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ABSTRACT CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats)-mediated RNA degrada-
tion is catalyzed by a type III system in the hyperthermophilic archaeon Sulfolobus solfataricus. Earlier work
demonstrated that the system can be engineered to target specifically mRNA of an endogenous host
reporter gene, namely the b-galactosidase in S. solfataricus. Here, we investigated the effect of single
and multiple spacers targeting the mRNA of a second reporter gene, a-amylase, at the same, and at
different, locations respectively, using a minimal CRISPR (miniCR) locus supplied on a viral shuttle vector.
The use of increasing numbers of spacers reduced mRNA levels at progressively higher levels, with three
crRNAs (CRISPR RNAs) leading to � 70–80% reduction, and five spacers resulting in an a-amylase gene
knockdown of . 90% measured on both mRNA and protein activity levels. Our results indicate that this
technology can be used to increase or modulate gene knockdown for efficient post-transcriptional gene
silencing in hyperthermophilic archaea, and potentially also in other organisms.
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The discovery of the clustered regularly interspaced short palindromic
repeats (CRISPR) and their function in immunity against invading
viruses and other genetic elements was certainly one of the major
findings in prokaryotic research in recent years (Marraffini 2015). Al-
though it was known that a huge diversity of phages and viruses chal-
lenge Bacteria and Archaea in their natural environments (Krupovic
et al. 2011), the widespread occurrence and the complexity and diver-
sity of these defense systems came as a surprise (Makarova et al. 2011).
All CRISPR systems share the presence of chromosomal loci encoding
spacers homologous to invading DNAs of viruses, plasmids, and other
elements, which are separated by iterating repeats (Jansen et al. 2002).

Upon transcription and processing, the resulting small crRNAs are
incorporated into effector protein complexes (Cas complexes) that
can be divided into two main classes of different types and subtypes
depending on their genomic architecture and their composition
(Makarova and Koonin 2015). These complexes are guided through
base-pairing of the crRNA to their DNA or RNA targets, with sub-
sequent cleavage of the latter. CRISPR systems of class 2 (type II,
putative types V and VI) all target DNA with a single, large, effector
protein (Makarova and Koonin 2015; Shmakov et al. 2015). Probably
the most prominent representative of this class is the effector protein
Cas9 (CRISPR type II) (Deltcheva et al. 2011; Jinek et al. 2012), which
is now used widely as a genome editing tool for placing mutations in
virtually all eukaryotic model systems, including human cell lines
(Cong et al. 2013; Mali et al. 2013; Shalem et al. 2014) and in bacteria
(Jiang et al. 2013). Cas9 was also elegantly engineered to repress or
activate gene transcription in bacteria, and even eukaryotes, through
the use of nuclease-deficient Cas9 variants that are guided to genomic
sites to physically block regulatory enzymes or the transcription com-
plex itself (Gilbert et al. 2013; Qi et al. 2013; Konermann et al. 2015).
Interestingly, type II/Cas9CRISPR systems have exclusively been found
in bacteria, while archaea possess predominantly multiprotein effector
complexes categorized into class I CRISPR-Cas systems, such as type I
or type III (Makarova and Koonin 2015). While type I complexes
(commonly known as CASCADE complexes; CRISPR-associated
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complex for antiviral defense) exclusively target DNA, type III sys-
tems (CSM and CMR) are unique in their ability to also degrade RNA
(Makarova and Koonin 2015). A handful of different type III-B
(CMR) complexes of hyperthermophilic archaea (Pyrococcus furiosus
and Sulfolobus solfataricus) and bacteria (Thermus thermophilus and
Thermotoga maritima) have been studied in vitro and all require
crRNAs with 8-nt 59 repeat handles (derived from the flanking repeat
sequence) for targeting RNA complementary to the spacer (Zhang
et al. 2012; Staals et al. 2013; Hale et al. 2014; Osawa et al. 2015a,
2015b; Taylor et al. 2015; Zhang et al. 2016, Estrella et al. 2016). In
vitro studies report RNA cleavage of two coexisting type III complexes
in S. solfataricus. While Sso-IIID (CSM) cleaved both RNA and DNA,
Sso-IIIB (CMR) targeted solely RNA (Zhang et al. 2012, 2016). Ad-
ditional to these two type III complexes, S. solfataricus carries three
type I complexes associated with six CRISPR loci. We have recently
established an in vivo system for this hyperthermophilic archaeon
that enabled the study of not only CRISPR-mediated DNA cleavage
(Manica et al. 2011, 2013) but also RNA interference (Zebec et al.
2014). By allowing for base pairing between the repeat-derived 59-
handle of the crRNA and the protospacer adjacent sequence (PAS) of
the targeted virus, we were able to fully suppress DNA interference
(Manica et al. 2013), as shown first for the bacterium S. epidermidis
(Marraffini and Sontheimer 2010). Despite inhibiting DNA interfer-
ence, RNA cleavage was unaffected in Sulfolobus by the PAS–handle
binding, which was also confirmed in vitro for other systems
(Tamulaitis et al. 2014; Samai et al. 2015; Estrella et al. 2016). This
enabled us to study post-transcriptional RNA-targeting in the organ-
ism, and to engineer the system for silencing a chromosomal gene,
b-galactosidase (Zebec et al. 2014). Using an analogous strategy, Peng
and coworkers have achieved in vivo RNA targeting in the related
strain S. islandicus, which contains two type III-B complexes, one
of which additionally degrades DNA in a transcription-dependent
manner (Deng et al. 2013; Peng et al. 2015).

