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ABSTRACT
Prokaryotic genomes harbour a plethora of uncharacterized reverse transcriptases (RTs). RTs phylogen-
etically related to those encoded by group-II introns have been found associated with type III CRISPR-
Cas systems, adjacent or fused at the C-terminus to Cas1. It is thought that these RTs may have
a relevant function in the CRISPR immune response mediating spacer acquisition from RNA molecules.
The origin and relationships of these RTs and the ways in which the various protein domains evolved
remain matters of debate. We carried out a large survey of annotated RTs in databases (198,760
sequences) and constructed a large dataset of unique representative sequences (9,141). The combined
phylogenetic reconstruction and identification of the RTs and their various protein domains in the
vicinity of CRISPR adaptation and effector modules revealed three different origins for these RTs,
consistent with their emergence on multiple occasions: a larger group that have evolved from group-
II intron RTs, and two minor lineages that may have arisen more recently from Retron/retron-like
sequences and Abi-P2 RTs, the latter associated with type I-C systems. We also identified a particular
group of RTs associated with CRISPR-cas loci in clade 12, fused C-terminally to an archaeo-eukaryotic
primase (AEP), a protein domain (AE-Prim_S_like) forming a particular family within the AEP proper
clade. Together, these data provide new insight into the evolution of CRISPR-Cas/RT systems.
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Introduction

Reverse transcriptases (RTs) are RNA-dependent DNA poly-
merases responsible for converting RNA into cDNA [1,2].
Genes encoding reverse transcriptase are common in prokaryo-
tic genomes, and are generally annotated as ‘retron-type RNA-
directed DNA polymerase’ (EC 2.7.7.49), in reference to the first
discovery of a prokaryotic RT as a component of a bacterial
retroelement called a retron [3,4]. Most prokaryotic RTs are
thought to be group-II intron-encoded proteins (IEPs) [5–7],
Retron/retron-like sequences [8] and diversity-generating retro-
elements (DGRs) [9,10]. However, large-scale genomic surveys
and phylogenetic analyses have revealed many other predicted
RTs that remain uncharacterized [11–13].

Putative RTs phylogenetically related to those encoded by
mobile group-II introns were found in association with CRISPR-
Cas (clustered regularly interspaced short palindromic repeats
and CRISPR-associated proteins) systems, either adjacent or
fused at the C-terminus to Cas1 [11,12,14–18]. Some of these
RTs had previously been considered to be G2L (group II-like)
RT groups [11–14] but had more recently been classified into 13
distinct clades [17,18]. A computational strategy called
‘CRISPRicity’ [19] developed to assess the functional relevance
of proteins linked to CRISPR-mediated immunity encoded by
genes in CRISPR neighbourhoods, has suggested that RTs may
have a relevant function in the CRISPR immune response.
CRISPR-Cas systems provide adaptive immunity to invading

viruses and plasmids by the sequence-specific targeting of
nucleic acids and are classified into two general classes. These
two classes are further subdivided into different types based on
the composition of their Cas proteins: types I, III, and IV within
Class 1, and types II, V, and VI within Class 2, and these types are
further subdivided into different subtypes [20–24].

Type III systems are characterized by their targeting
mechanism, which results in cotranscriptional cleavage of
the target DNA and its transcript [25–27]. Interestingly, the
CRISPR-Cas systems encoding RTs usually correspond to
a subset of type III systems [15–18] from all known subtypes
(III-A, III-B, III-C and III-D). Attention was recently focused
on this association by the discovery of RT-mediated spacer
acquisition from RNA molecules in a type III-B system from
Marinomonas mediterranea [15,28], and the more recent
description of an RT-Cas1 fusion from Fusicatenibacter sac-
charivorans in the so-called ‘Record–seq’ method, making it
possible to make transcriptome-scale molecular recordings in
cell populations [29].

