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Abstract: Synechocystis sp. PCC 6803 is a highly promising organism for the production
of diverse recombinant compounds, including biofuels. However, conventional genetic
engineering in Synechocystis presents challenges due to its highly polyploid genome, which
not only results in low product yields but also compromises the reliability of recombinant
strains for biomanufacturing applications. The CRISPR/Cas9 system, renowned for its pre-
cision, efficiency, and versatility across a wide range of chassis, offers significant potential
to address the limitations posed by polyploid genomes. In this study, we developed and
optimized an effective sgRNA for the targeted knock-in of nucleotide sequences of varying
lengths into the neutral locus slr0168 of polyploid Synechocystis using CRISPR/Cas9. The
gene encoding di-geranylgeranylglycerophospholipid reductase from Sulfolobus acidocaldar-

ius and the methyl ketone operon from Solanum habrochaites were chosen as the exemplar
nucleotide sequences for incorporation into the chromosome of Synechocystis. Our results
demonstrate that the designed sgRNA effectively facilitated both knock-in events and
that CRISPR/Cas9 enabled complete mutant segregation in a single round of selection
and induction.

Keywords: CRISPR/Cas9; sgRNA design; full mutant segregation; Synechocystis sp. PCC
6803; single induction step

1. Introduction

A central objective of genetic engineering is to enable the expression of heterologous
proteins in a host organism, facilitating the production of a desired target compound. For
reliable and efficient industrial production, the genes encoding these heterologous proteins
must be stably integrated and homogenic across all chromosomal copies in the host. This
ensures their inheritance and maintenance through successive cell divisions, preventing
mutation dilution and loss of mutants during manufacturing, thereby sustaining high
yields of the target product [1–4].

The polyploid cyanobacterium Synechocystis sp. PCC 6803 (hereafter referred to
as Synechocystis) has emerged as a promising platform for the production of various re-
combinant products with applications across diverse industries, including biofuels and
personal care [5–10]. However, traditional genetic engineering in Synechocystis is often
labor-intensive, time-consuming, and costly, primarily due to the challenges posed by its
highly polyploid genome. Strategies such as phosphate deprivation, multiple counter-
selections, and combined random mutagenesis have been employed to address these
limitations [11–13]. These approaches leverage the naturally occurring mechanism of
double homologous recombination (DHR) in Synechocystis [7,12,14,15], but achieving full
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mutant segregation remains a significant challenge [3,11–13]. As a result, gene expression
and the yields of target products are frequently suboptimal, limiting the feasibility of using
Synechocystis as a host for industrial-scale production of heterologous products [1,4,16–18].
Emerging technologies, particularly CRISPR/Cas9, hold the potential to overcome these
obstacles and offer a streamlined, effective solution for genetic engineering in Synechocystis.

The Type II CRISPR system (Clustered Regularly Interspaced Short Palindromic Re-
peats) and its associated nuclease Cas9 (CRISPR/Cas9) function as an adaptive immune
mechanism in archaea and bacteria, repurposed for precise and efficient genome editing.
The CRISPR/Cas9 system utilizes a single guide RNA (sgRNA), a Cas9 nuclease, and donor
DNA (dDNA) to introduce targeted modifications into the host genome via homology-
directed repair (HDR) triggered by double-strand breaks (DSBs) induced by Cas9 [19–23].
Previous gene editing strategies are based on DNA–protein interactions which are con-
sidered highly complex. These have not reached the level of effectiveness and precision
deemed to CRISPR/Cas9 [23–26], which acts upon nucleotide sequence complementarity
and is considered to be simpler; this endows CRISPR/Cas9 with its highly elevated rate
of success [20,27,28]. Moreover, CRISPR/Cas9 is considered to be efficient, reliable and
precise due to its chimeric and easily reprogrammable sgRNA, activity of Cas9 and the
repair mechanism activated by DSB [29–31]. CRISPR/Cas9 is able to perform multiplexed
insertions, inactivation, deletions and editing of genes in multiple loci in a simultane-
ous manner [20,32–34] and has successfully been implemented in a wide range of hosts,
including humans [25,29,30,35–38]. Therefore, CRISPR/Cas9 may have the potential of
overcoming bottlenecks such as the polyploid genome in the cyanobacterium Synechocystis.