These observations demonstrate that efficient post-transcriptional
RNA-targeting technology can, in principle, be developed from type III
systems of hyperthermophilic organisms. In our initial studies, we in-
troduced an artificial miniCRISPR locus that contained a single cognate
spacer for the endogenous b-galactosidase gene, resulting in a 50%
reduction of the targeted mRNA and the corresponding intracellular
protein activity (Zebec et al. 2014). Here, we demonstrate that the
system can be applied to post-transcriptional RNA targeting of another
endogenous chromosomal gene (a-amylase), and that mRNA degra-
dation can be increased gradually using miniCRISPRs with multiple
spacers against a single targeted mRNA, achieving an up to . 90%
gene knockdown, as reflected by mRNA levels and protein activity.

MATERIALS AND METHODS

Culturing and transfection
The uracil-auxotrophic S. solfataricus P1 mutant strain M18
(Martusewitsch et al. 2000) was grown at 78� and pH 3 in basic Brock
media (Brock et al. 1972) supplemented with 0.1% tryptone (Roth) and
0.2% (+) D-sucrose (Serva) (w/v). Untransformed cells were supplied
with uracil (Sigma-Aldrich) at a final concentration of 0.0125 mg/ml
to complement for uracil auxotrophy.M18 cells were transformed with
the pDEST-MJ-miniCR virus shuttle vector variants via electroporation
as described earlier (Manica et al. 2011). An inverse plaque assay
was performed after electroporation in which transformants were
mixed with M18 cells in a 0.4% Brock-media gellan gum (GELRITE,
Roth) solution, and poured on uracil-free plates. Different to previous
plaque assays with wild-type cells in the overlay (Manica et al. 2013),

auxotrophic cells were used, guaranteeing growth and subsequent
plaque formation of only infected cells. Three plaques per transfor-
mation were isolated and transferred separately (as biological tripli-
cates) into fresh Brock/tryptone medium to which starch (Roth,
starch soluble) was added at a final concentration of 0.04% (w/v).
These cultures were grown until stationary phase, and each replicate
was transferred into fresh medium. Cell growth was monitored care-
fully, and samples were taken at regular intervals for DNA and RNA
extractions as well as for protein assays (see below).

Nucleic acid extraction and cDNA preparation
Five milliliters of liquid cell cultures of S. solfataricusM18 transformants
sampled at early (t1: OD600 = 0.1–0.15) and late (t2: OD600 = 0.4–0.45)
logarithmic growth were used for DNA and RNA extraction respec-
tively, as described in (Zebec et al. 2014). Isolated DNA was treated
with RNase (Omega, bio-tek) before further analysis. RNA was fur-
ther treated with RQ1-DNAse I (Promega) to digest potential traces
of DNA, and purity was verified by a polymerase chain reaction
(PCR). Nucleic acid concentrations were determined by NanoDrop
(ND-1000, PeqLab) measurements. cDNA was reverse transcribed
from 1 mg of RNA using the ProtosScript II Reverse Transcriptase
(New England BioLabs) following the manufacturer’s instructions,
and then column-purified (NucleoSpin, Macherey-Nagel); 20 ng/ml
dilutions of cDNAwere used in real-time PCR quantification (qPCR).

