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ABSTRACT

Recent studies on CRISPR adaptation revealed that
priming is a major pathway of spacer acquisition, at
least for the most prevalent type | systems. Prim-
ing is guided by a CRISPR RNA which fully/partially
matches the invader DNA, but the plasticity of this
RNA guide has not yet been characterized. In this
study, we extensively modified the two conserved
handles of a priming crRNA in Haloarcula hispanica,
and altered the size of its central spacer part. Inter-
estingly, priming is insusceptible to the full deletion
of 3’ handle, which seriously impaired crRNA sta-
bility and interference effects. With 3’ handle dele-
tion, further truncation of 5 handle revealed that
its spacer-proximal 6 nucleotides could provide the
least conserved sequence required for priming. Sub-
sequent scanning mutation further identified critical
nucleotides within 5’ handle. Besides, priming was
also shown to tolerate a wider size variation of the
spacer part, compared to interference. These data
collectively illustrate the high tolerance of priming
to extensive structural/size variations of the crRNA
guide, which highlights the structural flexibility of
the crRNA-effector ribonucleoprotein complex. The
observed high priming effectiveness suggests that
primed adaptation promotes clearance of the fast-
replicating and ever-evolving viral DNA, by rapidly
and persistently multiplexing the interference path-
way.

INTRODUCTION

CRISPR-Cas provides adaptive immunity against diverse
foreign genetic elements in prokaryotes (1-4). CRISPR is
an array of direct DNA repeats interspaced by variable for-
eign DNA sequences termed spacers. Cas-encoding genes

are usually organized as an operon, and physically associ-
ated with CRISPR arrays. To date, two classes (class 1 and
class 2), six types (types [-VI), and dozens of subtypes have
been defined for this highly diversified system (5,6). Despite
this diversity, the principle of CRISPR immunity generally
involves three functional stages (4,7). The first stage, ‘adap-
tation’, refers to the process by which CRISPR acquires
new spacers from the invader (8). During the second stage,
CRISPR transcripts are processed into unit-sized mature
CRISPR RNAs (crRNAs) (9-13), which, during the third
stage, guide the effector protein (class 2) or the effector com-
plex (class 1) to interfere the cognate foreign DNA/RNA
(14-16). For the most prevalent type I systems, adaptation is
special in that it has a priming pathway, which allows rapid
spacer acquisition from the invaders that are fully or par-
tially matched by the crRNA of a preexisting spacer (17—
19). Like interference (20), priming also authenticates the
protospacer adjacent motif (PAM), albeit with a relaxed
stringency (21). Hence, each crRNA has the potential to
guide both interference and priming, and the outcome de-
pends on the spacer-protospacer matching (full or partial)
and the PAM identity.

Transcripts of type 1/111 CRISPRs are usually processed
by a Cas6-family endoribonuclease (9—11,22). Cas6 recog-
nizes the repeat RNA in a sequence- and structure-specific
manner (11) or via a wrap-around mechanism (23), and
makes a single cleavage within the repeat. This cleavage gen-
erates two conserved handles (5’ or 3') flanking the spacer
guide. Interestingly, mature crRNAs purified from differ-
ent effector complexes, including the Escherichia coli Cas-
cade (9), the Pyrococcus furiosus CMR (15), the Staphy-
lococcus epidermidis CSM (24), the Sulfolobus solfataricus
CSM (25) and CMR (26), and the Thermus thermophilus
CMR (27), usually partially or fully lack their 3’ handle.
A recent in vitro study further showed that the crRNA-free
Cascade purified from E. coli was able to incorporate a syn-
thetic crRNA when only the single nucleotide immediately
following its spacer part was retained (28). Besides, studies
on crRNAs containing a shortened or extended spacer por-
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tion demonstrated an altered stoichiometry for the type I-E
(29,30) or I-Fv (31) effector complex. These documents il-
lustrated that the CRISPR machinery tolerates structural
variations in the middle or 3’ part of the crRNA molecule
during its assembly and/or functioning. However, the cr-
RNA plasticity tolerated during priming adaptation has
been rarely investigated.

Our previous studies on type I-B CRISPR in Haloarcula
hispanica (18,32,33) demonstrated that efficient adaptation
to a halovirus could be primed by a preexisting spacer.
In this study, we showed that the crRNA of this priming
spacer actually does not have a well-defined 3’ handle, which
makes it highly unstable in vivo and impotent in interfer-
ence. Using the archaeal transcription elements, we gener-
ated noncanonical crRNAs with both handles independent
of Cas6 processing. By a series of mutagenesis analyses, we
demonstrated that, compared to interference, primed adap-
tation is much more tolerant to extensive structural varia-
tions throughout the crRNA molecule, including 5" handle
truncation, spacer truncation/extension, and/or 3’ handle
deletion/extension, which highlights the extraordinary ro-
bustness of the priming pathway and the structural flexibil-
ity of the crRNA-effector complex.

MATERIALS AND METHODS
Strains and culture conditions

The H. hispanica strains used in this study are listed in Sup-
plementary Table S1. The uracil auxotrophic strain DF60
(H. hispanica ATCC 33960, ApyrF) and its derivative strains
were cultured at 37°C in AS-168 medium (per liter, 200 g of
NacCl, 20 gof MgSO4-7H,0, 2 g of KCl, 3 g of trisodium cit-
rate, 1 g of sodium glutamate, 50 mg of FeSO4-7H,0, 0.36
mg of MnCl,-4H,0, 5 g of Bacto casamino acids, 5 g of
yeast extract, pH 7.2) that contained uracil at a final concen-
tration of 50 mg/1. Strains transformed by pyrF-expressing
plasmids were cultured in yeast extract-subtracted AS-168
medium (unless otherwise specified).

