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ABSTRACT

CRISPR-Cas adaptive immune systems are used by
prokaryotes to defend against invaders like viruses
and other mobile genetic elements. Inmune mem-
ories are stored in the form of ‘spacers’ which are
short DNA sequences that are captured from in-
vaders and added to the CRISPR array during a pro-
cess called ‘adaptation’. Spacers are transcribed and
the resulting CRISPR (cr)RNAs assemble with differ-
ent Cas proteins to form effector complexes that rec-
ognize matching nucleic acid and destroy it (‘inter-
ference’). Adaptation can be ‘naive’, i.e. independent
of any existing spacer matches, or it can be ‘primed’,
i.e. spurred by the crRNA-mediated detection of a
complete or partial match to an invader sequence.
Here we show that primed adaptation occurs in Pyro-
coccus furiosus. Although P. furiosus has three dis-
tinct CRISPR-Cas interference systems (I-B, I-A and
llI-B), only the I-B system and Cas3 were necessary
for priming. Cas4, which is important for selection
and processing of new spacers in naive adaptation,
was also essential for priming. Loss of either the I-
B effector proteins or Cas3 reduced naive adapta-
tion. However, when Cas3 and all crBNP genes were
deleted, uptake of correctly processed spacers was
observed, indicating that none of these interference
proteins are necessary for naive adaptation.

INTRODUCTION

CRISPR-Cas (clustered regularly interspaced short palin-
dromic repeats and CRISPR-associated genes) systems pro-
vide adaptive immunity in bacteria and archaea. The sys-
tems store sequence information about potentially dele-
terious viruses and other mobile genetic elements in the
CRISPR array (1) and use that stored information to carry

out targeted, sequence-specific degradation of DNA or
RNA, depending upon CRISPR type (2-8). CRISPR-Cas
systems are diverse and have been classified into two classes,
six distinct types (I-VI), and at least 30 subtypes (9), but
certain characteristics are shared. All CRISPR arrays con-
tain a series of direct repeats separated by short sequences
called ‘spacers’ which match DNA from previously encoun-
tered invaders (10,11). An upstream leader sequence reg-
ulates transcription of the array and also mediates addi-
tion of new spacers (12-14). In addition to the CRISPR
array, there are typically multiple nearby genes encoding
CRISPR-associated (Cas) proteins, including effector nu-
cleases capable of destroying target nucleic acid. After tran-
scription, CRISPR array RNAs are processed into short
guide RNAs (crRNAs) which associate with Cas nucleases
to form a crRNA-guided effector complex (referred to as
the crRNP effector complex here) (15,16). Base pairing be-
tween the crRINA and the target site (called the protospacer)
allows for sequence-specific recognition of DNA or RNA
(depending upon the CRISPR system type). For DNA-
targeting CRISPR systems, if the target has an activating se-
quence motif present (called the Protospacer Adjacent Mo-
tif or PAM) then the complex degrades the target nucleic
acid and silences the invader (i.e. carries out interference)
(17-19).

New immune memories are formed when short fragments
of DNA are taken from invading genetic elements, pro-
cessed, and integrated into CRISPR arrays as new spacers
(a process termed adaptation) (20-22). If no spacers match
the invading genetic element, new spacer uptake is termed
naive adaptation. Adaptation can also be ‘primed’, which
occurs when an existing spacer matches or partially matches
the invader DNA. In this scenario, when the crRNP effec-
tor complex recognizes this match, it stimulates new spacer
uptake using DNA in the vicinity of the protospacer target
(23,24). Efficient interference usually requires a canonical
PAM and high identity between the crRNA and the proto-
spacer, particularly in the ‘seed’ region, which lies adjacent
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to the PAM in type I and type II systems (25-27). However,
primed adaptation can tolerate mismatches in the target or a
non-consensus PAM (23-24,28-32) so mutations that might
normally allow a target to escape CRISPR immune defence
will still leave it vulnerable to interference once priming has
updated the CRISPR array.

While mechanistic details are still emerging, some key
components of adaptation have been identified, particu-
larly for bacterial systems. Casl and Cas2 proteins, which
are present in almost all active CRISPR-Cas systems de-
scribed to date, are necessary for both naive and primed
adaptation. In Escherichia coli, the Cas1-Cas2 complex is
required for recognizing PAMs, processing protospacers to
the proper size, and integrating them into the CRISPR ar-
ray (33-35). In vitro, Casl and Cas2 are sufficient to inte-
grate a pre-spacer (DNA fragment with free 3'-OH ends)
into plasmid DNA containing a CRISPR array (36). In vivo,
numerous other proteins play a role in generating, process-
ing and integrating new spacers. For example, IHF (Inte-
gration host factor) is essential for directing integration at
the leader-proximal repeat for I-E and I-F systems (37-39).
Additionally, spacer acquisition primarily occurs at sites of
double-stranded breaks, like those that form at stalled DNA
replication forks (40). As the RecBCD DNA repair com-
plex resolves the stalled replication fork, it creates break-
down products, which are incorporated into the Cas1-Cas2
adaptation complex and converted into new spacers (40).
Consequently, RecBCD influences which spacers are cap-
tured even though it is not an essential part of the adapta-
tion complex.

