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Abstract

CRISPR-Cas (clustered regularly interspaced short palindromic repeats—CRISPR associated pro-
teins) is a RNA-guided defense immune system that prevents some genetic elements such as plas-
mids and virus from getting into the bacterial cells. Zymomonas mobilis is an ethanologenic bacte-
rium, which encodes a subtype I-F CRISPR-Cas system containing three CRISPR loci and a far dis-
tant cas gene cluster. Reverse transcription (RT)-PCR analysis revealed that the CRISPR loci were
transcribed on both strands. The Cas proteins were suggested to be expressed based on the pre-
vious transcriptomic analysis. Challenging with the invader plasmids containing the artificial pro-
tospacer with the protospacer adjacent motif (PAM) of NGG or GG exhibited immune interference
activity. However, PAM motif of GG seems more effective than NGG in interference activity. Further,
the artificial CRISPR arrays with the spacer sequences targeting to the specific genome sites could
also lead to strong immune activity, resulting in almost no transformant grown on the agar plates.
It was suggested that bacteria like Z. mobilis ZM4 are lack of the rejoining function to heal the
double breakage of genomic DNA made by the CRISPR system. Conclusively, the Type I-F CRISPR-
Cas system in Z. mobilis ZM4 is active to functionally defense the invading DNA elements.
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1. Introduction

CRISPR-Cas systems (clustered regularly interspaced short palindromic repeats—CRISPR-associated proteins)
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occur widely in bacteria and Archaea [1]. The CRISPR array is consisted of the identical short repeat sequences
and the unique spacers that are inserted between two repetitive sequences. And a cluster of protein-encoding
genes named as CRISPR-associated (cas) gene is usually near by the CRISPR array. Based on the Cas protein
sequences, CRISPR-Cas systems are classified into three major types and several subtypes [2] [3].

Currently, CRISPR-Cas system has been proved as an adaptive immune mechanism against mobile DNA
elements like viruses and plasmids [4]. This RNA-guided adaptive immune mechanism mainly involves three
phases, adaption, expression and interference. In the first stage, a piece of invader DNA is integrated into the
5’-end of the CRISPR loci as a new spacer. Recently, the integration mechanism is reported for acquirement of
new spacer [5] [6]. In the expression stage, a long primary CRISPR RNA (pre-crRNA) is transcribed from the
CRISPR locus driven by the leader sequence, which is then processed by Cas proteins to generate mature
crRNA species [7]. In the last phase, the Cas proteins and crRNA form a ribonucleoprotein complex which is
response to recognize the target invader nucleic acid by a complementary manual and hence degrade the target
DNA [8] [9]. In the Type II, a single protein Cas9, as well as the corresponding guide RNA is developed as a
powerful technique in genomic editing both in prokaryotic and eukaryotic cells [10] [11].

During the adaptation and interference stages, recognition of the protospacer and target nucleic acid by the
CRISPR systems absolutely requires a short sequence motif named as the nearby protospacer adjacent motif
(PAM). PAM sequence requirement varies between CRISPR-Cas types [12]. In general, multiple PAMs could
be effective both in adaptation and interference for the same CRISPR-Cas system. For example, six different
PAMs identified to be required to permit target DNA recognition [13]. However, the requirement of PAM seems
more flexible in recognition of spacer acquirement than in the interference [14].

Nowadays, functional studies of CRISPR-Cas systems have been widely applied to various bacteria. And
some evidences indicate that not all CRISPR-Cas systems are capable to conferring the immune interference to
foreign DNA elements [7] [15]. Zymomonas mobilis is a Gram-negative bacterium and is regarded as a potential
fuel ethanol producer due to the characteristic of ethanol fermentation metabolic pathways [16]. Compared with
the yeast, Z. mobilis ZM4 produces less cells, higher ethanol tolerance and ethanol production rate. Further,
various strains of Z. mobilis also encode CRISPR-Cas systems in their genome and plasmid (Table S1) [17]-
[22]. In this work, functional characterization of the CRISPR-Cas system was performed using the Z. mobilis
ZM4 strain. We figured out that the transcription of the CRISPR locus occurred on both strands, but differen-
tially. And the CRISPR-Cas system is active to defense against the invader plasmid DNA via cognate crRNAs
derived from the transcripts.