Several studies have explored the application of CRISPR/Cas technology in cyanobac-
teria. Early efforts utilized Cas9 from Streptococcus pyogenes in Synechococcus UTEX 2973 and
Synechococcus elongatus PCC 7942, achieving transient expression. However, Cas9 toxicity
hindered further genome editing [38,39]. Subsequently, studies adopted Cpf1 (Cas12a),
enabling constitutive expression with reduced toxicity in cyanobacterial hosts such as
Synechococcus UTEX 2973, Anabaena sp. PCC 7120 and Synechocystis sp. PCC 6803. These
studies achieved efficiencies ranging from 20% to 90% for constructs up to 1950 bp, al-
though multiple selection rounds were required to attain full segregation for chromosomal
knock-ins, knock-outs and point mutations [40]. Later work revisited Cas9, engineering an
inducible CRISPR/Cas9 system in Synechocystis to mitigate Cas9 toxicity via an anhydrote-
tracycline (aTc)-controlled promoter. This approach enabled genome integration and Cas9
expression but suffered from leaky expression, resulting in low transformation efficiency
and limiting its applicability to small native plasmid deletions [41]. More recently, a study
implemented a theophylline-inducible riboswitch to achieve stringent control over Cas9
for markerless insertions and deletions in the slr0168 neutral site and other integration
loci in the Synechocystis genome. This method achieved efficiencies of 25% to 75% for fully
segregated mutants with deletions and small insertions, including 100% efficiency for a
24 bp insertion after a single induction round. However, for large insertions, the results
displayed a low efficiency of 8.3% of the knock-in of a 2240 bp construct, showing only a
single fully edited colony per 12 screened transformants [42].

In this study, we engineered polyploid Synechocystis by optimizing the inducible ex-
pression of CRISPR/Cas9 under the control of an anhydrotetracycline (aTc)-regulated
promoter to mitigate Cas9 toxicity. Additionally, we designed a novel single guide
RNA (sgRNA) targeting the slr0168 neutral site for chromosomal insertions. Two suc-
cessful chromosomal knock-ins were demonstrated at the slr0168 site: first, a 1551 bp
markerless insertion containing the coding sequence for the heterologous enzyme di-
geranylgeranylglycerophospholipid reductase (GGR), and second, a 2500 bp insertion
comprising the coding sequences for the heterologous enzymes MKS1 and MKS2 from
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the methyl ketone synthesis operon, along with a chloramphenicol selection marker and
control elements. Both transformants achieved full segregation after a single round of
Cas9 induction, with transformation efficiencies of up to 70% and 80%, respectively. This
study advances the state of the art by achieving full segregation of both markerless and
marker-containing mutants for CRISPR/Cas9-mediated knock-ins of constructs larger than
those previously reported, all within a single induction round.

2. Results

2.1. Selection of Target Site, Cas9 and Protospacer

The slr0168 gene was selected as the target site for incorporating genes encoding
heterologous proteins (cargo) due to its identification as a highly effective neutral site in
Synechocystis [43]. This selection minimizes the risk of unintended phenotypic changes in
the host, ensuring stability and predictability during genetic engineering.

The Cas9 nuclease from S. pyogenes was employed in this study as it is the most widely
utilized nuclease for CRISPR-mediated genome editing [44,45]. Cas9 recognizes the NGG
protospacer adjacent motif (PAM) [46,47], which has been shown to exhibit the highest
activity compared to other PAM sequences [48–50]. However, the specificity of CRISPR
elements, particularly the sgRNA, is not guaranteed, as the protospacer region of the
sgRNA may bind to unintended genomic sites, leading to off-target effects [51,52].