Construction of miniCR vectors
Construct pENTRY NBG (Zebec et al. 2014) carrying a 900 bp region
of CRISPR locus D of S. solfataricus P2 (consisting of a 497 bp part of
the locus D leader and the first six spacers, interspaced by locus
D-repeats) served as a template vector for the construction of the
multiple spacer miniCR variants. A modulated version of an overlap
extension PCR (OE PCR) (Bryksin and Matsumura 2010) was used to
synthesize miniCR spacer constructs with up to five spacers (AA1,
AA2, AA3, AA13, AA23, AA123, and AA12345), and the control
vector pZ2, respectively (Supplemental Material File S1 and, Figure
S2). For fusion of primers and amplification in all the following
PCR reactions, a proofreading polymerase was used (High fidelity
Phusion DNA polymerase, Thermo Scientific). With this cloning
strategy, spacers D2, D3, and D4 were replaced as described in (Zebec
et al. 2014) by PCR fusion of a 50 nt long MOE primer (MOE-Fw
matching spacer D1, andMOE-Rwmatching spacer D5), and specific
AA primers designed to match the selected a-amylase protospacers
(Figure S2). In the first PCR step, two primers annealed to the repeat
sequence (called flank), and were extended by the DNA polymerase,
starting from the middle of the flank region. Flanks also contained
a specific sequence, the spacer, on each side, that represented
the unique part of the flank (Figure S2A) programmed to match
the selected a-amylase protospacers (spacer selection was based
on the presence of PAS). Each synthesized flank was then purified
using a PCR clean-up column (NucleoSpin, Macherey-Nagel). In
step 2 PCR, this unique part of the flank allowed us to specifically
fuse together any number of flanks to form an OE fragment. The
step 2 PCR not only fused the flanks into a longer OE fragment,
it also amplified the OE fragment with the primer pair (called M),
which binds to the specific spacer part of the MOE primers. In this
manner, the OE fragment was amplified only if flanks were
correctly fused. The third and last sequential PCR used the OE
fragment as a primer (ratio primer: pEntry = 200:1, with 20–30 ngOE
fragment, and 80–100 ng of any pEntry vector) on the pEntry vector
containing a miniCR region, as described for miniCRISPR-BG-HA
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(Zebec et al. 2014). After the OE fragments annealed to the vector in
the MOE section (spacer D1 and D5), all new artificial spacers were
inserted into the new construct between spacer D1 and D5 (between
MOE-Fw andMOE-Rw). The control construct pZ2 (Figure S1) was
assembled in the same manner, with the sole difference that the
nonsense spacers Z1 and Z2 (each 39 nt) did not match the
a-amylase transcripts (. 20 mismatches at any place on the target
gene). Following step 3 PCR, the product was directly digested
with DpnI restriction enzyme (New England BioLabs) in order to
eliminate false positive clones that contained the dam methylated
template pEntry vector originating from Escherichia coli (TOP10).
This procedure was highly specific, and yielded only correctly am-
plified PCR constructs.