2. Materials and Methods
2.1. Strains, Plasmids and Growth Conditions

The bacterial strains and plasmids used in this work were listed in Table S2. Z. mobilis ZM4 was routinely
grown at 30°C in RM broth (20.0 g/L glucose, 10.0 g/L yeast extract, 1.0 g/L. MgSQ,, 1.0 g/L (NH,),SO,, 2.0
g/L KH,PO,) or RM agar plate. If needed, kanamycin was added in the RM medium at 200 pg/mL. The cultures
of Escherichia coli DH5a were grown in Luria-Bertani (LB) broth (1% peptone, 0.5% yeast, 0.5% NaCl) at
37°C or with addition of antibiotics if needed.

2.2. Maintaining the Integrity of the Specifications

The total RNAs were isolated from 6 mL culture of Z. mobilis ZM4 growing in RM for 12 h and 16 h under sta-
tionary condition by using the Bacterial RNA Kit (Omega Biotech Co, Atlanta, USA) according to the manu-
facturer’s instructions. Then PrimeScript™ RT reagent Kit with g DNA Eraser (Takara Biotech Inc., Dalian,
China) was used to perform the reverse transcriptional reaction using 1.0 ug total RNA prior to removal of the
genomic DNA and the specific primers of ZmC1S3.F, ZmC1S6.R, ZmC2S2.F, ZmC2S5.R (Table S3), respec-
tively. The resulting cDNAs were used to detect the target transcripts of CRISPR loci P1 and P2 by PCR with
the specific primer pairs (ZmC1S3.F/ZmC1S6.R, ZmC2S2.F/ZmC2S5). The PCR cycles were initiated at 94°C
for 4 min to denature the template DNA, followed by 25 or 32 amplification cycles. Each amplification cycle
consisted of 94°C for 30 sec, 55°C for 30 sec and 72°C for 30 sec. And then, the PCR products were analysis on
2% agarose gel. In addition, the same primer pairs were used to amplify the RNA samples to examine if the
RNA samples was contaminated with the genomic DNA or not.
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2.3. Construction of the Invader Plasmids

The invasion plasmid was constructed by the PCR using pBBR1MCS2 [23] as template and the overlapped pri-
mers (Table S3), which contained the spacer 1 and 3 of the CRISPR locus P1 of Z. mobilis ZM4. In addition,
TGG or GG were introduced at 3’-end of the spacer sequence to serve as protospacer, respectively, since TGG
or GG was demonstrated as an effective PAM site in the another type I-F of CRISPR-Cas systems [24]-[26].
PCR amplification with the KOD Plus DNA polymerase (Toyobo Co., Ozaka, Japan) following cycling steps:
pre-denaturation 94°C for 4 min; denaturation 94°C for 30 sec, annealing at 52°C - 54°C (for various primer pair)
for 30 sec, extension 68°C for 6 min, 30 cycles; and final extension at 68°C for 10 min. The PCR product, after
digested by Dpnl (Thermo scientific, Massachusetts, USA) was transformed into E. coli DH5a competent cells.
The inserted spacer sequence and PAM site were confirmed by DNA sequencing.

2.4. Electriporation Transformation

Transformation of Z. mobilis ZM4 was following the previous description [27] with minor modification. In brief,
the cells were cultured in RM broth to the middle log-growth phase at 30°C in stationary condition. The cells
were collected and washed with ice-cold dd H,O containing 10% glycerol by centrifugation at 4000 rpm for 5
min by 4 - 5 times. And then, 1 ug plasmid DNAs were added into 100 puL competent cells in a 2 mm-diameter
cuvette. After standing by on ice for 10 min, electroshock was performed at 2500 V/cm, 50 pF capacitance and
10 ohms resistance on the Gene PulserX-cell (BioRad Co. California, USA). Afterwards, the cells were rapidly
added with 3 mL RM medium and incubated for 6 h at 30°C. Finally, 0.2 mL of cells were dispensed on RM
agar plates containing 200 pg/mL kanamycin. After incubation at 30°C for three to four days, the numbers of
transformants were first counted. In addition, the entrance of plasmid DNA into the colonies was confirmed with
the colony PCR. All the transformation experiments with each plasmid were independently performed in tripli-
cates or more.

