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Abstract

As befits an immune mechanism, CRISPR-Cas systems are highly variable with respect to Cas protein sequences,
gene composition, and organization of the genomic loci. Optimal classification of CRISPR-Cas systems and ratio-
nal nomenclature for CRISPR-associated genes are essential for further progress of CRISPR research. These are
highly challenging tasks because of the complexity of CRISPR-Cas and their fast evolution, including frequent
module shuffling, as well as the lack of universal markers for a consistent evolutionary classification. The complex-
ity and variability of CRISPR-Cas systems necessitate a multipronged approach to classification and nomenclature.
We present a brief summary of the current state of the art and discuss further directions in this area.

Outline of CRISPR Diversity and Classification

Typical of antivirus defense mechanisms that are locked
into a perennial evolutionary arms race with pathogens, '~
CRISPR*-Cas systems show remarkable diversity in
terms of gene composition, genomic locus architecture,
and the actual sequences, even in the core genes shared
by many CRISPR-Cas variants.>™ To elucidate the ori-
gins and evolution of this diversity and, more practically,
to keep track of new variants and to achieve coherent an-
notation of CRISPR-cas loci in microbial genomes, a ra-
tional and relatively simple classification of CRISPR-Cas
systems is essential. This is, however, much easier said
than done. The repeats themselves show some clustering
in the sequence space®’ but clearly do not contain enough
information to serve as the basis of a robust classification.
There are no universal cas genes, so a classification based
on a single phylogenetic tree is out of the question. Worse
yet, a unified approach is hampered by the pronounced
modularity of CRISPR-cas evolution, in particular the
frequent shuffling of the adaptation and effector mod-
ules.>® Accordingly, the efforts on CRISPR-Cas classifi-
cation have adopted a combined, semi-formal approach
that takes into account the signature cas genes that are
specific for individual types and subtypes of CRISPR-
Cas, sequence similarity between multiple shared Cas
proteins, the phylogeny of Casl (the most highly con-

*Clustered Regularly Interspaced Short Palindromic Repeats.

served Cas protein), and the organization of the genes
in the CRISPR-cas loci.**'® The combined application
of these criteria resulted in the current classification
that partitions the CRISPR-Cas systems into two distinct
classes that differ in the design principles of the effector
module (Fig. 1).

Class 1 encompasses the most common and diversified
type I, type III that also includes diverse variants and is
represented in numerous archaea but is less common in
bacteria, and the comparatively rare type IV that consists
of rudimentary CRISPR-cas loci that lack the effector nu-
clease and in most case the adaptation module as well.
The effector modules of type I and type III CRISPR-
Cas are elaborate complexes that consist of multiple
Cas protein subunits. The effector complexes of type I
and type III share little readily detectable sequence con-
servation but nevertheless consist of analogous and in
many cases homologous protein subunits and possess
highly similar architectures, as revealed by cryo-electron
microscopy. The backbones of all these complexes are
composed of paralogous repeat-associated mysterious
proteins (RAMPs), such as Cas7 and Cas5, which show
minimum sequence conservation but all contain the
RNA recognition motif (RRM) fold and diagnostic se-
quence, the C-terminal glycine-rich loop, along with ad-
ditional ‘‘large” and ‘‘small” subunits.'''®  Another
RAMP, Cas6, is loosely associated with the effector com-
plex and in most Class 1 systems is the repeat-specific
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Archaeoglobus fulgidus
AF1859,AF1870-AF1879

Clostridium kluyveri
CKL_2758-CKL_2751

Bacillus halodurans
BH0336-BH0342

Geobacter sulfurreducens
GSU0051-GSU0054
GSU0057-GSU0058

Cyanothece sp. 8802
Cyan8802_0527-
Cyan8802_0520

Escherichia coli K12
ygcB-ygbF

Yersinia pseudo-
tuberculosis
YPK_1644-YPK_1649

Shewanella putrefaciens CN-32
Sputcn32_1819-Sputcn32_1823

Thioalkalivibrio sp. K90mix
TK90_2699-TK90_2703

Rhodococcus jostii RHA1
RHA1_ro10069-RHA1_ro10072

Staphylococcus
epidermidis
SERP2463-SERP2455

Synechocystis sp. 6803
sl17067-s117063

Methanothermobacter
thermautotrophicus
MTH328-MTH323

Pyrococcus furiosus
PF1131-PF1124

Updated classification of Class 1 CRISPR-Cas systems. Typical operon organization is shown for each

