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Abstract

CRISPR-Cas systems are present in ~42% of the bacterial and ~80% of archaeal genomes from all
environments but enriched in thermophilic and hyperthermophilic members, reaching ~80% prevalence. Most
descriptions of CRISPR-Cas in thermophiles consider hyperthermophilic archaeal species, where class 2
CRISPR-Cas systems are virtually absent. Despite their abundance in thermal environments, no study has
described CRISPR-Cas diversity in hot springs communities worldwide in mesothermophilic (40°C-80°C) and
circumneutral pH (6-8). Objective: To describe the types and subtypes of CRISPR-Cas systems in 37 hot
springs metagenomes within this temperature and pH ranges, emphasizing the mining of novel class 2 variants.
Methodology: Quantification of CRISPR-Cas systems through bioinformatic tools. Results: Searching all
CRISPR-Cas systems revealed 2296 systems in hot springs, encompassing all types described to date. Using
a phylogenetic and identity matrix approach, 57 class 2 effector proteins Cas9 were found, revealing
potentially novel variants of Cas9. Conclusions: The large diversity observed could be the first glance toward
further characterization of CRISPR-Cas loci and potential new variants with biotechnological applications.
Furthermore, the results highlight hot springs for studies of the ecology and evolution of CRISPR-Cas by
revealing new genetic sequences that can contribute to filling the gaps in the evolution of these systems.
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Resumen

Los sistemas CRISPR-Cas estdn presentes en ~42% de los genomas bacterianos y ~80% de los genomas de
arqueas de todos los ambientes, pero enriquecidos en microorganismos termofilos e hipertermofilos,
alcanzando una prevalencia de ~80%. Las descripciones de CRISPR-Cas en termofilos consideran especies
arqueales hipertermofilas, donde los sistemas CRISPR-Cas de clase 2 estdn virtualmente ausentes. A pesar de
su abundancia en ambientes termales, ningtin estudio ha descrito la diversidad de CRISPR-Cas en comunidades
de termas del mundo en el rango mesotermofilico (40 ‘C-80 “C) y pH circunneutral (6-8). Objetivo: Describir
los tipos y subtipos de sistemas CRISPR-Cas en 37 metagenomas de aguas termales, enfatizando en nuevas
variantes de clase 2. Metodologia: Cuantificacion de sistemas CRISPR-Cas mediante herramientas
bioinformaticas. Resultados: La btsqueda revel6 2296 sistemas en termas, que abarcan todos los tipos descritos
hasta la fecha. Utilizando un enfoque filogenético y de matriz de identidad, se encontraron 57 proteinas
efectoras de clase 2 Cas9, lo que reveld variantes potencialmente novedosas. Conclusiones: La gran diversidad
observada podria permitir una mayor caracterizacion de los loci CRISPR-Cas y posibles nuevas aplicaciones
biotecnologicas. Los resultados destacan las termas para estudios ecoevolutivos de CRISPR-Cas al revelar
nuevas secuencias que contribuirian a dilucidar la evolucidn de estos sistemas.

Palabras clave: Cas9, termofilos, fuentes termales, CRISPR-Cas.

Resumo

Os sistemas CRISPR-Cas estdo presentes em ~42% dos genomas bacterianos e ~80% dos genomas de arqueas
de todos os ambientes, mas sdo enriquecidos em microrganismos termofilicos e hipertermofilicos, atingindo
uma prevaléncia de ~80%. As descri¢oes de CRISPR-Cas em termofilos consideram espécies de arqueas
hipertermofilicas, onde os sistemas CRISPR-Cas de classe 2 estdo virtualmente ausentes. Apesar de sua
abundancia em ambientes termais, nenhum estudo descreveu a diversidade de sistemas CRISPR-Cas em
comunidades de fontes termais ao redor do mundo dentro da faixa mestermofilica (40-80 ‘C) e pH
circumneutro (6-8). Objetivo: Descrever os tipos e subtipos de sistemas CRISPR-Cas em 37 metagenomas de
fontes termais, com énfase em novas variantes de classe 2. Metodologia: Quantifica¢éo de sistemas CRISPR-
Cas usando ferramentas de bioinformatica. Resultados: A busca revelou 2296 sistemas CRISPR-Cas,
abrangendo todos os tipos descritos até o momento. Utilizando uma abordagem filogenética e de matriz de
identidade, 57 proteinas efetoras Cas9 de classe 2 foram encontradas, revelando variantes potencialmente
novas. Conclusdes: A alta diversidade observada pode permitir uma caracteriza¢do mais aprofundada dos loci
CRISPR-Cas e potenciais novas aplicag¢des biotecnoldgicas. Os resultados destacam o potencial para estudos
ecoevolutivos de CRISPR-Cas, revelando novas sequéncias que contribuiriam para a elucidacio da evolu¢ao
desses sistemas.

