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Abstract

Clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR-associated (Cas) systems of bacteria and archaea
provide immunities against mobile genetic elements, like viruses. In addition, protospacer analyses revealed a very specific ac-
quisition of CRISPR spacers derived from genomes of related species or from closely interacting episymbiont genomes as recently
shown for subsurface archaea. However, the origin of most of the spacers that can be found in CRISPR-Cas systems from natural
environments has not been deciphered. Here, by analyzing CRISPR-Cas systems of metagenome-assembled genomes (MAGs)
from two subsurface environments spanning more than 1 Th of sequencing data, we show that a substantial proportion of
CRISPR spacers are acquired from DNA of other prokaryotes inhabiting the same environment. As such, we found that the num-
ber of respective spacers can be up to three times higher than the number of self-targeting spacers. Statistical analyses demon-
strated that the acquisition of CRISPR spacers from other prokaryotic genomes is partly explained by the relative abundance of
the MAG containing the protospacer, as well as by other factors, such as the total number of CRISPR arrays present in a MAG
with the respective spacers. Further, we found that spacer acquisition from foreign prokaryotic DNA occurs in almost all types of
CRISPR-Cas systems, but shows preferences for subtypes of CRISPR-Cas systems that differ across the investigated ecosystems.
Taken together, our results shed new light on the diversity of CRISPR spacers in natural microbial communities and provide an
explanation for some of the many unmatched spacers in public databases.
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Significance Statement

Spacers of clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR-associated (Cas) systems can
be used to infer infection histories of prokaryotes with mobile genetic elements like viruses. However, many of the
spacers in recovered systems do not show any match to viral databases. Here, we show that CRISPR-Cas systems of
metagenome-assembled genomes have acquired spacers originating from other prokaryotes inhabiting the same envir-
onment, thereby contributing to the overall pool of spacers found in CRISPR-Cas systems from natural environments.
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Introduction

Clustered regularly interspaced short palindromic repeats
(CRISPR) and CRISPR-associated (cas) genes constitute
an adaptive immune system in prokaryotes providing
sequence-specificimmunity to invading mobile genetic ele-
ments (MGEs) like viruses (Barrangou et al. 2007) and plas-
mids (Marraffini and Sontheimer 2008). It is estimated that
CRISPR-Cas systems are present in most archaea (85%) and
about half (40%) of bacteria (Makarova et al. 2020).
CRISPR-cas loci typically comprise an array of direct repeats
(DR) separated by highly variable spacer sequences, and
flanking cas genes (Barrangou et al. 2007). Based on the
architecture of different cas genes and the presence of
type-specific signature genes, CRISPR-Cas systems can be
assigned to the main types I-VI and corresponding subtypes
(Makarova et al. 2015, 2020). Following the exposure to an
invading MGE, a specific sequence fragment called a proto-
spacer is selected from the exogenous nucleic acid and in-
corporated into the CRISPR array as a spacer (Barrangou
et al. 2007). Transcription of the CRISPR array generates a
precursor CRISPR RNA (pre-crRNA) that is further processed
into small crRNAs, each of which is composed of a spacer
and parts of the adjacent repeats (Brouns et al. 2008).
During the interference, the recognition of a MGE carrying
the respective protospacer leads to the degradation of the
intruding nucleic acid by Cas nucleases (Garneau et al.
2010; Jore et al. 2011).

A recent study on publicly available genomes showed
that only an average of 7% of all CRISPR spacers can be
matched to their respective protospacers, of which a large
majority are located on MGEs (Shmakov et al. 2017). Only
few spacers were found to match protospacers in the
host genome (Shmakov et al. 2017; Zhang et al. 2018),
generally referred to as self-targeting spacers. The acquisi-
tion of self-targeting spacers can be either random (Dy et al.
2013) or potentially be a defense against heavily recombin-
ing strains, as discussed for Haloferax (Stachler et al. 2017).
In the former case, the spacer acquisition is sometimes fol-
lowed by the mutation or deletion of the target site (Selle
et al. 2015; Canez et al. 2019) or the mutation of the
CRISPR-Cas system, to counteract the activity of the system
(Dy et al. 2013; Vercoe et al. 2013; Guan et al. 2017).
Notably, self-targeting by RNA-directed CRISPR-Cas sys-
tems, such as type lll, could degrade mRNA and therefore
regulate gene expression (Jones et al. 2012; Sampson
et al. 2013). Recently, Hwang et al. (2023) suggested that
virus—host interactions across phylogenetic distances in
densely populated ecosystems can also lead to the acquisi-
tion of spacers against foreign phages that randomly at-
tached to a prokaryote other than the respective host,
leading to an unsuccessful infection yet injection of its viral
genome. The subsequent acquisition of spacers against vir-
al genomes, whose phages do not successfully infect the