The origin and evolutionary relationships of RTs functionally
linked to CRISPR-Cas systems are currently unknown, and two
models have been proposed. The ‘single point of origin’ [16]
model suggests that these RTs correspond to a single acquisition
event, possibly from the random retrotransposition of a group-II
intron into a CRISPR-cas locus, with the various protein
domains (RT, RT-Cas1 and Cas6-RT-Cas1 fusions) probably
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reflecting successive evolutionary episodes. By contrast, the ‘var-
ious origins’ model [17,18] suggests that these group II intron-
related RTs were recruited by CRISPR-Cas adaptation modules
independently on several occasions and that the different RT
protein domains also emerged different times in the evolution of
these particular CRISPR-Cas systems. Nevertheless, our current
knowledge of CRISPR-encoded RTs remains limited and large-
scale genomic surveys and phylogenetic analyses are required to
improve our understanding of the origin, evolutionary relation-
ships and function of these RTs.

Here, we provide important new insight into RT sequence
diversity in prokaryotic genomes by analysing a total of
198,760 predicted RT proteins. We also developed
a computational pipeline for identifying unique representative
RT sequences encoded by CRISPR-Cas systems. The RTs
closely related to group-II introns previously grouped into
13 clades were expanded and novel RTs fused to an archaeo-
eukaryotic primase (AEP) domain (AE_Prim_S-like) forming
a particular family within the AEP proper clade were identi-
fied. We also identified two novel lineages of CRISPR-
encoded non-fused RTs, one also associated with type III
systems that have evolved from Retron/retron-like sequences
(clade 14) and a lineage (clade 15) that has evolved from Abi-
P2 RTs associated with type I-C systems. These data provide
new insight into the evolution of CRISPR-Cas/RT systems.

Results and discussion

The diversity of prokaryotic RTs

We performed a large survey of CRISPR-encoded RTs, by analys-
ing prokaryotic proteins from complete and draft bacterial and
archaeal genomes annotated as RNA-directed DNA polymerases
(145,379) or reverse transcriptases (52,684) in databases (hereafter
referred to as RTs), and performing phylogenetic analyses, to
improve our understanding of the evolutionary history and rela-
tionships between prokaryotic reverse transcriptases and
CRISPR-Cas systems. Using a previously published dataset of
558 RT sequences, including 137 type III CRISPR RT/RT-Cas1
proteins closely related to group-II intron-encoded RTs [18], we
analysed a total of 198,063 sequences, to which 133 new RT-
Cas1 entries carrying both a Cas1 domain (pfam01867) and an
RT domain (pfam00087) were added. Finally, six additional pro-
teins from Streptomyces species annotated as hypothetical pro-
teins, but predicted to be RTs linked to type I-E CRISPR-Cas
systems [16,19] were also included in the analysis. This large
dataset (198,760 sequences) was processed by selecting an RT
domain (RT0-7) of at least 200 amino acids and unique sequences
by multiple-step clustering at 85% sequence identity to remove
closer relatives. This procedure yielded a final dataset of 9,141
predicted RT sequences (Figure 1 and Supplementary Table 1).

The phylogenetic tree constructed from a multiple
sequence alignment (MSA) of the above RT sequences with
the FastTree program [30] is shown in Figure 2. Most of the
RTs in this set are group-II introns (47%), Retron/retron-like
sequences (25%) and DGRs (12%), the remaining 16% clus-
tering into distinct groups including RTs previously reported
to be linked to type III CRISPR-Cas systems. The inferred
phylogenetic tree also includes other mostly uncharacterized

RTs, some of which may be involved in antiphage abortive
infection systems (AbiA, AbiK and Abi-P2 groups), together
with many others of unknown function (Figure 2 and
Supplementaries File 1 and Table 1) expanding the previously
defined G2L and UG groups [11–13].

Identification of RT genes in the neighbourhood of
CRISPR-Cas systems

For the identification of RTs in the neighbourhood of
CRISPR-Cas systems, we constructed a computational pipe-
line for the analysis of the 9,141 RT entries of the dataset.
Briefly, we analysed all genes located 30 kb up- and down-
stream from the RT gene and checked for the presence in the
neighbourhood of a CRISPR-Cas adaptation module or
CRISPR effector module (for details see the Materials and
Methods). In addition to spurious RTs associated with
CRISPR-Cas systems related to the retrotransposition of
mobile genetic elements that show a recognizable group-II
intron structure [6], the computational pipeline confirmed
and expanded set of the CRISPR-encoded RTs and RT-Cas1
proteins closely related to group-II introns previously grouped
into 13 clades. Remarkably, the analysis also revealed the
existence of other lineages with a different origin that evolved
from Retron/retron-like (clade 14) and Abi-P2 group (clade
15) RT sequences, the former associated with type III and the
latter associated with type I-C systems (Figures 3 and 4, and
Supplementaries Table 2 and 3).