The E. coli IM109 strain was used for cloning and cul-
tured in Luria—Bertani medium. Ampicillin was added to a
final concentration of 100 mg/1 when necessary.

Plasmid and mutant constructions

The plasmids used in this study are listed in Supplemen-
tary Table S1. To replace the chromosomal CRISPR with
a single-spacer mini-CRISPR (Spld or Spl3c), its up-
stream and downstream fragments (each ~600 bp) were
separately amplified, and then linked by overlap exten-
sion PCR (the mini-CRISPR was designed on the over-
lapping primers, e.g. Sp13c_UR and Spl13c_DF; see Sup-
plementary Table S2). The final products containing the
mini-CRISPR flanked by two homology arms were in-
serted into the suicide plasmid pHAR (predigested with
BamHI and Kpnl), and introduced into DF60 cells to re-
place the WT (wild-type) CRISPR via the pop-in-pop-out
strategy (34). The expression plasmid pWL502 (35) was
used to express mini-CRISPRs that target the virus (or the
plasmid). The short-version (constitutive) promoter of the
PHA synthesis-related gene phaR (36) was employed. Two
DNA fragments respectively containing the promoter and
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the mini-CRISPR sequence were linked via overlap exten-
sion PCR. The products were cloned into pWL502 (predi-
gested by BamHI and Kpnl) and sequenced. Plasmid trans-
formation was performed according to the online proto-
col (https://haloarchaea.com/wp-content/uploads/2018/10/
Halohandbook_2009_v7.3mds.pdf).

CR-RT-PCR, primer extension and Northern blotting assay

Total RNA was extracted from stationary H. hispanica
cultures using TRIzol reagent (Thermo Fisher Scientific,
MA, USA) according to the manufacturer’s instructions.
For CR-RT-PCR (circularized RNA-reverse transcription-
PCR) assay (37), 5-10 pg of total RNA was circular-
ized using T4 RNA ligase (New England Lab, Mas-
sachusetts, USA) and reverse-transcribed using 200 U of
M-MLYV reverse transcriptase (Promega, Wisconsin, USA)
with the CR-RT_R primer (Supplementary Table S2). The
cDNA was amplified using the primer pair CR-RT_F/CR-
RT_R with KOD-Plus DNA polymerase (TOYOBO, Os-
aka, Japan), and the PCR products were cloned into the
pMDI8-T for determination of the 5" and 3’ extremities by
DNA sequencing. For the primer extension assay, 5 wg of
total RNA and 2.5 pg of 5 FAM (6-carboxyfluorescein)-
labeled primer (FAM-v10 in Supplementary Table S2; or-
dered from Thermo Fisher Scientific, MA, USA) were
mixed and subjected to reverse transcription using 200 U of
M-MLV reverse transcriptase (Promega, Wisconsin, USA)
according to the manufacturer’s instructions. The products
were analyzed using an ABI3730xI DNA analyzer (Thermo
Fisher Scientific, MA, USA) and the results were visualized
using Genemapper (Version 4.1).

For Northern blotting analysis, 8-15 pg of total RNA,
20-40 fmol of 5 biotin-labeled ssDNA (64 nt), and 2-4
pg of 100 to 1000 nt RNA Century-Plus marker (Thermo
Fisher Scientific, MA, USA) were co-electrophoresed on
an 8% polyacrylamide gel. The lane containing the RNA
marker was excised, stained with ethidium bromide, and
imaged using a ChemiDoc MP System (Bio-Rad, CA,
USA). The lanes containing the RNA samples and ss-
DNA were transferred to a Biodyne B nylon membrane
(Pall, NY, USA) using a Mini-Protean Tetra system (Bio-
Rad, CA, USA). The membrane was then UV cross-linked.
For hybridization, 25 pmol of 5 biotin-labeled oligonu-
cleotide probe (Supplementary Table S2; ordered from
Thermo Fisher Scientific, MA, USA) was used. The pre-
hybridization, hybridization, and washing procedures were
performed as previously described (12). After hybridiza-
tion, the samples were washed twice at room temperature
and detection was performed using the Chemiluminescent
nucleic acid detection module kit (Thermo Fisher Scien-
tific, MA, USA) according to the manufacturer’s instruc-
tions. The membrane was imaged using a Tanon 5200 Multi
chemiluminescent imaging system (Tanon Science & Tech-
nology, Shanghai, China). For each CRISPR variant, at
least three independent replicates were performed.

Plasmid and virus interference assays

For the plasmid challenge assay, DF60 or its derivative
strain was transformed with the target plasmid (pTTCI or
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pTTC13), and the transformants were screened on yeast
extract-subtracted AS-168 agar plates. For each target plas-
mid, at least three independent replicates were performed.