respective prokaryote, has also been described for pure cul-
tures (Hynes et al. 2014). Additionally, a recent study re-
vealed that populations of Ca. Altiarchaeum can harbor
hundreds of spacers matching a DPANN episymbiont’s gen-
ome, possibly warding off the respective parasite (Esser
et al. 2023).

However, these potential mechanisms and functions of
spacer acquisition only account for about 7% of the overall
spacer diversity (Shmakov et al. 2017) and thus cannot ex-
plain the tremendous diversity of spacers that is found in
CRISPR-Cas systems from natural environments (England
and Whitaker 2013; Childs et al. 2014). Consequently,
we tested the hypothesis that CRISPR-Cas systems from
subsurface environments carry spacers matching foreign
DNA from other prokaryotes inhabiting the same environ-
ment and thus contribute to the overall sequence space
of CRISPR spacers.

Results and Discussion

Focusing on the deep biosphere, we investigated oceanic
and continental sites which are known to have high popu-
lation density and/or high microbial activity, such as nutri-
ent rich oceanic sediments (Dombrowski et al. 2018) and
high-CO, aquifers (Figueroa-Gonzalez et al. 2024). Eleven
public metagenomes from Guaymas Basin (GB; Gulf of
California, Mexico) (Table S1) were previously acquired
from three hydrothermal sampling sites and one nonhy-
drothermal background site (Dombrowski et al. 2018),
while a time-series leveraging 28 metagenomes (size frac-
tioned to 0.2-um and 0.1-pym filters) came from the cold,
CO,-driven Geyser Wallender Born (WB; Wallenborn,
Germany) (Figueroa-Gonzalez et al. 2024) (Table S3). The
~1Tb of sequencing data resulted in 810 high- and
medium-quality metagenome-assembled genomes
(MAGs) for GB (Table S5) and 726 MAGs for WB
(Table S6), respectively. Subsequent dereplication using
dRep (95% average nucleotide identity; Olm et al. 2017)
yielded 515 MAG clusters (i.e. sets of a representative
MAG and its redundant MAGs) for GB and 90 MAG clusters
for WB. Based on CRISPRCasFinder (evidence level 4;
Couvin et al. 2018) followed by CD-HIT clustering of
spacers (97 % similarity; Fu et al. 2012), we identified 128
MAG clusters (out of 515 MAG clusters) with CRISPR-Cas
systems from GB carrying a total of 4,071 spacer clusters,
while the dataset from WB revealed 25 MAG clusters (out
of 90 MAG clusters) with CRISPR-Cas systems and a spacer
diversity of 965 clusters.

Identification of Spacers that Target Foreign Prokaryotic
Genomes of Different Phyla