2.5. Construction of the Genome Targeting Plasmids

First, the full length of the CRISPR locus P1 of Z. mobilis ZM4 was amplified using the primers (Cri01.F and
Cri01.R) with the genomic DNAs as template. After digesting with Kpn I and Hind I11, the PCR fragment was
cloned into the plasmid pBBR1MCS2 digested with the same restriction endonucleases. The resulting plasmid
assigned as pCri01, was confirmed by DNA sequencing. And then, three 32-bp sequences with a nearby PAM of
TGG at 3’-end were selected as the protospacer at different genomic sites, two located in the gene ZM00293
and one in ZMOO0875. The selected sequence as an alternative spacer was inserted into the pCriO1 in displace-
ment of the original spacer 1 and spacer 3, or both via overlapping PCR. The PCR reactions with the Master
Mix Kit (Vazyme, Nanjing, China) were performed using pCriOl as template and the overlapping primers
(Table S3) as following steps: for the first 6 cycles, pre-denaturation 94°C for 4 min, denaturation 94°C for 30
sec, annealing at 54°C for 30 sec, extension at 72°C for 6.5 min; and for the subsequent 24 cycles, denaturation
94°C for 30 sec, annealing at 62°C - 68°C (for various primer pairs) for 30 sec, extension at 72°C for 6.5 min
with an additional extension at 72°C for 5 min. And then, the PCR products were digested by Dpnl (Thermo
scientific) and transformed into E. coli DH5a. The resulting genome targeting plasmids were sequenced to con-
firm the inserted DNA sequence. For targeting the genome, these plasmids (Table S2) were transformed into the
ZM4 cells by electroporation as described in the above section. The number of transformants was accounted for
each plasmid. For each plasmid, the transformation was independently performed in triplicates.

3. Results
3.1. Organization and Structure of CRISPR-Cas System in Z. mobilis ZM4

According to the databases CRISPRdb (crispr.u-psud.fr) and CRISPI (www.crispi.it/it/index.php), Z. mobilis
ZM4 contains the CRISPR-Cas system with three CRISPR loci named as P1 to 3 and a cas gene cluster. The
organization and structure of the CRISPR/Cas system in the genome was present in Figure 1. The CRISPR loci
(P1-3) share the identical repeat sequence (GTTCACTGCCGCACAGGCAGCTTAGAAA); and contain the
unique spacers interspaced by 8, 6, and 1, respectively. It is noticeable that the CRISPR P3 is not complete due
to the last repeat sequence. The repeat sequence in these CRISPR loci of Z. mobilis ZM4 is completely identical
with the other CRISPR arrays from Pseudomonas aeruginosa [15], Pectobacterium atrosepticum [28], Yersinia
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Figure 1. Organization of the Type I-F CRISPR-Cas system of Z. mobilis ZM4. This sys-
tem is consisted of 3 CRISPR loci (P1-P3) and a far distant cas gene cluster (Casl, Cas3,
Csyl, Csy2, Csy3 and Csy4). The sequence of direct repeat (DR) is present in the box.

pestis [29] and E. coli [15], which should be classified into group 4 [30]. The majority of spacer sequence are 32
or 33 nt in length, none of which matches to the known viruses or plasmids by BLASTn against the Nucleotide
Collection database (www.blast.ncbi.nlm.nih.gov/Blast.cgi).

Unlike most CRISPR-Cas systems in the other bacteria or archaea in which the cas gene cluster is located
immediately near by the CRISPR locus [3], the cas gene clusterin Z. mobilis ZM4 is far distant from the CRISPR
loci in the genome and consisted of six cas genes: casl, cas3, csyl, csy2, csy3, and csy4 (or caséf) (Figure 1).
The components and organization of the cas gene cluster in Z. mobilis ZM4 are similar with that of Y. pestis
7176003 [29]. Accordingly, the CRISPR-Cas system in Z. mobilis ZM4 belongs to Type I-F or Ypest [31].