As adaptation is investigated in a wider range of
CRISPR-Cas systems and species, the list of factors in-
volved in adaptation expands. In some Type I-F systems,
Cas2 is fused with Cas3 (41-43), a nuclease recruited in
trans by most type I Cas-crRNA complexes after target
recognition (44-48). The Cas2-Cas3 fusion protein forms
a complex with Casl and together they direct the recogni-
tion of protospacer PAMs, process spacers, and integrate
them into the array (37). In the type I-E system in E. coli,
Cas3 is not fused to Cas2, but was still found to play a key
role in primed adaptation by providing Casl and Cas2 with
partially double-stranded DNA fragments that are suitable
for conversion into new spacers (23,49). In some systems,
Cas4 is essential for PAM recognition, spacer processing
and proper spacer integration; adaptation can occur with-
out Cas4 in these systems, but new spacers are likely to be
mis-sized, misoriented and derived from DNA fragments
lacking a PAM and therefore non-functional (50-54). Sev-
eral studies have also shown that the crRNP effector com-
plexes can be involved in adaptation. With primed adapta-
tion, it is not surprising that at least some elements of the
crRNA effector complex are needed, since target recogni-
tion underlies priming. Evidence from some systems sug-
gests that the effector complex also influences naive adap-
tation. For example, the type I-F Csy effector complex in
Pseudomonas aeruginosa and the type I1-A effector nuclease
Cas9 in Streptococcus thermophilus and Streptococcus pyo-
genes are essential for efficient adaptation (55-57). These
various examples all suggest a complex interplay between
adaptation, interference and other non-CRISPR cellular
processes, but details and mechanism remain unclear.
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Primed adaptation has been reported in at least four dif-
ferent type I systems: the type I-B in Haloarcula hispanica,
the type I-C in Legionella pneumophila, the type I-E in E.
coli, the type I-F of Pectobacterium atrosepticum (23-24,28—
30,58) and was very recently reported in a Type I1-A system
(59). Much progress has been made in understanding how
the crRNA effector complex couples with the adaptation
machinery to produce priming for Type I systems. Priming
requires the nuclease Cas3 and the immune effector com-
plex, in addition to Casl and Cas2 (23,30,56). All of these
components (effector complex, Cas3, Casl/Cas2) can asso-
ciate with one another in the presence of target DNA and
can then translocate along the DNA together (or reel DNA
toward the effector complex), potentially allowing for the
simultaneous production and uptake of new spacers from
DNA flanking a target (60,61). As noted above, there is evi-
dence that DNA fragments produced by Cas3 during target
interference can be preferentially captured by Casl/Cas2
for conversion into new spacers (31,49).

We previously described robust spacer acquisition in
the hyperthermophilic archean, Pyrococcus furiosus (53,62—
63). Like many other organisms, P. furiosus harbors more
than one CRISPR-Cas system. The P. furiosus CRISPR-
Cas suite includes Type I-A (Csa) and Type I-B (Cst) sys-
tems that mediate crRNA-guided cleavage of DNA (44—
45,64), and the Type III-B (Cmr) system that carries out
cleavage of RNA and transcript-dependent DNA degrada-
tion (5,7,65). The type I-B system in P._furiosus was formerly
referred to as Cst (66), later classified as I-G (67), but is
now considered a I-B in the current classification (9). The
P. furiosus genome contains seven shared CRISPR loci, a
single CRISPR RNA processing enzyme gene and one set
of adaptation genes (68). Genes of I-B and III-B effector
complexes are encoded at one locus together with the cas/,
cas2 and cas4-1 adaptation genes and the cas6 gene encod-
ing the crRNA processing endonuclease. The Type I-A gene
locus is isolated with no associated adaptation genes. The
other adaptation gene, cas4-2, is in an isolated locus and is
not associated with any other cas genes. In P, furiosus, Casl,
Cas2, Cas4-1 and Cas4-2 proteins are required for acquisi-
tion of functional spacers and overexpression of these four
proteins elevates adaptation (53,62-63). Here, we show that
primed adaptation occurs in P. furiosus and is dependent
on Cas3 and the Type I-B effector complex. Priming oc-
curred both when there was a perfect protospacer target and
when the target had a non-canonical PAM or mismatches
in the seed region. In contrast to some other systems (55—
57), we found that naive adaptation of functional, correctly
processed spacers in P, furiosus did not require any immune
effector genes, but could be inhibited by loss of either Cas3
or the I-B effector complex, suggesting that these gene prod-
ucts interact, directly or indirectly, with Casl and Cas2 and
influence adaptation in an interference-independent man-
ner.

MATERIALS AND METHODS
P. furiosus strains and growth conditions

The strains used in this study are listed in Supplementary
Table S1. Pyrococcus furiosus strains were grown anaero-
bically at 95°C in a defined medium with cellobiose as the
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carbon source (69). Cultures were grown either overnight
in anaerobic culture bottles or for 65 h on medium so-
lidified with 1% wt/vol Gelrite (Research Product Inter-
national). For growth of uracil auxotrophic strains, the
defined medium contained 20 pwM uracil. For growth of
strains transformed with plasmids with 7rpA B, the defined
medium lacked tryptophan. Plasmid transformation was
performed as described previously (69). All assays were per-
formed with three replicates.

Plasmid construction

Plasmids were constructed by standard cloning techniques.
The sequences of DNA oligonucleotides used in this study
are shown in Supplementary Table S2 and plasmids are
shown in Supplementary Table S3. To generate target plas-
mids, oligonucleotides were annealed and then digested by
BamHI and Ndel. To construct plasmids with genome in-
tegration cassettes (pMS030 and pMS088), homologous
regions were amplified from P furiosus JFW02 genome
and gdh-promoter-pyrF was amplified from pJFW18 plas-
mid. The amplified products were assembled by over-
lap polymerase chain reaction (PCR) and ligated into
pHSG298 plasmid using GENEART seamless cloning kit
(Thermo Fisher). To construct overexpression cassettes,
Casl, Cas2, Cas4-1, Cas4-2 and Cas3 coding regions and
promoter regions were amplified from the P. furiosus wild-
type (WT) genome and the Thermococcus kodakarensis
(Tko) WT genome. The amplified products were assem-
bled by overlap PCR and ligated with pJE47 plasmid
(Casl, Cas2, Cas4-1, Cas4-2 overexpression cassette: Tko
csg promoter-Cas2 (PF1117), Tko gdh promoter-Cas4-2
(PF1793), slp promoter-Cas4-1 (PF1119), PRP synthetase
promoter-Casl (PF1118)) or pJE64 (Cas3 overexpression
cassette: Tko ¢sg promoter-Cas3 (PF1120)), respectively.
Overexpression cassettes were digested by Notl and EcoRV
and ligated with pMS030 or pMS088 to yield genome in-
tegration plasmids. HD nuclease and helicase active sites
of Cas3 (Supplementary Figure S1) were mutagenized via
QuikChange PCR using pMS098 plasmid as the template.
The plasmids were sequenced to confirm insert sequence.