The protospacer region of the sgRNA is complementary to the target genomic site
and is designed to bind adjacent to the PAM sequence, facilitating cleavage at the desired
target site [20]. Within the protospacer, the first 12 nucleotides proximal to the PAM form
the seed region, which is critical for accurate cleavage. Mismatches in this seed region can
significantly reduce the activity of the sgRNA/Cas9 complex and increase the likelihood
of off-target effects. Conversely, mismatches in the non-seed region (the remaining proto-
spacer) have less critical impact but can still contribute to off-target editing [48,49]. Hence,
the fewer number of mismatches within the seed region would be less likely to have an
impact on cleavage activity. Similarly, the fewer number of both overall mismatches and
off-targets would increase the probabilities of effective target-binding from a protospacer,
which is why careful evaluation is crucial in order to minimize the probable off-target
activity of a given protospacer to increase its specificity and cleavage activity. To optimize
specificity and minimize off-target activity, CasOT software [53] was used to scan the
slr0168 gene and identify protospacer candidates associated with the designated PAM.
Each candidate was evaluated for off-target effects, quantified as types of mismatches (e.g.,
A205, A206) and their respective off-target counts (shaded in blue) (Figure 1). In these
codes, “A” signifies the selection of an NGG PAM, the first digit indicates mismatches
in the seed region and the subsequent two digits represent mismatches in the non-seed
region [40]. A total of 73 protospacer candidates were identified within slr0168, including
protospacer 64r, which was selected for sgRNA design in this study. For comparative
purposes, protospacers 33r, 45r and 287f were also discussed (Figure 1).
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Figure 1. (a) Off-target analysis of the non-selected and selected (in red) protospacers showing the
type and number of mismatches (codes: I.E. A206) and number of off-targets for each (shaded in
blue) type of mismatch. (b) Description of the off-targets and mismatches (lowercase) of protospacer
64r within seed (green) and non-seed (orange) regions.

Protospacer 64r (Supplementary Table S1) is 20 nucleotides in length, aligning with
the recommended range for effective binding [20,22]. It exhibited a total of three potential
off-target sequences: one associated with the A205 mismatch type and two with the A206
mismatch type. For the A205 mismatch, the sequence features two mismatches in the seed
region and five in the non-seed region. Similarly, the A206 mismatch type involves two
mismatches in the seed region and six in the non-seed region. The A000 code represents the
original target sequence of protospacer 64r and is classified neither as a mismatch nor an
off-target. All identified off-target sequences for protospacer 64r are presented in Figure 1.

Compared to other candidates, protospacer 64r demonstrated superior specificity with
the lowest number of off-targets and mismatches. It displayed only two mismatch types
(A205 and A206), whereas other candidates, such as 287f, exhibited up to 11 mismatch
types (A107 to A210). Moreover, protospacer 64r had just three off-target sequences (one
for A205 and two for A206), in contrast to candidates like 33r, which showed up to 28 off-
target sequences for a single mismatch type (A207). Additionally, protospacer 64r had the
fewest mismatches in both the seed and non-seed regions, as well as the smallest number
of off-target sequences. These characteristics make it least likely to bind to unintended
genomic sites and highly likely to exhibit optimal activity, enabling efficient knock-ins at
the desired editing site.

Protospacer 64r, when integrated with the Cas9 handle, must enable the proper forma-
tion of the handle’s secondary structure, which is essential for assembling the sgRNA-Cas9
complex and inducing the double-strand break (DSB) at the target site [20,54]. The sequence
of the protospacer plays a critical role in determining whether this secondary structure is
correctly formed. The free energy associated with the interaction between the protospacer
and the Cas9 handle significantly impacts the formation of the proper hairpin structure.
Protospacer–handle sequences with a free energy value within 5% of the optimal folded
structure are considered acceptable for effective functioning [54]. To ensure compatibility,
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the secondary structure of protospacer 64r alone was analyzed to confirm its ability to
form a proper handle loop without the presence of rigid structures within its sequence
(Figure 2b). The frequency of the minimum free energy (MFE) structure for the protospacer–
handle sequence was calculated at 76.03%, which is within 5% of the optimal Cas9 handle
folded structure (74.71%). These results suggest that an effective sgRNA-Cas9 complex is
likely to form intracellularly.

ffi

ff

tt

Figure 2. (a) Sequence of the protospacer 64r and (b) secondary structure analysis of 64r protospacer
alone, showing the absence of rigid and secondary structures within itself that might hamper the
formation of a proper Cas9 handle.