3.2. Expression of the CRISPR-Cas System in Z. mobilis ZM4

In order to confirm if the CRISPR loci in Z. mobilis ZM4 is or not transcribed, a strategy based on the reverse
transcription (RT) and PCR reaction was adopted (Figure 2(a)). Two total RNA samples, isolated from the cells
growing for 10 and 16 h in RM broth, were reversely transcribed with each specific primer, e.g. Zm4C1S3.F,
Zm4C1S6.R, Zm4C2S2.F or Zm4C2S5.R, which is specific to complement with a specific spacer sequence on
the double strands of the CRISPR locus P1 and P2, respectively. First, PCR reaction was performed using the
RNA samples as template, indicating that no genomic DNA was contaminated in these RNA samples (Figure
2(b), line 1). And then, the same PCR amplification with the routine 32 cycles was performed with two pairs of
primers (ZmC1S3.F/ZmC1S6.R and ZmC2S2.F/ZmC2S5.R for CRISPR loci P1 and P2, respectively). Unex-
pectedly, the PCR products were obviously observed by the cDNA templates by reversely transcribed either
with the forward primer or the reverse primer (Zm4C1S3.F or Zm4C1S6.R for the CRISPR locus P1, and
Zm4C2S2.F or Zm4C2S5.R for the CRISPR locus P2). Subsequently, PCR reaction with reduced cycling num-
ber (25) was also preformed again. A representative result was shown in Figure 2(b), indicating that both of the
cDNA templates reversely transcribed with the forward or reverse primer could be amplified to produce the
PCR products. However, higher yield was obtained with the cDNA template from the reverse primer than that
from the forward primer under the same condition. These data indicated that the CRISPR arrays of Z. mobilis
ZM4 were transcribed on both strands, but with different expression level. The CRISPR locus in Sulfolobus
acidocaldarius was also reported to be transcribed on both strands [32]. Conclusively, these experimental evi-
dences indicated that the CRISPR loci are indeed transcribed in Z. mobilis ZM4 under the normal growing con-
dition. Further, we can infer the transcriptional direction and the leader region of the CRISPR loci in this bacte-
rium. Accordingly, the characteristic elements such as TATA box and AT-rich region can be inferred in the up-
stream region of the CRISPR loci P1 and P2.

Further, the transcripts of six cas genes in Z. mobilis ZM4 growing at various conditions could be easily de-
tected in the previous transcriptional analysis [33] [34]. For example, the relative transcriptional levels of the cas
genes are presented in Table 1, which is retrieved from the transcriptome data in the previous studies [35].
These data indicate that the cas genes may be transcribed constitutionally.

3.3. Immune Defense against the Invader Plasmids in Z. mobilis ZM4

Since the cas gene cluster and the CRISPR laci are transcribed actively in Z. mobilis ZM4, this system is expected
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Figure 2. Transcription of the CRISPR loci P1, P2 and P3 of Z. mobilis ZM4. (a) A strategy
adopted for identification of the transcription and the transcriptional direction; (b) Electro-
phoresis analysis of the reverse transcription (RT)-PCR with the RNA sample with PCR
cycles of 32 (upper panel) and 25 (lower panel), respectively; lane 1, PCR amplification using
the total RNAs as template; lane 2 and lane 3, PCR products using the cDNA templates ob-
tained from the reversely transcriptional reaction using the primers of ZM4C1S3.F and
ZMAC1S6.R, respectively. lane 4 and 5, the PCR products using the cDNA templates ob-
tained from the reversely transcriptional reaction using the primers of ZM4C2S2.F and
ZMAC2S6.R, respectively.

Table 1. Relative transcription levels of cas genes in Zymomonas mobilis ZM4".

Description

Gene ID. (TIGRFAM) 4h 8h 12 h

ZMO0680 Casl family 828.42 £ 69.9 783.52 £52.9 1000.19 £59.2
ZMO0681 Cas3 family 1248.63 £52.0 1327.13+£121.3 1618.38 £ 109.5
ZMO0682 Csyl family 2648.84 £ 279.0 2886.38 £191.7 2887.63 £52.5
ZMO00683 Csy?2 family 1969.47 + 68.6 1847.80 £ 99.7 1981.85+91.3
ZMO00684 Csy3 family 2580.21 + 63.6 2149.24 +184.9 2202.51 +138.9
ZMO0685 Csy4 family 2725.74 £122.7 2335.56 +30.9 2195.22 +£190.6

“Z. mobilis ZM4 was grown in RM medium at 30°C in stationary condition for various times. And 220 g/l glucose was added into the medium at 6 h.
The data were obtained from the microarray assay described as before [35].

to be active to defense against the invader DNA elements. However, no virus has been reported to associate with
Z. mobilis, so the plasmid-based invader assay was applied to this purpose [13] [36]. First, a series of invader
plasmids were constructed (Table S2), with in which the first spacer and the third spacer of CRISPR locus P1
with the deduced PAM site (TGG or GG) at the 3’-end on the target strand were inserted in the shuttering plas-
mid pBBR1MCS2by overlapped PCR to serve as an artificial protospacer. All the constructed invasion plasmids
and the parent plasmid were transformed into the competent cells of ZM4 by electroporation under the same
condition. The transformants were selected on the RM agarplates with addition of 200 pg/mL kanamycin. In ad-
dition, the transformants were randomly picked up and used to perform PCR, which confirmed entrance of the
plasmid DNA into the bacterial cells (data not shown).