CRISPR-Cas based targeting of genomes of the same spe-
cies (and, to a much smaller extent, also at higher taxonom-
ic ranks) across the tree of life was previously revealed
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based on publicly available genomes originating from a
wide range of environments and other sample types
(Shmakov et al. 2017). By contrast, we analyzed
spacer-to-protospacer matches in prokaryotic genomes
from the very same environments. To avoid the erroneous
detection of matches arising from, e.g. mini-arrays
(Shmakov et al. 2023), we masked any CRISPR array (evi-
dence levels 1 to 4 based on CRISPRCasFinder (Couvin
et al. 2018)) in the genomic data. In similar fashion, we ex-
cluded all viral scaffolds (detected by VirSorter2 (Guo et al.
2021), VIBRANT (Kieft et al. 2020) and assessed by CheckV
(Nayfach et al. 2021)) from our MAGs (see Supplementary
Information for details) to avoid confounding our results
arising from matches with phages. We further excluded
spacers that matched protospacers in prophage regions
of genomes, as well as in regions adjacent to prophages,
to avoid introducing biases arising from propagation of
prophages in the natural populations. Based on these fil-
tered results, we found that 42% of all MAG clusters
with CRISPR-Cas systems (54 of 128 MAG clusters in GB,
10 of 25 MAG clusters in WB) had spacers that matched
protospacers in foreign prokaryotic genomes from the
same environment. MAG clusters with respective spacers
were phylogenetically diverse, including eight archaeal
and 15 bacterial phyla (Fig. 1a, b). The total proportion of
the diversity of spacers with matches originating from for-
eign prokaryotic DNA was about 3% (123 of 4,071 spacer
clusters in GB, 34 of 965 spacer clusters in WB) (for num-
bers see Fig. S1; Tables S7 and S8). While these results
are based on 80% similarity cutoffs for spacer—protospacer
matching (Rahlff et al. 2021), the patterns derived from
these results were validated with more stringent similarity
cutoffs for spacer—protospacer matches (90%) and are pre-
sented in Fig. S2. Interestingly, we found that the number
of spacer clusters that matched foreign prokaryotic DNA
in the same environment, henceforth referred to as
prokaryote-targeting spacer clusters, varied greatly be-
tween the two ecosystems and was up to three times high-
er than the number of self-targeting spacer clusters
(Fig. 1c). While Esser et al. (2023) described a similar finding
based on the number of spacer clusters of an archaeal host
targeting its DPANN symbiont (Esser et al. 2023), the data
presented here is distributed across a diverse group of or-
ganisms rather than focused on a single symbiont—host
pair. Thus, we conclude that prokaryote-targeting spacers
make a substantial contribution (about 3%, see above) to
the overall diversity of spacers in the analyzed ecosystems.

Expanding our analyses beyond the spacers detected
within MAG clusters, we used predicted DR sequences
(CRISPRCasFinder, Couvin et al. 2018) to extract spacers
from the metagenomic reads via MetaCRAST (Moller and
Liang 2017; see Supplementary Information for details).
We detected a total of 141,557 spacer clusters (125,773
spacer clusters in GB, 15,784 spacer clusters in WB), of

which ~4.65% (5,811 spacer clusters in GB, 778 spacer
clusters in WB) matched protospacers originating from for-
eign prokaryotic genomes in the same environment. These
results corroborate our findings from the analyses of
CRISPR-Cas systems retrieved from MAGs.

Acquisition of CRISPR Spacers From Foreign Prokaryotic
Genomes Cannot be Linked to the Diversity of DNA
Uptake Mechanisms Encoded in Bacterial Genomes

While interphylum targeting, i.e. the existence of
CRISPR-Cas spacers that match protospacers in the gen-
omes from a different phylum, was recently described for
archaea within the same ecosystem (Esser et al. 2023),
we here found that also bacterial CRISPR-Cas systems can
acquire spacers from other prokaryotic genomes that occur
in the very same environment. To further elaborate on
these findings, we selected only bacterial genomes for
the following analyses. Approximately half of all MAG clus-
ters in GB (249 of 515 MAG clusters) and the majority of
those in WB (83 of 90 MAG clusters) were classified as bac-
terial (GTDB-Tk, Chaumeil et al. 2022). Of these, a total of
71 bacterial MAG clusters (49 in GB, 22 in WB) had
CRISPR-Cas systems. The bacterial CRISPR arrays contained
a total of 2,154 spacer clusters (1,282 spacer clusters in GB
and 872 spacer clusters in WB), accounting for about 43% of
the overall spacer diversity, with the rest being attributed to
archaeal genomes. Spacer-to-protospacer matching revealed
a total of 49 bacterial spacer clusters (21 spacer clusters in GB
and 28 spacer clusters in WB) of prokaryotic origin, represent-
ing about 2% of the bacterial spacer diversity (Fig. S1, Tables
S7 and S8). Targets of these spacers belonged to organisms
of the same phylum as the targeting organism, to other bac-
terial phyla, and even genomes from archaea (Fig. 1a, b). The
finding that protospacers originated from genomes of mul-
tiple different taxa suggests that the acquisition of spacers
from foreign prokaryotic DNA may not be directed, as de-
scribed for CRISPR-Cas-mediated immunity against viruses
(Barrangou et al. 2007) and episymbionts (Esser et al. 2023).