Considering this, along with the other selection criteria previously discussed,
the designed sgRNA (Figure 3d; full sequences provided in Supplementary Table S1)
demonstrates the highest probability of facilitating efficient genome editing at the
slr0168 target site.

ffi

ff

tt

Figure 3. (a) Genetic context of protospacer 64r of the sgRNA, showing elements upstream and
downstream of the protospacer in the genome of Synechocystis WT; (b) schematic of the sgRNA_GGR-
dDNA, including flanking BioBrick prefix and suffix (BBP and BBS), upstream and downstream
homology regions (H1 and H2), an insulator (ins), PL22 promoter, selected RBS, heterologous GGR

gene, T7 Terminator followed by the sgRNA, using the same PL22 promoter but a S. pyogenes ter-
minator (T Sp); (c) schematic showing the ShMKS-dDNA, with similar elements to (b) but two
heterologous genes (ShMKS1 and ShMKS2), encompassing the operon and a chloramphenicol re-
sistance marker (CmR); (d) schematic showing the designed sgRNA with BssHII overhangs, PL22
promoter, 64r protospacer, Cas9 handle and S. pyogenes terminator (T Sp).
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Figure 3a shows the genetic context of the 64r protospacer located in the slr0168
(SGL_RS12680) neutral site which expands from base position 2,300,515 to 2,302,446 in the
genome of Synechocystis. Neutral sites do not contain critical genes, regulatory elements,
or other essential genetic functions; hence, they are commonly targeted for genetic ma-
nipulation, including insertions without disrupting essential functions [41,43,55]. Gene
slr0168 was selected as the target site for the incorporation of genes encoding heterologous
proteins (cargo) because it has been identified as a highly effective neutral site in Syne-
chocystis [43], and therefore incorporation of the cargo at this site can avoid any undesired
phenotypical changes to the host. Within slr0168, the 64r protospacer is located from base
position 2,301,781 to 2,301,799 in the reverse orientation on the bottom strand, and the GGG
PAM is located downstream of the protospacer from base position 2,301,778 to 2,301,380
(Figure 3a). The 64r protospacer consists of a genomic sequence of 19 nucleotides with
1 non-genomic nucleotide (A) added due to promoter affinity preferences at the 5’ end of the
protospacer sequence.

2.2. Design of Donor DNA Templates

Two donor DNA templates were designed in this study, sgRNA_GGR-dDNA
(Figure 3b) and ShMKS-dDNA (Figure 3c). The first template encompassed the coding
sequence corresponding to the enzyme digeranylgeranylglycerophospholipid reductase
(GGR) from Sulfolobus acidocaldarius (1359 bp) whilst the other template encompassed the
coding sequences corresponding to enzymes MKS1 and MKS2 belonging to the methyl
ketone synthesis operon from Solanum habrochaites (798 bp and 627 bp, respectively). The
gene sequences were codon optimized for Synechocystis using the IDT (Integrated DNA
Technologies) codon optimization tool. The coding sequences in both templates were
placed under the control of the anhydrotetracycline-inducible PL22 promoter, the B0034
RBS and the T7 terminator. PL22 was chosen as it has been reported to provide a suitable
expression of CRISPR elements [56,57]. In both templates, the assembled genetic circuits
were placed in between homology arms comprising approximately 400 bp upstream and
downstream of the chosen protospacer sequence in slr0168 (Figure 3a, exact base positions
on the genome and accession numbers are provided in Supplementary Tables S2 and S3).
Care was taken to omit the PAM sequence from inclusion in the homology arms to prevent
unintended and continuous cleavage from Cas9 at the target site.