Expectedly, the numbers of transformants of the invader plasmids containing the artificial protospacer with
PAM motifs (TGG and GG) were significantly less than that of the parent plasmid (without no spacer inserted)
(Figure 3(a)). The data of three individual transformation experiments were given in Figure 3(b). Reduce of the
relative transformation rate was contributed to the immune defense of the invader plasmid DNA by the native
CRISPR-Cas system in the bacterial cells [13]. However, the immune activity is less effective with the PAM
motif of TGG than GG because the transformation rate trends to about 1% - 4% with GG as PAM in comparison
to >20% with TGG as PAM (Figure 3(b)). Based on the structural model of the Cascade complex revealed in
the Type | CRISPR-Cas system [7] [8], the Cascade complex with the crRNA biogenerated from the CRISPR
transcripts in Z. mobilis ZM4 would be formed, and then guide to target the protospacer (Figure 3(c)).

In addition, the invader plasmid DNAs were still escaped from the immune interference by the CRISPR-Cas
system (Figure 3), which is consistence with the previous studies with the archaeal CRISPR-Cas system [13].
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Figure 3. The plasmid-based interference activity of CRISPR-Cas system in Z. mobilis ZM4 with the crRNA generated from
the leader strand. (a) 1-5 presented the representative transformation plates using the control plasmid pBRRMCS02 and the
invader plasmids of pC1S1-3TGG, pC1S1-3GG, pC1S3-3AGG and pC1S3-3GG, respectively. The invader plasmids were
constructed in pPBRRMCSO02 by insertion of a protospacer which was consisted of spacer 1 or 3 from the CRISPR locus P1
and the PAM motif of TGG or GG; (b) The transformation rates of the invader plasmids relative to the control plasmid
pBRRMCS2 (100%). The data were obtained from three independent experiments.

3.4. Targeting the Genome with the Artificial CRISPR Array

In order to confirm the immune function of the CRISPR-Cas system in Z. mobilis ZM4, a series of targeting
plasmids were constructed (Table S2), in which the selected target sequences at different genomic sites were
cloned into the CRISPR array P1 in placement of the original spacer 1 and/or 3. These plasmids are expected to
drive the modified CRISPR array to express and to generate the special crRNA in the bacterial cells. After
transformation into cells, the targeting plasmids led to almost no transformant to form on the kanamycin-cont-
aining RM agar plates (Figure 4(a)). In contrast, number of the transformants was much more with the control
plasmid pCri01 which hosting a native CRISPR locus P1 (Figure 4(b)). These data indicate that the crRNA de-
rived from the modified CRISPR array with spacer sequence targeting to the specific genomic sites in the plas-
mids could guide to cut the genome at the target protospacer site. As a result, the double-stranded breakage in
the genome made by the interference activity will lead to the cells to die [31]. Noticeable, the transformation
rate is usually less than 4% with various spacers or location in the CRISPR array (Figure 4). In contrast, the
transformation rate to target the invader plasmids is in the range of about 20% when T/AGG PAM motifs were
used (Figure 3). Therefore, the immune activity to target the genome is stronger than to target the invader plas-
mids under this condition.

4. Discussion

In terms of the components and organization of the CRISPR-Cas system, the CRISPR-Cas system of Z. mobilis
ZM4 should be classified into to the Type I-F or Ypest [31]. The same type of CRISPR-Cas systems also occurs
in the other Z. mobilis strains with the genome sequenced, like CP4, ATCC 29191, NCIMB 11163, and ATCC-
10988 (Table S1). A cas gene cluster (encoding Casl, Cas2, Csyl-4) also occurs in these strains but far from
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Figure 4. Genome targeting with the artificial CRISPR array in Z. mobilis ZM4. (a) 1-5 presented the representative transfor-
mation plates with the control plasmid pCri01 and the targeting plasmids of pC120293.S1, pC1Z0293.S3; pC1Z0293.51/3,
and pC1Z0875.S1, respectively. The targeting plasmids were constructed by insertion of the spacer sequences selected from
various genome regions (two from ZM00293, one from ZMOQ0875) in replacement of the original spacer 1 and/or 3 in the
CRISPR locus P1 in pPBRRMCS02; (b) The transformation rates of the targeting plasmids relative to the control plasmid
pCri01 (100%), which is derived from two independent experiments.