The occurrence of spacers derived from DNA of other
prokaryotic raised the question of why respective
spacers were obtained and which molecular mechanisms
drive the spacer acquisition. Bacteria retrieve foreign pro-
karyotic DNA by various mechanisms, including natural
transformation (here defined as transfer of DNA from the
environment), conjugation (e.g. transfer of DNA by direct
of bacterial cells), transduction (e.g. transfer of bacterial
DNA by phages), and other pathways (e.g. transfer of
DNA by membrane vesicles) (Fig. 2). The uptake of DNA
from the environment can be beneficial to the bacterial
cell by promoting the acquisition of new genes via horizon-
tal gene transfer (HGT) (reviewed in Arnold et al. 2022). At
the same time, extracellular DNA provides the inhabiting
communities with an estimated 2% to 4% of their carbon,
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Fig. 1. Phylogenetic distribution of spacer-to-protospacer matches (80% sequence similarity) within foreign prokaryotic genomes based on trees of MAGs
(GTDB-Tk, Chaumeil et al. 2022) in GB (a) and WB (b). For results based on 90% sequence similarity for spacer-to-protospacer matches, please see Fig. S2. (c)
Distribution of spacer clusters that match at least one MAG cluster in the respective taxonomic rank. Self-targeting spacers refer to spacer clusters matching the
same MAG cluster. InterMAG cluster refers to all spacer clusters that match prokaryotic MAG clusters in the respective dataset including those MAG clusters
that fall into the same species. Interspecies to interphylum refer to spacer clusters that match MAG clusters of different taxonomic ranks, taking into account
the respective hierarchy. For instance, Interclass refers to all spacer clusters that match across classes but also phyla and domain as these are included in that

data and are thus indicated by different colors. Please note that the bars are the cumulative number of spacer clusters matching across taxonomic ranks and
include all higher taxonomic ranks (also denoted by the numbers next to the bars).
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4% to 7% of their nitrogen and 20% to 47 % of their phos-
phorus requirements (Dell’Anno and Danovaro 2005;
Corinaldesi et al. 2007; reviewed by Wasmund et al.
2021) in marine sediments, such as the GB hydrothermal
sediments (Pérez Castro et al. 2021). It is thus intriguing
to hypothesize that the incorporation of spacers from pro-
karyotic DNA (and potentially also from RNA) is a by-product
of the acquisition of environmental nucleic acids by bacterial
cells. Consequently, we searched the bacterial MAGs for
genes encoding proteins that are known to mediate natural
transformation in bacteria (reviewed in Dubnau and
Blokesch 2019). We found that all bacterial MAG clusters

with spacers matching foreign prokaryotic DNA encoded
for respective proteins (Fig. S3, Tables S9 and S10), such as
type IV pilus structural protein PilA or ATPase PilT (Chen
and Dubnau 2004). However, bacterial MAG clusters con-
taining prokaryote-targeting spacers were not significantly
enriched in respective genes compared to bacterial MAG
clusters with CRISPR arrays without such spacers (Wilcoxon
rank-sum test, Fig. S4). In similar fashion, we found that
13 out of 25 bacterial genome clusters with prokaryote-
targeting CRISPR-Cas systems had genes encoding extracel-
lular nucleases. While these nucleases might play significant
roles in the utilization of DNA as a nutrient and are less costly
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Fig. 2. Schematic representation of newly suggested CRISPR-Cas interferences with foreign prokaryotic nucleic acids. Bacteria can acquire foreign prokaryotic
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triguing to consider that it may also enable the acquisition of spacers from foreign prokaryotic DNA. Transcription and processing of the CRISPR array generate
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tions and insertions). Image created in BioRender ( Sures 2025; https:/BioRender.com/jzxgcl3).
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to maintain for DNA breakdown than Cas nucleases (Fig. S3,
Tables S9 and S10), a Wilcoxon rank-sum test revealed no
significant difference in the number of extracellular nu-
cleases in bacterial MAG clusters with prokaryote-targeting
spacers and clusters without these spacers in both environ-
ments (Fig. S5). This finding does not enable the conclusion
that extracellular DNA breakdown outcompetes DNA break-
down via CRISPR-Cas systems for nutrient acquisition. Hence,
we posit that metagenomic data is insufficient to prove or dis-
prove if spacer acquisition from other prokaryotic genomes is
driven by DNA uptake of the respective organism.