The origin and phylogenetic relationships of the predicted
RTs from Streptomyces species reported to be linked to type
I-E systems [16,19] remain uncertain. These protein
sequences form a distinct long branch in the RT phylogeny
(Figure 2), with a large number of substitutions per site (2.4;
Supplementary File 1). However, its placement in the tree,
sharing a common ancestral node with group-II intron RT
sequences, is not consistently supported by other phylogenetic
analyses, as previously reported [18].

Figure 1. Compilation of RTs from databases and generation of the dataset. The
procedure depicted yielded 9,141 predicted unique sequences representative of
the current diversity of RTs in prokaryotes.
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CRISPR-associated RTs closely related to group-II
intron-encoded RTs

The 13 previously reported clades of RTs that may have evolved
from an ancestral group-II intron retrotransposition event
linked to type III CRISPR-Cas systems of different subtypes are
not monophyletic, and three distinct clusters can be distin-
guished. One comprises clade 1 branching within class
F introns; this clade is the most recent (Supplementary Figure
1) and arose in methanogenic archaea (Methanosarcina and
Methanomethylovorans species). The other two clusters seem
to be older and arose in bacteria: a group comprising clades
3–10 and 13, and a separate group comprising clades 2, 11 and
12 (Supplementary Figure 2). These bacterial CRISPR-RT clades
and group-II intron RTs are closely related to other uncharac-
terized RTs that also lack a group-II intron ribozyme RNA
structure but are not encoded by sequences in the vicinity of
CRISPR-Cas systems. These RTs cluster with other RTs pre-
viously described as members of the G2L4 and G2L5 groups
[11–13], and within four new additional G2L groups (Figure 4).
Three of these G2L groups, together with those of the G2L4 class,
appear to form a well-supported larger clade (Supplementary
Figure 2). These G2L RTs and CRISPR-RT clades (2–13) branch
off from a common node, suggesting that these CRISPR-
associated RTs may have evolved from ancestral G2L RT-like
sequences (Figure 4 and Supplementary Figure 2).

The cluster comprising clades 3–10 and 13 branches off from
a common node, consistent with previous observations [17,18],
which suggests that they may be descended from a common
ancestor (Figure 4 and Supplementary Figure 2). Clades 9 and 13
cluster into a single clade, referred to hereafter as clade 9/13. This
clade is also characterized by the frequent presence of two
different cas2 loci (Supplementary Table 3), a feature common
to clade 6 CRISPR-RT systems. Unlike the other RTs of clade 9/
13, the RT sequences of clade 9 have an insertion of ~105 to 145
amino-acid residues upstream from the RT4 domain (insertion
removed in the MSA used to construct the phylogenetic tree
shown in Figure 2). These RTs are from bacterial species

Figure 2. Phylogeny of prokaryotic RTs. The unrooted tree was constructed from
an alignment of 9,141 unique predicted RT protein sequences obtained with the
FastTree program. The corresponding RT protein sequences, accession number
and species names are provided in Supplementary Table 1 and the tree newick
file is provided as Supplementary File 1. The branches corresponding to group-II
introns (GII), GII class F, Retron/retron-like, DGRs, CRISPR-Cas, G2L, Abi and UG
RTs are indicated and highlighted with distinct colours. The numbers of the
CRISPR-Cas encoded RT clades are indicated in brackets and the dots indicate
the type of system with which they are associated: type III (black) or type
I-C (blue). The red arrow indicates the branches corresponding to the putative
RTs linked to type I-E CRISPR-Cas systems described by Silas et al. [16]. Relevant
subtrees are provided in Figure 4 and Supplementaries Figures 2–4.