Virus interference was determined using a plaque test
according to the online protocol (https://haloarchaea.com/
wp-content/uploads/2018/10/Halohandbook _2009_v7.
3mds.pdf). For each crRNA-expressing plasmid, at least
three individual transformant colonies were picked and
separately cultured in yeast extract-subtracted AS-168
medium. 200 wl of mid-log cell culture was mixed with
100 wl of 10-fold serial dilutions of the HHPV-2 virus and
incubated for 15 min at room temperature. The mixture
was added to 3 ml of molten yeast extract-subtracted
AS-168 medium (maintained at 60°C; 0.7% agar), mixed
and poured onto previously prepared overlay medium
(1.2% agar). The plates were incubated for 7 days at
30°C for plaque formation. The plaque forming units
(PFUs) on the lawns of H. hispanica cells containing either
an empty plasmid (pWL502) or a crRNA-expressing
plasmid were counted separately, and the ratio (empty:
crRNA-expressing) was used to represent the relative
virus immunity (RVI) that was conferred by the CRISPR
construct.

Spacer acquisition assay

To monitor spacer acquisition from the plasmid DNA, the
transformant of each target plasmid was inoculated into
3 ml of fresh AS-168 medium. Sub-inoculation was per-
formed after 5-day culturing in a ratio of 1:15 (i.e., inoculat-
ing 200 pl of cell culture into 3 ml of fresh AS-168 medium).
For each inoculation, colony PCR was performed after 5-
day culturing. Briefly, 200 w1 of cell culture was centrifuged
at 12 000 rpm for 1 min, and then the sediment was lysed by
400 wl of distilled water, and 0.3 wl was used as the template
for PCR analysis (using the primer pair test_F/test_R; Sup-
plementary Table S2). The PCR program consists of the fol-
lowing steps: (i) 95°C for 5 min; (ii) 30 cycles of 95°C for 30
s, 54°C for 30 s, and 72°C for 30 s; (ii1) 72°C for 10 min. The
PCR products were separated on a 1.5% agarose gel. For
each target plasmid, at least three transformant colonies
were individually subjected to this analysis.

To monitor spacer acquisition from the viral DNA, 10-
fold serial dilutions of HHPV-2 and 200 w1 of mid-log cell
culture were mixed at a multiplicity of infection (MOI)
ranging from 1:1 to 1:10 000, and the mixture was inoc-
ulated into 3 ml of fresh yeast extract-subtracted AS-168
medium. After 5 days of culturing, colony PCR was per-
formed as described above, and sub-inoculation was then
performed at a ratio of 1:15 with addition of fresh virus di-
lutions at the same MOI. For each crRNA-expressing plas-
mid, at least three independent replicates were subjected to
this analysis.

Quantitative analysis of CRISPR expansion was per-
formed using the Quantity One software (Bio-Rad, CA,
USA). For each gel lane, the parental and expanded bands
were detected after background subtraction, and subjected
to quantification using the Gaussian modeling method. For
each lane, the intensity of expanded band(s) was divided by
that of all bands to get the percentage of expanded prod-
ucts. At least three independent replicates were analyzed for

each assay, and the average percentage was obtained with a
standard deviation (SD).

Spacer loss assay

Two individual colonies of DF60 were separately inoculated
into the AS-168 medium (containing uracil) and cultured
for 4 days. Serial sub-inoculation was performed by repeat-
edly inoculating (10 wl of the cell culture into 10 ml of fresh
medium) and culturing (for 4 days). After sub-inoculation
was performed for 20 times, the cell culture was challenged
by 1 pg of pTTCI11 (Supplementary Table S1) via plas-
mid transformation. The CRISPR contents of the survivors
were analyzed by DNA sequencing.

RESULTS

crRNA production and interference were hardly detected for
the terminal spacer that primes efficient adaptation