Once the basic design of the donor DNA was complete, two divergent approaches
were taken with respect to further design. The construct harbouring the GGR gene was
chosen to generate a markerless knock-in mutant for the evaluation of Cas9-based genome
editing in Synechocystis. Therefore, an antibiotic selection marker was not included in the
template. The total size of the cargo excluding the homology arms was 1551 bp and was
titled sgRNA_GGR-dDNA. The genetic circuit harbouring the coding sequence for the
designed sgRNA under the control of the PL22 promoter and the S. pyogenes terminator
(T Sp) was placed in the vicinity of the cargo. The assembly was placed in the pEERM4
plasmid backbone. Conversely, the construct harbouring the ShMKS1 and ShMKS2 genes
was chosen to generate a knock-in mutant with chloramphenicol resistance as the selection
marker. The assembly was placed in the pEERM3 plasmid backbone. The total size of
the cargo excluding the homology arms was 2500 bp and was titled ShMKS-dDNA. The
genetic circuit harbouring the coding sequence for the designed sgRNA under the control
of the PL22 promoter in this template was inserted into the BssHII site of the backbone.

Synechocystis bearing the gene encoding the S. pyogenes Cas9 on plasmid pPMQK1
under the control of the PL22 promoter was used as the host organism. This strain was
independently conjugated with either donor DNA template and subjected to a single round
of induction with aTc.
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2.3. Mutant Segregation Analysis

Induction of the CRISPR/Cas9 system was carried out in both strains with an aTc
concentration of 200 ng/mL and white light for a first attempt and subsequently modified
to 400 ng/mL of aTc and red light for a second attempt. The segregation state of the
mutants was evaluated by PCR screening after a single round of selection/induction. Ten
mutants for each construct were evaluated. For the first attempt, neither mutant showed
full mutant segregation. However, full mutant segregation was achieved on the second
attempt (Figure 4) in 7 out of 10 screened mutants after a single round of induction for
Synechocystis::Cas9_sgRNA_GGR-dDNA, showing an editing efficiency of 70%, and 8 out
of 10 screened mutants for Synechocystis::Cas9_sgRNA_ShMKS-dDNA, showing an editing
efficiency of 80%.

ff

ff

ff
ff

Figure 4. (a) Mutant segregation analysis of Synechocystis::Cas9_sgRNA_GGR-dDNA and (b) Syne-

chocystis::Cas9_sgRNA_ShMKS-dDNA. Showing a negative control (NC); Synechocystis WT display-
ing a band corresponding to the homology regions present in the GGR-dDNA, and ShMKS-dDNA
taken from the target site in the genome of Synechocystis WT; a positive control (PC), displaying a
amplicon of the desired size; (a) Synechocystis::Cas9_sgRNA_GGR-dDNA for and (b) Synechocys-

tis::Cas9_sgRNA_shMKS-dDNA, both showing a band of the desired size that coincides with the
desired band on their respective positive control as well as the lack of additional bands for both.

The representative mutant segregation analysis in Figure 4 shows a band of approxi-
mately 400 base pairs for the Synechocystis wild-type strain (WT). This band corresponds to
the homology regions (H1 and H2) flanking GGR-dDNA as well as ShMKS-dDNA and
taken from the target neutral site slr0168 in the genome of Synechocystis WT. Therefore,
this band is expected to appear in the wild-type genome. Moreover, the amplicon from
the pEERM4 vector bearing GGR-dDNA shows a band of approximately 1800 bp, corre-
sponding to the sequence of GGR-dDNA, being amplified from the homology regions.
Similarly, the amplicon from the pEERM3 vector bearing the ShMKS-dDNA shows a band
of approximately 2800 bp, corresponding to the sequence of ShMKS-dDNA, amplified
from the homology regions. Both bands are expected not only since they are positive
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controls (PCs), representing the desired bands aimed to be present in the analysis of both
mutants, respectively.