Strain construction

To create Casl/Cas2/Cas4-1 overexpression strains and the
Cas4-1 deletion strain, Nrul-linearized pMS032 or pMS087
plasmids were transformed into TPF17. Plasmids are listed
in Supplementary Table S3. Two rounds of colony purifica-
tion were performed by plating 10~3 dilutions of transfor-
mant cultures onto selective plate medium (without uracil)
and picking isolated colonies into selective liquid medium.
Following marker replacement of the region of interest, 5-
FOA, a toxic pyrF substrate, was used to select for cells
that underwent pop-out of the pyrF marker by homolo-
gous recombination. The Casl/Cas2/Cas4-1/Cas4-2 dele-
tion strain (Aad) and ACas4-2 strain were created using
the pop-out marker replacement strategy as described previ-
ously (70). The transformed PCR products were generated
by overlap PCR. The sequence of DNA oligonucleotides
used is shown in Supplementary Table S2.

Plasmid interference assays

Defined liquid media cultures of P. furiosus were allowed
to grow overnight at 90°C for ~16 h (mid-to-late log phase
of growth). In acrobic conditions, 200 ng of ecither the no
target control plasmid or target plasmid (containing a pro-
tospacer matching the 7.01 crRNA) were transformed into
100 wl of an overnight culture and incubated at room tem-
perature for 15 min to 1 h. These transformations were
split and plated onto three solid defined media plates lack-
ing uracil (to select for the transformed plasmid). The
plates were anaerobically sealed in chambers and incu-
bated at 90°C for 3 days. Colony growth was observed and
counted.

Adaptation assay and high throughput sequencing of ex-
panded array PCR products

Transformations, colony growth and preparation of adap-
tation amplicon libraries were done as previously described
(63). Briefly, genomic DNA was isolated from P furio-
sus cells from 1 ml of overnight culture using the quick-
gDNA miniprep kit (Zymo Research) and CRISPR arrays
were amplified by PCR using a set of primers in which the
forward primer annealed within the leader region of the
CRISPR array and the reverse primer annealed to the ex-
isting spacer closest to the leader. Expanded PCR prod-
ucts were separated from unexpanded products by gel elec-
trophoresis followed by DNA recovery (Zymo Research).
PCR primers included an overhang corresponding to part
of the adapter necessary for [llumina sequencing; additional
PCRs were done to further select for expanded array prod-
ucts and to add Illumina barcodes. Final gel-purified am-
plicon libraries were pooled according to band intensity,
normalized according to concentration and number of sam-
ples represented in the pool and sequenced on an Illumina
MiSeq to yield 250 by 50 paired-end reads; the 250 base
read 1 sequences were used in this study. After sequencing,
samples were de-multiplexed by index and the sequence cor-
responding to a new spacer was extracted from each read.
Spacer sequences were then aligned and analysed, as pre-
viously described, to characterize spacer size distribution,
protospacer source, PAM and patterns of protospacer dis-
tribution along the genome and any plasmids used in the
assay (63).

Spacer density tracks

To make spacer density tracks, total spacer alignments were
used to generate base coverage files (bedtools, (71)), and
these were then displayed on a custom track hub on the
UCSC Genome Browser (https://genome.ucsc.edu/cgi-bin/
hgHubConnect). For the PAM density track, an alignment
file was generated in silico to include a single 37 bp proto-
spacer adjacent to each NGG PAM in the genome and plas-
mid. This alignment file was converted to a base coverage
file and displayed on the UCSC Genome Browser along-
side spacer density tracks. For both the PAM and spacer
density tracks, the ‘mean’ windowing option was applied to
bin coverage values for display.
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RESULTS
Adaptation is stimulated by plasmids with crRNA targets

We sought to determine if P furiosus undergoes primed
adaptation, and if so, what components mediate the process
(Figure 1). First, we assessed interference using a negative
control plasmid lacking a target sequence (no target) as well
as a plasmid with a target that corresponds to a transcribed
protospacer matching an endogenous crRNA (7.01; the first
crRNA from CRISPR locus 7). Variations of the 7.01 tar-
get were made with one, two, three or four mismatches in the
seed region (blue region highlighted in target, Figure 1A).
These plasmids were transformed into P furiosus JFWO02
strain (referred to as WT/wild-type in this paper) (Figure
1A). Transformed strains were then assessed for both in-
terference against the plasmid (Figure 1B) and adaptation
(Figure 1C). A perfect target (i.e. one with a canonical GGG
PAM and no mismatches between the 7.01 crRNA and the
protospacer) on the plasmid reduced transformation effi-
ciency by 1000-fold relative to the no target control plasmid,
indicating robust interference (Figure 1B). One or two mis-
matches in the target seed region partially restored trans-
formation efficiency while three and four consecutive mis-
matches returned transformation to the level observed for
the no target plasmid, indicating a loss of interference (Fig-
ure 1B). Adaptation was observed by PCR amplification of
the region between the leader and first spacer (63). If a new
spacer was added to the CRISPR array (i.e. the array had
been ‘expanded’), PCR yielded a larger product, which in-
cluded an additional spacer and repeat sequence (Figure
1C, * unexpanded, +1 expanded). Expanded CRISPR ar-
rays were observed in all samples after two rounds of PCR,
except the negative control strain (Aad) wherein the core
adaptation genes, casl, cas2, cas4-1 and cas4-2 had been
deleted (Figure 1C). We noted that the intensity of the ex-
panded band was relatively greater for the single and double
mismatch plasmids than for the no target plasmid, suggest-
ing the possibility of enhanced adaptation efficiency due to
priming.

Type I-B effector crRNP complex is required for primed
adaptation

Pyrococcus furiosus harbors three functional crRNP effec-
tor complexes (Type I-A (Csa), Type I-B (Cst) and Type I11-
B (Cmr)) that each utilize common crRNAs for their func-
tion (Figure 2A) (7,45,65,68). To examine whether these
immune effectors are involved in naive and primed adap-
tation in P. furiosus, we compared adaptation in the WT
strain with adaptation in strains having only a single effec-
tor complex (I-A strain, I-B strain and I1I-B strain) or no
effector complex (5,64). In each single effector strain, cas3
(Pfu 1120) was left intact so as not to perturb downstream
expression of casl, cas2 and cas4-1. Plasmids with either
no target (reflecting the case of naive adaptation) or the
two-mismatch target (exhibiting intermediate interference
levels (Figure 1B) and potentially supporting primed adap-
tation) were transformed into each of these single effector
strains, and interference and adaptation were assessed as in
Figure 1. Individual effector strains had interference levels
similar or identical to that observed for the WT strain con-
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taining all three systems, showing that each system is capa-
ble of supporting robust anti-plasmid interference (Figure
2B). As expected, the strain lacking all three effector com-
plexes (AcrRNP) showed no reduction in transformation
efficiency.

