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Abstract

Background: Rhodobacter sphaeroides is a metabolically versatile bacterium that serves as a model for analysis of
photosynthesis, hydrogen production and terpene biosynthesis. The elimination of by-products formation, such

as poly-B-hydroxybutyrate (PHB), has been an important metabolic engineering target for R. sphaeroides. However,
the lack of efficient markerless genome editing tools for R. sphaeroides is a bottleneck for fundamental studies and
biotechnological exploitation. The Cas9 RNA-guided DNA-endonuclease from the type Il CRISPR-Cas system of Strep-
tococcus pyogenes (SpCas9) has been extensively employed for the development of genome engineering tools for
prokaryotes and eukaryotes, but not for R. sphaeroides.

Results: Here we describe the development of a highly efficient SpCas9-based genomic DNA targeting system for R.
sphaeroides, which we combine with plasmid-borne homologous recombination (HR) templates developing a Cas9-
based markerless and time-effective genome editing tool. We further employ the tool for knocking-out the uracil
phosphoribosyltransferase (upp) gene from the genome of R. sphaeroides, as well as knocking it back in while altering
its start codon. These proof-of-principle processes resulted in editing efficiencies of up to 100% for the knock-out yet
less than 15% for the knock-in. We subsequently employed the developed genome editing tool for the consecutive
deletion of the two predicted acetoacetyl-CoA reductase genes phaB and phbB in the genome of R. sphaeroides. The
culturing of the constructed knock-out strains under PHB producing conditions showed that PHB biosynthesis is sup-
ported only by PhaB, while the growth of the R. sphaeroides AphbB strains under the same conditions is only slightly
affected.

Conclusions: In this study, we combine the SpCas9 targeting activity with the native homologous recombination
(HR) mechanism of R. sphaeroides for the development of a genome editing tool. We further employ the developed
tool for the elucidation of the PHB production pathway of R. sphaeroides. We anticipate that the presented work will
accelerate molecular research with R. sphaeroides.
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Introduction

The purple non-sulphur bacterium Rhodobacter
sphaeroides is a microorganism with an extremely
adaptable metabolism [1]. It is a facultative phototroph
that can grow on many different carbon substrates and
can respire aerobically and anaerobically with differ-
ent electron acceptors [2, 3]. The metabolic versatil-
ity of Rhodobacter sphaeroides has raised curiosity for
white biotechnological applications. In particular, this
microorganism has been largely studied for photohetero-
trophic hydrogen production and chemoheterotrophic
terpene biosynthesis. In both processes, approaches for
improving the metabolic performances of the microor-
ganism were investigated [4—8]. Reducing formation of
by-products like the polymer poly-B-hydroxybutyrate
(PHB) holds potential for eliminating competition for
carbon and reducing power, as already proven to work
for H, biosynthesis [5, 9]. Nonetheless, a lot of work is
still required to further increase our knowledge on R.
sphaeroides metabolism and exploit its biotechnological
potential.

The high-throughput exploration of R. sphaeroides
metabolism requires the development of highly effective
and time-efficient genome engineering tools [4]. Cur-
rently, the introduction of genomic modifications in R.
sphaeroides is based on suicide-plasmid driven homolo-
gous recombination (HR) systems [10, 11]. These systems
depend on the incorporation of the non-replicating vec-
tor into the R. sphaeroides genome via an initial single
crossover (SCO) event and consequent excision of the
vector via a second SCO event upon induction of coun-
ter-selection pressure i.e. employing a levansucrase gene
(sacB) carrying vector [11-17]. The second SCO can
either lead to the reconstitution of a wild type genomic
background or to the desired genetic modification [11].
The lack of a strict counter-selection method targeting
specifically the genomic region of interest usually leads to
high rates of wild-type revertants, especially for essential
genes. Therefore, screening of mutants can be time con-
suming and is frequently unsuccessful.

A wide range of CRISPR-Cas (Clustered Regularly
Interspaced Short Palindromic Repeats-CRISPR associ-
ated proteins) bacterial and archaeal adaptive immune
systems have been repurposed as tools for eukaryotic,
prokaryotic and archaeal genome engineering [18—
26]. Most of these tools exploit the RNA-guided DNA
endonuclease from the type II CRISPR-Cas system
of Streptococcus pyogenes, denoted as SpCas9. As any
Cas9 orthologue, SpCas9 can be easily programmed to
precisely introduce double stranded DNA breaks (DSB)
to a selected DNA sequence, denoted as protospacer.
A single, customizable guide RNA (sgRNA) molecule
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directs Cas9 to the protospacer via complementarity
between its exchangeable 5'-end sequence, denoted as
spacer, and the protospacer sequence. The only addi-
tional requirement for Cas9-based targeting is the
presence of a specific, 2—8 nt long motif right after the
3’-end of the selected protospacer, denoted as proto-
spacer adjacent motif (PAM) [27]. All in all, the sim-
plicity in the design and construction of a Cas9-based
DNA targeting system has made it popular as the basis
for numerous genome manipulation applications.

A plethora of Cas9-based tools have been developed
the last 5 years for prokaryotes [24, 28-33]. Cas9 has
been extensively used as an efficient HR induction and
counter selection tool, when combined with plasmid-
based homologous recombination (HR) or recom-
bineering; alternative DSB repairing mechanisms (like
the template independent non-homologous end join-
ing, NHE]) are lacking in most prokaryotes [34]. There-
fore, Cas9-based DSBs after HR are lethal if introduced
to the wild type genomes: unmodified cells will be elim-
inated from the treated population, allowing survival
only for the recombined ones [34].