Furthermore, the mutant segregation analysis for Synechocystis::Cas9_sgRNA_GGR-
dDNA (Figure 4a) shows a band of the desired size which coincides with the desired
band on the positive control. This suggests that the GGR-dDNA sequence is present in
the genome of such mutants, and hence that knock-in of GGR-dDNA via CRISPR/Cas9
is effective. Furthermore, the desired band is present as a single band, highlighting the
absence of additional bands. This indicates that only complete sequences of the GGR-
dDNA are found in this mutant population and that the insertion of the GGR-dDNA
into all chromosomal copies of all the individuals of the Synechocystis::Cas9_sgRNA_GGR-
dDNA population is successful. It must be highlighted that this screening was made after a
single round of induction. According to these results, the designed sgRNA is effective in
the knock-in of a single gene up to 1551 bp. Placing the sgRNA in close vicinity to the cargo
does not affect the incorporation of the cargo at slr0168. Furthermore, mutant segregation
does not seem to be affected, although the template DNA did not bear a selection marker.

Comparably, the mutant segregation analysis for Synechocystis::Cas9_sgRNA_ShMKS-
dDNA (Figure 4b) also shows that the expected band of the desired size is present for
the CRISPR/Cas9 mutant, which coincides with the desired band on the positive control.
Furthermore, the desired band is present as a single band in the lane and there are no
other additional bands, similar to the GGR mutant. The results indicate the insertion of
ShMKS-dDNA into all chromosomal copies of Synechocystis was successful. Thus, only
complete sequences of the ShMKS-dDNA are present in all chromosomal copies within
each cell and that all of these mutants in the culture bear the insert in their genome. It must
be highlighted that this screening was made after a single round of antibiotic induction
and that the ShMKS mutant bears a dual operon construct and a resistance marker gene,
considerably larger than the GGR mutant.

According to these results, the size and complexity of the dDNA, up to 2500 bp,
appears to have no effect on the ability of CRISPR/Cas9 to favoring mutant segregation
after a single round of selection/induction. Furthermore, mutant segregation does not
seem to be affected when sgRNA and dDNA are constructed as distinct inserts in the same
vector for inserts bearing a selection marker.

3. Discussion

Genetic engineering aims to express desired heterologous traits in a specific chassis to
achieve industrial-scale production of a target product. For this purpose, full segregation
of the introduced mutation is essential. This ensures that the new traits are stable and
homogeneously present across all chromosomal copies in every individual, preventing
mutation dilution, loss of mutants, and reduced or null product yields [1,3]. Achieving
complete mutant segregation is particularly challenging in polyploid genomes, such as that
of Synechocystis [3,58,59]. However, CRISPR/Cas9 offers a promising solution, having been
demonstrated as highly effective and reliable [27,30].

In this study, an sgRNA was designed for the successful knock-in of heterologous
genes up to 2500 bp at the neutral slr0168 site in the highly polyploid Synechocystis genome.
Complete mutant segregation was achieved in a single round of selection/induction using
CRISPR/Cas9. Protospacer 64r was selected for its minimal mismatches and off-target
effects, facilitating precise insertions. The proper secondary structure formation of the
Cas9 handle was also optimized, ensuring effective sgRNA-Cas9 complex formation for
intracellular double-strand break induction. A critical factor in achieving high efficiency
was the use of red light, rather than white light, when utilizing the aTc-inducible PL22
promoter. Initial attempts under white light failed to achieve full mutant segregation, likely
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due to the sensitivity of aTc to white light [58] and the weaker expression of PL22 under
such conditions [60]. In contrast, red light significantly enhanced the expression of the
CRISPR/Cas9 components driven by PL22. Furthermore, increasing the concentration
of aTc from 200 ng/mL to 400 ng/mL improved mutant segregation efficiency, and this
concentration is recommended for optimal performance in Synechocystis.