The repeats from a single CRISPR array usually hold strin-
gent sequence conservation, but the most leader-distal one
is exceptional and known as the ‘degenerate repeat’ (see
Figure 1A for an example). Due to this degeneration, the
terminal spacer is usually expected to be non-functional,
e.g. such a spacer from a type II CRISPR was shown inca-
pable of guiding interference in Enterococcus faecalis (38).
However, our previous studies (18,21,32,33) showed that
the terminal spacer (spacer13 in Figure 1A) of the H. his-
panica CRISPR functions well in priming efficient adapta-
tion to the halovirus HHPV-2. To test whether it also func-
tions well during interference, we constructed two target
plasmids, each carrying a PAM sequence (5-TTC-3") and
the protospacer of spacerl (pTTC1) or that of spacerl3
(pTTC13). Notably, transformation of the H. hispanica
DF60 cells (which carry the WT CRISPR) with pTTCl re-
sulted in very few colonies, while pTTC13 showed a trans-
formation rate comparable to that of the empty plasmid
pWL502 (Figure 1C), suggesting that the interference activ-
ity of spacer13 is completely lost. Unexpectedly, we failed to
detect any crRNA signals using a spacer13-specific probe
during repeated Northern blotting assays (even after very
long exposure), while the mature crRNA of spacerl (sl-
crRNA) was readily detected in abundance (Figure 1B). To
rule out potential polar effects (CRISPR transcription may
attenuate or terminate prematurely), we constructed two
single-spacer mini-CRISPRs, Spld (previously designated
as Aspl-14, in which spacer] is followed by a degenerate
repeat) (18) and Sp13c (in which spacer13 is followed by a
conserved repeat) (Figure 1A). The mini-CRISPR was in-
troduced into DF60 cells using the suicide plasmid pHAR,
and the WT CRISPR was replaced via the pop-in-pop-out
strategy (34). The production of s13-crRNA and its inter-
ference against pTTC13 in the Sp13c cells were readily de-
tected by Northern blotting and plasmid transformation as-
says, respectively (Figure 1B and C). In contrast, the blot-
ting signal of s1-crRNA and its interference against pTTC1
both disappeared in Spld cells. Notably, when pTTC1 was
introduced into the Spld cells, the mini-CRISPR (Spld)
rapidly acquired new spacers (Figure 1D), suggesting that
the undetected s1-crRNA molecules primed efficient adap-
tation to the target plasmid. Therefore, the crRNA stabil-
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Figure 1. The crRNA production and interference effects were not detected for the terminal spacer. (A) Schematic representation of the WT CRISPR on
the H. hispanica genome and two single-spacer mutants. In the WT CRISPR, the most leader-distal spacer (spacerl3) is followed by a degenerate repeat
(yellow), which differs from the consensus repeat sequence (orange) by 9 nucleotides (in bold and italic). In the mutants Spld and Spl3c, spacer]l and
spacerl3 are followed by the degenerate and the consensus repeat, respectively. Primers employed in panel D are indicated. (B) Northern analysis of the
crRNA molecules of spacerl (s1) and spacer13 (s13) in different strains. 7S RNA was probed as the internal control. M, a biotin-labeled 64-nt ssDNA. -,
an empty control without RNA loading. (C) A plot showing the transformation rate of different target plasmids in DF60, Spld or Sp13c cells. The target
plasmids pTTCI1 and pTTC13 are pWL502 derivatives carrying the protospacer of spacerl and that of spacer13, respectively. The protospacer sequence was
designed immediately downstream of a canonical PAM, i.e. 5'-TTC-3'. CFU, colony-forming units. (D) Sp1d cells transformed by pTTC1 were inoculated
into the liquid medium, and after 5-day culturing, cells were lysed and subjected to PCR analysis. M, dsDNA size marker. The ~180 bp PCR products
correspond to the parental Spld structure (Pa), while the larger-sized products represent those expanded by one or more new spacers (Ex). The plot below
the gel shows the percentage of the intensity of ‘expanded’ bands (Ex/(Ex+Pa)). Error bars indicate the standard deviation (SD) calculated from three

independent replicates.

ity and interference function of the terminal spacer are se-
riously impaired, while its priming activity stubbornly per-
sists.

The conserved 3’ handle is critical for crRNA stability in vivo

To introduce mutations into the conserved 3’ handle with-
out abolishing crRNA production, we sought to generate a
3’ handle independent of Cas6-processing. A poly-T stretch
(5-8 thymidines) has been reported to be an effective tran-
scription terminator in different archaeal species (39-42).
Hence, a run of eight thymidine residues (designated as
Tg) was employed to terminate transcription immediately
downstream of the 22-nt 3’ handle (Figure 2A and B). We
selected a 34-nt spacer denoted ‘v10’, which was acquired
from the HHPV-2 rep gene (ORF1) during a previous adap-
tation assay (18) and has a canonical PAM (5'-TTC-3')
(Supplementary Figure S1). We first constructed two mini-
CRISPRs, which were designated R-v10-R and R-v10-h22
(‘R denotes a repeat sequence and ‘h22’ indicates the 22
nucleotides of 3’ handle) (Figure 2A). Their transcription
was driven by the strong promoter P,z (36) and stopped
by the Tg terminator. It should be noted that, as shown in
Figure 2B, the 5" untranslated sequence (5 bp) and the start
codon (3 bp) of the phaR gene were both retained to ensure
promoter activity (unless otherwise specified). The theoret-

ical size of the mature WT v10-crRNA is 64 nt, which co-
incides with the blotting results of R-v10-R (Figure 2D). In
contrast, R-v10-h22 is expected to produce noncanonical
crRNAs of ~72 nt due to the extra uridines tailing 3’ han-
dle (Figure 2C), and a main RNA band corresponding to
this size was observed, with an abundance similar to that
of the WT v10-crRNA (Figure 2D). Apparently, these ex-
tra uridines did not affect crRNA stability. We also noticed
that leaky termination of transcription frequently occurred
to produce a longer precursor (Figure 2D; Supplementary
Figure S2), but the corresponding mature crRNA, which
should have a longer 3’ extension (~20 nt), could not be
observed. Presumably, a large number of extra nucleotides
at the crRNA 3’ end would cause instability, which con-
sists with the undetectable crRNA products of the terminal
spacer (Figure 1B).