Expanded CRISPR arrays were observed in all strains
after three rounds of PCR (Figure 2C), indicating that no
one effector complex is strictly essential for naive adapta-
tion in P, furiosus. However, band intensity suggested that
adaptation was reduced in the absence of the I-B effec-
tor complex and enhanced when this complex was present
alone (Figure 2C), suggesting a role for the I-B module in
naive adaptation. To assess the relative adaptation efficiency
among strains, we also examined the number of unique
spacers in these samples. A single spacer uptake event in a
given cell could potentially be duplicated many times dur-
ing growth in culture and PCR amplification. We identi-
fied unique spacers by their unique alignments (position,
length, strand), collapsed all duplicates, and, given sufficient
sequencing depth, we used that unique count as a proxy for
the number of initial spacer uptake events in the original
culture. This approach also suggested lower relative levels
of adaptation in strains lacking I-B (Supplementary Fig-
ure S2). We did not anticipate that loss of the I-B effector
complex would reduce naive adaptation since physical in-
teractions between the I-B effector and the core adaptation
proteins (Casl, Cas2, Cas4-1 and Cas4-2) have not yet been
detected (45). To determine whether naive spacer acquisi-
tion could be rescued with by overexpression of casli, cas2,
cas4-1 and cas4-2, these four genes were overexpressed by
plasmid. Overexpression of casl, cas2, cas4-1 and cas4-2
returned adaptation levels to that of WT (Supplementary
Figure S2). The results suggest a potential role for the I-B
effector complex in naive adaptation.

In addition, the difference in band intensity between tar-
get and no target plasmid samples suggested that the I-B
effector complex was required for priming (Figure 2C). We
next characterized the source, distribution, size and flank-
ing sequences of new spacers acquired into the CRISPR ar-
rays for the strains shown in Figure 2. For all samples, in-
cluding those in which bands were faint or absent, we cut
from the gel at the position where expanded bands were
present or expected and sequenced all samples in parallel.
One hallmark of primed adaptation is an abundance of new
spacers arising from the vicinity of the target protospacer
(23-24,28-30,58). Since the protospacer target was located
on a plasmid, we expected an increase in the proportion
of plasmid-derived versus genome-derived new spacers for
target samples, particularly for the I-B strain, which had
shown a distinct increase in expanded band intensity when
the target plasmid (with two seed region mismatches) was
used (Figure 2C). When no target plasmids were used, fewer
than 5% of new spacers were plasmid-derived, consistent
with previous studies (53,63), but that rose to more than
80% when a target plasmid was used (Figure 3). New spac-
ers were preferentially selected from DNA surrounding the
target (Figure 3) and protospacers on the non-target strand
(i.e. the strand of protospacer DNA opposite to the strand
engaged in the crRNA base-paired interaction) were pref-
erentially located 3’ of the primed protospacer (PAM side),
while protospacers on the target strand were preferentially
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Figure 1. Mutations in the target DNA seed sequence affect interference and spacer uptake. (A) Experimental design for seed sequence mutants. A
‘Perfect Target’ plasmid was designed to contain a CRISPR target with 100% identity to spacer 7.01 of Pyrococcus furiosus and a canonical PAM (GGG).
Additional plasmids were made to contain between one and four mismatches in the seed region (seed region highlighted in blue, mutated nucleotides
indicated in red). (B) Transformation efficiency for target plasmids. A non-target plasmid and each of the five target plasmids were transformed into WT P.
furiosus and then assessed for colony forming units. Plots show mean colony forming units per pg of input DNA + SEM (n = 8), see Supplementary Table
S4 for individual data. (C) Analysis of adaptation in WT P, furiosus. The leader-adjacent region of CRISPR7 array was amplified by PCR. PCR products
corresponding to parental arrays (unexpanded) and arrays with one new repeat-spacer unit (expanded) are indicated with an asterisk and +1 respectively.
Lane Aad (right-most lane) corresponds to the negative control strain wherein the adaptation genes for Casl, Cas2, Cas4-1 and Cas4-2 have been deleted.

located 5’ of the primed protospacer (Figure 3). To confirm
that the pattern of spacer distribution followed the proto-
spacer target, the location and strand of the protospacer
was changed (Target plasmid, position 2); a similar distribu-
tion was observed, again centered on the protospacer (Fig-
ure 3).

The III-B only and I-A only strains do not appear to
support primed adaptation. The proportion of plasmid-
derived spacers did not increase using the target plasmid
(Supplementary Figure S3, left panel). Since there were very
few unique new spacers for these strains the spacer den-
sity tracks were too sparse to resolve distribution patterns
around the protospacer target, we overexpressed the adap-
tation genes (casl, cas2, cas4-1, cas4-2) to increase spacer
uptake. We were then able to characterize the source (Sup-
plementary Figure S3-A, right panel) and distribution of
spacers for target and no target plasmids (Supplementary
Figure S3B). These results also showed no evidence of prim-
ing. We noted a large cluster of protospacers on the right-
hand end of the linearized plasmid for both the III-B and
I-A strains that is independent of the target. This peak lies
directly over the double stranded origin of replication for
this rolling circle plasmid (Supplementary Figure S4). We
had previously identified this protospacer cluster and pro-
posed that it was due to DNA nicking by the Rep protein
(63).

Noncanonical PAM sequences support priming

It was reported that mutations in PAM and/or protospacer
sequence reduce interference but also stimulate primed
adaptation for I-E and I-F systems (24,26,28-30). We gen-

erated two target plasmids wherein the canonical 5'-GGG-
3’ PAM was mutated to either GAG and TGC, which were
both previously found to reduce but not eliminate interfer-
ence (64). These two plasmids were then transformed indi-
vidually into the I-B strain and interference and adaptation
were characterized as before. Consistent with previous find-
ings, the two PAM mutants reduced interference (Figure
4A). The GAG and TGC PAMs both maintained or en-
hanced primed adaptation, as indicated by band intensity
(Figure 4B), proportion of plasmid-derived spacers (Figure
4C) and the pattern of increased spacer density around the
target site (Figure 4D). We found that a perfect target (i.e.
a target with a canonical PAM (GGG) and no mismatches
between the crRNA and the protospacer) was also able to
stimulate priming (Figure 4B and D).

