC

Fig. 2. Sequences of regularly spaced repeat regions. DNA stretches containing four regularly spaced
repeats (highlighted in yellow) are shown as representative examples of the sequences originally
reported in H. mediterranei (A) [4], E. coli (B) [5] and M. bovis (C) [6]. Inner inverted repeats are

underlined.

Fig. 3. Transcription of regularly spaced repeat regions. Northern blot hybridization of total RNA
samples obtained from H. mediterranei cultures at different growth conditions. A DNA fragment

from the repeat array described in [4] was used as probe (FIMM, unpublished doctoral thesis).
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