Figure 3. Architectures of genomic loci for the representative subtypes of
CRISPR-Cas systems associated with RTs. Group-II intron-like RTs (ancient, clades
2–13; and recent, clade 1), Retron RT-like (clade 14) and Abi-P2 RT-like (clade
15). For each locus, the node number (Fusicatenibacter saccharivorans was not
included in the 9,141 entries), species, respective nucleotide coordinates and
CRISPR-Cas system subtype (derived from the respective effector genes) are
indicated. Genes are shown roughly to scale; CRISPR arrays are indicated in
brackets and are not to scale. The genes within each locus are denoted as in
Supplementary Table 3. Homologous genes are colour-coded, with the excep-
tion of most of the ancillary genes, which are shown in white; unknown proteins
are shown in grey.
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belonging to class Chloroflexi [31], with the exception of
Poribacteria bacterium WGA-4CII, which does not branch
from the same internal node (Supplementary Figure 2) and
may correspond to a lateral transfer event.

Some of these clades are relatively homogeneous, harbouring
RTs alone, as in clades 9 and 13, RT-Cas1 fusions, as in clades 3,
6, 7, 10, or Cas6-RT-Cas1 fusions, as in clade 8 (Figure 4). By
contrast, other clades, such as clades 4 and 5, contain both RTs
and RT-Cas1 fusions (Supplementary Table 2). Furthermore, the
RT and RT-Cas1 fusions belonging to these clades branch off
from different single nodes (Supplementary Figure 2). Together,
these traits may be consistent with single RT-Cas1 fusion events
occurring within the clades, rather than fission events.

The cluster comprising clades 2, 11 and 12 branches off
from a well-supported common node, suggesting that these

clades descended from a common ancestor (Figure 4 and
Supplementary Figure 2). In previous phylogenetic analyses
[18], this group traditionally comprised only RT-Cas1 (clades
2 and 12) and Cas6-RT-Cas1 fusions (clade 11). Cas6-RT-Cas
1 fusions occur in Porphyromonas species and were consid-
ered to have evolved independently of the acquisition of
a Cas6 domain in clade 8, which was used to support the
‘various origins’ hypothesis [18]. Nevertheless, as it forms
a distinct long branch, with 0.91 substitutions per site
(Supplementary File 1), that is taxonomically constrained
with no stand-alone closely related Cas6 sequences, it has
been argued that this clade may be incorrectly positioned in
the RT phylogeny [28]. Interestingly, the Cas6 domain of the
Cas6-RT-Cas1 fusions of clade 11 also forms a separate
branch (Branch 17) different from that of clade 8 (Branch
11), indicating that both the RT and Cas6 domains have high
rates of amino-acid replacement [28]. In an analysis of
a larger dataset, increasing the representativeness of taxon
sampling, clade 11 also branched within clade 2
(Supplementary Figure 2), but no other taxa in the clade
had obvious long or short branches that might explain this
attraction. Moreover, the addition of a new member at the
base of the clade (Bacteroidetes bacteria, PID94761.1) did not
influence the topology. The larger linker [28] between the RT
domain and the Cas1 domain that differentiates these fusions
from those of clade 8 located downstream from the RT7
domain was removed from the MSAs and did not, therefore,
influence the topology of clade 11 in the RT phylogenies
constructed ([18], and this work). The position of the Cas6-
RT-Cas1 fusions of clade 11 away from the major Cas6-RT-
Cas1 fusions (clade 8) does not necessarily involve a long
branch attraction (LBA) effect, and it remains possible that
this clade has a faster rate of molecular evolution within
clade 2.