Cas3 is essential for primed adaptation

In Type I systems, protospacer recognition by the cr-
RNP effector complex leads to recruitment of the Cas3
nuclease/helicase for degradation of target DNA (3,46,72—
73). Cas3 can also be involved in adaptation, with reports
demonstrating that it is required for priming and that Cas3
degradation products can be used as new spacers (23,30—
31.49). To test whether Cas3 is also essential for primed
adaptation in P, furiosus, we analyzed adaptation in a Cas3
deletion mutant in the I-B only background. We confirmed
that Cas3 deletion in the I-B strain abolishes DNA inter-
ference (Figure 5A), as expected (64). When WT Cas3 was
reconstituted by plasmid expression, interference was res-
cued (Figure 5A). Cas3 nuclease activity is localized to the
HD domain and helicase activity to the SF2 helicase do-
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and expanded products with an asterisk and +1, respectively.

main (47,74). To test whether nuclease and helicase activ-
ities of Cas3 are both required for interference, we intro-
duced active site mutations at the HD nuclease motif or
the Walker B helicase motif, required for adenosine triphos-
phate binding and hydrolysis, into the plasmid-expressed
Cas3 (Supplementary Figure S1). Complete rescue of inter-
ference required both intact nuclease and helicase domains,
although some plasmid targeting was observed in the heli-
case mutant (Figure 5A). In naive and primed adaptation
assays, we noted that adaptation efficiency, as inferred from
gel band intensity (Figure 5B), was dramatically reduced in
the absence of Cas3 and there was no difference in inten-
sity between target and no target plasmid samples, imply-
ing that priming did not occur without Cas3. Overall band
intensity, along with the target/no target band intensity dif-
ferences, could be rescued with plasmid-expressed Cas3.
A nuclease-defective Cas3 mutant did not rescue adapta-
tion, while a helicase mutant partially restored expanded
band intensity but not the target/no target difference. We
sequenced new spacers to look for the increase in plasmid-
derived spacers for target samples that is indicative of prim-

ing and to determine unique spacer counts. The priming
phenotype and normal unique spacer counts were only
present when WT Cas3 was expressed (Figure 5C and Sup-
plementary Figure S2). Taken together, these results indi-
cate that Cas3 is essential for primed adaptation in the type
I-B system, and additionally has a strong influence on naive
adaptation.

While a role for Cas3 in primed adaptation was not sur-
prising, the effect on naive adaptation was not anticipated.
To help distinguish between a core role of Cas3 in spacer up-
take and a secondary modulatory role, we tested adaptation
in a ACas3 strain with the core adaptation overexpression
background (OE Casl, Cas2, Cas4-1, Cas4-2). As with the
single immune effector strains, adaptation efficiency in the
ACas3 strain was returned to WT-OE levels by Casl, Cas2,
Cas4-1 and Cas4-2 overexpression (Supplementary Table
S2). These findings suggest that Cas3 and immune effectors
are not central to the process of spacer processing and inte-
gration, but may influence availability of pre-spacers or may
interact with core adaptation proteins to influence their ac-
tivity.
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Casd4-1 is required for primed adaptation

Cas4 is one of the core Cas proteins and functions in spacer
acquisition for diverse CRISPR-Cas systems (75). It was re-
ported that Cas4 is required for primed adaptation in the
H. hispanica Type 1-B system (29) as well as a heterolo-
gous Type I-U system (76). Pyrococcus furiosus has two
Cas4 proteins, Cas-associated Cas4-1 (PF1119) and isolated
Cas4-2 (PF1793) (Figure 2A), and we recently reported that
both forms are involved in spacer processing and integra-
tion (53). To test whether either Cas4-1 or Cas4-2 is required
for primed adaptation, we generated Acas4-1, Acas4-2 and
Acas4-1/Acas4-2 strains in the I-B only background. Since
Cas4-1 and Cas4-2 deletion reduces adaptation efficiency
(53), we used strong promoters upstream of the core adapta-
tion genes (Casl, Cas2 and Cas4-1 or Cas4-2 if not deleted

in that strain) to drive overexpression. Overexpression in-
creases spacer uptake, allowing us to adequately charac-
terize the effect of Cas4 deletion on priming and previ-
ous work demonstrated that adaptation characteristics are
largely preserved in the Casl/Cas2/Cas4-1/Cas4-2 overex-
pression background (63). As with the WT strain, the OE
strain showed strong interference against a plasmid with
a perfect target and intermediate interference with a tar-
get bearing two mismatches in the seed region (Figure 6A).
Deletion of one or both of the cas4 genes did not affect in-
terference (Figure 6A). Regarding adaptation, we examined
both the change in band intensity (Figure 6B) and the pro-
portion of plasmid-derived spacers (Figure 6C) for target
versus no target plasmid samples, and found that deletion
of cas4-1 eliminated the priming phenotype. We mapped
new spacers to the plasmid reference sequence and com-
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Figure 5. Adaptation in Cas3 nuclease and helicase mutant strains. (A) Plot of transformation efficiency for target and no target plasmids into I-B ACas3
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HD domain (H53A/D54A) or the helicase active site (D369A), see Supplementary Figure S1. Mean colony forming units are plotted + SEM, (n = 6), see
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expanded arrays were aligned to both the Pyrococcus furiosus genome and the plasmid used in the assay. The percentage of spacers aligning to the target
plasmid (blue), OE plasmid (green) and the genome (orange) are shown. Pooled data from four experiments are presented (CRISPRS5 and CRISPR7, two

replicates each).

pared their distributions for the target versus no target plas-
mids; comparisons revealed that the distribution of spacers
shifted toward the protospacer when Cas4-1 was present (I-
B and Acas4-2 strains) but not when it was absent (Acas4-1
and Acas4-1/Acas4-2 strains) (Supplementary Figure S95).
As with the ITI-B and I-A only strains, a protospacer peak
coinciding with the double stranded origin of rolling circle
replication was observed for all strains, except when there
was priming (Supplementary Figures S4 and 5).