Palavras Chave: Cas9, terméfilos, fontes termais, CRISPR-Cas.
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Introduccion

The adaptive immune system CRISPR-Cas (Clustered Regularly Interspaced Short Palindromic Repeats and
CRISPR-associated genes) 1s one of the most significant discoveries in the biological sciences in recent decades
(Gostimskaya, 2022; Harsij et al., 2024; Lander, 2016; Mojica & Montoliu, 2016) due to its biotechnological
applications but also for its fantastic biology. In general terms, all CRISPR-Cas systems described to date work
through several Cas genes (Makarova et al., 2020, 2015, 2011; Mohanraju et al., 2016), which specifically
recognize foreign genetic material (mostly from viruses, Shmakov et al., 2017; Shmakov et al., 2020) and
incorporate it into the bacterial or archaeal host genome (Sternberg et al., 2016). When the invader's genetic
material penetrates the cell, small fragments of that genetic material are integrated into a specific genome
locus, thus extending the CRISPR array (Barrangou et al., 2007; Marraffini, 2015). This array is then
transcribed and processed as small RNAs (crRNAs) to guide one or more Cas proteins (depending on the
system type) that perform cleavage of the invader through base complementarity (Makarova et al., 2020;
Marraffini, 2015), hence providing adaptive immunity to the host cell. The host-stored foreign genetic material
allows immunological memory against the invader and can be inherited throughout generations (Koonin &
Wolf, 2016) and transferred horizontally (Koonin & Makarova, 2009). The CRISPR-Cas revolution
encouraged the search for new CRISPR-Cas systems and variants. Since the first CRISPR-Cas classification
in 2011 with three types (Makarova et al., 2011), the systems have extended to two classes and six types to
date (Makarova et al., 2020), evidencing the productive research in the field and suggesting that only the tip
of the iceberg has been described so far.

The CRISPR-Cas system should be a robust adaptive advantage for the host cell against viruses. However,
roughly 40% of the major bacterial groups harbor a CRISPR-Cas system, which raises an intriguing question
about its importance in natural populations (Westra & Levin, 2020). Also, immunity against eventually
beneficial genetic material (Jiang et al., 2013), e.g., plasmids, reinforces this question. Data suggest that at
least four ecological factors may affect the prevalence of CRISPR-Cas (reviewed by Westra et al., 2016): (1)
the force of infection referred to as the fitness cost imposed by the frequency of infection, (11) the presence of
defective viruses that are more frequently included as spacers, (iii) the observation that beneficial mobile
genetic elements impact CRISPR-Cas presence and (iv) the genetic diversity of the virus. A handful of studies
have already attempted to explain the dynamics between viral genetic diversity and CRISPR-Cas 1n nature
through 7z vitro (Broniewski et al., 2020; Chevallereau et al., 2019; Childs et al., 2014; Weinberger et al.,
2012a) and modeling (Iranzo et al., 2013; Weinberger et al., 2012a, 2012b) hypothesis. The results indicate
that target viral population diversity determined the usefulness of CRISPR-Cas adaptive immunity. Analyzing
natural environments, a comprehensive survey using 324 metagenomes corroborates the predicted importance
of viral diversity on CRISPR-Cas prevalence, showing that the CRISPR-Cas systems abundance decreases
when viral diversity increases (controlling for viral abundance) (Meaden et al., 2022). Furthermore, that study
reveals that high viral abundance correlates with higher CRISPR repeat counts (Meaden et al., 2022).
Interestingly, some of these studies (Iranzo et al., 2013; Weinberger et al., 2012b) mention the exceptionally
high prevalence of CRISPR-Cas systems occurring in hot springs, which fit well with the proposed models
and are consistent with 7z vztro and environmental evidence.
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The high prevalence of CRISPR-Cas systems in the genomes of thermophilic bacteria and archaca compared
to mesophilic and psychrophilic has been mentioned in several studies (Anderson et al., 2011; Lan et al., 2022;
Makarova et al., 2006; Weinberger et al., 2012b; Weissman et al., 2019). Consistently with the aforementioned
effect of viral diversity, a couple of studies (Iranzo et al., 2013; Weinberger et al., 2012b) indicate that the
lower mutation rate of thermophilic prokaryotes (Drake, 2009; Friedman et al., 2004; Gault et al., 2021;
Zeldovich et al., 2007) and their small population size (Iranzo et al., 2013), promotes the high prevalence of
CRISPR-Cas systems in hots springs. On the other hand, the described lower diversity and small population
size of viruses from hot springs (Parmar et al., 2018) agree with the ecosystem conditions promoting high
CRISPR-Cas prevalence mentioned above. Therefore, hot springs environments are a convenient natural
system for studying CRISPR-Cas systems, but comparatively fewer studies have been performed in these
environments. In Yellowstone, Heidelberg et al. (2009) identified active coevolution through silent mutations
in a viral gene evading CRISPR. A study with the hyperthermophilic archaea Su/folobus isiandicus revealed
that CRISPR spacers tend to match the local viral community (Held & Whitaker, 2009). Also, a
hyperthermophilic hot spring showed that previously unidentified viruses could be recovered using CRISPR
spacers (Snyder et al., 2010). Between the few surveys performed in mesothermophilic (40-80°C) and
circumneutral (pH 6-8) hot springs, Guajardo-Leiva et al. (2021, 2018) identified active CRISPR-Cas systems
against a highly prevalent cyanophage in phototrophic microbial mats. Also, a comprehensive analysis of the
Casl gene using hot spring metagenomes worldwide (Salgado et al., 2022) identifies new Casl clades,
reinforcing the hypothesis of new CRISPR-Cas systems in hot springs worldwide.