the location of CRISPR arrays. It is noted that a cas gene encoding Csy4 is missed in the genome of ATCC
10988. In the above Type I-F CRISPR-Cas systems, the directed repeat sequences are 28 bp in length with the
almost identity, which belongs to the group 4 as assigned by Kunin et al. [30]. In contrast, the strain ATCC
29192 possesses a Type I-E CRISPR-Cas system in its genome. In addition, a Type 1-C CRISPR-Cas system
also occurs in the cryptic plasmid of strains ATCC 29191 and NCIMB 11163, respectively. However, various
numbers and sequence content of spacers occur in these CRIPSR-Cas systems of the different Z. mobilis strains.
By BLASTNnN against the NCBI database, these spacer sequences do not match any known sequence of viruses
and plasmids. Based on the cas gene organization and the different sequences of CRISPR arrays existing in the
Z. mobilis strains, the CRISPR-Cas systems may be acquired by Z. mobilis through the horizontal gene transfer
[37].

For the type I-F CRISPR-Cas system, functional studies mainly focused on P. aeruginosa and P. atrosepti-
cum [24] [26]. Occasionally, the CRISPR-Cas systems may not confer the immune interference against the for-
eign DNA elements, such as in the clinic isolates of P. aeruginosa [15]. So our purpose is to examine if this
system does or not work in the ethanologenic bacteria Z. mobilis. First, the transcription and direction of the
CRISPR locus in Z. mobilis ZM4 were experimentally identified by RT-PCR. Unexpectedly, the CRISPR arrays
are transcribed on both strands (Figure 2). The similar status was observed in Sulfolobus [32]. Looking into the
upstream region of the CRISPR arrays of P1 or P2 on the leading strand, a leader sequence could be identified
with the promoter motifs, like TATA-box and T/A-rich region. In contrast, no leader sequence with the promo-
ter properties could be inferred from the complement strands nearby the CRISPR arrays. So the transcripts from
the complementary strands detected here may be due to the reading-through of transcription of the downstream
gene. In E. coli, expression of the CRISPR array is revealed to be highly regulated [38]. In addition, the cas
genes seem to express constitutionally which is inferred from the previous transcriptomic analysis in Z. mobilis
ZM4 [33]-[35]. Taken together, the CRISPR-Cas system in ZM4 can be expressed under the normal growing
condition. In E. coli, the expression of Type I-F CRISPR-Cas system was also recognized to be expressed con-
stitutionally, but the other Type I-E CRISPR-Cas seem no expression under the normal growing condition [25].

Further, the occurrence of CRISPR-Cas activity in Z. mobilis ZM4 was demonstrated for the first time via the
artificial systems like silence of the invader plasmids or genome targeting. In the immune processing, PAM mo-
tif and its position are essential for the interference function and different PAM sites has been revealed to be ef-
fective in various CRISPR-Cas systems [39]. Therefore, two PAM motifs (GG and TGG), which were recently
demonstrated to be functional in the other Type I-F CRISPR-Cas systems [26] [31], were applied to this work.
The plasmid-based analysis demonstrated both PAM motifs of GG and AGG were effective in the immune in-
terference in Z. mobilis ZM4, suggesting that the conservative mechanism of immune interference occurred
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across the Type I-F CRISPR-Cas systems in various bacteria. In terms of the relative transformation rate, the
PAM motif of GG seems more effective than TGG or AGG (Figure 3). These results suggested that PAM motif
(GG) is the prior base to be recognized by the Cascade complex, which is consistent with the in vitro experi-
mental evidence by Rollins et al. [39]. In fact, the other PAM motifs were also reported to function effectively
in the other Type I-F CRISPR-Cas systems [25] [26]. Further, crRNA biogenerated from the artificial CRISPR
array with the spacer sequence corresponding the specific genomic sites could guide the Cascade complex to ef-
ficiently cut the specific genomic site, resulting in almost no transformant formed on the selected agarose plates
(Figure 4). This is totally different from the situation in eukaryote cells in which the double breakage of ge-
nomic DNA made by the Cas9/gRNA could be rejoined again [10]. Therefore, we suppose that the bacteria, like
Z. mobilis ZM4, may be lack of rejoining function to heal the double breakage.

However, the escape of immune interference was also observed in the Z. mobilis ZM4, especially in plasmid
based assay. The previous studies using an archaeal CRISPR system obtained similar results, which was attri-
buted to the mutation in the CRISPR array [13]. In this work, we demonstrated that the genome targeting assay
led to less escape in immune interference than the plasmid-based assay. We suggest that another reason for this
deviation may be aroused from the transcription level of the CRISPR-Cas system, since the modified CRISPR
array in the multiple copy plasmid is expected to express more copies of crRNA. In E. coli, over expression of a
cas gene (cask) could increase the crRNA level in the cells, and leading to express the interference activity [7].
Therefore, some CRISPR-Cas systems exhibiting less or no activity in immune interference may be due to the
lower or no expression of CRISPR-Cas system.