We noted that the shift of spacers to the target site was
not as clear in the Acas4-2 strain as in the OE strain. Spac-
ers were clustered around the protospacer position, but
the strand bias that was normally associated with prim-
ing was absent, and this may be due to a defect in ori-
entation during spacer integration. We previously showed
that Cas4-1 defines the PAM for new spacers, Cas4-2 is
critical for maintaining PAM-directional orientation dur-
ing integration, and both Cas4-1 and Cas4-2 are important
for processing new spacers to the correct length (53). In
the I-B background with and without a priming target, we
also found that Cas4-1 and Cas4-2 are necessary for PAM

definition, spacer orientation (Supplementary Figure S5)
and spacer size (average size 44 and 43 bp for the Acas4-
1/Acas4-2 strain with and without the priming target, re-
spectively). In the Acas4-2 strain, strand information is lost
when new spacers are integrated in random orientation, so
strand biases would not be apparent, even if all other as-
pects of priming were preserved. Together the results in-
dicate that only P. furiosus Cas4-1 is necessary for primed
adaptation.

Naive spacer uptake does not require Cas3 or any immune
effector complex

Taken together, our experiments showed that Cas3 and the
I-B effector complex were not only necessary for primed
adaptation, but also appeared to positively influence naive
spacer uptake. Band intensity indicated that adaptation was
reduced when Cas3 and I-B were deleted, and although
bands were visible after three rounds of PCR, sequenc-
ing showed that those bands corresponded to a very small
number of new, unique spacers, implying few spacer up-
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take events (Supplementary Figure S2). However, when
core adaptation proteins (Casl, Cas2, Cas4-1, Cas4-2) were
overexpressed in either the ACas3 strain or a strain lack-
ing all immune effector genes, including I-B, (called the
AcrRNP strain), adaptation efficiency was returned to a
level similar to the WT OE samples (Supplementary Fig-
ure S2), suggesting that Cas3 and the I-B effector are not
strictly necessary for adaptation. Instead, they may influ-
ence adaptation by interacting, directly or indirectly, with
Casl, Cas2, or Cas4-1 components.

We next evaluated adaptation in a strain in which cas3
and genes of all the three immune effectors (I-A, I-B and
I11-B) were deleted (AcrRNP/ACas3) (Figure 7). Surpris-
ingly, band intensity suggested that spacer uptake levels
were higher in the AcrRNP/ACas3 strain as compared to
the individual strains ACas3 and AcrRNP (Figure 7A). We
characterized the new spacers in the AcrRNP/ACas3 strain
and found that they were functionally similar to WT spac-
ers in that they were typical in size (37 bp; Figure 7B) and
had the correct, 5-NGG-3' PAM sequence (Figure 7C).
The unique spacer counts for the AcrRNP/ACas3 strain
were not statistically different from WT (Supplementary
Figure S2), in agreement with the similar band intensities.
These results implied that cas3 and immune effector genes
are dispensable for normal naive adaptation. However, both
Cas3 and crRNP immune effectors were essential for prim-
ing, consistent with our other results presented here. With-
out cas3 and crRNP genes, the number of plasmid-derived
spacers actually decreased for a target plasmid (Figure 7D).
While new spacers from the AcrRNP/ACas3 strain closely
resembled those of the WT strain (Figure 7B and C), we
did note that the spacer distribution patterns differed. The
AcrRNP/ACas3 strain appeared to lose most of the spacer-
uptake hotspots (regions with a high density of protospac-
ers that exceeds what would be expected based on PAM fre-

quency alone) that we had previously identified for P. furio-
sus (63), with the exception of transposons (Supplementary
Figure S6) and rolling circle plasmid origin of replication
(Supplementary Figure S4). Based on these observations,
we speculate that Cas3 and the effector complexes play
a role in generating, processing, or recruiting pre-spacer
DNA.

DISCUSSION

Here, we have characterized both primed and interference-
independent adaptation for P. furiosus. Like many other
bacteria and archaea, P, furiosus has multiple CRISPR sys-
tems, but unlike other CRISPR-bearing organisms, there is
functional overlap among the three CRISPR effector com-
plexes (I-A, I-B and III-B) of this organism in that crRNAs
from any of the seven CRISPR arrays can associate and
function with any of the three effector complexes (45). Our
results show that of the three crRNP effector complexes,
only I-B participates in priming, with Cas3 and the adapta-
tion proteins Casl, Cas2 and Cas4-1 also playing essential
roles. However, once these primed spacers are incorporated
into an array, they would then be available for defense via
I-A, I-B or 11I-B mediated interference.

One hypothesis for evolution of both primed adaptation
and the existence of multiple CRISPR systems within a sin-
gle host is that they provide backup in the face of viral
counter-defenses. Mutations in either the PAM sequence or
the protospacer can reduce or prevent interference and al-
low a virus to escape CRISPR-mediated targeting (Figures
1 and 3) and (17,23,25-27). By updating the CRISPR ar-
ray when a partial match is detected, priming can overcome
the viral escape mutations. Additionally, some CRISPR
systems appear more tolerant of point mutations and can
therefore limit escape (77). For example, horizontal trans-
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Figure 7. Adaptation in the absence of crRNPs and Cas3. (A) Analysis of
adaptation. The leader-adjacent region of CRISPRS was amplified; PCR
products corresponding to unexpanded and expanded arrays are indicated
with an asterisk and +1, respectively. Band intensity suggested that adap-
tation was equally efficient in the AcrRNP/ACas3 strain as in WT; ex-
panded arrays were sequenced and new spacers were characterized. (B)
Bubble plots show size distributions for all uniquely aligned new spacers
from sequenced gel bands. Distributions show pooled data from CRISPRS
and CRISPR7 experiments, with a total of nine replicates for WT and
15 replicates for AcrRNP/ACas3. (C) Consensus upstream and down-
stream sequences for all uniquely aligned new spacers. A canonical up-
stream NGG PAM is observed for both WT and AcrRNP/ACas3. (D)
Percentage of plasmid-aligned spacers in the WT and AcrRNP/ACas3
strains when transformed with either a no target plasmid or a plasmid with
two mismatches in the target seed region. The percentage of spacers align-
ing to the target plasmid (blue), and the genome (orange) are shown. Data
from CRISPRS5 and CRISPR7 experiments are pooled; between six and
13 replicates were included for each treatment.

fer of type III-B systems into Marinomonas mediterranea
strains that already contain a type I-F system appears to
broaden targeting capabilities because the relatively promis-
cuous type III-B system can use I-F crRNAs in defense (78).
Viruses can also resist interference through encoding anti-
CRISPR proteins, which are usually small proteins that
work by binding and disrupting activity of Cas proteins in-
volved in one or more steps of immunity (79-82). Multi-
ple co-existing CRISPR-Cas systems likely provide a way to
resist anti-CRISPRs, since divergent cas genes and mecha-
nisms make it unlikely that any single anti-CRISPR can in-
activate all forms of interference. In P. furiosus, priming is
carried out by the I-B effector complex and then shared with
the functionally distinct I-A and I11-B complexes, so the two
avenues for backup defence against evolving viruses are es-
sentially intermingled, potentially strengthening the whole
suite to provide robust immunity.