About ten reports have been published describing new systems from hot springs, and all have considered Class
2 CRISPR-Cas systems (Adalsteinsson et al., 2021; Fan et al., 2021; Fuchs et al., 2022; Harrington et al., 2017;
Le et al., 2020; Le & Sun, 2022; Mougiakos et al., 2017; Nguyen et al., 2022; Schmidt et al., 2019; Tian et al.,
2020; Tsui et al., 2017). Compared to Class 1, Class 2 systems are biotechnologically interesting because they
cleave the target with a straightforward single effector protein (Hille et al., 2018; Makarova et al., 2015). Class
2 CRISPR-Cas systems are classified into three types (types II, V, and VI) and 28 subtypes (Makarova et al.,
2022), including subtype V-G described from a hot spring and with the smallest effector protein (Cas12g) (Yan
et al., 2019). Type II 1s the most abundant Class 2 CRISPR-Cas system 1n nature (Makarova et al., 2022),
characterized by the famous protein Cas9 (Shmakov et al., 2017). All type II subtypes described to date (II-A,
II-B, II-C1, II-C2, II-D, Makarova et al., 2022) possess the HNH and RuvC domains. Type V also shows RuvC
as the effector domain (Makarova et al., 2020), so a common ancestor for these systems has been proposed
(Altae-Tran et al., 2021). Meanwhile, type VI has no common gene ancestors with type II and V (Makarova
et al., 2022), but 1t 1s particularly relevant as a potential editing tool because it targets RNA (Makarova et al.,
2020). In addition to the aforementioned thermal Casl2g, several Class 2 effectors that extend the DNA
cleavage temperature limit of Cas9 (44°C for Cas9 from .S, pyogenes) (Schmidt et al., 2019) have been searched
n hot springs, and some have been probed as genome editing tools (Fan et al., 2021; Le et al., 2020; Le &
Sun, 2022). In the genus Geobacillus, two Cas9 that cleavage DNA around 70°C were described (Harrington
et al., 2017; Mougiakos et al., 2017). Furthermore, three other Cas9 have been discovered in Acidothermus
cellulolyticus (Tsui et al., 2017), in an uncultured Ignavibacterium (Schmidt et al., 2019), and in 7hermus
thermophilus (Adalsteinsson et al., 2021). In addition to Cas9, thermostable effector proteins of types V and
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VI (Cas12 and Cas13, respectively) have been discovered (Fuchs et al., 2022; Nguyen et al., 2022; Tian et al.,
2020), showing a clear example of the relevance for mining these environments.

The mining and discovering of new class 2 effectors and/or CRISPR-Cas systems in hot spring metagenomes
have at least two clear benefits. First, the extended thermostability of already known class 2 effector proteins
(Cas9, Casl2, Casl4 or Casl3) expands the applications of already known and established genome editing
protocols towards high-temperature species and systems, as well as promotes the development of new tools
(e.g., Ali et al., 2020). Second, the description of unknown CRISPR-Cas systems could bring new Cas proteins
potentially applicable for genome editing and regulation tools, besides its intrinsic value in understanding the
ecology and evolution of CRISPR-Cas systems. Despite that class 2 CRISPR-Cas systems are virtually
exclusively of the Bacteria domain (Makarova et al., 2020), and that metagenomic dataset from
mesothermophilic (40-80°C) and circumneutral (pH 6-8) hot springs excludes most members of Archaea, no
study has considered a detailed description of the types of CRISPR-Cas systems in these hot springs globally.
The present work aimed to describe the genetic diversity of CRISPR-Cas systems in 37 mesothermophilic and
circumneutral metagenomes from 14 hot springs (7 locations) worldwide, focusing on characterizing class 2
CRISPR-Cas systems. The results revealed a high diversity of CRISPR-Cas systems, including some of the
uncommon types such as types IV (A, B, C and D) and VI (A and B), and also allowed the description of
potential new variants of the most biotechnological applied class 2 protein, CasO.

Materials and Methods

Metagenomic dataset selection, reads processing and de novo assembly

The 37 hot spring metagenomes used in this study were selected from the 48 metagenomic datasets used by
Salgado et al. (2022). Eleven metagenomes were excluded here due to their low sequencing yield. The 37
selected are between 40-80°C and pH 6-8, encompassing 25 from the microbial mat, seven from sediment, and
five from thermal water. These metagenomes are publicly available in NCBI SRA and JGI databases (Nordberg
et al., 2014; Wheeler et al., 2007), and detailed information about location, database 1D, geographic coordinates
and bibliographic reference can be found in Supplementary Table S1. Metagenomic reads for each metagenome
were processed as described in Guajardo-Leiva et al. (2018), while read assembling was performed according
to Salgado et al. (2022). Assessment of de novo assembling quality was performed using metaQuast (Quast
v5.1, Mikheenko et al., 2016) and is available in Supplementary Table S1.

CRISPR-Cas systems prediction and classification

CRISPR-Cas prediction was performed using the CRISPRCasTyper tool v1.8.0 (Russel et al., 2020) with
default parameters except the --prodigal meta mode. High and medium-quality metagenome-assembled
genomes (MAGs) were obtained, and the CRISPR-Cas systems present within the taxonomically assigned
MAGs were assigned for accurate taxonomic assignment of the predicted systems. To obtain the MAGs, a
refined binning protocol using the assembled contigs (Alcorta et al., 2020) but with some modifications was
applied. Briefly, contigs larger than 1000 bp were binned using the metaWrap v1.3 (Uritskiy et al., 2018)
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binning module. Consolidated MAGs with less than 10% contamination and more than 50% completeness
were cleaned with RefineM tool v0.1.2 (Parks et al., 2017) and GUNC v1.0.5 (Orakov et al., 2021). The 1696
MAGsS qualified with high or medium quality according to the Genomic Standards Consortium (Bowers et al.,
2017) were taxonomically assigned using the “classify workflow” in the GTDB-tk v2.3.0 release 214
(Chaumeil et al., 2020). A detailed list of the taxonomy of MAGs used here can be found in Supplementary
Table S2. Non-binned contigs were also used for CRISPR-Cas prediction with CRISPRCasTyper. These
contigs were also taxonomically assigned using the MDMcleaner tool v0.8.7 (Vollmers et al., 2022), which
works by alignment with GTDB (Chaumeil et al., 2020) release 214, Silva (Quast et al., 2013) release 138 and
RefSeq (Pruitt et al., 2004) databases for contig classification. A CRISPR-Cas system was predicted if its
interference module was at least 70% complete.