CRISPR-Cas system subtype. For each CRISPR-Cas subtype, a representative genome and the respective gene locus
tag names are indicated. Homologous genes are color-coded and identified by the respective family name. The
gene names follow the classification from Makarova et al.> Where both a systematic name and a legacy name are
commonly used, the legacy name is given under the systematic name. The Cas11 gene name was reserved and is
now used for small subunits. Most of them are found to be homologous and predicted to be fused to Cas8 protein
in many type | systems. Predicted or known targets (DNA or RNA, or both) are shown for each subtype. The genes
for the Class 1 effector module are shaded. The specific strains of bacteria in which these systems were identified
and locus tags for the respective protein-coding genes are also indicated. The dashed border line indicates that the
respective genes are functionally dispensable. The figure was modified from Koonin et al,* with permission.
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RNase that is directly responsible for the pre-crRNA pro-
cessing.'”?° Type I and type III differ with respect to the
relationship between the Cas protein complex that is in-
volved in pre-cRNA processing and the target-cleaving
nuclease, that is, whether the effector nuclease is part
of the processing complex. In type I systems, the effector
enzyme is an HD nuclease that most often comprises a
domain of the Cas3 helicase or in some variants is a
stand-alone protein.?'° Both the helicase and the nucle-
ase are not components of the processing machinery and
are recruited to the effector complex after target binding.
In contrast, in type III systems, the effector HD nuclease
is a domain of Casl10, the large subunit of the processing
complex.”’zg Furthermore, in type III, catalytically ac-
tive RAMPs of the Cas7 group cleave RNA targets.28

Class 2 systems have a much simpler organization,
with the effector module consisting of a single, large,
multidomain and multifunctional protein (Fig. 2). Class
2 includes the abundant type II (with the effector protein
Cas9, the principal tool of the new generation of genome
editing methods), and the much rarer types V and VI,
each with a unique architecture of the large effector pro-
tein (see Fig. 2 and details below).>*

In this brief article, we discuss the uncertainties, limi-
tations, and possible future developments of this classifi-
cation.

Evolving Classification and Nomenclature
of CRISPR-Cas Systems
Complexity and complications
In the early years of CRISPR research, the phylogeny of
Casl protein has been central for classification of CRISPR-
Cas systems.>' However, with the subsequent fast growth of
the collection of genomes containing CRISPR-cas loci, nu-
merous inconsistences between the Cas1 phylogeny on the
one hand and the organization and phylogenies of the effec-
tor module genes on the other hand became apparent. The
underlying cause of these discrepancies seems to be exten-
sive shuffling of the adaptation and effector modules.>*>
Figure 3 shows a phylogenetic tree of Casl proteins
that includes 2,512 representatives covering the entire di-
versity of the family. Only a few subtypes remain mono-
phyletic in this tree: I-C, I-F, I-E, and V-A. Furthermore,
subtypes II-A and II-C are not particularly prone to mod-
ule shuffling. However, most of the other systems, espe-
cially those of type III and subtypes I-A, I-B, and I-D,
appear to be able to combine freely with a variety of ad-
aptation modules.®3%3 Subtypes V-C and V-D, the only
known CRISPR-Cas systems that lack the cas2 genes4’30
encoding the structural subunit of the adaptation com-
plex, form a strongly supported long branch, which is in-
dicative of the common origin and distinct evolutionary
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trajectories of these unusual adaptation modules. In addi-
tion, the tree contains two clades that consist of non-
CRISPR Casl homologs: the casposases, which are the
transposases of casposons, the distinct type of transposons
thought to be the ancestors of the CRISPR-Cas adaptation
modules,*>~® and archaea-specific uncharacterized ‘‘solo”
Casl (many of these, apparently, inactivated). The central
position of the casposases in the tree seems compatible
with their ancestral status.