In this study, we develop a highly efficient Cas9-
based targeting system for R. sphaeroides. We further
combine it with HR templates, developing an HR-Cas9
counter selection tool. We then employ the tool for the
proof-of-principle efficient generation of uracil-phos-
phoribosyltransferase (upp) gene knock-out and knock-
in strains, the latter combined with single nucleotide
substitution. The developed process simplifies and
accelerates R. sphaeroides genome editing, as it requires
only 3 days from conjugation to screening of clean
mutants. Additionally, we use the developed tool for
the construction of acetoacetyl-CoA reductase deletion
mutant strains, elucidating the dominant metabolic
pathway of R. sphaeroides towards PHB production.

Materials and methods

Bacterial strains, media and growth conditions

The strains used in this study are listed in Table 1. E.
coli DH5a was used for cloning and routine ampli-
fication. E. coli S17-1 was used as vector donor for R.
sphaeroides in diparental conjugation.

Culturing of R. sphaeroides was performed in RA
minimal or LB (Luria—Bertani) medium at 250 rpm,
30 °C. Growth on solid medium was performed on RA
supplemented with 15% w/v agar. Culturing of E. coli
strains was performed in LB medium at 250 rpm, 37 °C.
Growth on solid medium was performed on LB supple-
mented with 15% w/v agar. When required, kanamycin
(50 pug/mL) was added for all the mentioned growing
conditions.
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Table 1 List of strains used in this study

Strain Description Source
of reference
E. coli
DH5a fhuA2 A(argF-lacZ)U169 phoA ginV44  Laboratory stock
®80 A(lacZ)M15 gyrA96 recAl relAl
endA1 thi-1 hsdR17Strain for assem-
bly and plasmid ampilification
S17-1 Host strain for transconjugation, thi Laboratory stock
pro recA hsdR [RP4-2Tc:Mu-Km::Tn7]
Tp" Sm'
R. sphaeroides
265-9¢ Wild type Derivative of ATCC
35053
Aupp 265-9¢ Aupp This study
uppKl 265-9¢ KI(ATG->GTG)upp This study
AphaB 265-9¢ AphaB This study
AphbB 265-9c AphbB This study
AphaB_ 265-9c AphaB-AphbB This study
AphbB

Plasmids construction

The plasmids constructed and the primers used for clon-
ing and sequencing are listed in Additional file 1: Tables
S1 and S2, respectively. All primers for PCR were pre-
pared by Integrated DNA Technologies (IDT) and all the
PCR amplifications were performed using Q5 High-Fidel-
ity DNA polymerase Master Mix 2x from New England
Biolabs (NEB) according to the manufacturer’s protocol.
Due to the high GC content of R. sphaeroides genome, all
PCR reactions using its genomic DNA as template were
supplemented with DMSO 3% v/v. PCR fragment assem-
blies were performed employing the HiFi Assembly kit
(NEB). Prior to plasmids assemblies, all PCR products
were purified via gel extraction using the Zymoclean Gel
DNA Recovery Kit (Zymo Research). Plasmid extractions
were performed using the GeneJET Plasmid Miniprep
kit (Thermo Fisher Scientific) and R. sphaeroides genome
extractions were performed using the GeneJET Genomic
DNA Purification Kit (Thermo Fisher Scientific).

Generation of the non-targeting Cas9 plasmid

A synthetic construct containing the sgRNA construct
(promoter BBa_J95023, sgRNA scaffold and BBa_J95029
terminator) (Additional file 1: Table S3) was ordered as
gBlock from Integrated DNA Technologies (Leuven,
Belgium). After restriction digestion with Smal and Sall
(Thermo Fisher Scientific), the sgRNA construct was
ligated into the pUC19 vector and transformed into E.
coli TOP10 cells for storage and amplification. Subse-
quently, the pUC19 containing the sgRNA construct and
the pBBRIMCS2 E. coli-R. sphaeroides shuttle vector
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were digested with the same restriction enzymes. After
digestion, the sgRNA construct and the pBBR1IMCS2
backbone were ligated with T4 ligase (Thermo Fisher
Scientific) yielding the pBBRIMCS2-sgRNA. The cas9
gene was codon-harmonized according to R. sphaeroides
codon-usage using the Galaxy/Codon harmonizer on-
line tool [35]. The codon-harmonized cas9 was syn-
thetically constructed by Baseclear (the Netherlands)
(Additional file 1: Table S4) with a 6xHis-tag fused at
its C-terminus, and delivered inserted in a pUC57 vec-
tor backbone. The cas9 gene was PCR amplified using
the pUC57hSpCas9 vector as template and primers
BG10937/BG10938. The pBBR-sgRNA vector was lin-
earized using primers BG10939/BG10941. The construc-
tion of the non-targeting plasmid pBBR_Cas9_NT vector
(Additional file 1: Figure S1) was done via HiFi assembly
of the two aforementioned PCR amplicons and the cas9
amplicon was inserted downstream of the lac promoter
site of the pBBR-sgRNA. The lack of lac! repressor gene
or its homolog in R. sphaeroides genome allowed consti-
tutive transcription of the harmonized cas9 gene.