Definition of putative novel class 2 effectors

The predicted orphan CRISPRs (arrays without known Cas operon in the vicinity £10Kbp, Russel et al., 2020)
were used as input to the novel class 2 effector protein predictor module of the CRISPRimmunity suite (Zhou
et al., 2023). Briefly, rare CRISPR arrays (below 90% identity and coverage of known arrays) are used to
detect proteins over 499 amino acids near five upstream and downstream ORFs. Vicinity 1s annotated against
CDD (Marchler-Bauer et al., 2017) with an e-value of <0.01 and the candidate is retained if a nuclease-
associated domain 1s present, if this protein is located in the three ORFs near CRISPR, and if it has <90%
similarity to known Cas. The putative novel class 2 effectors thus identified through CRISPRimmunity were
used 1n subsequent analyses.

The CRISPRCasTyper tool predicts the CRISPR-Cas systems using a gene-scoring algorithm in which class 2
effector proteins are assigned under a specific e-value, sequence coverage, and HMM coverage (Russel et al.,
2020). If a class 2 system has the same score for more than one subtype, the system is classified by
CRISPRCasTyper as "Ambiguous". So, the effectors defined as ambiguous for class 2 in the 37 metagenomes
were used under the rationale that CRISPRCasTyper recognizes the protein as Cas, but cannot assign it to a
specific subtype due to its sequence variation concerning the canonical class 2 effector proteins in the
databases. A non-redundant (90% identity and coverage, Shmakov et al. 2017) set of ambiguous Cas9 was
constructed using CD-HIT v4.8.1 (Fu et al., 2012) and used for subsequent data analyses.

All the putative novel class 2 effectors i1dentified, either using CRISPRimmunity or CRISPRCasTyper, were
analyzed for protein domain architecture using CD-search (Marchler-Bauer & Bryant, 2004) in CDD v3.20
with an e-value of 0.01. In addition, these proteins were compared with the non-redundant (nr) protein sequence
database using Blastp (Altschul et al., 1990) (-evalue le-5 -gcov_hsp_perc 80).

Phylogenetic analysis of novel putative class 2 effector proteins
With the sequences of the new putative class 2 effector proteins obtained in this study, a phylogenetic tree was
constructed, following the methodology of Shmakov et al. (2017) for class 2 CRISPR-Cas systems, and

including reference sequences of the class 2 known subtype and the IscB gene (WP004892446) as an outgroup.
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Briefly, sequences were aligned using MUSCLE v5.1 (Edgar, 2004), and positions with more than 0.5 gap
fraction were removed using trimAL v1.4.rev22 (Capella-Gutiérrez et al., 2009). A maximum likelithood
phylogenetic tree was built using IQ-TREE v1.6.12 (Nguyen et al., 2015) with the WAG evolutionary model
and the discrete gamma model with 20 rate categories (-m WAG+G20, 10000 ultrafast bootstrap) (Shmakov
et al., 2017). In order to deepen analyses of the genetic diversity in the candidate dataset used in the
phylogenetic tree, a percentage identity matrix was constructed with the alignment results obtained using the
Clustal Omega tool (Madeira et al., 2019).

Results

In the present study, 2296 CRISPR-Cas systems were predicted from 37 metagenomic datasets from three
continents, representing 14 hot springs (Supplementary Table S3). This study represents the most detailed
survey of mesothermophilic and circumneutral hot spring CRISPR-Cas systems regarding the number of
samples, type of thermal habitats (water, sediment, microbial mat), and geographical distribution encompassed.

High diversity and uncommon CRISPR-as systems 1n hot springs

The CRISPR-Cas systems obtained were distributed in MAGs (1096) and non-binned contigs (1200) and
showed a clear predominance of class 1 systems (Fig. 1). In fact, almost all class 1 described to date are present
in the hot springs analyzed here with only variants of the subtypes III-E and IV-E being missing. Most of the
class 1 CRISPR-Cas systems belong to subtype III-A, followed by I-B and III-B, while the least represented
were subtypes I-F, IV-D and IV-A2. Interestingly, 45 systems belonging to the uncommonly reported subtype
IV systems were observed here, with subtype IV-B being the most represented (Fig. 1). As for the taxonomy
associated with all these class 1 systems, most of the prokaryotes from hot springs here show a large diversity
of CRISPR-Cas types and subtypes. The phylum Chloroflexota presents the most remarkable diversity of
subtypes, followed by a handful of commonly reported hot spring taxa such as Bacteroidota, Armatimonadota
and Pseudomonadota (Fig. 1). However, it should be noted that some phyla tend to have specific subtypes. For
example, 39% of the archaca phylum 7hermoproteota have systems belonging to subtype [-A, while
Acidobacteriota shows a higher frequency of subtype III-A and Cyanobacteriota of subtype I-D. For systems
showing Cas operons with equally high scores and signature genes of the subtype, the systems were annotated
as hybrid (Russel et al., 2020). Several combinations of types I and III were hybrid, most belonging to subtypes
I-B and III-D.
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Figure 1. Absolute abundance of CRISPR-Cas systems obtained from the 37 mesothermophilic (40°C-80°C) and circumneutral (pH
6-8) metagenomes from hot springs worldwide. Classification by class, type and subtype is indicated on the left, and the taxonomy
of the main microbial phyla is at the top. ‘Other hybrid systems encompass I-C,I1I-B; I-G,11I-B; I-A,III-D; I-B,11I-A; I1I-A,III-B; I-
AI-B; I-A III-F; I-B,1II-C,III-D; III-A,III-D; I-A,III-C; I-B,III-F; I-B,1II-C; I-C,III-C; I-D,IV-C; I-D,III-B; I-D,III-C; I-G,III-A; I-
G,III-C and III-B,III-D.