The monophyly of Casl proteins from several sub-
types implies co-evolution and likely functional connec-
tion between the respective adaptation and effector
modules. Typically, these systems have a well-defined
protospacer-adjacent motif (PAM) sequence and highly
conserved repe:ats.6’7’37’38 In other systems, especially
those of type III, the adaptation and effector modules
are virtually independent, and the latter are compatible
with a variety of crRNAs and have weaker PAM se-
quence recognition requirements or require no PAM at
all.>®™° Thus, although Casl phylogeny is not a suitable
guide for CRISPR-Cas classification due to the module
shuffling, it remains useful for inference of evolutionary
trends and prediction of functional features.

Because of the extensive module shuffling, distinctive
features of the effector modules play a key role in the cur-
rent classification of CRISPR-Cas systems. At the level
of the currently known two classes and six types, the clas-
sification criteria are quite straightforward: the funda-
mental difference in the organization of the effector
modules between the classes and the unique signature
genes for each of the types.3 These signatures include
cas3 for type 1, caslO0 for type III, cas9 for type 11, csfl
(large subunit, cas§-like) for type 1V, casi2 for type V,
and casi3 for type VI. The signature proteins are either
unrelated to each other or, when they share a conserved
domain such as the RuvC-like nuclease domain in types
IT and V, evolutionary reconstructions strongly suggest
that the effector genes have been recruited by the respec-
tive CRISPR-Cas systems independently.3O’41

At the subtype level, things become much more com-
plicated and messier. For some of the subtypes, diagnostic
genes can be readily defined. For example, the presence of
dinG immediately indicates subtype IV-A, whereas csn2
is specific for subtype II-A. In addition, several other
subtype-specific variants of cas genes are recognizable
by sequence similarity to particular sequence profiles
(e.g., among the profiles for CasS5, profile cd09649 is spe-
cific for subtype I-A, whereas profile cd09645 is specific
for subtype I-E).*> However, in most cases, multiple pro-
files are required to describe all variants of the signature
Cas proteins, even within one subtype, as shown in
Figure 4A for the large subunits of type I systems.
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in Figure 1. The figure was modified from Koonin et al.,* with permission.

Legionella pneumophila str. Paris

1I-B 1pp0160-1pp0163
-A Streptococcus thermophilus
str0657-str0660
I-c Neisseria lactamica 020-06
= NLA_17660-NLA_17680
I-C Micrarchaeum acidiphilum ARMAN-1
) BK997_03320-BK997_03335
variant
rancisella cf. novicida Fx
V-A Fi isella cf. icida Fx1
FNFX1_1431-FNFX1_1428
V-E Deltaproteobacteria bacterium
- A2Z89_08250-A2Z89_08265
V-B Alicyclobacillus acidoterrestris
- N007_06525-N007_06535
V-B Planctomycetes bacterium RBG_13_46_10
- A2167_01675-A2167_01685
variant
V-C Oleiphilus sp.
A3715_16885-A3715_16890
V-D Bacterium CG09_39 24
BK003_02070-BK003_02075
Gordonia otitidis
v-u1 GOOTI_RS19525
Cyanothece sp. PCC 8801
V-u2 PCC8801_4127
Cyanothece sp. PCC 8801
V-Us PCC8801_2993-PCC8801_2997
Bacillus thuringiensis HD-771
v-u3 BTG_31928
Rothia dentocariosa M567
V-U4 HMPREF0734_01291
- Leptotrichia shahii
VI-A B031_RS0110445
Ruminococcus bicirculans
VI-D RBI_RS12820
- Fusobacterium perfoetens
VI-C T364_RS0105110
VI-B1 Prevotella buccae
HMPREF6485_RS00335-HMPREF6485_RS00340
VI-B2 Bergeyella zoohelcum