Constructing the miniCR-MA2 harboring three identical spacers
(AA2) was more challenging, since the two inner flanks (which are not
fused to MOE primers) did not contain a specific part representing a
unique spacer. To overcome this problem, a circular miniCR-AA2 was
first constructed that contained only one AA2 spacer (as described
above). In the next step, the plasmidminiCR-AA2 was linearized in the
middle of the spacerAA2 by inverse PCR (step 1), using the primers
MA2_lin (Table S1). The linear miniCR-AA2 contained half of the
AA2 spacer on each side of the plasmid, and was used as template in
the successive PCR reaction (step 2). The primers used in step 2 PCR
were 80 nt long MA2_over primers (corresponding to one-and-a-half
AA2 spacer), which annealed to the AA2 side of the linear template. In
order to minimize self-polymerization of the MA2_over primers and
chimera production with the template, the second PCR step included
only four cycles of PCR amplification followed by a PCR clean-up
procedure (NucleoSpin, MACHEREY-NAGEL). The final circulariza-
tion of the miniCR-MA2 was carried out with Quick-Ligase (New
England BioLabs). The circular, E. coli-originating miniCR-AA2
template plasmid was digested with DpnI (New England BioLabs) as
described above. Through this procedure, one in four E. coli clones
tested harbored the correct construct. Plasmids were recovered
and miniCR regions were inserted into the final virus shuttle-vector
pDEST-MJ (Zebec et al. 2014) of S. solfataricus via Gateway in vitro
recombination (Invitrogen, Life technologies).

Quantitative PCR analysis
DNA gene copies and reverse transcribed mRNA (cDNA) quanti-
fication was performed with qPCR on an Eppendorf Mastercycler
epgradient S realplex2 (Eppendorf). Three biological replicates and
three technical replicates were measured, respectively, for each sam-
ple and control presented in this study. The standard used in each
qPCR run was the enzymatically (XhoI, Thermo Scientific) linearized,
22 kb viral vector pDEST-MJ (Zebec et al. 2014), which contained
the a-amylase gene. To quantify the DNA copies of the viral open
reading frame A291, the primer pair Q-A291 was used, and
a-amylase (SSO1172) gene copies were quantified with the primer
pair QAA2-sp (Table S1 and Table S2). The housekeeping gene used
as a reference of general transcription and cDNA synthesis efficiency
was SSO3194 (encoding glyceraldehyde-3-phosphate dehydroge-
nase). Primer pairs target specifically QAA2-sp and the reference
gene QSSO3194 (Table S1 and Table S2), respectively, and were used
to measure transcripts from the same cDNA preparation, for each
sample and control. For each construct, DCt of the two primer pairs
(SSO3194 and QAA2-sp) was calculated and then normalized to the
values of the control construct pZ2, which contained two nonsense
spacers (significance values in Figure 3). The qPCR efficiency was
between 94% and 100%, in all qPCR runs. Primer sequences and
amplicon lengths are listed in Table S1.

Protein/a-amylase activity assay
Hydrolytic activity of the secretory protein a-amylase (SSO1172 or
SSO_RS05765) on starch was determined by the photometric quanti-
fication of iodine binding to starch, as described by Haseltine et al.
(1996) and Xiao et al. (2006), with the following modifications. Culture
supernatant samples were taken at regular intervals during the course
of the growth curve, between OD 0.05 and 0.4, and stored at 4� until
processing. Quantification of the remaining starch in the cultures was
performed by adjusting 162 ml of sample to pH 3.5 with 10 mM
sodium acetate (pH 3.5), and addition of 10 ml of a 1:10 dilution of
Lugol solution (Sigma) for color development. Sample absorbance
was determined at a wavelength of 580 nm, and was corrected for
medium absorbance (deducing the absorbance measured in the media
without cells). Consumption was calculated in picograms starch hydro-
lyzed per chromosome (as calculated by qPCR) in the course of the
growth curve [i.e., measuring consumption between t0 (OD = 0.05)
and t2 (OD = 0.45)], and is represented relative to the control culture
pZ2. At least three biological and three technical replicates were
measured for each miniCR construct, respectively.

The provided Supplemental Material includes Figure S1, Figure
S2A, Figure S2B, Figure S3, Figure S4, Table S1, Table S2, and File S1.
Figure S1 contains a schematic representation of the multiplex miniCR
constructs analyzed in this study. Figure S2 contains a schematic over-
view of the modular OE-PCR. Figure S3 contains the sequence
of miniCR-AA12345. Figure S4 illustrates the quantification of viral
copies per chromosome. Table S1 and Figure S2 contain information
on the PCR reactions and primers used in this study.

Data availability
The authors state that all data necessary for confirming the conclusions
presented in the article are represented fully within the article.