Generation of the upp targeting plasmids

The spacers introduced in the sgRNA construct of the
pBBR_Cas9 vectors are listed in the Additional file 1:
Table S5. The spacers were selected employing the
chopchop web tool (https://chopchop.cbu.uib.no/). The
spacer- selection parameters were set to avoid self-com-
plementarity of the sgRNA, have efficiency more than 50
and no predicted off-targets. Using the plasmid pBBR_
Cas9_NT as template, it was possible to substitute the
non-targeting spacer contained in the sgRNA construct
with three different targeting spacers for the gene uracil
phosphoribosyltransferase upp (spl-sp3). The pBBR_
Cas9_NT was used as template for PCR amplification of
the backbone, the start codon and part of the cas9 gene,
employing primers BG11415/BG11416. The remaining
cas9 sequence and the promoter of the sgRNA construct
were PCR amplified employing primer BG11412 in com-
bination with primers BG11486, BG11487 and BG11411,
which also contained the spacer 1, 2 and 3 sequences,
respectively as overhangs. The remaining part of the
backbone and the constant part of the sgRNA construct
were PCR amplified employing primer BG11413 in com-
bination with primers BG11488, BG11489 and BG11414
which also contained the spacer 1, 2 and 3 sequences,
respectively as overhangs. 3 fragments assemblies were
performed and the reaction mixtures were transformed
in DH5a E. coli competent cells (NEB) via heat shock, for
storage and plasmid amplification. Upon sequence verifi-
cation, the pBBR_Cas9_NT plasmid was transformed to
E. coli S17-1 cells.
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Generation of vectors for gene knock-outs (KO) and gene
knock-in (KI)

Homologous recombination (HR) followed by Cas9-
based counter selection was used for the KO of the upp
gene, as well as the KI of the upp gene back to its original
place in the R. sphaeroides genome combined with single
nucleotide substitution.

Plasmids for upp KO

We started by constructing the HR control, non-targeting
plasmids pBBR_Cas9_Aupp500HR_NT and pBBR_Cas9_
Auppl000HR_NT. The pBBR_Cas9_NT backbone was
PCR linearized into two fragments using the primers sets
BG11886/BG11182 and BG11887/BG11888. The 500 bp
or 1 kb long upstream and downstream flanking sites of
the upp gene were PCR amplified from the R. sphaeroides
genome employing the primer sets BG11866/BG11867
and BG11869/BG11871 for the 500 bp sizes and the
primer sets BG11866/BG11868 and BG11870/BG11871
for the 1 kb sizes. Hifi assembly and transformation to E.
coli DHb5a cells was followed by sequence verification of
the obtained pBBR_Cas9_Aupp500HR_NT and pBBR_
Cas9_AupplO00HR_NT plasmids. The sequence verified
plasmids was transformed to E. coli S17-1 cells.

We proceeded with the construction of the HR-editing,
upp targeting plasmids pBBR_Cas9_Aupp500HR_sp2
and pBBR_Cas9_AupplOOOHR_sp2. The previously
mentioned couples of primer sets were used for the
generation of the 500 bp and 1 kb HR flanking sites.
The pBBR_Cas9_NT vector was employed as template
for the PCR amplification of the conserved backbone
region with the BG11887/BG11888 primer set. In addi-
tion, the spacer sp2 was included in the corresponding
position employing the primer sets BG11182/BG11487
and BG11489/BG11886 for the amplification of the cas9
gene and the sgRNA module, respectively. Hifi assembly
and transformation to E. coli DH5a cells was followed
by sequence verification of the obtained pBBR_Cas9_
Aupp500HR _sp2 and pBBR_Cas9_AupplO00HR_sp2
plasmids. The sequence verified plasmids were trans-
formed to E. coli S17-1 cells.

Plasmids for upp Ki

We proceeded with the construction of the upp knock-
in (KI) control pBBR_Cas9_KIuppl000HR_NT plasmid
and the upp KI plasmids pBBR_Cas9_KIuppl000HR_sp4
and pBBR_Cas9_Kluppl000HR_sp5. The pBBR_Cas9_
NT plasmid was used as template for the amplification
of the fragments containing the backbone (primer set
BG11887/BG11888), the cas9 gene and the targeting
sgRNAs. The cas9- and the sgRNA-containing fragments
were generated via PCR amplification with primer sets
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BG11182/BG12907 and BG11186/BG12908 for spacer
sp4 and primer sets BG11182/BG12909 and BG11186/
BG12910 for spacer 5. Additionally, the HR template for
KI of the upp gene back to its native position were com-
prised of the upp gene sequence flanked by the 1000 bp
genomic regions upstream and downstream of the upp
gene. The genomic amplification for the 1000-bp long
flanking sites was performed using the primer pairs
BG12347/BG11868 and BG11870/BG12348. The primers
BG12347 and BG12348 introduce a single point mutation
in the upp start codon (ATG to GTG). The construction
of the two editing plasmids, namely pBBR_Cas9_KIup-
p100OHR_sp4 and pBBR_Cas9_KlIuppl000HR_sp5, was
performed via 5-fragment assemblies. The assembly mix-
tures were then transformed to E. coli DH5a cells. Upon
sequence verification, the plasmids were transformed to
E. coli S17.