The previously reported members of clades 2/11 and 12
included only RTs fused to Cas1 [17,18]. However, the phyloge-
netic analysis based on the larger dataset revealed new members
at the base of the clade in which the RTs are adjacent to or fused
at the C-terminus to an archaeo-eukaryotic primase (AEP)
domain (AE_Prim_S_like) similar to the small catalytic subunit
PriS (Supplementaries Table 2 and 3). The NCBI database con-
tains 16 (14 unique) protein sequences with this characteristic
RT-Prim_S (AE_Prim_S_like) domain architecture, including
some of the above RTs. AEPs have been classified into 13 distinct
families, and 12 can be clustered into threemajor clades: the AEP
proper clade, the NCLDV-herpesvirus primase, and the Prim-
Pol proper family. All these families have three conserved motifs
(I, II and III) essential for catalysis [32,33] in common. The
AE_Prim_S_like domain of the CRISPR-associated RTs (trun-
cated in Armatimonadetes species) contains the three conserved
motifs (Supplementary File 2). Phylogenetic reconstruction with
known AEPs indicated that the AEP domain of the CRISPR-
associated RTs formed a new group of primases related to
archaeal and eukaryotic PriS proteins, NHEJ primases, and
Lef-1-like primases of baculoviruses within the AEP proper
clade (Figure 5). Thus, these CRISPR-associated RTs may have
both reverse transcriptase and primase activity, and it is tempt-
ing to speculate that this primase activity could be used to
convert RNA molecules into cDNA in the absence of a primer,

Figure 4. Phylogeny of CRISPR-Cas encoded RTs. The identified lineages of CRISPR-
Cas RTs, three evolving from group-II introns, one from Retron/retron-like and one
from Abi-P2 RTs, are shown. The CRISPR-Cas RTs and neighbouring group-II intron
classes (F, D and E); G2L; Retron and Abi-P2 clades are depicted schematically, with
collapsed branches (FastTree support ≥0.85). For the CRISPR-Cas RT clades, the most
common RT domains or gene organizations are indicated. Prim_S indicates an
archaeo-eukaryotic primase AE_Prim_S-like domain.
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facilitating the acquisition of spacers by the CRISPR array, which
should be further explored.

In clade 12, all the RT-Cas1 fusions branched from a single
node and the Cas1 proteins were more similar to those found
in CRISPR-Cas type I-B systems, which was not the case for
the Cas1 proteins adjacent to the RT-Prim_S fusions in the
other members of the clade. It, therefore, seems plausible that
the acquisition of a former type I-B Cas1 protein was the
event triggering the generation of the RT-Cas1 fusion with
the AE_Prim_S_like domain loss (Supplementary Table 3).

CRISPR-associated RTs that have evolved from Retron/
retron-like RT sequences

The ‘single-point’ and ‘various origins’ models consider all the
RTs that can be predicted to be evolutionary and functionally
linked to CRISPR-Cas systems to have branched off from a node
common to group-II introns [15–18]. However, the analytical
pipeline in this study revealed a novel clade (clade 14) of RTs in
our dataset, with adjacent Cas1 linked to subtype III-B and III-D
CRISPR-Cas systems that branched off from Retron/retron-like
RT sequences (nodes 6211–6220 in Supplementaries Tables 1–3,
Figures 2 and 4). This clade is constrained to bacterial species of
the phylum Bacteroidetes within the classes Flavobacteria,
Cytophagia and Sphingobacteriia and branched off from
a node common to a taxonomically similar clade grouping RTs
encoded by genes not in the neighbourhood of CRISPR-
Cas systems (Supplementary Figure 3), suggesting the existence
of a common ancestor within this phylum. These RTs have the
characteristic signatures of retron RTs, with the conserved VTG

motif within RT domain 7 in the ‘Y’ region crucial for specific
recognition and binding to the template-primer RNA used for
the synthesis of msDNA, and the conserved AXXH motif in
region ‘X’, located between domains 2 and 3 [34]. However, no
retron msr and msd genes (the primer-template region) were
identified in the vicinity. Outside clade 14, but within the retron
lineage, we found another RT harbored by Caloramator austra-
licus RC3 (node 6869 in Supplementaries Tables 1–3, accession:
fig|857293.11.peg.1034) that is fused to an AE_Prim_S_like
domain phylogenetically related to those of clade 12 (not
shown), with adjacent cas1 and cas2 loci, with this entire set of
genes flanked by CRISPR arrays (Supplementary Table 3). These
findings suggest that, like the RTs closely related to group-II
introns, Retron/retron-like RTs were captured relatively recently
by type III CRISPR-Cas systems.