On the other hand, Class 2 CRISPR-Cas systems are present with members of all three types described to date
(II, V and VI, Makarova et al., 2022) (Fig. 1). However, the prevalence of class 2 CRISPR-Cas systems in hot
springs 1s low compared to class 1 systems. In fact, only 186 systems (8%) belong to class 2, with subtype II-
D being significantly the most represented, followed by V-D and V-B1. Nevertheless, class 2 CRISPR-Cas
systems tend to present subtypes in specific taxonomic groups. The phyla Planctomycetota, Thermotogota and
Bacillota harbor 41% of the predicted II-D subtype, whereas the subtype V-D appears as exclusive of
Patescibacteria phylum (Fig. 1). Several other class 2 subtypes are present only in one classified bacterial
groups, e.2. V-B2 (Planctomycetota), V-E (Patescibacteria), V-F1 (Bacteroidota), V-F2 (Pseudomonadota), V-
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K (Cyanobacteriota), V-L (Armatimonadota), V-M (Deinococcota), VI-A and VI-B2 (Pseudomonadota). Also,
some subtypes are present only in two groups, as II-B (Pseudomonadota and Spirochaetota), 11-C2
(Acidobacteriota and Verrucomicrobiota), V-F2 (Pseudomonadota), and V-G (Acidobacteriota and
Planctomycetota). Finally, class 2 systems described to date were absent in the phyla 7hermoproteota,
Aquificota, Deferribacterota, and the groups WOR-3 and DRYDOI. In addition, it 1s noteworthy that 52 class
2 CRISPR-Cas systems (28% of class 2 systems described in this survey) were predicted on contigs that were
not taxonomically assigned beyond the bacterial domain and were therefore considered unclassified (Fig. 1).
Most of these contigs are short and thus were not classified, so several are likely present in the groups
mentioned here. Despite the lower representation of class 2 CRISPR-Cas systems compared to class 1, the
genetic diversity of the 16 subtypes described in hot springs indicates that these systems are helpful for the
microorganisms that possess them, suggesting the possibility of identifying new variants in hot springs
environments.

Putative novel class 2 CRISPR-Cas systems from hot springs

The CRISPRimmunity suite (Zhou et al., 2023) predicted eight putative novel class 2 effector proteins, but
checking these candidates in the CDD database under the threshold used by the tool (e-value 0.01) or even
relaxing the threshold to e-value 0.1, do not reveal any recognized domain. Also, no known domains were
detected using HHPred (https://toolkit.tuebingen.mpg.de/tools/hhpred) (Zimmermann et al., 2018). With
exploratory intentions, a screening phylogenetic tree was constructed with the eight candidate sequences and
class 2 reference sequences available to date (Makarova et al., 2022) (Supp. Fig. S1). Six sequences group
with type V reference sequences and one with type VI, having one singleton. No sequences group with type 11
reference sequences.

Were 1dentified 538 ambiguous Cas9 from 37 metagenomes using CRISPRCasTyper. No ambiguous types V
or VI were identified in the dataset used here. The 493 cluster-representative Cas9 sequences were filtered by
length considering the size of the smaller Cas9 homolog IscB (Shmakov et al., 2017), so only 200 Cas9
sequences over 400 aa were maintained. Then, to avoid possible errors of truncated Cas9 genes at the contig
edges, the 57 only sequences surrounded by other ORFs were maintained and used in subsequent analyses.
The phylogenetic tree was constructed with 57 putative novel Cas9 proteins and the reference sequences of
types II-A, II-B, II-C (variants 1 and 2) and II-D (Fig. 2). The tree follows the phylogeny of Cas9 already
published by previous studies (Fonfara et al., 2014; Ipoutcha et al., 2019; Schmidt et al., 2019) 1n terms of the
topology of the reference sequence 1I-B at the root of the subtype II-A and variant 1 of subtype II-C reference
sequences, but the most recently described Cas9 sequences of subtype II-D and II-C2 are the closest to the
IscB ancestor (Fig. 2). Of the 57 putative novels Cas9 used here, Clade 1 lies between ancestral sequences and
the Cas9 proteins II-B, and five of the six sequences of clade 1 belong to the phylum Verrucomicrobiota,
specifically to the orders Pedosphaerales and Chthoniobacterales. In addition, clades 2 and 3 located in the tree
near reference Cas9 sequences were also defined with operational intentions. In general terms, a taxonomic
trend was observed in the different clades. Clade 2 has 43 members; among those classified, there are 15
belonging to the phylum Bacteroidota, 12 to Planctomycetota, and 10 to Pseudomonadota. Clade 3 harbors
only Cas9 belonging to the phylum Pseudomonadota and the class Alphaproteobacteria. The Cas9 sequences
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that group near the reference sequence of subtype I1I-C1 show only members of Pseudomonadota belonging to
the class Gammaproteobacteria (Fig. 2). These results suggest that hot spring metagenomes seem to harbor
new variants of Cas9 orthologs, some of which may be a related to sequences closer to the proposed ancestor
as subtypes II-D and II-C2.