Plasmids for phaB KO

We employed the previously described cloning strat-
egy for generating three phaB KO plasmids (pBBR_
Cas9_AphaBHR_spl, pBBR_Cas9_AphaBHR_sp2 and
pBBR_Cas9_AphaBHR_sp3). The pBBR_Cas9_NT plas-
mid was used as template for the amplification of the
fragments containing the backbone (primer set P302/
P303), the cas9 and the targeting sgRNAs. Each plasmid
carried a different spacer designed to target a proto-
spacer within the phaB sequence. For spacer spl, the
cas9- and the sgRNA-containing fragments were gen-
erated via PCR amplification with primer sets P301/
P383 and P304/P384, respectively. For spacer sp2 the
cas9- and the sgRNA-containing fragments were gener-
ated via PCR amplification with primer sets P301/P385
and P304/P386, respectively. For spacer sp3 the cas9-
and the sgRNA-containing fragments were generated
via PCR amplification with primer sets P301/P387 and
P304/P388, respectively. Each of the three phaB edit-
ing plasmids contained the same HR template, consisted
of the genomic regions 1 kb upstream of the phaB start
codon and 1 kb downstream of the phaB stop codon.
The regions were generated via PCR amplification with
primer sets P379/P380 and P381/P382, respectively. The
construction of the three editing plasmids was performed
via 5-fragment assemblies. The assembly mixtures were
then transformed to E. coli S17 cells and the constructed
plasmids were sequence verified.

We employed the previously described cloning strat-
egy for generating three phbB KO plasmids (pBBR_
Cas9_AphbBHR_spl and pBBR_Cas9_AphbBHR_sp2).
The pBBR_Cas9_NT plasmid was used as template for
the amplification of the fragments containing the back-
bone (primer set P302/P303), the cas9 and the targeting
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sgRNAs. Each plasmid carried a different spacer designed
to target a protospacer within the removed phbB
sequence. For spacer spl, the cas9- and the sgRNA-con-
taining fragments were generated via PCR amplification
with primer sets P301/P418 and P304/P417, respectively.
For spacer sp2 the SpCas9- and the sgRNA-containing
fragments were generated via PCR amplification with
primer sets P301/P420 and P304/P419, respectively. Each
of the two phbB editing plasmids contained the same HR
template, consisted of a sequence of four stop codons
(TAG) and an EcoRI restriction site, flanked on the one
side by the genomic region 500 bp upstream and 546 bp
downstream the phbB start codon and on the other side
by the genomic region 145 bp upstream and 850 bp
downstream the phbB stop codon. The regions were gen-
erated via PCR amplification with primer sets P415/P416
and P413/P414, respectively, using the R. sphaeroides
genome as template. Moreover, each plasmid carried a
different spacer designed to target a protospacer within
the 59 nt long substituted phbB region. The construction
of the two editing plasmids was performed via 5-frag-
ment assemblies. The assembly mixtures were then trans-
formed to E. coli S17 cells and the constructed plasmids
were sequence verified.

Diparental conjugation and plasmid curation

Rhodbacter sphaeroides was inoculated from glycerol
stock in 10 mL RA medium and incubated for 2 days at
30 °C and 200 rpm prior to conjugation. After 48 h, 50 puL
of culture were transferred to fresh 10 mL RA medium,
incubated for 24 h under the same conditions, and har-
vested when the OD at 600 nm was approximately 3. E.
coli S17-1 harbouring the desired plasmid was grown
overnight in LB supplemented with kanamycin at 37 °C
and 200 RPM. Then, the overnight culture was trans-
ferred to fresh 2xYT media with antibiotic and grown for
2 h until the OD at 600 nm was approximately 1. The cell
suspension was harvested and washed twice with 1 mL
of RA medium, mixed with R. sphaeroides culture at a
1:1 ratio (1 mL each) and centrifuged for 1 min (maxi-
mum speed). The pellet was concentrated by suspen-
sion in 100 pL of RA medium, which was transferred to
a sterile 0.22 pm 47 mm diameter nitrocellulose filter disc
(Sigma-Aldrich) on a PY agar plate and incubated for 6 h
at 28 °C. The conjugation mixture was harvested and re-
suspended in 2 mL of RA medium. 100 pL of diluted cul-
ture was spread on RA agar plates containing kanamycin
and incubated at 30 °C for 3 days until colonies appeared.
Purification of R. sphaeroides conjugants from E. coli
S$17-1 donors was performed by subsequent transfer of R.
sphaeroides colonies to LB agar medium supplemented
with kanamycin until no E. coli colonies appeared.

Page 5 of 13

Finally, a colony PCR was performed using primer set P3/
P4 to verify that E. coli was not present in the culture.
Plasmid curing from positive R. sphaeroides mutants
was carried out by cultivating the mutants in 5 mL of RA
medium without antibiotic for 24 h, twice. The cells from
the second cultivation were then diluted and spread on
RA agar plates. The individual colonies were streaked
onto LB agar with and without kanamycin. Those cells
that grew on LB without antibiotic but were unable to
grow in the presence of antibiotic were considered to
have lost the plasmid. Final verification of plasmid cur-
ing was conducted by performing PCR with primers
BG10937/BG10938, which are specific for the Cas9 gene.