CRISPR-associated RTs that evolved from AbiP2-like RTs

The computational pipeline designed here highlighted two clo-
sely related RT sequences in the Abi-P2 group linked to
the second most abundant type of CRISPR-Cas systems (type
I-C) in prokaryotes [21]. These RTs (Figure 4 and nodes 8253,
8254 in Supplementaries Tables 1–3) are harboured by bacterial
species of the order Pasteurellales (Basfia succiniciproducens and
Haemophilus haemolyticus strainHK386) and share a node com-
mon to RTs from Haemophilus influenza (strain 723),
Salmonella enterica subsp. enterica (serovar Oranienburg str.
701) and Erwinia tasmaniensis, encoded by genes, not in the
vicinity of any CRISPR-Cas system (Supplementary Figure 4).
A search for close relatives to B. succiniciproducens and

Figure 5. Phylogeny of CRISPR-Cas encoded RT AE_Prim_S_like domains. The tree was constructed with FastTree, from an alignment of 62 protein sequences,
including members of the AEP proper clade (AEP small_PriS proteins, NHEJ primases, Lef-1-like primases of baculoviruses and other related sequences), Prim-Pol
clade (Z1568-like family, DR0530-like family, all3500-like family, bll5242-like family, ColE2 Rep-like family, RepE/RepS family), BT4734-like family, and the
AE_Prim_S_like domain of 14 unique RT proteins with this architecture (NCBI database). All the clades except the all3500-like family (FastTree support 0.65) have
a FastTree support ≥0.85. Other relevant FastTree support values are indicated. The corresponding tree newick file (Supplementary File 3) and the subalignment of
the AE_Prim_S_like domain of 14 unique RT proteins with the three conserved motifs (Supplementary File 2) is provided in the Supplementary material.
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H. haemolyticus led to the identification of other RTs linked to
type I-C systems in Mannheimia varigena and various Neisseria
(Neisseriales) species. A phylogenetic analysis of these RTs
(Figure 6) revealed that they split into two differentiated sub-
groups corresponding to different ecological niches. The
B. succiniciproducens group comprises members isolated from
livestock- and animal-associated habitats, whereas the
H. haemolyticus group appears to be restricted to the human
microbiome. The relatively low level of representation of these
RTs, which were harbored by only two bacterial phylae in
current databases, and their clustering by host/environmental
niche rather than by vertical inheritance in microbial species
suggest that they probably spread recently, by lateral transfer, in
each habitat, possibly between bacteria occupying the same
microniches.

Conclusions and perspectives

We performed a large survey of RTs in databases and con-
structed a large dataset of unique sequences representative of
prokaryotic RTs. The combined phylogenetic reconstruction
and identification of RT genes in the vicinity of CRISPR
adaptation and effector modules identified sequences that
may be evolutionary and functionally linked to CRISPR-Cas
systems. These RTs have at least three different origins: the
largest lineage evolved from group-II intron RTs, and two
smaller lineages, one probably recently arising from retron
RT-like sequences and to the other apparently emerging from
Abi-P2 RTs.

Most of the RTs studied were associated with type III
systems, but those evolving from Abi-P2 RTs were linked to
type I-C systems. Our data also suggest that the acquisition of
the various protein domains (RT, RT-Prim_S, RT-Cas1 and
Cas6-RT-Cas1) may have occurred independently several

times during evolution. Nevertheless, these results should be
interpreted with care due to the difference in the branch
lengths and branching patterns, because the RT sequences
have evolved at different rates.

The recent acquisition of RTs of different origins by
CRISPR-Cas adaptation modules raises questions as to
whether the evolutionary change of the adaptation modules
and the ecological response mediated by the CRISPR-Cas
systems may occur over a similar timescale.

With the increasing diversity of RT annotation due to the
growing scale of sequencing projects and more specifically
using metagenomics datasets, we expect to see an increase in
the known diversity of CRISPR-Cas/RT adaptation and effec-
tor modules. Further studies of these hypothetical eco-
evolutionary dynamics will shed light on the forces responsi-
ble for generating and maintaining diversity in microbial
populations.