HMPREF9699_02005-HMPREF9699_02006

Updated classification of Class 2 CRISPR-Cas systems. RuvC |, RuvC I, and RuvC lll are the three distinct
motifs that contribute to the nuclease catalytic center. tracrRNA, trans-activating RNA, a helper RNA necessary for
pre-crRNA processing and targeting functions; TM, predicted transmembrane segment. The proposed new
systematic gene names are shown in red and bold type. Systematic gene names for effector protein candidates are
shown below the respective shapes as follows; legacy or old names are also indicated in parentheses. For the V-U5
variant, the inactivation of the RuvC-like nuclease domain is indicated by a cross. The rest of the designations are as
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FIG. 3. Cas1 phylogeny. The alignment of 2,512
representative Cas1 protein sequences was obtained
using iterative clustering and alignment merging of
Cas1 sequences (see text). The approximate ML tree was
reconstructed using FastTree,”® with the WAG
substitution model and gamma-distributed site rates.
Large Cas1 clades that represent (mostly) monophyletic
subtype (and other) specific variants are indicated; the
other subtypes are scattered across the tree.

There is little or no detectable sequence similarity be-
tween different families within the same group, and
often several profiles are needed even to identify all in-
stances of describe one variant (see Cas8bl profiles in
Fig. 4A). For example, Cas8 proteins of subtype I-B are
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currently divided into 13 distinct families that require
27 profiles for complete recognition, and it is expected
that this number will grow further with the discovery of
additional CRISPR-Cas variants within the same subtype.
Obviously, in practice, these details are difficult to follow,
which often complicates the identification of subtypes.

Those subtypes for which signature genes are not read-
ily identifiable are defined through comparison of con-
served genes and locus organization. This classification
is riddled with its fair share of uncertainty and ambigui-
ties. Moreover, the number of CRISPR-Cas variants
that could not be classified by the existing approaches
is growing. Figure 5 shows examples of such systems.
Arguably, the most notable among them are derived var-
iants of I-F and I-B subtypes, which were recruited by
Tn7 transposon and apparently have lost the immune
function completely.*? Similarly, subtype I-E variants
encoding a STAND superfamily ATPase have lost the
cas3 gene and accordingly the capacity to cleave the tar-
get, likely evolving into signal transduction systems.*’
These derived variants challenge the very definition of
CRISPR-Cas as adaptive immunity systems so that it
becomes questionable whether they should be called
CRISPR-Cas systems at all. One possibility is to broaden
the definition to include cas operons with functions other
than adaptive immunity. If the derived variants remain
within the CRISPR-Cas classification, it is unclear
whether they should stay within the ancestral subtypes
or become new ones.

Perhaps the most striking illustrations of classifica-
tion woes but also some recipes to overcome these
come from the recent series of discoveries of new
Class 2 CRISPR-Cas systems. In the last few years,
the unprecedented success of type II effectors, Cas9 pro-
teins, as genome editing tools has stimulated focused ef-
forts on discovery of new variants of Class 2 systems

A
>

FIG. 4. Deep relationships between sequence profiles of Cas proteins. (A) Relationships between sequence