RNA extraction and reverse transcriptase PCR (RT-PCR)

To check expression of the cas9 gene under the lac pro-
moter, total RNA of R. sphaeroides conjugated with the
pBBR_Cas9_NT plasmid was extracted employing the
RNAeasy mini kit (Qiagen, Germany) according to the
manufacturer’s protocol and treated with DNAse I (NEB)
to remove genomic DNA contamination in the sam-
ple. The SuperScript III Reverse Transcriptase kit (Inv-
itrogen) was used for RT-PCR. When the first strand
of ¢cDNA was synthesized, the primers BG11112 and
BG11115 were used to verify transcription activity of
Cas9 gene using standard PCR.

5-FU screening

For the 5-fluorouracil (5-FU) screening process we pre-
pared RA agar plates supplemented with 5-FU up to
100 pg/mL final concentration, using a 50 mg/mL stock
solution prepared in dimethyl sulfoxide (DMSO). Colo-
nies obtained from conjugation were picked and streaked
on RA_5-FU plates with kanamycin. Survival colonies
were isolated and their upp locus was then PCR amplified
and sequenced.

Analytics

Carbon and nitrogen concentrations

To determine active biomass levels and C/N ratios of
the biomass, analysis was done using a TOC-L analyzer
(Shimadzu). Biomass samples were diluted 3-5 times in
a total volume of 15 mL using MilliQ and a stirring bar
was added. The TOC-L analysed both non-purgeable
organic carbon (NPOC) as well as total nitrogen (TN)
content. The TN content was used to calculate the active
biomass concentration using the elemental composition
of CH, 49Oy 5N 19 Of R. sphaeroides described previously
[36]. The C/N ratio was calculated by dividing molar con-
centrations resulting from NPOC and TN measurements.
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Polyhydroxybutyrate (PHB) concentrations

Volumes ranging from 2 to 5 mL of biomass were spun
down and resuspended in MilliQ water. This was spun
down and pellets were dried in an oven at 100 °C. The
dried biomass was resuspended in 1 mL of concentrated
H,SO, and heated to 90 °C for 40 min. The samples were
diluted by addition of 9 mL of 0.09 mM H,SO,. Analo-
gous to the organic acid analysis, samples were mixed
1:1 with propionic acid. Separation of compounds was
done using the same flow and temperature as the organic
acids. For quantification, standards with known concen-
trations of commercially available PHB (Sigma-Aldrich)
were treated the same as the samples.

Results and discussion

SpCas9 targeting in R. sphaeroides

The first aim of this study was to assess potential toxic
effects of SpCas9 expression in R. sphaeroides cells, as
previously reported for other microbial species [37-39].
For this purpose, we constructed the pBBR_Cas9_NT
control vector by cloning the cas9 gene, codon optimized
for R. sphaeroides, and a sgRNA expressing module with
a non-targeting (NT) spacer in the E. coli-Rhodobac-
ter shuttle vector pPBBRIMCS2. The expression of the
cas9 gene was under control of the P, promoter that
due to the absence of the lacl repressor gene in the R.
sphaeroides genome, has constitutive transcription activ-
ity. Moreover the sgRNA expressing module was under
the control of the synthetic constitutive Pgp, r95903 Pro-
moter [40] and the NT spacer sequence was designed
in such way that any candidate protospacer within the
genome of R. sphaeroides would contain at least 6 mis-
matches in the non-seed region (the 12 PAM-distal
nucleotides) and at least 2 extra miss-matches in its seed
region (the 8 PAM-proximal nucleotides). The pBBR_
Cas9_NT vector in parallel with the pPBBRIMCS2 control
vector were conjugated in R. sphaeroides cells (Additional
file 1: Figure S2). Even though the conjugation efficiency
for the pBBR_Cas9_NT vector was reduced compared to
the control pBBRIMC2 vector (Fig. 1a), it remained high
and the size of the pPBBR_Cas9_NT containing colonies
was comparable to the size of the pBBRIMC2 contain-
ing colonies. We then randomly selected 5 of the colonies
conjugated with the pBBR_Cas9_NT vector for culturing
and plasmid isolation. The sequence integrity of the cas9
gene, the sgRNA expressing locus and the correspond-
ing promoters was verified for all the 5 isolated plas-
mids, leading us to the conclusion that the drop in the
conjugation efficiency of the pBBR_Cas9_NT can most
likely be attributed to the almost double size of the vec-
tor (9566 bp) compared to the control vector (5144 bp)
and, at least under the tested conditions, not to toxicity
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of SpCas9. Moreover, we confirmed the transcription of
the cas9 gene in R. sphaeroides by RT-PCR (Fig. 1b).

We further developed a SpCas9-based system for effi-
cient introduction of lethal double stranded DNA breaks
(DSBs) in R. sphaeroides, genome, selecting the upp
(uracil phosphoribosyltransferase) gene as the proof of
principal target. Knock-out mutations of the upp gene
in other bacteria resulted in mutant strains resistant
to 5-fluorouracil [41, 42]. For R. sphaeroides we deter-
mined that 5-Fluorouracil is toxic at concentrations as
low as 1 pg/mL in RA medium and its use could facili-
tate future screening steps. The pBBR_Cas9_NT vector
was employed for the construction of three targeting
plasmids (pBBR_Cas9_sp1-3) each containing a unique
spacer that corresponds to a different target sequence
(protospacer) within the upp gene. if the constructed
SpCas9 system is efficiently expressed in R. sphaeroides,
the number of obtained colonies upon conjugation with
the targeting plasmids is going to be substantially lower
compared to the number of obtained colonies upon con-
jugation with the control plasmid.