By modifying R-v10-h22, we further constructed R-v10-
h16, R-v10-h12, R-v10-h10, R-v10-h8 and R-v10-h0, which
produce the first 16, 12, 10, 8 or 0 nucleotides of 3’ handle,
respectively (Figure 2C). It should be noted that these trun-
cated 3" handles would have lost the potential to form a hair-
pin (Supplementary Figure S3). Nevertheless, transcription
termination in archaea appears to be independent of RNA
secondary structures (39,41,42), and consistently, R-v10-
h16 and R-v10-h12 produced large amounts of crRNAs of
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Figure 2. The first 12 nt of 3’ handle decides crRNA stability and interference capability. (A) The experimental design to generate a processing-independent
3’ handle and to test its impacts on crRNA function. The Spld host cells carries a chromosomal CRISPR that cannot interfere or prime adaptation
to HHPV-2. The v10 spacer targets the HHPV-2 genome, and may elicit virus interference and/or primed adaptation. Spacer incorporation into the
chromosomal CRISPR Spld can be monitored by PCR analysis with the test_F/R primer pair. Transcription of the plasmid CRISPR is driven by the
phaR promoter (P,,r) and stopped by the Tg terminator. Repeat sequences are in orange (the degenerate one is in yellow). The size (nt) of each part is
given for each crRNA molecule. (B) The nucleotide sequences of R-v10-R (with the nucleotides in brackets) and R-v10-h22 (without the nucleotides in
brackets). The promoter, 5-UTR, and start codon of phaR are shaded blue, and the repeat sequences are shaded orange. The “TTTTCTT in red may
act as another terminator (see Supplementary Figure S2). (C) CRISPR constructs producing crRNAs with different 3’ handles. The predicted size of the
major crRNA product is given for each construct. (D) The RNA products were analyzed by Northern blotting using the v10-specific probe. 7S RNA was
probed as the internal control. The question mark indicates an unexpected product. Two precursor RNA bands were detected for each sample due to
leaky termination of CRISPR transcription (see Supplementary Figure S2). M1, the 100-nt ssSRNA ladder. M2, a biotin-labeled 64-nt ssDNA primer. -,
the empty pWL502 control. (E) The relative virus immunity (RVI) conferred by different CRISPR constructs in Spld cells. Error bars indicate the SD
calculated from three independent replicates.



expected sizes (about 66 nt and 62 nt, respectively) (Fig-
ure 2D). In contrast, crRNA amounts from R-v10-h10, R-
v10-h8 and R-v10-h0 dramatically decreased, with the lat-
ter two showing the least crRNA abundance. It scems that
the first 12 conserved nucleotides of 3’ handle are impor-
tant for crRNA stability in vivo. To exclude putative effects
of crRNA size, we mutated R-v10-h12 by replacing its 3’
handle nucleotides with the 12-nt viral sequence that imme-
diately follows the v10 protospacer (Supplementary Figure
S1), giving rise to the structure R-v10-h12m (Figure 2C). In
cells expressing this variant, the size of mature crRNA (~62
nt) was not affected, but its amounts dramatically declined
(Figure 2D), corroborating the significance of the first 12
nucleotides.

3’ Handle deletion strongly impairs interference but enhances
the priming effects

To test the effects of these modified 3’ handles on the
two guiding functions (in interference and primed adapta-
tion), plasmids carrying these CRISPR structures were in-
troduced into the Spld cells, which were then subjected to
HHPV-2 infection (Figure 2A). The chromosomal CRISPR
Spld contains only one spacer that shows no homol-
ogy to HHPV-2 genome, thus it can neither interfere nor
prime adaptation against this virus. Nevertheless, this struc-
ture contains an intact CRISPR leader preceding a repeat
that can incorporate new spacers (32) when the plasmid-
expressed crRNAs elicit a priming process (as illustrated
in Figure 2A). The plaque forming units (PFUs) on the
lawns of H. hispanica cells containing the empty plasmid or
a CRISPR-bearing plasmid were separately counted, and
their ratio (empty: CRISPR-bearing) was used to indicate
the relative virus immunity (RVI) conferred by this CRISPR
construct. Cells expressing R-v10-R, R-v10-h22, R-v10-h16
or R-v10-h12 showed a high-level immunity (RVI > 10°),
whereas this immunity was decreased by three orders of
magnitude in cells expressing R-v10-h10 (10° > RVI >
10%), and by nearly four orders of magnitude in cells ex-
pressing R-v10-h8, R-v10-h0 or R-v10-h12m (10*> > RVI
> 10) (Figure 2E). Hence, the interference effects showed a
clear dependence on the crRNA in vivo stability/amounts
observed in Figure 2D, suggesting that an abundance of
crRNA molecules were required for substantial interfer-
ence against this virus. When we employed another virus-
targeting spacer, 3’ handle deletion resulted in complete loss
of virus immunity (Supplementary Figure S1), indicating
that the interfering effect of different spacers showed dif-
ferent tolerance to 3’ handle deletion. Overall, the first 12
nucleotides of 3’ handle seem to be very important, if not
absolutely necessary, for crRNA to accumulate to a suffi-
cient concentration that is required for virus interference.
To test the priming efficiency, we subjected liquid cultures
of Spld cells expressing different v10-crRNAs to HHPV-
2 infection, and then examined the expansion of the Spld
structure (resulted from new spacer acquisition) via PCR
analysis 5 days later (when required, sub-inoculation and
reinfection were performed) (Figure 3A). Remarkably, PCR
products corresponding to expanded Spld structures (here-
inafter referred to as expanded products) were observed for
cells expressing any of these v10-crRNA molecules, but not
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in those containing the empty plasmid (Supplementary Fig-
ure S4). This data supports that 3’ handle is dispensable for
priming adaptation, as it was completely mutated or deleted
in R-v10-h12m and R-v10-h0. Interestingly, when cells ex-
pressing R-v10-R or R-v10-h0O were infected at an MOI
ranging from 1:1 to 1:10000, the latter structure appeared to
prime more rapid and more sensitive adaptation to HHPV-
2. During the 1 PCR analysis (Figure 3B), expanded PCR
products were observed for R-v10-h0 cells, but not for R-
v10-R cells. Only when infected twice at a higher MOI, ex-
panded products could be observed for R-v10-R cells (Fig-
ure 3C). Moreover, when MOI was 1:1, 1:10 or 1:100, we
observed a higher percentage of expanded products for R-
v10-h0 than for R-v10-R cells (34.2% versus 26.7%, 31.8%
versus 14.5%, and 21.5% versus 11.7%, respectively) during
the second PCR analysis. Hence, 3’ handle deletion appears
to enhance the priming effects while impairing the interfer-
ing effects during virus immunity. This observation fits the
kinetic model (43) that attenuated interference may allow
the fast-replicating viral DNA to provide more substrates
for adaptation within a longer time period.