RESULTS
In our previous work, we were able to knock down the b-galactosidase
gene expression of S. solfataricus to 50% (measured on mRNA and
protein level) by expressing an engineered miniCR locus carrying a
single spacer against the chromosomally encoded b-galactosidase
mRNA (Zebec et al. 2014). This miniCR was derived from CRISPR
locus D of S. solfataricus, and contained additionally five original
flanking spacers and the leader sequence (encoding a transcriptional
promoter). Using an analogous strategy, we focused here on the
modulation of the miniCR system determining the silencing effi-
ciency of another host-derived gene using multiple targeting spacers
expressed from a singleminiCR construct. As a target, the a-amylase of
S. solfataricus was selected—a secreted enzyme catalyzing the hydro-
lysis of polymeric starch to linear maltodextrins (Worthington et al.
2003). The secreted protein was identified by mass spectrometry from
an SDS-PAGE of culture supernatant as the verified gene product of the
2709 bp gene SSO1172 (or SSO_RS05765) encoding a-amylase (not
shown). Five 37-bp sequences were chosen as protospacers (i.e., target
sequences) on the a-amylase mRNA, according to which the miniCR
spacers AA1–AA5were designed (Figure 1, A and B). The protospacers
were chosen such that their adjacent 39 sequences (PAS) matched at
least 6 nt of the 59-handle of the crRNAs (which is derived from the
repeat sequences of the CRISPR locus, and is used for chromosome
(“self”) recognition and protection (Figure 1B). We have previously
shown that matches of only 3 bp between the PAS and the 59 handle
at distinct positions (–3, –4, –5) were sufficient to completely suppress
CRISPR-mediated DNA cleavage (Manica et al. 2013). A systematic
survey of the S. solfataricus chromosome revealed that this 3-nt long
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PAS motif is found at least once in 99% of all CDS (coding DNA
sequence), whereof 85% contain at least five occurrences of the PAS
motif. This indicates that cognate crRNAs for gene silencing, while
circumventing DNA degradation, can be easily designed for every
gene in the host chromosome. The following miniCR constructs,
each carrying a different number and composition of spacers were
designed: three single constructs carrying one spacer each (miniCR-
AA1, -AA2, -AA3), two double constructs harboring two spacers
each (miniCR-AA13 and miniCR-AA23), miniCR-AA123 carrying
three different spacers, and miniCR-AA12345 carrying five spacers

targeting a-amylase at five different positions (Figure 1B and Figure
S1). In addition, construct miniCR-MA2 carried spacer AA2 three
times in series (interspaced by repeats), aiming to analyze the impact
of the dosage of a single spacer on the silencing effect (Figure 1B and
Figure S1). As a control, construct pZ2, which carries a miniCR back-
bone with two spacers (Z1 and Z2) not matching a-amylase, was
designed. All miniCR constructs were inserted into the SSV1-virus
shuttle vector pDEST-MJ (Zebec et al. 2014), and the resulting
recombinant shuttle virus was used to transfect S. solfataricus. Trans-
fected cells were used in an inverted plaque assay (Materials and

Figure 1 (A) Schematic repre-
sentation of programmed silencing
of the a-amylase of S. solfataricus
in a transfection assay using
a multiplex miniCRISPR locus
(miniCR-AA12345). Locations
of primers used in qPCR are
indicated (Q-AA2-sp-FW and
Q-AA2-sp-RV). (B) Protospacer
(i.e., targeting sites) regions in
a-amylase mRNA with 39 PAS
hybridizing to matching crRNA
and 59 handle. Exact protospacer
positions on mRNA sequence are
indicated. Upper case letters,
complementarity; lower case
letters, mismatch; linked lower
case letters, G:U pairing through
mismatch.
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Methods), and one plaque of each transfectant was transferred into
Brock growth medium supplied with starch to induce expression of
a-amylase (Grogan 1989).