Relative Abundance of MAG Clusters Containing
Protospacers and Total Number of CRISPR Arrays in a
MAG Cluster are Related to the Acquisition of Spacers
From Foreign Prokaryotic DNA

To corroborate the relationship between the total number
of spacers that match a MAG cluster in a sample of one eco-
system and the normalized relative abundance of the repre-
sentative MAG of the exact same MAG cluster in the
respective sample, we performed correlation analyses of re-
spective values, revealing a weak positive correlation in
both environments (Spearman’s rank correlations coeffi-
cient R=0.13, P-value<0.001 in GB and R=0.081,
P-value < 0.001 in WB; Fig. 3a, b). In other words, the
greater the relative abundance of a MAG cluster in a sam-
ple, the greater the chance that a spacer matching that
MAG cluster occurs in the CRISPR-Cas system of another
MAG cluster. Further analyses revealed that the number
of prokaryote-targeting spacers in a MAG cluster is posi-
tively correlated with the number of CRISPR arrays encoded
in that MAG cluster (Spearman’s rank correlation coeffi-
cient R=0.28, P=0.002 in GB and R=0.54, P=0.005 in
WB; Fig. 3¢, d), as well as with the total number of spacers
found in a MAG cluster (Spearman’s rank correlation coef-
ficient R=0.43, P< 0.001 in GBand R=0.53, P=0.006 in
WSB; Fig. 3e, f). However, we also detected a strong positive
correlation between the overall spacer number and the
number of CRISPR arrays in a MAG cluster (Spearman’s
rank correlation coefficient R=0.69, P<0.001 in GB and
R=0.89, P<0.001 in WB; Fig. 3g, h), suggesting that
MAGs with more CRISPR arrays generally have a greater
chance of acquiring more spacers, including those that
match other prokaryotes. Taken together, these results
demonstrate that the relative abundance of the MAG clus-
ters matched by the respective spacers, as well as the overall
number of CRISPR arrays found in a MAG cluster containing
prokaryote-targeting spacers at least in part determine the
number of spacers matching other prokaryotic genomes in
these ecosystems.

Prokaryote-targeting Spacers Exist for Multiple
CRISPR-Cas Subtypes

Based on cas genes and the DR consensus sequences, we
subtyped all CRISPR-Cas systems by CRISPRCasTyper
(Russel et al. 2020). Overall, we classified 334 systems as
five different types and 14 distinct subtypes, whereas 158
systems remained unclassified (Tables S11 and S12).
Spacers that match foreign prokaryotic genomes came
from arrays assigned to 12 different subtypes, however a
substantial number of these spacers (54% in GB and
28% in WB) came from unsubtyped arrays. We observed
a significant difference in the distribution of prokaryote-
targeting spacers and non-targeting spacers across
CRISPR subtypes in both environments (approximated
Fisher's exact P-value=1e-05 in GB and WB). Multiple
subtypes showed significant enrichment in prokaryote-
targeting spacers, such as subtype I-C in GB, as well as sub-
types I-F, II-C, llI-A, 1lI-B, and IV-A in WB (Fisher’s exact test;
for adjusted P-values per subtype see Fig. S6). Interestingly,
we observed a significant depletion of prokaryote-targeting
spacers in subtype I-B in WB, unlike in the case of Ca.
Altiarchaea which targets its episymbiont primarily via
type |-B systems (Esser et al. 2023). Further, prokaryote-
targeting spacers were significantly depleted in subtype
I-E arrays in both environments (Fig. S6). Thus, our findings
demonstrate that prokaryote-targeting spacers are asso-
ciated with several CRISPR subtypes, with distinct patterns
of preference for both environments investigated herein.

Conclusion

CRISPR-Cas systems in mixed populations confer adaptive
immunity of their host against MGEs, regulate gene expres-
sion (Jonesetal. 2012; Sampson et al. 2013) and potentially
control strain diversification (Stachler et al. 2017). While
analyses of publicly available genomes revealed targeting
of other prokaryotic genomes (Shmakov et al. 2017), we
here show that archaea and bacteria also acquire spacers
matching other prokaryotic genomes from the same envir-
onment. Correlation-based analyses demonstrate that mul-
tiple factors can determine the acquisition of CRISPR
spacers from foreign prokaryotic DNA, including the rela-
tive abundance of the matched genome in the metage-
nomic sample. While the true reasoning for the spacer
acquisition has not been revealed, our analyses demon-
strate an additional source of protospacers in metagenomic
nucleic acids, which contribute to the overall spacer diver-
sity. At least in our samples, these can be up to three times
greater than self-targeting, suggesting an explanation for a
fraction of the so far uncharacterized spacers in public da-
tabases (Shmakov et al. 2017).
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