profiles for the type | large subunits. Profile—profile comparisons were performed using HHsearch®; scores between
two profiles were normalized by the minimum of the self-scores and converted to a distance matrix on the natural
log scale. The UPGMA dendrogram was reconstructed from the distance matrix. The dashed line cuts the tree at the
depth of 2 (D=2 roughly corresponds to the pairwise HHsearch score of e 2°=0.02 relative to the self-score).
Profile names are colored according to their subtype specificity. According to the current CRISPR-Cas classification
and nomenclature,? the large subunits are described using the following notation: major type of the large subunit
(Cas8, Cas10), a letter that indicates the subtype and a number corresponding to a distinct variant. For example,
Cas8b8 is the large subunit of subtype I-B, family 8. (B) Relationships between the sequences of the type V effector
proteins and the homologous TnpB-like proteins. The dendrogram was constructed using the same procedure as in
(A); color highlights the recently discovered variants (minimal Cas12b, CasX and CasY). Proteins from the
unclassified type V-U systems are shown in gray. “Cas12a var” includes several sequences typified by KFO67988.1
from Smithella sp. SCADC. “Cas12e var” includes two sequences: GBD34782.1 from bacterium HR35 and
A3J58_03210 Candidatus Sungbacteria bacterium RIFCSPHIGHO2_02_FULL_52_2.
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LA Tyt e S Weiothermus silvanus DSM 9945
Mesil_3505-Mesil_3513
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Cyanothece sp. PCC 74247
I-B I:>“~ PCC7424_2314-PCC7424 2311
variant casb cas8 cas7 cas5
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FIG. 5. Unusual and derived CRISPR-Cas systems. The depicted unusual and derived CRISPR-Cas systems have the
following principal features. (1) Based on the effector genes similarity, this is a subtype I-A variant but with the HD
domain (a stand-alone gene in subtype I-A) fused to the C-terminus of Cas3, the effector gene organization typical
of subtype I-B. (2) A I-B variant lacking both adaptation genes and cas3, carried by a Tn7-like transposon.*? (3) A I-E
variant lacking both the adaptation module and Cas3, and associated with STAND family ATPase.*® (4) A I-F variant
lacking the large subunit and containing atypical, highly diverged Cas5 and Cas7 proteins, a fully functional
system®’ that, however, would be considered partial by the current classification schemes. (5) A I-F variant lacking
both the adaptation genes and cas3, carried by a Tn7-like transposon.*? (6) A I-U system variant lacking an
identifiable large subunit and a cas6-like gene but containing the uncharacterized gene c¢sb3; also would be
considered partial but is widespread in bacteria and likely to be fully functional. (7) A locus identified in
Thermococcus onnurineus and several other archaea that has been classified as type | based on the general
organization of the effector module genes?; the HD domain is more similar to that in Cas3 compared to that in
Cas10, Cas3 is absent, and Cas7 is most similar to Cas7 protein (Csf2) from type IV systems. (8) A minimal type Il
system from Thermotoga that lacks multiple cas7-like genes present in all other type Ill systems. (9) Distinct type I
variant present in several Crenarchaea; csx26, putative small subunit that share no detectable similarity with either
csm2 or cmr5, the small subunit genes of subtypes IlI-A,D, and 1lI-B,C, respectively. The rest of the designations are
as in Figure 1.
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that might have functionalities and hence applications
orthogonal to those of Cas9.*'**™*" These searches
employed dedicated computational pipelines and
resulted in the identification of many new varieties of
Class 2 systems that neatly fell into two types: V and
VI (Fig. 2). The principle of type assignment is simple:
each type includes systems with similar domain archi-
tectures of the effector protein. Thus, the effectors con-
taining the RuvC-like nuclease domain with an inserted
HNH nuclease (Cas9) define type II; effectors in which
RuvC is the only recognizable enzymatic domain
(Cas12) are the signature of type V; and effectors with
two HEPN RNase domains mark type VI (Fig. 2). The
criteria for subtype assignment, however, are less obvi-
ous and to a considerable extent remain arbitrary. As a
general rule of thumb, Class 2 systems are assigned to
different subtypes if the respective effectors, despite
sharing the domain architecture, do not show significant
sequence similarity to each other or at most are ‘‘distant-
ly’’ similar. This is, however, a weak and ambiguous
criterion and neither has it been applied fully consis-
tently. Sequence similarity criteria are particularly diffi-
cult to use for the classification of large, multidomain
proteins such as Cas9, Cas12, and Casl3 because even
within relatively narrow families, the conserved cores
of the catalytic domains are interspersed with long, poorly
conserved regions, often containing compositionally bi-
ased sequences. Obtaining reliable high-quality align-
ment is nearly impossible in a fully automated mode,
whereas local similarity search methods usually produce
a varying number of ‘‘hits” with widely varying cover-
age and similarity.

One way to alleviate these problems is to move from
comparing individual sequences to profile—profile com-
parisons (which requires clustering and aligning closely
related groups of sequences as the first step) and then
cluster sequences using hierarchical similarity dendro-
grams rather than pairwise similarity thresholds, which is
the current standard approach. Both these methodological
refinements aim to exploit the increase of the signal-to-
noise ratio in aggregated comparisons, first when individ-
ual sequences are combined into alignments and then
when multiple profile-to-profile comparisons are collec-
tively used to infer the deeper hierarchy.