IscB (wr Do4ssz446)
— _— 1I-D joowarass)
11-C2 (opn7263)

o |’W‘< J‘I}m:m Clade 1
II-B (wp_n11212783)

Pespdmonadots  Verueomicrobinte Clade 2

1I-A (wp_011227028)

T< PeEudsmonaiols Clade 3

Badl - 1I-C1 (wr_013449463)
T Peapdomanadola
Tﬂ{w‘:.ﬂm‘wrmrm‘um
Pespiomanasiala

Figure 2. Maximun-Likelihood phylogenetic tree of 57 Cas9 proteins alongside reference sequences (with GenBank IDs) and IscB
as an outgroup. Clades composed exclusively of hot spring sequences are colored, and related phyla inside the clade are indicated.

To further analyze the similarity between the 57 putative novel Cas9 recovered from hot springs, a similarity
matrix was constructed using the tree sequences (Fig. 3). Most sequences show similarity values close to or
below 25%. The Cas9 members of clade 1 showed higher similarity values among some of them but low with
the rest of the sequences (similarity close to or below 25%, Fig. 3). Cas9 clade 2 shows low similarity values
with the rest of the proteins in the matrix build, especially with reference and clade 1 sequences. The outgroup
IscB and the type II reference sequences show low similarity values with all the selected hot spring sequences.
Additionally, the similarity of these Cas9 to the nr database by BLASTp was analyzed. Of the 57 proteins, 38
show percentage 1dentity values below 70% (detailed percent of identity with the best hit of nr alignment can
be retrieved in Supplementary Table S4). Domain analyses performed with CD-search revealed that the 57
Cas9 obtained present the domains described for Cas9 (RuvC and HNH). To confirm the specific loci structure
of these proteins, due to low similarity values obtained by comparison to public databases, the four upstream
and downstream four ORFs were annotated in the Cas9 sequences that presented similarity values lower than
70% and harbored a CRISPR array in their vicinity (using CD-search with the above-mentioned parameters
and database). In total, 20 Cas9 loci were considered, and the annotation of ORFs was analyzed. The most
common genes 1n the vicinity of Cas9 were Casl, Cas2, and a protein with the pfam18962 domain (present
six times), a domain related to secretion systems in Bacteria (Glew et al., 2012). The remaining ORFs were
present only once or twice, and no Cas4 protein was identified. Phylogenetic and similarity data indicate high
genetic variability in these Cas9 with potentially new variants phylogenetically close to the mentioned ancestral
homologs of the gene.
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Figure 3. Percent identity matrix of 57 Cas9 proteins alongside reference and IscB outgroup sequences (sequences used in the
phylogenetic tree of Figure 2). Phylogenetic clades are indicated at the bottom.

Discussion

The discovery and application of CRISPR-Cas systems have provided new insights into bacterial and archaeal
immunity systems and a new paradigm for gene editing tools (Burstein et al., 2016; Doron et al., 2018).
Expanding the descriptions by searching for new CRISPR-Cas systems in natural environments could
contribute to a better understanding of the physiology of defense and regulatory mechanisms in Archaea and
Bacteria and to developing better and, eventually, new biotechnological tools. In this study, the description of
known and novel (particularly class 2) CRISPR-Cas systems in their most thriving environment known to date,
such as thermal environments (Anderson et al., 2011; Lan et al., 2022; Weissman et al., 2019), was addressed.
For this task, a delimited temperature range was considered, which excluded most archaeal members in which
class 2 CRISPR-Cas systems are practically absent (Makarova et al., 2020). In fact, the archeal phylum
Thermoproteota does not reveal class 2 systems here (Fig. 1). Furthermore, the temperature range used here 1s
of 1nterest as it 1s less explored regarding viruses (Zablocki et al., 2018) and virus-host relationships, which
could contribute to elucidating the molecular mechanisms involved in the CRISPR-Cas immune response.
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Several uncommon class 1 types in hot springs worldwide

The abundance of class 1 CRISPR-Cas systems observed in hot springs is consistent with previous database
descriptions and other environments (Crawley et al., 2018; Makarova et al., 2020; Russel et al., 2020). In fact,
since the first classification of CRISPR-Cas systems to date, class 1 has been the most frequent and abundant
in nature (Makarova et al., 2015, 2011). Data further suggest that class 1 CRISPR-Cas systems can generate a
wider spacer diversity than class 2, and that multiprotein effectors are more versatile for expression and
regulation, allowing a better fitness of class 1 systems (Watson et al., 2021). As hot spring CRISPR-Cas
prevalence follows the tendency observed in databases (Makarova et al., 2020), it seems reasonable that this
would also apply to hot spring environments. However, it might also be speculated that high temperatures
affect class 2 systems because the big and single protein effector could be more affected by mutations. It would
be interesting to probe if hot springs' highly deleterious non-silent mutation rate (Drake, 2009) is more
important for the multidomain architecture of class 2 effectors proteins than for class 1. Interestingly, the
second most represented class 1 subtype in hot springs, I-B after III-A, has been described to be involved in
non-defensive functions (Faure et al., 2019). Specifically, some I-B and I-F systems have been observed in
transposons guided by RNA-effector complex (CAST, CRISPR-associated transposase) (Peters et al., 2017,
Strecker et al., 2019). Considering the discovery of transposable elements families exclusive from hot springs
and related to CRISPR-Cas (Salgado et al., 2022), the research on subtypes I-B of hot springs eventually could
shed light on CAST evolution.