The last 6 nt of 5’ handle is required for priming

During interference or priming, the effector complex must
incorporate a crRNA by recognizing its conserved han-
dle sequences. Given the dispensability of 3’ handle dur-
ing priming adaptation, the 8-nt 5’ handle should con-
tain necessary signals for Cascade recognition. To intro-
duce mutations into this conserved element without abol-
ishing crRNA production, we attempted to generate a
processing-independent 5" handle by controlling transcrip-
tion initiation. We put the 5" handle-transcribing 8 bp (5'-
GTTGAAGC-3) directly downstream of the phaR pro-
moter, so that transcription starts precisely at its first nu-
cleotide G (guanine), which was verified by primer exten-
sion and CR-RT-PCR analysis (Supplementary Figure S5).
In this way, H8-v10-h22 was designed to produce a non-
canonical crRNA that is independent of Cas6-processing
(Figure 4A). Compared to R-v10-h22, a very low level of
virus immunity (10> > RVI > 10) was conferred by H8-v10-
h22 (Figure 4B). Consistently, Northern blotting revealed
that the crRNA of H8-v10-h22 showed a significantly de-
creased accumulation compared to that of the mature cr-
RNA from R-v10-h22, although these two RNA species
are of the same size (72 nt) (Figure 4C). Theoretically, their
only structural difference is the 5’ end group: the crRNA
of H8-v10-h22 carries a 5 triphosphate, which is a feature
of a nascent RNA transcript, while the mature crRNA from
R-v10-h22 carries a 5" hydroxyl, which is a product of Cas6-
processing. Given the in vitro observation that Cascade or
Cmr assembly occurs only when the synthetic crRNA bears
a 5 hydroxyl (44,45), we predicted that the RNA tran-
scripts of H8-v10-h22 should be subjected to cellular end-
processing enzymes, such as phosphatases, to become a
functional crRNA. In contrast to the low-level interference
effects, adaptation to HHPV-2 was efficiently primed by H8-
v10-h22: when Sp1d cells expressing this structure were sub-
jected to HHPV-2 infection at an MOI ranging from 1:1 to
1:10 000 and cultured for 5 days, 10.7-16.1% of the PCR
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Figure 3. Primed adaptation became more evident when 3’ handle was deleted. (A) Schematic depiction of the procedure to monitor the v10-primed
adaptation to HHPV-2. The mid-log culture of Spld cells expressing v10-crRNA was inoculated into fresh medium with HHPV-2 addition (MOI ranging
from 1:1 to 1:10000). After 5-day culturing, expansion of the Spld CRISPR was monitored by PCR analysis (see Figure 2A for primer information).
Sub-inoculation and reinfection were performed until Spld expansion was detected. The first (B) and the second (C) PCR analysis of spacer acquisition in
Spld cells expressing R-v10-R or R-v10-h0. The log values of MOI are indicated. M, dsDNA size marker. The plots show the percentage of the intensity
of ‘expanded’ bands (Ex/(Ex+Pa)) for each gel lane. Error bars indicate the SD calculated from three independent replicates.

products from the Spld structure were observed to be ‘ex-
panded’ (Figure 4D).

Subsequently, we modified H8-v10-h22 by deleting the
DNA sequence of 3’ handle to generate the structure H8-
v10-h0 (Figure 4A). This structure was unable to provide
virus immunity (Figure 4B), suggesting that 5" hydroxyl and
the 3’ handle sequence additively contribute to the inter-
fering effects. When cells expressing H8-v10-hO were sub-
jected to adaptation analysis, only after four rounds of
(sub-)inoculation and (re)infection at a higher MOI (1:1,
1:10 and 1:100), expanded PCR products could be observed
(with a percentage of 22.2%, 15.3% and 10.2%, respectively)
(Figure 4E). Therefore, the RNA products from H8-v10-
hO were capable of priming, but the efficiency appeared to
be dramatically decreased compared to those from H8-v10-
h22. Then we gradually trimmed the DNA sequence of 5’
handle to generate a series of crRNAs with different-length
(4-8 nt) 5’ handles (Figure 4F). It should be noted that
these noncanonical crRNAs should consistently carry a 5
triphosphate and no 3’ handle sequence. Spld cells express-
ing these crRNAs were subjected to rounds of virus infec-
tion (at an MOI of 1:1) and PCR analysis. When 5 han-
dle was 8nt, 7nt or 6nt, the expanded products accounted

for 19.2%, 30.3% or 18.6%, respectively, during the fourth
PCR analysis (Figure 4G). Notably, these ‘expanded’ prod-
ucts were not detected for a shorter 5 handle, even during
the sixth PCR analysis (data not shown). By sequencing
the PCR products acquired from the H6-v10-h0 assay, we
confirmed that the new spacers were derived from the virus
genome (Supplementary Table S3). These data indicate that
the minimal handle sequence required for priming is the last
6 nt of 5’ handle.