The SSV1 virus-based shuttle vector has been used repeatedly
for genetic manipulation of S. solfataricus (Schleper et al. 1992,
Jonuscheit et al. 2003, Albers et al. 2006, Manica et al. 2011, 2013),
because propagation of the construct is more efficient compared to a
cryptic plasmid-based system, but the viral DNA nevertheless remains
in stable copy numbers. To verify that each miniCR-transformant
carried a similar amount of viral DNA copies, i.e., same amount
of miniCRs, virus copies per cell (per host chromosome) had to
be determined. For this, total DNA was isolated from each culture at
t1 and t2 (early- and late-exponential growth phase), respectively, and
analyzed by qPCR using primers specific for the host chromosome
(AA-Q2-no sp, Table S1) and the viral genome (Q-A291, Table S1),
respectively, on the same DNA sample. The average viral counts per
chromosome were constant between cultures, at 1–2 copies per chro-
mosome (six replicates of each construct were tested, Figure S4).

Gene silencing by the different miniCR constructs was determined
at the protein level, where the remaining starch content in the medium
was quantified (over growth from OD600 = 0.05 until late exponential
phase, OD600 = 0.45) as a measure of the hydrolytic activity of the
secreted a-amylase protein. The measurements were compared to the
control pZ2, where no decrease in starch consumption (i.e., no silenc-
ing) was observed (Figure 2). Our results demonstrate the trend of a
gradual increase of silencing with an increasing number of spacers
targeting the a-amylase at different positions. Single spacer constructs
showed the weakest silencing effect of around 10% for AA1 and AA2,
respectively, and around 35% for AA3, when compared to pZ2. An
increase in silencing activity was observed for double constructs AA13
and AA23, which exhibited a decrease of 55% and 41% in starch con-
sumption, respectively. Hydrolytic activity of a-amylase was further
reduced for construct AA123, carrying spacers AA1, AA2, and AA3,
to around 30% residual activity. For MA2, the triple-dosage construct,
carrying the spacer AA2 three times, 80% silencing was determined
compared to the activity of the pZ2 control. Consumption was drasti-
cally repressed with construct AA12345, where cells consumed overall
only around 10% (i.e., 90% silencing) of starch compared to the control
(Figure 2), i.e., 90% silencing effect.

To verify whether the silencing effect observed in the protein assay
was reflected in the mRNA level, a-amylase transcripts were quantified
via qPCR. RNA was sampled, reverse transcribed, and analyzed from
early exponential growth phase (t1, OD600 = 0.15) and late growth
phase (t2, OD600 = 0.45) of cultures showing the strongest silencing

effect on the protein level (miniCR-AA123, miniCR-MA2, and
miniCR-AA12345). The primer pair Q-AA2-sp was used for quantifi-
cation of a-amylase in relation to transcripts of the chromosomally
encoded SSO3194 gene used as reference (Pfaffl 2001). In samples
taken during the early growth stage, we detected a relative decrease
of 85% in a-amylase mRNA for the dosage construct miniCR-MA2,
and 82% lower mRNA levels were measured for construct AA123. A
95% decrease in a-amylase mRNA molecules were detected for
AA12345 (Figure 3). During late exponential phase, the decrease in
a-amylase mRNA compared to the control pZ2 was generally lower,
but still significant. Overall, highest RNA degradation of 95% in the
early growth stage, and 90% in the late growth stage, was achieved with
construct AA12345. These findings were in agreement with the reduced
protein levels in the same transformants (Figure 2).

DISCUSSION
In this study,wewere able to silence thea-amylase geneof S. solfataricus
up to 95% using a minimal CRISPR version transcribed from a native
leader carrying artificial spacers against the amylase mRNA (Figure 2
and Figure 3). A gradual increase of the silencing effect frommaximally
35% with a single spacer, to 95% with a quintuple spacer arrangement,
was observed.

Three different single-spacer miniCR constructs were compared in
this study. Surprisingly, two of them (AA1 and AA2), showed no
significant silencing effect compared to control cultures, whereas
AA3 showed around 35% silencing (Figure 2). These results differ from
our previous observations, where only one spacer expressed from
the same miniCR backbone was sufficient to knock down the
b-galactosidase in S. solfataricus to 50% (Zebec et al. 2014). Since
silencing requires both the successful incorporation of crRNA into a
type III silencing complex, and the capability of crRNA to bind effi-
ciently to its target site, we assume that one or both of these mecha-
nisms was less efficient for AA1 and AA2. It seems to be difficult to
predict the position on the mRNA (i.e., protospacer) that leads to most
efficient silencing when targeted, since internal structures of RNAs and
hybridization parameters are challenging to determine accurately.
However, by calculating interaction energies between the single
crRNAs and their protospacers on the mRNA, we found them to be
thermodynamically favorable (dG , –22 kcal/mol) over any RNA
secondary structures inhibiting binding (calculated with RNAup—
ViennaRNAPackage Version 2.1.9; Mückstein et al. 2006). Further
experiments are needed to systematically address the parameters de-
termining the effectiveness of a given spacer in order to improve spacer
design. Nevertheless, when combining the AA1 and AA2 spacers with