The use of this approach to classify large multidomain
effector genes in Class 2 CRISPR-Cas systems is illus-
trated in Figure 4B. First, sequences were pre-clustered
based on pairwise identity using a conservative similarity
threshold and aligned within the clusters. Then, these
clusters went through several rounds of a computational
procedure, including: (1) the cluster alignments were
compared to each other using HHsearch,*® (2) profile—
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profile similarity scores were normalized and converted
to distances, and (3) unweighted pair group method
with arithmetic mean (UPGMA) dendrograms were con-
structed from the distance matrices. Subtrees below the
(user-specified) depth threshold were extracted and
used to guide progressive profile—profile alignment with
HHalign.*® After the last round, when the clusters ap-
proach known functionally characterized groups and/or
reliable full-length alignments become impossible to ob-
tain, the final UPGMA dendrogram (Fig. 4B) is used to
assess the relationship between the clusters. In this partic-
ular case (type V effector proteins and related TnpB-like
proteins), the dendrogram faithfully reproduced the sub-
type classification such that most of the subtypes radiated
into individual lineages above the standard threshold of 1
to 2 (see legend to Fig. 4). The predicted effectors of
subtype V-U that are closely related to the transposon-
encoded TnpB nucleases and are thought to represent re-
cently evolved, “baby” CRISPR-Cas effectors®® also
formed a distinct cluster albeit below the depth threshold.
Notably, “minimal’’ variants of Cas12b from two bacte-
rial genomes (Phycisphaerae bacterium ST-NAGAB-D1
and Planctomycetes bacterium RBG_13_46_10), which
are much shorter than the typical Casl2 proteins and
can be considered potential intermediates in the effector
evolution, display a higher similarity to TnpB in database
searches than to other Casl2 proteins. Nevertheless, our
procedure confidently clusters them with the rest of the
Cas12b. The recently discovered CasX,49 which has
been classified as Casl2e,* groups with two new se-
quences we denote Casl2e var (see the Figure 2 legend
for sequence accessions). The CasY effector, discovered
in the same work®® and subsequently classified as Cas12d,*
confidently groups with Casl2c. Indeed, unification of
CasY with Casl2c seems a distinct possibility because
in addition to the clustering of the effectors themselves,
the respective loci share similar, unusual adaptation
modules that lack cas2 and contain Casl proteins that
form a clade in the phylogenetic tree of the Casl family
(Fig. 3). More generally, it should be noted that the
comparison of the effector proteins is not the only crite-
rion to assign subtypes. Additional considerations, such
as the phylogenetic position of Casl, the presence of
other genes in the cas operon(s), fused domains, and
more, can and arguably should be taken into account.
Judging by the recent pace of discovery of new Cas12 ef-
fectors,** even apart from the different V-U variants, a
liberal approach in type V subtype assignment can easily
exhaust the Latin alphabet within a few years. A more
conservative classification approach similar to that cur-
rently applied to Class 1 systems could at least delay
such a crisis.
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A Perspective on the Diversity of CRISPR-Cas
Systems and Prospects of New Discoveries

The exploration of the CRISPR-Cas system menagerie
over the last decade leads to two superficially contradic-
tory conclusions: (1) the known diversity keeps growing,
with a slow but steady trickle of new variants being dis-
covered in the expanding sequence databases, but (2) in
the overwhelming majority of bacterial and archaeal ge-
nomes, most of the CRISPR-cas loci belong to already-
known types and subtypes.4’3° This apparent contradiction
is resolved by noting that the newly discovered variants are
increasingly rare in the genomic and metagenomic data-
bases and have increasingly narrow distributions among
the microbial taxa.*® Thus, the discovery process has al-
ready reached far into the tail of the frequency distribution
of the CRISPR-Cas systems. This certainly does not rule
out the possibility of future discovery of new and poten-
tially technologically promising types and subtypes. How-
ever, such discoveries are likely to be feasible only through
searching substantially increased volumes of sequence
data and might require development of better-performing
computational methods for screening such databases.
Clearly, this prediction hinges on the incremental model
of sequence database expansion. If, for example, major
new clades of microbes, especially those with large ge-
nomes and occupying complex, highly competitive niches,
are discovered, a variety of new CRISPR-Cas systems, per-
haps comparable to the currently known diversity, might
become available.