The pBBR_Cas9 series of plasmids was conjugated in
R. sphaeroides (Fig. 1c). The conjugation efficiency for
the pBBR_Cas9_spl and pBBR_Cas9_sp2 constructs
dropped more than 3 orders of magnitude compared to
the pBBR_Cas9_NT control, while for the pBBR_Cas9_
sp3 the conjugation efficiency dropped only by 50%
(Fig. 1c). This result shows that the constructed SpCas9
targeting system is highly active in R. sphaeroides. To fur-
ther study the observed fluctuation of targeting efficiency
of different spacers, we randomly selected 5 surviving
colonies conjugated with the pBBR_Cas9_sp3 plasmid,
isolated the plasmids. The plasmid sequencing results
did not reveal any indel mutations or single nucleotide
substitutions in the cas9 gene and the sgRNA module
that could lead to the deactivation of the SpCas9 target-
ing system. Previous studies have shown that CRISPR-
Cas based chromosomal targeting can induce genomic
island excision events, resulting to the removal of the
chromosomal target in the surviving population [43, 44].
We PCR amplified the upp genomic regions from the
previously selected 5 surviving colonies conjugated with
the pBBR_Cas9_sp3 plasmid; all the amplicons showed
the expected wild-type size (Additional file 1: Figure S3)
and were also sequence verified. This result excluded a
genomic island excision event. It was previously reported
that the targeting efficiency of a SpCas9 system relies
heavily on the selected spacer and can substantially dif-
ferentiate amongst different targets, even within the
same gene [45]. Hence, the most possible explanation for
the low targeting efficiency of the SpCas9-based system
employing spacer 3 is the comparatively higher efficiency
of the native RecA-based repair mechanism that employs
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untargeted chromosomal copies as repairing templates
[45].

Homologous recombination-SpCas9 counter selection
for gene deletions
There are multiple studies on bacterial genome edit-
ing employing (i) homologous recombination (HR) via
plasmid-borne templates that carry the desired modifica-
tions, and (ii) Cas9-induced DSBs for the induction of the
cellular HR machinery and as a counter-selection system
for the unedited cells [24, 34]. Previous studies reported
HR activity in R. sphaeroides [11] and here we developed
a SpCas9 targeting system. Hence, we set out to develop a
HR-SpCas9 counter selection system for efficient genome
editing in R. sphaeroides.

As a proof of principle, we programmed the designed
HR-SpCas9 system to knock out the upp gene of R.

sphaeroides, excluding the start codon and the last 12
nucleotides of the gene in order to avoid potential polar
effects for neighboring genes of the operon. Two edit-
ing plasmids were constructed and tested, both contain-
ing the previously described spacer 2 for efficient upp
targeting and HR templates consisted of either 500 bp
(pBBR_Cas9_Aupp500HR_sp2) or 1 kb (pBBR_Cas9_
Auppl000HR_sp2) upstream and downstream genomic
regions flanking the selected for deletion upp fragment.
Two control plasmids (pBBR_Cas9_Aupp500HR_NT and
pBBR_Cas9_AupplOO0OHR_NT), containing the same
HR templates as the editing plasmids but a non-targeting
spacer, were also taken along for assessing the contribu-
tion of SpCas9 to the efficiency of the tool.

Upon conjugation of the above described constructs in
R. sphaeroides, a drop was observed 1 order of magnitude
in the number of surviving colonies upon conjugation
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with the editing constructs compared to the non-target-
ing control construct (Fig. 2a). 14 colonies were randomly
picked from each plate (the experiment was performed in
triplicates, so 42 colonies were selected per conjugated
construct) and streaked on RA agar plates supplemented
with 5-FU. All selected colonies from the conjugation
plates with editing constructs -regardless the size of
the employed HR template- grew on the 5-FU selection
plates (Fig. 2b). We genotyped all the selected colonies
through colony PCR and sequencing, and we confirmed
the desired clean deletions (Fig. 2c, d). Meanwhile none
of the selected colonies from the conjugation plates with
non-targeting control constructs grew on 5-FU selection
plates (Fig. 2b), underlining the significant contribution
of SpCas9 targeting to the high efficiency of the devel-
oped HR-SpCas9 counter selection tool in R. sphaeroides.

Prerequisite for extensive metabolic engineering stud-
ies with the HR-SpCas9 tool in R. sphaeroides is the per-
formance of rapid iterative genome editing cycles. This
demands the curing of constructed mutants from the
SpCas9-harbouring editing plasmids via an easy and
time-effective way. For this purpose, one of the previ-
ously constructed Aupp mutants was grown in LB broth
medium without antibiotic for two iterative inoculation
cycles of 24 h each. After plating and incubating the final
culture on LB agar plates without antibiotic for 2 days, 5
colonies were selected and re-streaked on LB agar plates
with and without antibiotic (kanamycin). Colonies that
grew only on the agar plate without antibiotic were sub-
jected to colony PCR with plasmid specific primers and
the plasmid loss was verified (Additional file 1: Figure
S4). The cured R. sphaeroides Aupp strain was further
employed for the expansion of the SpCas9-based toolbox.