5. Conclusion

Conclusively, our findings demonstrated that the Type I-F CRISPR-Cas system of Z. mobilis ZM4 is expressed
and active in immune interference under the normal growing condition. Further, both strands of the CRISPR ar-
ray can be transcribed but differentially.
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Supporting Information

Table S1. Characteristics of CRISPR-Cas systems in various strains of Zymomonas mobilis.

Strains CRISPR loci” Spacer  Repetitive sequence Strand Casgene Type Reference
NC_006526_ 4 GTTCACTGCCGCACAGGCAGCTTAGAAA  +
Z. mobilis casl, cas3
(ZM4) NC_006526_ 0883, Seo et al.
o etaiss > 6 GTTCACTGCCGCACAGGCAGCTTAGAAA  + cyLesy2, F o poot
1 csy3, csy4
SNC—006526— 1 GTTCACTGCCGCACAGGCAGCTTAGAAA  +
'1\‘(:—017262— 6 GTTCACTGCCGCACAGGCAGCTTAGAAA  —
NC_017262_ CCAGAAATACTGCACTCGCTGTAATAGCCC
Z. mobilis 2 CGATCTCTCAC casl, cas3, Pappas et
ATCC1098 csyl, csy2, |I-F al. (2011)
8 ?C—OWGZ— 3 ACTGCCGCACAGGCAGCTTAGAAA + csy3 [18]
TC—ON%Z— 8 GTTCACTGCCGCACAGGCAGCTTAGAAA  —
TC—OZZQOO— 7 TTTCTAAGCTGCCTGTGCGGCAGTGAAC  +
- casl, cas3, Kouvelis et
Z. mobilis - NC_022900_ TTTCTAAGCTGCCTGTGCGGCAGTGAAC — — csyl,csy2, I-F al. (2014)
CcP4 2
csy3, csy4 [19]
SNC—OZZQOO— 5 TTTCTAAGCTGCCTGTGCGGCAGTGAAC — +
'I‘C—°18145— 3 GTTCACTGCCGCACAGGCAGCTTAGAAAA  —
Z. mobilis NC 018145 casl, cas3, Desiniotis
ATCC2019 NC- - 3 GTTCACTGCCGCACAGGCAGCTTAGAAA  + csyl csy2, I-F etal. (2012)
1 csy3, csy4 [20]
SNC—°18145— 8 GTTCACTGCCGCACAGGCAGCTTAGAAA  —
'1\‘(:—013355— 13 GTTCACTGCCGCACAGGCAGCTTAGAAA  —
casl, cas3,
. NCOI3355_ ¢ GTTCACTGCCGCACAGGCAGCTTAGAAA  + csyl, csy2, I-F .
Z. mobilis 2 csv3. csva Kouvelis et
NCIMB ¥o, Gy al. (2009)
11163 ?C—013355— 29 GTTCACTGCCGCACAGGCAGCTTAGAAA - [21]
NC_013357_ GTCGCCTCCTTCGCGGAGGCGTGGATTGAA casl, cas,
1 49 AC cas3, cas4, I-C
(plasmid) csdl, csd2
'1\‘(:—015709— 1 GTTCATCCCCGCGTGGGCGGGGAACAC +
casl, cas2,
. NC015709_ 44 CGGTTCATCCCCGCGTGGGCGGGGAACAC  + cass, csel, ) o .
Z. mobilis 2 cse2, cse3, Kouvelis et
ATCC2919 csed al. (2011)
2 §c_015709_ 17 CGGTTCATCCCCGCGTGGGCGGGGAACAC  + [22]
casl, cas2,
NC_015715_ GTTTCAATCCACGCCTCCGCGAAGGAGGCG
. 16 cas3, cas4, I-C
1 (plasmid) AC csdl. esd2

“The name of CRISPR loci is adopted following the CRISPR database (http://crispr.u-psud.fr/).
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Table S2. Bacterial strains and plasmids used in this work.