To confirm this requirement, we substituted the v10-
spacer with a spacer (pl) targeting the pyrF gene which lo-
cates on the pWL502 backbone (Figure 5A), and expressed
these 5 handle-truncated pl-crRNAs in Acas6 cells (so
that the new spacers acquired from the pWL502 derivatives
would not lead to plasmid interference). After inoculation
into liquid mediums and culturing for 5 days, expansion
of the WT CRISPR structure in these cells was monitored
(Figure 5B) using the test_F/test_R primer pair (Figure 2A).
When 5 handle was 8 nt, 7 nt or 6 nt, products correspond-
ing to the expanded CRISPR account for 20.5%, 32.3% or
10.3%, respectively (Figure 5C). In contrast, the expanded
products were not detected for a shorter 5’ handle, even af-
ter sub-inoculation and another 5-day culturing (data not
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v10-h22 (against a grey background) is shown again to facilitate comparison. (C) The v10-crRNA from H8-v10-h22 showed a largely decreased stability
compared to that from R-v10-h22. 7S RNA was probed as the internal control. Adaptation to HHPV-2 was primed by H8-v10-h22 (readily detected in the
first PCR analysis) (D) or H8-v10-h0 (hardly detected until the 4™ PCR analysis) (E). (F) Constructs producing crRNAs with a truncated 5 handle (and
no 3 handle). Note that RNA transcripts from these constructs carry a natural 5’ triphosphate, which may need to be removed prior to Cascade assembly.
(G) HHPV-2 adaptation primed by constructs listed in panel F. —, the empty pWL502 control. Adaptation was monitored as illustrated in Figure 3A, and
infection was performed at the specified MOIs. The plots show the percentage of the intensity of ‘expanded’ bands (Ex/(Ex+Pa)) for each gel lane. Error

bars indicate the SD calculated from three independent replicates.

shown). These results are generally in line with the virus-
targeting assay, confirming that the last 6 nt of 5’ handle is
the minimal handle sequence required for priming.
Subsequently, we performed single base substitutions
throughout the 6-nt 5 handle of H6-p1-h0. We found that
primed adaptation was nearly insensitive to the C-1A mu-
tation: in the first PCR analysis, its ‘expanded’ products
account for 12.7%, which is a little higher than the WT
(10.3%) (Figure SD). This percentage was much lower in
the case of G-2U (3.5%), A-4C (4.3%) and G-5U (3.1%)
mutations, and became zero in the case of A-3C and U-
6G mutations. During the second PCR analysis (after sub-
inoculation and another 5-day culturing), the percentage of
expanded products increased to 18.4%, 5.0%, 2.5%, 6.4%,
and 3.6% in the C-1A, G-2U, A-3C, A-4C, G-5U samples,
respectively; but expansion was still not detected for U-6G.
In addition, when G-2U and A-3U substitutions were si-
multaneously introduced, expansion was not detected in the

second PCR analysis. Therefore, conservation of at least G-
2, A-3 and U-6 should be important for the priming func-
tion of a crRNA.

The majority size variation of newly acquired spacers is tol-
erated during priming

Though the spacers in a single CRISPR array are kept
largely constant in size, spacer size variation can be substan-
tially observed for CRISPR arrays of different subtypes, or
for those of the same subtype but from different organisms
(30,46). By high-throughput analysis of the spacer acqui-
sition process in H. hispanica, our previous study revealed
a considerable heterogeneity in the size of newly acquired
spacers, which mainly varied from 32 to 39 bp (33). When
re-analyzing these data, we noticed the rare occurrence
(~0.15%) of much shorter or longer spacers (Figure 6A),
and wondered whether a spacer of such a rare size could
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lead to interfering or priming effects. Therefore, we mod-
ified the R-v10-h22 structure to produce a spacer ranging
from 16 to 72 bp. By Northern blotting, we found that the
mature crRNA products were similar in abundance when
the spacer size varied between 16 and 44 bp and only mildly
decreased when the spacer was 60 or 72 bp (Figure 6C). Sur-
prisingly, when Spld cells expressing these CRISPRs were
subjected to HHPV-2 infection, substantial immunity was
observed as long as the spacer was longer than 30 bp (Fig-
ure 6B). This immunity declined by 3-4 orders of magni-
tude when the v10-spacer was shortened to 30 bp and al-
most disappeared when shortened to 28, 24 or 16 bp. The
liquid cultures were further subjected to rounds of HHPV-2
infection (MOI = 1:1) and PCR analysis. When the v10-
spacer varied from 28 to 72 bp, adaptation could be readily
detected, with the percentage of expanded products rang-
ing between 45.1% and 70.5% during the third PCR analy-
sis (Figure 6D). This percentage was significantly compro-
mised by further truncation of the spacer to 24 bp (10.5%).
In contrast, adaptation primed by the 21-bp was not de-
tected, even during the fifth PCR analysis (data not shown).
Therefore, these data suggest that substantial interference
can occur with a spacer longer than 30 bp, and priming can
occur with a spacer no shorter than 24 bp. According to

the size distribution shown in Figure 6A, we predict that
99.965% and 99.997% of new spacers should be proficient
in interfering and priming, respectively, when only the fac-
tor of spacer size is considered.