Homologous recombination-SpCas9 counter selection

for gene insertions and single nucleotide substitutions

To further expand the genome editing toolbox of R.
sphaeroides, we proceeded with the development of a
plasmid-based HR-SpCas9 counter selection knock-in
(KI) system. As a proof of principle, we designed a sys-
tem for reinsertion of the upp gene in the genome of the
previously constructed Aupp mutant strain. We selected
two spacers (sp4 and sp5, Additional file 1: Table S5)
for the editing plasmids, aiming to target the remain-
ing fraction of the upp gene in the genome of the Aupp
mutant (Fig. 3a). Moreover, we constructed HR tem-
plates containing the upp gene - with the “ATG” start
codon substituted by the “GTG” as sequence verifica-
tion marker-flanked by 1 kb upstream and downstream
genomic regions (pBBR_Cas9_KlupplOO0OHR_sp4 and
pBBR_Cas9_KIuppl000HR_sp5). Upon reinsertion of
the upp gene into the Aupp genome the corresponding
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protospacers would be disrupted, providing resistance
from the SpCas9 targeting.

The two editing plasmids and the pBBR_Cas9_NT con-
trol plasmid were conjugated in the plasmid-cured R.
sphaeroides Aupp mutant and the experiment was per-
formed in 3 biological replicates. As expected, a decrease
in the number of surviving conjugants was observed for
both editing plasmids compared to the non-targeting
control plasmid (Fig. 3b). The upp genomic region from
38 to 40 colonies per construct and per conjugation was
amplified by colony PCR with genome specific primers.
The editing constructs resulted in low editing efficiencies;
16/118 screened colonies for spacer 4 and only 2/120
screened colonies for spacer 5 were KI mutants (Addi-
tional file 1: Figure S5A, B). All the mutants were subse-
quently sequence verified for the existence of the “GTG”
start codon (Fig. 3c). This result shows that, unlike the
upp deletion process, the efficiency of the upp knock-in
process is much lower, at least for the selected target.

Eliminating PHB accumulation in R. sphaeroides

The intracellular accumulation of PHB in R. sphaeroides
under nitrogen-limited culturing conditions acts as a
carbon drain and a NADP' regeneration mechanism,
using acetoacetyl-CoA (AA-CoA) as precursor [6, 7,
46] (Fig. 4a). Hence, engineering a R. sphaeroides strain
with reduced PHB production capacity could facilitate
the increment of the intracellular NADPH and AA-CoA
pools, and the channelling of the R. sphaeroides metabo-
lism towards the production of alternative biotechno-
logically interesting molecules, such as hydrogen and
terpenes.

AA-CoA reductases catalyse the NADPH-dependent
conversion of AA-CoA into (R)3-hydroxybutyrate-CoA
((R) 3HB-CoA) which is the precursor of PHB. There are
two predicted AA-CoA reductase genes in the genome
of R. sphaeroides, namely phaB (RSP_0747) and phbB
(RSP_3963), and the contribution of each correspond-
ing enzyme to the AA-CoA reduction into (R) 3HB-CoA
was the focus of this study. For this purpose, the phaB
and phbB genes were separately and jointly knocked-out
of the R. sphaeroides genome employing the previously
described tool. More specifically, three editing plasmids
were constructed and employed for the deletion of the
phaB gene (namely pBBR_Cas9_AphaBHR_spl, pBBR_
Cas9_AphaBHR_sp2 and pBBR_Cas9_AphaBHR_sp3)
and two for the knockout of the phbB gene (namely
pBBR_Cas9_AphbBHR_spl and pBBR_Cas9_AphbBHR _
sp2) via the introduction of premature stop codons in
the sequence of the gene. We reasoned to not completely
delete the phbB gene as it is located within an operon in
the R. sphaeroides genome, unlike phaB which is located
at the end of an operon (Additional file 1: Figure S6). The
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of R. sphaeroides conjugation mixtures with the homologous recombination (HR) control vectors pBBR_Cas9_Aupp500HR_NT and pBBR_Cas9_
Aupp1000HR_NT, and HR editing vectors pBBR_Cas9_Aupp500HR_sp2 and pBBR_Cas9_Aupp1000HR_sp2. The error bars represent standard
deviations from three replicate experiments. b Restreaks of randomly selected colonies from the above mentioned conjugations on RA agar

plates supplemented with 5-FU. Only Aupp mutants can grow on 5-FU plates. ¢ Genome specific colony PCR amplification of the upp locus in cells
conjugated with the pBBR_Cas9_Aupp500HR_NT, pBBR_Cas9_Aupp1000HR_NT, pBBR_Cas9_Aupp500HR_sp2 and pBBR_Cas9_Aupp1000HR_sp2
vectors. Amplification yields a 2992 bp product for the wild type upp gene and a 2374 bp product for the deleted upp gene. d Sequence verification
of the desired upp deletion by Sanger sequencing

efficiency of the phaB deletion processes was 100% for — mutants), but 0% efficiency for constructs harbouring
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colonies were clean phaB deletion mutants) and spacer  deletion mutants) (Additional file 1: Figure S7). The effi-
sp2 (10/10 PCR screen colonies were clean phaB deletion  ciency of the phbB knockout processes was 100% when