The balance of intermingled defense systems may have
some drawbacks. A given crRNA that is produced in P, fu-
riosus is shunted into one of the three systems (45). Since
only the I-B system can prime, crRNAs shunted to the I-
A or III-B complexes are lost opportunities for priming.
This dilution is likely why priming in our data is so much
more apparent for the I-B only strain as compared to WT
(Figure 2). Combining the unique capabilities from differ-
ent systems, for example broad PAM tolerance in the I11-B
combined with priming in the I-B, may come at a cost to
their individual contributions and may set an upper limit
on the number of co-existing CRISPR system:s.

Cas3 and I-B effector crRNP influence adaptation

When Cas3 or the I-B effector complex were deleted indi-
vidually, we observed a dramatic decrease in band intensity
for expanded array PCR products and a large drop in the
number of unique new spacers relative to the WT P, furio-
sus, implying that there were very few adaptation events in
the cultures (Figure 2 and Supplementary Figure S2). These
findings suggested that both Cas3 and the I-B crRNP ef-
fector complex could be involved in adaptation. However,
when we combined these individual deletions with overex-
pression of the core adaptation genes (cas!, cas2, cas4-1,
cas4-2), spacer uptake returned to levels comparable to the
WT strain with adaptation gene overexpression (Supple-
mentary Figure S2). This showed that the effects of Cas3
and [-B crRNP on adaptation were experimentally condi-
tional, and perhaps indirect. When both cas3 and genes of
the three (I-B, I-A and III-B) crRNP effector complexes
were deleted, we saw that the intensity of the expanded ar-
ray PCR band was comparable to WT, the counts of new
unique spacers were similar to WT and the characteristics
of the new unique spacers (PAM and size distribution) were
also the same as in the WT strain (Figure 7 and Supplemen-
tary Figure S2). While the loss of either the effector com-
plexes or Cas3 could inhibit adaptation, when both were
lost, adaptation returned to normal (Figure 8). One possi-
ble explanation is that there are physical interactions among
the adaptation proteins, Cas3 and the I-B complex and that
these interactions can influence naive adaptation in addi-
tion to primed. This would be consistent with observations
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from multiple recent studies. For example, the natural fu-
sion of Cas2 and Cas3 into a single protein in the type I-F
system implies that an important functional coupling exists
for the two proteins, that are normally part of adaptation
(Cas2) and downstream interference (Cas3) pathways. The
Cas2/3 fusion protein forms a complex with Casl to carry
out adaptation (37,83), and also interacts with the I-F (Csy)
crRNP effector complex to carry out interference (43). In
vitro experiments revealed that Casl and I-F crRNPs are
opposing regulators of Cas2/3 nuclease activity, with Casl
reducing the ability of Cas2/3 to degrade target DNA and I-

F crRNPs reversing that inhibition (43). Interference-driven
adaptation is the primary source of new type I-F spacers
detected in spacer uptake assays (84), and the patterns of
naturally occurring spacers in type I-F systems suggests
widespread priming (85). This is consistent with this fu-
sion and close coupling between interference and adapta-
tion proteins (43,84). However, naive adaptation also oc-
curs, albeit at a lower level (56,84), so functional coupling
between adaptation and interference proteins may be im-
portant beyond a role in supplying Casl with interference-
generated DNA fragments.
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Evidence for interactions between crRNP effector com-
plexes and adaptation complexes also appears in systems
without fused Cas2/Cas3 proteins. In type I-E systems from
both Thermobifida fusca and E. coli, Cas3, the I-E effec-
tor crRNP complex and the Casl/Cas2 complex all co-
assemble on target DNA and can translocate together along
that DNA (60,61). Each component (Cas3, Casl/Cas2 and
crRNP effector complex) can modify target DNA binding
affinity and activity of the others (60,61). Even in the ab-
sence of a protospacer target, which would be the context
for naive adaptation, the effector crRNP can interact with
Casl/Cas2, but this interaction is modulated by Cas3 (60).
Extending these observations to our results, we speculate
that, individually, Cas3 and the effector complexes can in-
teract with Casl/Cas2 (likely in complex with the two Cas4
proteins) in a way that inhibits Casl/Cas2 spacer uptake,
but when they are both present, the interaction between
Cas3 and the crRNP with Casl/Cas2 is modified and no
longer inhibitory (Figure 8). Interactions between the ef-
fector complex and the adaptation complex could mean
that adaptation is always poised and ready for priming, and
could also act to constrain the adaptation complex and pro-
tect the cell from the potential for damage posed by free-
roaming Cas4 nucleases.

Another potential explanation for the conditional effects
of Cas3 and the I-B effector complex on adaptation is that
these proteins influence the upstream process of pre-spacer
generation. It is clear that Cas3 is essential for priming
(Figure 5, (23,29,56)) and that the DNA fragments pro-
duced by Cas3 during interference are suitable material
for generating functional pre-spacers (49). In P. furiosus,
Cas3 may also help produce nicked or unwound DNA in a
protospacer-independent manner. In vitro, the I-F Cas2/3
fusion protein could cleave DNA bubbles, which mimic R-
loops, even in the absence of a crRNA (43). Casl largely, but
not entirely, abolished this activity unless a target-bound
I-F crRNP complex was also added (43). Cas3 has been
demonstrated to possess both nuclease and helicase activ-
ity in vitro when partially duplex DNA or RNA and DNA
are provided (47,86). Cas3 also appears to regulate repli-
cation of certain plasmids, potentially by affecting bind-
ing of the priming RNAs (87). We speculate that Cas3
may also cleave endogenous, crRNA-independent R-loops
in vivo in P. furiosus, perhaps at a low level, and that these
events may help Casl/Cas2/Cas4-1/Cas4-2 to convert the
nicked DNA into new spacers. We previously noted that
highly sampled genomic or invader DNA protospacers (i.e.
protospacer hotspots) in P. furiosus mapped to DNA loci
where R-loops, single-stranded (ss) DNA intermediates, or
nicked or broken DNA are expected (63). If Cas3 con-
tributes to R-loop nicking and unwinding of nicked DNA,
it would be consistent with our observation that some pro-
tospacer hotspots are lost for the ACas3/AcrRNP strain.
For those protospacer hotspots that remain when Cas3 is
absent, namely the relatively narrow hotspots around trans-
posons and the double stranded origin of replication of a
rolling circle plasmid (Supplementary Figures S4 and 6),
the activity of Cas3 may be dispensable since transposases
and replication proteins can carry out, or recruit factors to
carry out, their own nicking and DNA unwinding/melting
(88,89).