Both knock-in experiments demonstrated complete mutant segregation after a single
round of selection/induction, regardless of the size or complexity of the donor DNA
(dDNA). Constructs up to 2500 bp, including operons with two genes and a resistance
marker, were successfully managed by the CRISPR/Cas9 system. Notably, the proximity
of CRISPR/Cas9 elements to the cargo on the same plasmid had no effect on segregation
efficiency. Additionally, sgRNA was equally effective for markerless mutants and those
bearing selection markers.

Previous studies have reported reduced editing efficiencies for larger constructs. For
example, Cengic et al. (2022) achieved only 8.3% efficiency for a 2240 bp knock-in with
350 bp homology arms, yielding just one fully segregated colony out of 12 screened [61].
To address this and to conserve the cost of DNA synthesis of the inserts and reserve
the maximum nucleotide positions for the cargo, we extended the homology regions
by 50 bp beyond those used by Cengic et al., conserving DNA synthesis costs while
enhancing recombination efficiency. This approach resulted in an 80% editing efficiency for
constructs up to 2500 bp, supporting the hypothesis that longer homology arms improve
editing outcomes. Additionally, tri-parental mating [61] facilitated the delivery of genetic
elements for all CRISPR/Cas9 transformations in Synechocystis.

In conclusion, this study developed an effective sgRNA and optimized methodology
for CRISPR/Cas9-mediated knock-ins of heterologous genes up to 2500 bp in the neutral
slr0168 site of Synechocystis. Complete mutant segregation was achieved after a single
selection/induction step. This approach represents a valuable addition to the synthetic
biology toolkit for genome editing in Synechocystis, a highly promising yet challenging
polyploid host organism.

4. Materials and Methods

4.1. Strains and Media

All E. coli strains were cultivated at 37 ◦C in sterile lysogeny broth (LB) medium with
an orbital agitation of 150 rpm for aeration. E. coli 10-beta was used for all the molecular
cloning experiments, plasmid propagation and maintenance. E. coli CopyCutter EPI400
cells, bearing the pPMQK1 vector, were used for the propagation of the plasmid bear-
ing the Cas9 gene. E. coli MC1061 cells were used as a helper strain in all tri-parental
mating events. The medium was supplemented with kanamycin, at a concentration
of 50 µg/mL, chloramphenicol at a concentration of 25 µg/mL and ampicillin at a concen-
tration of 100 µg/mL where appropriate.

The Synechocystis wild-type (WT) strain (Synechocystis sp. PCC 6803) used for the
CRISPR mutagenesis was purchased from the Pasteur Culture Collection of Cyanobacteria
(PCC). All Synechocystis cells were grown photoautotrophically in sterile Blue-Green liquid
medium (BG-11) at a temperature of 25 ◦C, under continuous orbital agitation conditions
of 100 rpm for aeration. Initially, the mutants were placed under white light, with an
intensity of 125 µmol/m2/s; subsequently, this was changed to red light, with an intensity
of 20 µmol/m2/s. The media for Synechocystis mutants bearing chloramphenicol resistance
was supplemented with chloramphenicol at a concentration of 12 µg/mL.
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4.2. Insert and Vector Construction

The pPMQK1 vector (Supplementary Figure S1), which was a kind gift from Dr. Paul
Hudson and his group (Karolinska Institute, Solna, Sweden), carried the Streptococcus

pyogenes Cas9 nuclease expression cassette and was conjugated into Synechocystis for its
expression. The pEERM4 Cm (Addgene plasmid # 64026) (Supplementary Figure S2) and
the pEERM3 Km vectors (Addgene plasmid # 64025) (Supplementary Figure S3) were
kind gifts from Pia Lindberg [60]. The QIAGEN Miniprep Spin Kit was used following
manufacturer’s instructions for plasmid extraction from E. coli strains. For plasmid manip-
ulation, appropriate enzymes were sourced from New England Biolabs (Oxfordshire, UK),
and manufacturer’s instructions were followed. Chemically competent E. coli cells were
purchased from New England Biolabs (Oxfordshire, UK) and the heat shock method was
performed following manufacturer’s instructions for plasmid verification and maintenance.
Once designed, the sgRNA and donor DNA sequences were synthesized as custom genes
by Eurofins Genomics.