Mougiakos et al. Microb Cell Fact (2019) 18:204

Page 10 of 13

a

Protospacer 4

>
stop
codon

5"-G A;GGGAAACCCCGCTT TACAGAG-3’
37 -CGGGCTGGTACGAACT GGTAAT TCCCTT TGGGGCGAAATG TCTC-5

|

Aupp

start
codon

%

Protospacer 5
R. sphaeroides

Aupp genome Klupp

1.E+07

1.E+06

1.E+05

1.E+04

1.E+03

CFUs/conjugation

1.E+02

1.E+01

1.E+00

Cas9_NT upp_sp4 upp_sp5

R. sphaeroides

Fig. 3 Insertion of the gene upp in a Aupp locus with single point mutation. a Representation of the Aupp locus before (left) and after (right)
knock-in of the upp gene. The protospacers recognized by spacers sp4 and sp5 are underlined and highlighted with dark and light brown,
respectively, and their PAM is in bold. The 1 kb flanking sites surrounding Aupp are in grey and blue, while the inserted upp sequence is in green;
after introduction of the upp sequence, the protospacers sequences are disrupted, and the starting codon ATG is replaced by GTG viaa 1 bp
substitution (red). b Colony forming units (CFU) obtained after conjugation with pBBR_Cas9 plasmids (pBBR_Cas9_Klupp1000HR_sp4 and
pBBR_Cas9_Klupp1000HR) harbouring different Aupp targeting spacers (sp4 and sp5) and 1 kb HR templates for the knock-in of the upp gene
accompanied by single nucleotide substitution; the plasmid with the non-
Sequence verification of the desired upp insertion and single nucleotide substitution, by sanger sequencing

start
codon

stop
codon

5"-GC GA-3'

3’ -CGGGCTGGCACGAACTGGTA TTCCCT-5'

Kl upp

genome

WTupp region

start
codon

GCATCGCCAAGCTACTGGAGCCCGACCATGCTTGACCATCTGACCGTCGTGACCCA

ey

GCATCGCCAAGCTACTGGAGCCCGACCGTGCTTGACCATCTGACCGTCGTGACCCA
start
codon

Klupp region

targeting spacer (pBBR_Cas9_NT) was used as conjugation control. ¢

the pBBR_Cas9_AphbBHR_spl construct was employed
(7/7 PCR screened colonies were clean phbB deletion
mutants) and 0% when the pBBR_Cas9_AphbBHR_sp2
construct was employed (0/8 PCR screened colonies
were clean phbB deletion mutants) (Additional file 1: Fig-
ure S8), confirming that the efficiency of the developed
Cas9-based is spacer-dependent.

The C/N ratio of microbial biomass increases when
PHB is produced. The C/N ratio of the wild type R.
sphaeroides strain and the generated AphaB, AphbB
and AphaB_AphbB strains was tested for PHB pro-
duction after 48 h of cultivation under nitrogen excess
and nitrogen-limited conditions. Analysis by TOC-L
revealed no statistically relevant difference between the
C/N ratios of the strains under nitrogen excess condi-
tions (Fig. 4b, left panel). Under nitrogen limitation
conditions, a substantial decrease was noticed in the
C/N ratio of the AphaB strain as compared to the wild-
type strain (Fig. 4b, Additional file 1: Table S6). This
decrease indicated reduced carbon accumulation in the

AphaB and AphaB_AphbB strains in comparison to the
wild-type strain, which could be attributed to reduced
PHB production.

In order to confirm the reduction in the PHB pro-
duction, HPLC analysis was performed to quantify
the intracellular PHB content of the wild-type, AphaB,
AphbB and AphaB_AphbB strains. The analysis showed
that the PHB content of the wild-type and AphbB
strains can fluctuate between 40 and 70% (w/w) of the
dry cellular weight (DCW), which is consistent with
previously reported results [7, 47]. The PHB concen-
trations in the AphaB and AphaB_AphbB strains were
comparable and more than 99% lower compared to the
PHB concentrations of the wild type and AphbB strains.
The active biomass of wild-type and mutant strains was
calculated based on the TOC-L data (Fig. 4c, Additional
file 1: Table S6). Only a minor reduction in the active
biomass of the AphaB and AphaB_AphbB strains, as
compared to the active biomass of the wild-type strain,
was observed.
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Effect of the phaB (RSP_0747) and the phbB (RSP_3963) knockout, as well as of the combined knockout, on the acids production and the PHB
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conditions, respectively). Error bars indicate standard deviations from at least two replicates

Conclusions

In our work we developed a highly active SpCas9-based
DNA targeting system for the biotechnologically interest-
ing bacterium R. sphaeroides. We further combined the
SpCas9 DNA targeting activity with the native homolo-
gous recombination (HR) mechanism of R. sphaeroides for
the development of an efficient HR-SpCas9 counter selec-
tion-based genome editing toolbox for gene knock-outs,
knock-ins and single nucleotide substitutions. Hence, the
developed toolbox can substantially accelerate fundamen-
tal and metabolic engineering studies on R. sphaeroides,

e.g. on membrane and photosynthetic reaction centre pro-
teins, as well as metabolic engineering studies for improved
hydrogen production and terpene synthesis, as already
have been achieved for other microorganisms with devel-
oped SpCas9 toolboxes. Finally, we employed the devel-
oped toolbox to elucidate the genetic background of PHB
production in R. sphaeroides and we constructed mutant
strains with dramatically reduced PHB production capac-
ity and almost unaffected growth. Hence, the here con-
structed R. sphaeroides mutant strains can be the basis for
further engineering towards the enhanced production of
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alternative biotechnologically interesting molecules, such
as hydrogen and terpenes.
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