The description of four type IV subtypes in the hot springs analyzed also reinforces the suggested role of
CRISPR-Cas in non-defensive functions. For instance, all these systems have been identified in MGE from
several environments (acid, thermal, alkaline, halophilic) (Moya-Beltran et al., 2021; Makarova et al., 2020)
and are assumed to be involved 1n plasmid exclusion (Makarova et al., 2022). Furthermore, type IV systems
are closely related to the CAST mentioned above. Considering the high cell density of some hot spring habitats
like microbial mats, it 1S possible that type IV systems could participate in the regulatory process where
conjugative elements should be finely regulated. In all, Cas related to systems mentioned non-defensive task
also suggests hot springs as a model for the study of alternative functions of CRISPR-Cas. For this reason, a
detailed description of the uncommon loci of systems I-B, I-F and subtypes IV is relevant, as these could shed
light on the intriguing interface between immunity and the regulation of self and foreign genetic material in
natural microbial communities.

Compact Cas9 and taxa-specific Cas12 and Casl3 are present in hot springs

Regarding class 2 CRISPR-Cas systems, the high prevalence of subtype II-D in hot springs worldwide 1s
interesting because this subtype presents small Cas9 effectors (Altae-Tran et al., 2021). This locus was
described without Casl and Cas2, suggesting that adaptation occurs in trans (Altae-Tran et al., 2021), and the
small size of class 2 effectors has proven helpful in genomic editing tools (Yang & Patel, 2019). Therefore,
the hot springs Cas9 described here could eventually be helpful for already established editing protocols. As
for the remaining class 2 types (V and VI) reported in this study, the prevalence of V-D (Cas12d) subtype in
the phylum Patescibacteria 1s striking (Fig. 1). This CRISPR-Cas subtype that was described in the same
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bacterial group (Burstein et al., 2016), 1s characterized by the epibiont lifestyle on Actinomycetota of its few
cultured members (Wang et al., 2023). The high cost of maintaining and expressing the class 2 CRISPR-Cas
system (Zaayman & Wheatley, 2022) 1s probably offset by its mutualistic relationship. However, it could also
be speculated to be associated with defensive cooperation between both microorganisms. The epibiont could
defend against viruses by reducing and regulating the virus's contact with the host. This could be particularly
important in a cell-dense space, such as hot spring sediments or microbial mats.

As for type VI CRISPR-Cas systems (Cas13), those observed in the phylum Pseudomonadota (Fig. 1) draw
considerable attention because these systems are recognized as RNA degraders (Barrangou & Gersbach, 2017;
Zhao et al., 2022). RNA viruses have been described in hot springs (Bolduc et al., 2012; Le Lay et al., 2023),
thus making it plausible that some strains use defensive mechanisms against those viruses. On the other hand,
as the subtype VI-A effector (Cas13a) has been one of the most applied tools beyond gene editing (Zhao et al.,
2022), 1t 1s suggested that Casl3 proteins found in hot springs could be good candidates for biotechnological
applications. The class 2 diversity described here, encompassing 16 subtypes, encourages further
characterization of these proteins from these environments to elucidate their potential as molecular tools. In all
cases, the new variants from hot springs found here also contribute to a better understanding of the evolution
of these systems.

As rare the taxa, as rare the Cas9

The strategy defined to search for putative novel class 2 systems included the use of two independent tools
(see methods). For the CRISPRimmunity, the results were ambiguous and inconclusive, whereas 57 putative
novel genes were recognized through CRISPRCasTyper tool. Regarding the search for novel class 2 systems
with the CRISPRimmunity suite, the results are inconclusive because no recognized domains were identified
in the candidates. Trying to replicate the published pipeline does not allow for the obtaining of putative novel
variants. The authors of CRISPRimmunity were contacted two times by e-mail to ask about this result, but
there was no answer. Since the publication (Zhou et al., 2023) indicates that putative novel candidates
presenting nuclease domains are searched using the same database under the same parameters used here
(CDD), additional information about the CRISPRimmunity suite is needed to understand these results. As the
strategy defined here does not rely only on CRISPRimmunity siute, the work progressed using only the results
of CRISPRCasTyper.

The Cas9 tree with 57 variants from hot spring (Fig. 2) is consistent with the published phylogenetic analyses
using Cas9 proteins in revealing a high diversity of the gene (Al-Shayeb et al., 2020; Fonfara et al., 2014;
Gasiunas et al., 2020; Ipoutcha et al., 2019; Pearson et al., 2015; Schmidt et al., 2019). However, most
phylogenetic reconstructions of Cas9 do not include an outgroup despite the ancestral relationship depicted for
the IscB (Altae-Tran et al., 2021), making evolutionary tracking difficult. Additionally, comprehensive
analyses of Cas9 orthologs (Esquerra-Ruvira et al., 2023; Gasiunas et al., 2020) do not consider reference
sequences of subtypes II-D and II-C2 due to their recent description (Aliaga Goltsman et al., 2022). Here, a
rooted tree where clade 1 1s located close to the likely ancestor of Cas9 (Fig. 2) was used. Clade 1 1s composed
of six Cas9 sequences, and only one does not belong to the phylum Verrucomicrobiota, a group that 1s among
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the less abundant and less characterized in hot springs (Hou et al., 2008; Nixon et al., 2019), so may be expected
to find uncommon Cas9 variants as a result of quite specific virus-host coevolution in the phylum. Some of
the more abundant microbes in hot springs globally, such as members of Bacterordota and Pseudomonadota,
show high representation in clades 2, and 3, with sequences close to the reference Cas9 of type II-C2. Also, it
1s plausible that the particular virus-host relationship in hot springs (Guajardo-Leiva et al., 2021; Jarett et al.,
2020; Sharma et al., 2018) is influencing the prevalence of some type II system variants present in specific
bacterial groups. The specificity of viruses infecting bacterial species could maintain the utility of these Cas9
proteins and promote their evolution. Further studies that consider virus-host relationships in specific taxa in
detail would allow a better understanding of the importance of subtype specificity for these taxa. Similarly, the
sequence similarity among tree members (Fig. 3), which indicates small clusters of similarity, supports the
hypothesis of a local evolution in hot springs. However, it should be noted that the continuous increase in
sequenced metagenome availability and the astonishing diversity of Cas9 orthologs described in the database
(Gasiunas et al., 2020; Ipoutcha et al., 2019) urge a cautious approach when proposing the identification of
rare Cas9. Undoubtedly, similarity inside Cas9, with low similarity values among hot spring orthologs, strongly
suggests additional experimental descriptions of Cas9 loci to demonstrate their putative novelty.