Methods

Reverse transcriptase dataset

A heterogeneous dataset was built through several different
approaches, to encompass the wide diversity of prokaryotic RTs.
RT sequences annotated as RNA-directed DNA polymerases
(145,379) or reverse transcriptases (52,684) were downloaded
from the PATRIC web server [35] and 133 new protein entries
(23 February 2018) with RT-Cas1 architecture were retrieved
from the Conserved Domain Architecture Retrieval Tool
(CDART) [36]. These two datasets weremerged and incorporated
into a previously analysed dataset of 558 RT sequences, including
137 type III CRISPR RT/RT-Cas1 proteins closely related to
group-II intron-encoded RTs [18]. Six additional proteins from
Streptomyces species (annotated as hypothetical proteins)

Figure 6. Phylogeny of RTs linked to CRISPR-Cas systems type I-C. The tree was constructed with FastTree, from an alignment including the Abi-P2 RTs from bacterial
species of the order Pasteurellales included in the 9,141 entries: Basfia succiniciproducens and Haemophilus haemolyticus strain HK386. Other close relatives identified
by Blast searches of the NCBI database also associated with type I-C systems were included. The RTs linked to type I-C systems correspond to the red branches. The
host and environment of the isolates are indicated. The tree newick file is provided (Supplementary File 4).
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predicted to be RTs linked to type I-E CRISPR-Cas systems
[16,19] were also included in the analysis. The resulting dataset
of 198,760 proteins was then filtered by selecting the RT domain
(RT0-7) of the proteins with a length ≥200 amino acids, in multi-
ple-step clustering with a threshold of 85% sequence identity [18].
This procedure resulted in the construction of a set of 9,141
diverse unique RTs for further analysis. The various steps used
to compile the final dataset are described in Figure 1.

Identification pipeline for CRISPR/Cas systems

A custom script was written in python 3.7 to predict the CRISPR
arrays, to annotate the proteins encoded by genes in the neigh-
borhood of the 9,141 RTs analysed in this study, to obtain the
taxonomic information about the carrier organism, to classify
the system in which the RT was embedded and to use this
information to predict the putative association of an RT with
a CRISPR/cas locus. Briefly, the CRISPR arrays were identified
by CRT [37], which provided information about the number of
repeats, the mean length of the spacers and the mean length of
the direct repeats (DRs). Information about the proteins was
retrieved by constructing a database of profiles by combining
existing datasets [20] with datasets describing novel effector
proteins from recent publications [22,38–40], datasets relating
to defence systems [41] and recent updates of databases of
CRISPR/Cas accessory proteins [19,42]. The resulting database
was then used with hmmscan (http://hmmer.org), to identify the
proteins encoded by genes in the neighbourhood of the RT
sequence (within 30 kb on either side). Two consecutive rounds
of analysis with an e-value cutoff of 1e-5 and 1e-2, respectively,
were performed. The taxonomic information was downloaded
from the NCBI taxonomy database [43]. Finally, the systems
were classified (based on the effector proteins of the loci) on the
basis of the previously described methodology and profiles
[20,22,38–40]. Any RT gene not surrounded by Cas or CRISPR
arrays was considered not to be associated with CRISPR/Cas and
was discarded from subsequent analyses. The reported clades
were defined by revising the rest of the RTs manually and
considering them to be associated with CRISPR/Cas if it does
not show a recognizable group-II intron RNA structure [6] and:
i) it is located within a CRISPR/Cas locus usually closed to an
adaptation module, and ii) with at least one other RT matching
this criterion branching from the same node in the phylogenetic
tree. Other RTs associated with CRISPR-Cas locus were also
considered, but they remain unclassified.

Phylogenetic analyses of RT sequences

We used MAFFT software [44] and progressive methods to
perform the MSAs. The MSA corresponding to the RT0-7
domain of the 9,141 entries in the final dataset was filtered
to remove sites containing gaps in more than 50% of all
sequences. The phylogenetic trees were constructed with the
FastTree program [30] as previously described [17].
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