In contrast to the decreasing likelihood of discover-
ing new CRISPR-Cas types and subtypes, the number
and diversity of the genes that are loosely associated
with CRISPR-Cas systems can be expected to grow con-
tinuously in the foreseeable future. As suggested by re-
cent efforts on systematic discovery of such genes,
CRISPR-Cas molecular machinery has been repeatedly
recruited for a variety of cellular processes other than
antivirus defense (see examples in Fig. 5).****° Each
such case reveals new ways Cas proteins interact with
their molecular environment and new, specialized vari-
ants tuned to the expanded functional repertoire.

A “Natural” Classification of CRISPR-Cas Systems?
Is anew “‘rational” or “‘natural” CRISPR-Cas classifica-
tion needed and/or feasible? Obviously, it is preferable
for any classification to be based on naturally observed
patterns of diversity that reflect evolutionary processes
rather than on arbitrarily chosen features. Also, making
the classification minimally dependent on expert opin-
ions is highly desirable.

Several features of CRISPR-Cas systems render them
recalcitrant to the construction of a fully rational, auto-
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mated classification. Most fundamentally, the character-
istic modular organization, whereby the adaptation and
effector modules appear to evolve quasi-independently
and are frequently swapped without the loss of function-
ality,™®>! makes the feasibility of an all-encompassing
classification questionable in principle because different
parts of the same cas locus could and often will be clas-
sified differently. This feature either requires recognizing
the hybrid status of many loci or making more or less ar-
bitrary decisions on the character precedence. The current
system under which CRISPR-Cas systems are classified,
primarily by comparing the effector genes, with the adap-
tation modules and accessory genes assigned secondary
roles, illustrates one such choice.

Furthermore, CRISPR-Cas systems are strongly hier-
archical in their organization and functional loading of
the different parts. The core components of these systems
are (nearly) ubiquitous and evolutionarily stable, whereas
the wide variety of accessory components are much more
fluid.>**3%! Characterization of this hierarchy and the
appropriate assignment of diagnostic weights to different
parts of CRISPR-Cas systems is likely to remain the do-
main of expert decision for the foreseeable future. Fur-
thermore, any attempt at automated classification is
limited by the rapid decay of sequence similarity with
the evolutionary distance for most of the CRISPR-Cas
components (Casl is a notable exception but, as dis-
cussed above, is not particularly useful for classification
purposes). The core subunits of the effector complexes
in different subtypes are barely recognizable as homo-
logs, even using structural data. Identification and quan-
tification of the similarity between these proteins from
sequence alone requires substantial expertise if feasible
at all. Until structural data become readily available for a
broad diversity of Cas proteins and methods for quantita-
tive structural comparison are adequately refined, classifi-
cation of CRISPR-Cas systems will require considerable
involvement of human experts.

Considering all these issues, we believe it should be
accepted that in the foreseeable future, the backbone of
the CRISPR-Cas classification (classes and types) will
have to remain largely as it is now, that is, based on the
expert-assigned hierarchy of features and expert-assisted
identification of the system components. In practice, this
might not be a severe limitation because, as discussed in
the preceding section, it is unlikely that many new types
of CRISPR-Cas will be discovered. In contrast, within the
types, the similarity among the subtypes can be suffi-
cient to make the classification amenable to more rigor-
ous approaches. Developing a consistent methodology
for CRISPR-cas loci comparison that is based on both se-
quence similarity between the components and the gene
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content, with subsequent clustering, appears to be the
most realistic direction.