4.3. sgRNA Selection

All available protospacer candidates in slr0168 were identified using CasOT web-
based off-target prediction tool (single version) [53]. To enable the identification of suitable
protospacer sequences, the sequence of slr0168 was submitted to CasOT as a FASTA file
and the following parameters were set as the selection criteria. The -NGG Protospacer
Adjacent Motif (PAM) only option (option “A-NGG only”) was selected to generate only
the candidates to match this PAM. The “target and off-target” mode was selected to allow
the generation of all the possible protospacer candidates followed by off-target analysis. A
maximum of 2 mismatches were allowed in the seed region. The “non-5’G” requirement
option was selected as the T7 promoter was not used in the sgRNA. Finally, a “length” of
19 to 22 bp for the base-pairing region of the candidates was allowed. For the off-target
analysis, each protospacer candidate was evaluated for the number of possible mismatches
and off-targets they presented.

4.4. Cas9 Handle Secondary Structure Analysis

The RNAfold online tool from the ViennaRNA Package was used to evaluate whether
the Cas9 handle formed a proper secondary structure after the addition of protospacer
64r [54]. Protospacer 64r 20 nucleotides were appended to the 42 nucleotide sequences of
the Cas9 handle, for a total of 62 nucleotide sequences, and subsequently input into the
algorithm to evaluate its secondary structure formation. The minimum free energy (MFE)
and partition function, avoidance of isolated base pairs, absence of dangling energies, and
the Turner model (1999) options for RNA parameters and the default criteria for the output
options were selected.

4.5. Strain Construction and CRISPR/Cas9 Induction

The pPMQK1 vector was conjugated into Synechocystis to generate Synechocystis::Cas9
through standard protocol for tri-parental mating in cyanobacteria [61]. Subsequently,
the pEERM4::sgRNA_GGR-dDNA and the pEERM3::ShMKS-dDNA vectors were conju-
gated independently into Synechocystis::Cas9 following a standard protocol for tri-parental
mating in cyanobacteria to generate Synechocystis::Cas9_sgRNA_GGR-dDNA and Syne-

chocystis::Cas9_sgRNA_ShMKS-dDNA, respectively. The transformants were transferred
to non-selective BG-11 plates for 24 h for recovery and then subjected to both selection
and induction. Only ShMKS mutants were subjected to both selection and induction while
GGR mutants were only subjected to induction, effectuated on BG-11 plates supplemented
with anhydrotetracycline (aTc) at a concentration of 200 ng/mL while using white light
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for the first attempt and a subsequent one with an aTc concentration of 400 ng/mL under
red light.

4.6. PCR Analysis of Mutant Segregation

Segregation analysis was performed on genomic DNA extracts of Synechocystis and
Synechocystis mutants obtained using the Gen-Elute Bacterial Genomic DNA Kit (Sigma-
Aldrich, Burlington, MA, USA) by effectuating a screen for GGR and ShMKS incorporation
into slr0168 using PCR. PCR analysis was performed using the GoTaq Green Master Mix
(Promega). Segregation primers (Supplementary Table S4) amplifying GGR-dDNA and
ShMKS-dDNA from the homology regions were designed and used for analysis. The
mutants were screened after a single round of selection/induction to determine their state
of mutant segregation.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/synbio3010003/s1. Figure S1: Vector map of the pPMQK1 plasmid,
bearing the Cas9 protein and conjugated into Synechocystis; Figure S2: Vector map of the pEERM4
plasmid, showing the GGR-dDNA and the sgRNA on the same construct; Figure S3: Vector map of
the pEERM3 plasmid with the ShMKS-dDNA and sgRNA on separate constructs; Table S1: Sequences
of the elements of the sgRNA; Table S2: Accession numbers, bp position or sequences of the elements
of the sgRNA_GGR-dDNA; Table S3: Accession numbers, bp position or sequences of the elements
of the ShMKS-dDNA; Table S4: List of strains, plasmids, constructs and primers used.
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