Cas4-1 participates in primed adaptation

Cas4 is one of the core adaptation proteins in many
CRISPR-Cas systems (75), a role supported by several
lines of evidence: the frequent close proximity of the cas/,
cas2 and cas4 genes, the existence of a Casl/Cas4 fusion
gene, and recent functional data (50-53,76,90). We previ-
ously showed that both of the cas4 genes in P. furiosus,
cas4-1 and cas4-2, are necessary for integration of PAM-
proximal, correctly sized and correctly oriented spacers
(53). In our current study, we find that Cas4-1, but not Cas4-
2, is also critical for priming. How might this occur? Struc-
tural work has shown that Cas4 forms a complex with Casl
and Cas2 in the presence of duplex or partially duplex DNA
(90). These structures, together with functional data, led
to a model wherein Cas4, Casl and Cas2 come together
around dsDNA in a 1:4:2 ratio, Cas4 sequesters 3’ over-
hangs on that DNA unless and until it detects a PAM in the
overhang, Cas4 cleaves the ssDNA precisely at the PAM,
then passes off the newly PAM-cleaved DNA end to the
Casl integrase active site for integration into the CRISPR
array (90). In the cleavage data used to generate this model,
Cas4 only cleaved ssDNA, and so another, unidentified nu-
clease is presumed to unwind DNA to generate the ssDNA
that Cas4 then processes. In our system, we speculate that
Cas3 generates some of these Cas4 substrates in the course
of interference and makes them readily available to Cas4
through their common interactions with Casl and Cas2
(Figure 8). In the Cas4-1 deletion strain, Cas3 may unwind
dsDNA but Cas4-1 is not available to efficiently cleave the
ssDNA and transfer the product to Casl, and so a chain of
events that promotes primed adaptation is disrupted.

Cas3 3'-5’ DNA reeling is consistent with the observed non-
target strand bias

When the crRNP effector complex interacts with proto-
spacer target DNA, this results in an R-loop structure
wherein the crRNA is base-paired with the target strand
while the other strand (non-target strand) is displaced and
is unpaired (Figure 8B). We observed that about half of all
new spacers arising from the target plasmids during primed
adaptation, were from the non-target (displaced) strand of
the plasmid, on the PAM-side of the protospacer (Figures
3,4D and 8E). We believe this strand bias is consistent with
data (61,91) on how Cas3 reels and unwinds DNA in the 3
to 5" direction (Figure 8B and C). Once recruited to a target-
engaged effector complex, Cas3 carries out an endonucle-
olytic nick of the displaced DNA strand and can unwind
DNA on the non-target strand, moving away from the PAM
and producing stretches of single-stranded (ss)DNA (61).
Casl and Cas2 can also assemble with Cas3 at the target-
engaged effector complex in these systems, and may even
promote Cas3 recruitment (61). Extending these observa-
tions to P. furiosus, we could expect that Cas4-1 and Cas4-2,
together with Casl and Cas2, would localize to the target-
engaged Cas3 and I-B crRNP effector complex (Figure 8C).
We speculate that Cas3 unwinds DNA and periodically
makes endonucleolytic cuts on the non-target DNA strand,
thereby producing multiple ssDNA fragments, which then
re-anneal with the target DNA strand (49). These products
could act as suitable material for the adaptation complex,



with Cas4-1 and Cas4-2 (or possibly Casl) carrying out en-
donucleolytic cleavage of the target strand and exonucle-
olytic trimming to yield a partially double stranded pre-
spacer with NGG (PAM) and AT overhangs (Figure 8C).
The pre-spacers would then be ready for integration into the
CRISPR array (Figure 8D). We also noted a tapered peak
of spacers on the PAM-distal target strand, though it was
not as prominent as the PAM-adjacent peak (Figures 3, 4D
and 8E). A previous report indicated that when Casl and
Cas?2 are recruited to a mutant PAM target, they permitted
Cas3 to translocate in either direction away from the target-
engaged protospacer (61). The secondary peak we observe
may reflect a similar bi-directional movement during prim-
ing (Figure 8C and E) but the details of pre-spacer genera-
tion are unclear.

We observed the same pattern of spacer distribution for
plasmids with a canonical versus non-canonical PAM by
the protospacer, even though interference was reduced by
about two orders of magnitude in the non-canonical PAM
samples. If Cas3 underlies this protospacer pattern, it would
appear that it is still recruited to the non-canonical PAM
target. This would be in agreement with recent studies,
which found that Cas3 was recruited to the interference
complex both in the presence and absence of a typical PAM
(32,61). These studies presented evidence for distinct PAM-
dependent versus PAM-independent conformations in the
interference complex; our data and recent work by others
(92,93) suggest that if there are two conformations, they
must both support Cas3-dependent priming.

Our work highlights the modular-yet-interconnected na-
ture of CRISPR-Cas systems. Although the adaptation
complex could function alone, i.e. functionally competent
spacers could be efficiently acquired in the absence of Cas3
and all immune effector genes (Figure 8), spacer uptake
was clearly influenced by the interference modules (Figures
2 and 5; Supplementary Figure S6), raising the interesting
possibility of physical interaction between the adaptation
and interference complexes. Moreover, while Cas3 has a
well-established role in crRNA-mediated interference, its ef-
fect on naive adaptation in P. furiosus suggested that it may
also facilitate the supply of spacers from non-target DNA,
through unknown mechanisms. Further work could help
provide a mechanistic explanation for the effect of Cas3
deletion on naive adaptation as well as lead to a detailed
molecular understanding of I-B mediated, primed adapta-
tion.
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