The Nomenclatural Morass

If classification of CRISPR-Cas systems is difficult, no-
menclature of the cas genes is an even more damning prob-
lem, as already touched upon above, with regard to the
classification of type I large subunits (Fig. 3A). So far,
only 13 groups of CRISPR-associated genes that comprise
the cores of the adaptation and effector modules but repre-
sent a small minority of the entire diversity of CRISPR-
linked genes have been assigned systematic cas names.
Even for these genes, ‘“‘legacy” names, such as csm,
cmr, cse, csy, or csa, continue to be used frequently, mak-
ing it impossible to infer from the name to which group the
given protein belongs.>'® Otherwise, though, the approach
to the naming of CRISPR-associated genes so far has been
quite conservative, such that even some genes that are
common in certain types or subtypes and essential for
their function have not been assigned cas names. A notable
example is type III genes encoding proteins consisting of a
CARF and HEPN domains, such as ¢sm6 and csx/. Thus,
for the great majority of the CRISPR-associated genes, leg-
acy names are all that exists, but even these are used incon-
sistently, sometimes erroneously, and in particular do not
reflect the already-known diversity of the CARF-domain
containing genes.**~?

The recent systematic efforts on prediction of genes
functionally linked to CRISPR-Cas have yielded dozens
of new, strong candidates.**>° Obviously, for these
genes, no CRISPR-related names exist (yet), and often
they have no names at all other than the systematic des-
ignations specific to the corresponding genomes and the
IDs of the respective sequence profiles. So, a major ques-
tion is whether we need to extend the systematic nomen-
clature to all genes for which there is evidence of
functionally relevant association with CRISPR-Cas, or
perhaps only to genes that are found in a reasonably
broad range of CRISPR-Cas systems—if so, what are
the criteria?—and/or have been linked to CRISPR-Cas
functions experimentally. Making no effort on systematic
nomenclature at all seems like a losing proposition be-
cause even at this stage, published descriptions of
CRISPR-associated genes are far from being uniform or
transparent, and the situation will only get worse with
the further growth of the collection of CRISPR-cas loci.

Concluding Remarks

Classification of defense systems that are typically highly
diverse and evolve rapidly in the course of the arms race
with parasites is an inherently difficult task as well illus-
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trated, for example, by the long-term efforts on classifica-
tion of restriction-modification (RM) enzymes.53_55 The
CRISPR-Cas systems do not reach the same level of di-
versity as RM modules, but the organization of CRISPR-
Cas is more complex, which arguably makes the problem
no easier. A consistent, ‘‘natural’’ classification does not
appear feasible, given the complexity of the evolutionary
relationships between CRISPR-Cas variants that include
extensive module shuffling and are further confounded
by the rapid sequence and structural divergence of ho-
mologous Cas proteins.” Nevertheless, simple and reli-
able criteria for the delineation of CRISPR-Cas classes
and types are available, and moreover it appears unlikely
that many new types will be discovered, so that, at the top
levels, the current classification could be (nearly) com-
plete. At the level of subtypes, the situation is far more
complicated. The current criteria are not fully consistent,
and there seems to be room for developing more ad-
vanced and rigorous methodologies. Such developments
are particularly pertinent because it can be expected
that a considerable number of new subtypes will be dis-
covered, at least in Class 2. Furthermore, the present, rel-
atively small number of Class 1 subtypes could be but an
illusion caused by the inadequacy of the current classifi-
cation approaches. A distinct problem is the classification
of derived forms of CRISPR-Cas systems and their exap-
tation for non-defense functions or at least functions dis-
tinct from adaptive immunity. Whether such systems
even qualify as CRISPR-Cas depends on the definition
that perhaps should be expanded to include all cas oper-
ons. If CRISPR-Cas systems are redefined in this broader
manner, it remains to be determined whether the derived
variants stay within the respective ancestral subtypes or
are given a separate status.

Although (nearly) all the CRISPR-Cas types might al-
ready be known and new subtypes are being discovered at
a moderate pace, the list of CRISPR-linked genes is
growing much faster, so that their classification and espe-
cially nomenclature present separate challenges. All in
all, although much development, analysis, and expert ef-
fort are required, we believe that given the extensive but
limited diversity of the CRISPR-Cas systems, the current
classification and nomenclature can be substantially im-
proved, resulting in a stable and consistent systematics.
This seems to be a realistic task that can be completed
within a few years.
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