Figure 2 Starch consumption expressed as percentage
of the control (pZ2) measured over the course of growth
in cultures of transformants, as described in Materials
and Methods. At least three biological replicates
with three technical replicates were measured in each
case. Error bars show SE (n $ 3). Lowercase letters in-
dicate significant differences between sample means
(Fisher’s least significant difference, LSD, P # 0.05),
i.e., same letters show no significant difference of
means. AA1/AA2/AA3, miniCR carrying one spacer
each; AA13/AA23, miniCR carrying two different
spacers; AA123, miniCR carrying three different
spacers; MA2, miniCR carrying spacer AA2 three
times; AA12345, miniCR carrying five different spacers.
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AA3 to produce double (AA13 and AA23) or triple (AA123) con-
structs, the silencing effect increased up to 70% (Figure 2). Interestingly,
an excess of spacer AA2 expressed via construct MA2 (carrying the
AA2 spacer three times) also proved to be extremely efficient, resulting
in 80% reduction in a-amylase activity. The dosage impact of crRNAs
was also observed in the study of Peng et al. (2015), in which the
overexpression of one spacer by a strong promoter resulted in 90%
silencing of a reporter gene in S. islandicus.

During the early growth stage there seemed to be no difference in
CRISPR-mediated RNAi (RNA interference) strength when three
spacers were used as in constructs AA123 andMA2 (Figure 3). Around
85% of a-amylase mRNA was reduced regardless of whether the
spacers were targeting multiple positions (AA123) or a single one
(MA2). This effect is also retained in the late exponential growth
stage, although overall silencing was weaker (around 60–70%) which
is probably due to a general loss of cell fitness, or the accumulated effect
of the highly stable active enzyme produced by transcripts that escaped
silencing (Figure 3). Overall, it seems that there is no obvious difference
in silencing strength between multiple site or single site targeting.

Multiple site targeting (such as from miniCR-AA123, or miniCR-
AA12345) might be advantageous for targeted gene silencing, since
hybridization of one crRNA to its binding site might promote the
accessibility of a second binding site elsewhere on the mRNA though
conformational changes. Furthermore, it might also reflect the natural
targeting strategy of the CRISPR in environmental systems, since de
novo spacers seem to be acquired from different loci of invading
genomes than repeatedly from the same site, as illustrated by the
uptake of multiple spacers matching a single genetic element within
CRISPR arrays in Sulfolobales (Held et al. 2010; Erdmann et al. 2013;
Erdmann and Garrett 2015; Levy et al. 2015). Nevertheless, in our
experiment, miniCR-MA2 showed that dosage can have a strong effect,
even if the effectiveness of the respective single spacer alone is relatively
low. Therefore, an overexpression of single crRNAs might be interest-
ing if small RNAmolecules that do not containmore than oneminimal
PAS are targeted and, therefore, cannot be tackled inmultiple positions.

The strong RNAi effect of the quintuple construct AA12345 was
similar inearly and lategrowthstages.Thesedata suggest thatfive targets
in a single RNAmolecule (or less, depending on the choice of crRNAs)
are sufficient to effectively degrade a specific RNA. In order to further
improve this system for silencing of essential genes, it will be useful to
employ inducible promoters for expression of the engineered miniCRs.

It will also be important to investigate the extent of cross-reactions of the
crRNAs with other targets, i.e., to determine the extent of off-targeting.