DISCUSSION

Biochemical studies on Cas6 revealed that it remains tightly
bound to 3’ handle after cleavage (10,47,48), thus led to
the speculation that the Cas6-3’ handle binding serves as a
nucleation point for Cascade assembly (49) which can pro-
tect nascent crRNA from cellular RNases. Our observation
that 3’ handle (especially its first 12 nucleotides) is critical
for crRNA stability provides in vivo evidence (Figure 2D).
Note that the critical 12 nt coincide with the in vitro ob-
servation that the first 12 nt of the repeat RNA is required
for Cas6 binding (10). Since 3’ handle is usually missing
from the crRNA molecules purified from the effector com-
plex (9,15,24-27), the Cascade function seemingly doesn’t
require this element (28). Hence, the impacts of 3’ handle
truncation/deletion on virus immunity that were observed
in this study (Figure 2E) may be mainly contributed to its
impacts on Cascade assembly and crRNA abundance. Sim-
ilarly, the declined immunity observed when 5" end group
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was altered from hydroxyl to triphosphate (Figure 4B) may
also be derived from its impacts on Cascade assembly, be-
cause 5’ hydroxyl was reported to be essentially required
for the in vitro assembly of this complex (45). Interestingly,
truncation of the spacer part appears to compromise target
recognition, instead of the assembly of the Cascade com-
plex, because a short spacer of 28 or 24 bp provided no virus
immunity while the abundance of its crRNA was almost un-
influenced (Figure 6). In contrast, priming showed a high
tolerance to these structural variations, as well as trunca-
tion of 5" handle. Significantly, an RNA molecule that be-
gins with the last 6 nt of 5 handle was able to prime adapta-
tion to a cognate viral/plasmid DNA. Furthermore, except
the uridine at position -6, mutation of any of the other 5
nucleotides was differently tolerated during priming adap-
tation to a plasmid target. Given that crRNA serves as the
backbone of the Cascade complex, we infer that: (i) prim-
ing tolerates extensive structural variations of the Cascade
complex, and some variations (e.g., truncation of spacer to
28 bp) may render Cascade inactive in interference but hy-
peractive in priming; (ii) a very low concentration of func-
tional Cascade is required for efficient priming, which al-
lows more prominent spacer acquisition when interference
gets compromised by crRNA insufficiency (the viral DNA
could replicate and persist for a longer time period to pro-
vide more spacer substrates), as observed in Figure 3.

The fact that the MOI used for plaque assays was usu-
ally below 1:1 (see Materials and Methods) suggests that
each cell was generally infected by no more than one virus.
Hence, the significant dependence of immunity on crRNA
stability/Cascade assembly implies that an abundance of
CRISPR effector complexes are required to guarantee the
complete elimination of the fast-replicating viral DNA,

even when only one copy enters the cell. This requirement
gives an escape chance to the virus, especially to those en-
coding an anti-CRISPR protein that can lower down the
concentration of functional Cascade (50,51). However, the
much lower concentration of Cascade required for priming
allows the persistent acquisition of new spacers from the in-
fecting virus and the enrichment of Cascade effectors that
specifically target this virus. Moreover, the host cell usually
encodes additional defense systems, such as toxin-antitoxin
systems which can elicit temporary cell dormancy upon in-
fection (52), and BREX systems which can inhibit viral
DNA replication (53,54). Such additional defense mech-
anisms will buy time for the robust and effective primed
adaptation process and for the recovery of the concentra-
tion of effective Cascade complex. From this point of view,
priming should substantially enhance CRISPR immunity
not only by combating with the virus escape mutants, but
also by assisting the complete elimination of the fast repli-
cating wild-type viral DNA. This may help to explain the
widest distribution of type I CRISPRs (primed adaptation
has been reported only for type I systems).

Specifically, we investigated the noncanonical crRNA
of the terminal spacer. This crRNA probably carries a
largely extended 3’ handle due to the mutations within its
downstream repeat (degenerated) that can abolish Cas6-
processing. Though this ctrRNA is too low in abundance
(below the detection limit of Northern blotting analysis)
to support evident interference, primed adaptation could
stubbornly and efficiently occur (Figure 1). These results
again highlight the robustness of the priming process. Ad-
ditionally, the base substitutions within the degenerate re-
peat might lead to the long-term preservation of the ter-
minal spacer, as spacer loss via the recombination between
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this repeat and any of the other repeats within the CRISPR
array may be largely avoided. In fact, we did observe the
preservation of spacerl3 during investigation of the spacer
loss process in H. hispanica (Supplementary Figure S6).
Preservation of the terminal spacer should be evolutionar-
ily beneficial when it targets a conserved region, for exam-
ple, spacerl3 targets the critical rep gene that is required for
viral genome replication. Conceivably, the preservation of
spacer13 in H. hispanica CRISPR may allow it to adapt to
a collection of related viruses that carry the conserved rep
gene, via the robust priming pathway.

In summary, our study highlights the robustness of
primed adaptation, which tolerates extensive structural
variations within the crRNA molecule, including 5 han-
dle truncation, spacer truncation/extension, and 3’ han-
dle deletion/extension, and also tolerates a very low con-
centration of crRNA-Cascade complex. This robustness re-
flects the extraordinary flexibility in the architecture of the
crRNA-effector complex, which may be exploited to create
simplified/modified tools for DNA/RNA manipulation.
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