The potential function of Cas9 in enhanced cell security

The description of pfam18962 as the third most common domain in the vicinity of selected Cas9 agrees with
recent findings showing a strong relationship between CRISPR-Cas systems and the membranome (Makarova
et al., 2019; Medina-Aparicio et al., 2021; Rubio et al., 2023; VanderWal et al., 2023). That domain 1s described
as targeting outer membrane secretion systems (Glew et al., 2012; Veith et al., 2013), and a link to 1ron uptake
has also been mentioned (Conrad et al., 2022). An ancillary function enhancing the immune response could be
mvolved, as described for subtypes I-F (Medina-Aparicio et al., 2021) and VI-B (VanderWal et al., 2023).
However, no descriptions in this line have been made for Cas9 despite being the most numerous class 2 protein
(Makarova et al., 2022). An 1ntriguing hypothesis suggests that the CRISPR-Cas system might become
necessary for the cell when a beneficial membrane protein is expressed but used by viruses to enter the cell
(Rubio et al., 2023). Therefore, 1t might be speculated that the coexpression of pfam18962 and Cas9 assures
an immune level control on the secretion system's function to target incoming viruses eventually. Additional
molecular characterizations of the Cas9 loc1 vicinity members and their response to viral challenges could shed
light on their function.

Hot springs as a CRISPR-Cas museum

The diversity of CRISPR-Cas systems, including type 1I systems, can be explained through striking events of
exaptation, accretion, recombination and rearrangements (Koonin & Makarova, 2022; Makarova et al., 2022;
Shams et al., 2021). Therefore, attempting to track the evolution of such diverse and fast-evolving systems
(Makarova et al., 2018) seems impossible, especially for several known subtypes. However, explorations in
specific environments like hot springs could greatly help. Despite being the least abundant in nature, the single
effector-protein of class 2 CRISPR-Cas systems 1s a good candidate for tracking the evolution of these bacterial
defense systems because they are monophyletic for some types (Koonin & Krupovic, 2023). The evolution of
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type II but also type V CRISPR-Cas systems has been proposed from the IscB and TnpB transposon family
IS200/1S605 genes, respectively (Makarova et al., 2020), and even the RNA-guided endonuclease activity of
these proteins has been demonstrated (Altac-Tran et al., 2021). The mention performed here, including already-
known class 2 systems from hot springs, 18 the first step towards a more profound analysis that could provide
new information on their evolution. On the other hand, the evolution of class 1 systems presents a more
complex picture than class 2 (Koonin & Makarova, 2019). In this regard, the numerous class 1 Cas proteins
revealed here could fill the hypothetical gaps about their evolution and relationship with the MGEs and the
membranome. For example, the diversity of type IV systems observed in hot springs globally clearly favors
its study along with the systems already described. Further explorations considering locus analyses, ancillary
gene type, CRISPR array repeats and spacers could better comprehend CRISPR-Cas systems in hot springs
and its relationship with the systems described for other environments.

Conclusions

Hot springs environments have been reported to harbor the highest prevalence of CRISPR-Cas systems in
nature. However, no survey has examined a detailed description on a global scale in the mesothermophilic and
circumneutral pH ranges. Moreover, the scarce description of these CRISPR-Cas systems in thermophiles has
been mainly concentrated in a few species of hyperthermophilic organisms. This study described the types and
subtypes of CRISPR-Cas systems in mesothermophilic (40°C-80°C) and circumneutral pH (6-8) ranges globally
in hot springs. All types already described to date were identified in hot springs, spreading in 32 of the 37
known subtypes, and revealing that class 1 types are the most abundant. Notably, all type IV systems described
to date were identified in hot springs, pointing to these environments as relevant sites to understand the
evolution of class 1 systems better. Novel putative variants of class 2 CRISPR-Cas systems, including the
extensively used Cas9 protein, were also identified. Phylogenetic analyses of these Cas9 alongside reference
sequences reveal distinct clades between already-known proteins and more recently described proteins located
close to the root of the tree. Interestingly, the new sequences exhibit a very low similarity value between them
and the Cas9 deposited in public databases, encouraging further studies for 7z vitro validation. The uncommon
class 1 types observed and the potential new Cas9 variants, including new potential associations with
membrane proteins, corroborate that CRISPR-Cas systems are poorly explored in natural communities, among
which hot springs are particularly left behind. All these results indicate that hot springs are suitable
environments to study the ecology and evolution of CRISPR-Cas systems and to mine for new effectors with
biotechnological potential.
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Supplementary Figure S1. Maximun-Likelihood phylogenetic tree of eight putative novel class 2 effectors (indicated in bold) with
the 28 reference sequences. The TnpB gene was used as an outgroup.
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