From a mechanistic perspective, it would be important and in-
teresting to reveal the cross-talk and interplay between the five different
CRISPR systems in S. solfataricus. Even though we can rule out any
CRISPR–DNA interference activity by type I and, presumably, type
III-D systems using PAS-handle complementarity, we cannot clearly
distinguish between the coexisting type III complexes (III-D and III-B)
with respect to RNA cleavage. In vitro studies show that, in principle,
both complexes of S. solfataricus cleave RNA, but, so far, it has only
been shown for the CMR III-B system that crRNAs expressed from
our miniCRISPR are incorporated and used as a guide to cleave the
target (Zhang et al. 2016; Zebec et al. 2014). Due to the lack of efficient
knockout techniques in this strain, we could not construct CRISPR
mutants or nuclease deficient complexes in S. solfataricus to address
this question in vivo.

Overall, we have demonstrated a gene silencing effect of up to
90–95% on the mRNA level, and 90% on the protein level while
using five spacers (AA12345) against the a-amylase mRNA mole-
cules. We have shown that, besides b-galactosidase, potentially any
gene can be efficiently silenced in this host using multiplexed miniCR
systems, by appropriating the number of spacers used to the length of
the gene. In addition, we have exploited the inherent properties of the
CRISPR system to modulate transcript levels by using an increasing
number of spacers. This revealed that weak effects of single spacers
can be enhanced gradually, either by increasing the total yield of
crRNA, or through combinations of different spacers.

Conclusions
Besides groundbreaking genome-editing tools derived from CRISPR
types II and V (Jinek et al. 2012; Fagerlund et al. 2015; Zetsche et al.
2015; Wright et al. 2016), more progress is now being made in mod-
ulating and exploiting type I and type III CRISPR complexes for
genetic manipulation (Rath et al. 2015; Luo et al. 2015) . Only recently,
Li et al. (2015) elegantly used the DNA targeting complexes CASCADE
and CMR-a complexes to set mutations in genes of interest in the
S. islandicus genome.

Recent research has also presented the huge potential for other
CRISPR systems to alter cell or viral mRNA levels, e.g., the recently
described Class 2 type VI-A systemC2c2 (Abudayyeh et al. 2016). The
dCas9 system is a leading, and readily commercially available, silencing
and activation system that can be applied in most organisms (bacteria

Figure 3 Relative quantification of a-amylase mRNA
via qPCR. Light gray columns represent samples taken
in the early exponential growth stage, and dark gray
represents samples taken in the late exponential growth
stage. The primer pair QAA2-sp was used to measure
a-amylase mRNA levels amplifying the region of AA2
and AA4 (Figure 1, A and B). The gene SSO3194, cod-
ing for glyceraldehyde-3-phosphate dehydrogenase,
was used as a housekeeping gene. Three biological
replicates were measured with three technical repli-
cates, for each construct, respectively. All values pre-
sent relative expression of a-amylase mRNA compared
to control miniCR-pZ2 in percent. Significance to
the control pZ2 was determined by a one-tailed t-test,
n $ 3, with P # 0.0063 for early growth stage (lower-
case letters) and P # 0.032 for the late growth stage
(capital letters). Error bars represent SD (n $ 3). No
significant difference between early and late growth
stage was observed for the control construct pZ2.
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and eukarya), except extremophiles, to which most cultivated archaea
belong (Qi et al. 2013; Gilbert et al. 2014; Konermann et al. 2015). No
dCas9 systemwas reported or introduced into Archaea, which also lack
the RNase III activity needed for crRNA processing in Cas9 systems.
Considering the results of this study and that of Peng et al. (2015),
it now seems possible to conduct efficient gene silencing by targeting
transcripts of any size in Sulfolobus, and to any desired level for
investigating phenotypical effects. The miniCR system (Zebec
et al. 2014; Peng et al. 2015), combined with a type III activity,
represents the first tool that allows post-transcriptional gene silenc-
ing by directly attacking RNA independently of DNA binding, and
thus differs from the type II, dCas9 CRISPR-systems. Furthermore,
it represents the first gene silencing mechanism that can be used in
hyperthermophilic microorganisms, for which genetic tools are
generally scarce. Being able to silence genes in Sulfolobus means
it becomes possible to study the function of essential genes involved
in central information processing in archaea, which are highly con-
served between archaea and eukaryotes.
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