Strains/plasmids
Strains

Z. mobilis ZM4
E. coli DH5a
Plasmids
pBBR1MCS2

pC1S1-3TGG
pC1S1-3GG
pC1S3-3AGG
pC1S3-3GG
pCri0l
pC170293.51
pC170293.S3
pC120293.51/3

pC1Z0875.51

Genotype/phenotype Reference

Wild type
Used for cloning

The broad-host-range vector, kan®
The spacer 1 of ZM4 CRISPR locus P1 with the PAM (TGG) at 3’-end in

pBBRIMCS? This study
The spacer 1 of ZM4 CRISPR locus P1 with the PAM (GG) at 3’-end in This stud
pBBRIMCS2 y
The spacer 3 of ZM4 CRISPR locus P1 with the PAM (AGG) at 3’-end in This stud
pBBRIMCS2 y
The spacer 3 of ZM4 CRISPR locus P1 with the PAM (GG) at 3’-end in .
pDBBRIMCS? This study
Derived from pBBR1MCS?2 containing the ZM4 CRISPR locus 1 with This stud
5’-and 3’-regions Y
In pCri01, the spacer 1 is replaced with a 32-bp target sequence from the This stud
ZM4 gene ZMO0293 y
In pCri01, the spacer 3 is replaced with another 32-bp target sequence from This stud
the gene ZM00293 y
In pCri01, the spacer 1 and 3 are replaced with the above two 32-bp target This stud
sequences from ZM00293 Y
In pCri01, the spacer 1 was replaced with a 32-bp target sequence from the This study

gene ZMOO0875

Table S3. The nucleotide sequence of primers used in this work”.

Name Sequence (5°-3’)

Zm4C1S3.F CATAGACACCGGAAGGTGCG
Zm4C1S6.R AGCGTATCGGCTATCAGGCAC
Zm4C2S2.F GCTGTGAGCGTGACGATATGC
Zm4C2S5.R GCGTCTGCAGATACGACTACC

ZmC1S1-3TGG.F1
ZmC1S1-3TGG.R1
ZmC1S1-3GG.F2
ZmC1S1-3GG.R2
ZmC1S3-3AGG.F1
ZmC1S3-3AGG.R1
ZmC1S3-3GG.F2
ZmC1S3-3GG.R2
pBR_Cri01.F
pBR_Cri01.R
pBRC1-0293S1.F
pBRC1-0293S1.R
pBRC1-0293S3.F
pBRC1-0293S3.R
pBRC1-0875S1.F
pBRC1-0875S1.R

CCATAGCAGTGCCAGTGCTATCAAGAAAGAAATCCGTGGAGCTCCAATTCGCCC
GGATTTCTTTCTTGATAGCACTGGCACTGCTATGGCGATACCGTCGACCTCGAG
CCTAGCAGTGCCAGTGCTATCAAGAAAGAAATCCGTGGAGCTCCAATTCGCCC
GGATTTCTTTCTTGATAGCACTGGCACTGCTAGGCGATACCGTCGACCTCGAG
CCTCCGTGCGTCATAGACACCGGAAGGTGCGCCGTGTGGAGCTCCAATTCGCCC
ACGGCGCACCTTCCGGTGTCTATGACGCACGGAGGCGATACCGTCGACCTCGAG
CCCCGTGCGTCATAGACACCGGAAGGTGCGCCGTGTGGAGCTCCAATTCGCCC
ACGGCGCACCTTCCGGTGTCTATGACGCACGGGGCGATACCGTCGACCTCGAG
AGCGGTACCTTATGGCCGAGTGAAGGTC
AGTTAAGCTTGCAGGCTTTGTTACCCGC
ATTATTACTAGTATTCTCTTATTGTTCACTGCCGCACAGGCAGCTTAGAAAAGA
ATACTAGTAATAATTTCTTGTTGTTTCTAAGCTGCCTGTGCGGCAGTGAACTAG
TGATGCTTCCCGAAAGTCCTCGCGTTCACTGCCGCACAGGCAGCTTAGAAATTC
TTCGGGAAGCATCATCATTGAGCTTTCTAAGCTGCCTGTGCGGCAGTGAACAAA
GAAGTCACTGTTTTCAGTGCGCAGTTCACTGCCGCACAGGCAGCTTAGAAAAGA
AAAACAGTGACTTCGCCGGGGGGTTTCTAAGCTGCCTGTGCGGCAGTGAACTAG

G.Dongetal.

From ATCC
The lab stock

Kovach et al. (1995) [23]

“The sequences underlined are identical to the spacer 1 and 3 of CRISPR locus P1 of Z. mobilis ZM4, respectively. The PAM sites are boxed. The
shadow sequences with shadow match to the MCS region of pBBR1MCS?2.
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