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Summary

Purple non-sulfur photosynthetic bacteria (PNSB)
such as Rhodobacter capsulatus serve as a versatile
platform for fundamental studies and various biotech-
nological applications. In this study, we sought to
develop the class II RNA-guided CRISPR/Cas12a sys-
tem from Francisella novicida for genome editing and
transcriptional regulation in R. capsulatus. Template-
free disruption method mediated by CRISPR/Cas12a
reached ~ 90% editing efficiency when targeting ccoO
or nifH gene. When both genes were simultaneously
edited, the multiplex editing efficiency reached
> 63%. In addition, CRISPR interference (CRISPRi)
using deactivated Cas12a was also evaluated using
reporter genes egfp and lacZ, and the transcriptional
repression efficiency reached ~ 80%. In summary, our
work represents the first report to develop CRISPR/
Cas12a-mediated genome editing and transcriptional
regulation in R. capsulatus, which would greatly
accelerate PNSB-related researches.

Introduction

Purple non-sulfur photosynthetic bacteria (PNSB) such
as Rhodobacter capsulatus are facultative anaerobic
gram-negative bacteria and are non-pathogenic (Heck

and Drepper, 2017; Troost et al., 2019). These bacteria
have the versatile metabolic abilities to grow in a variety
of habitats (Zannoni, 1995). For instance, R. capsulatus
could use a wide spectrum of carbon sources including
short-chain fatty acids, dicarboxylic acids, sugars, agri-
cultural and food wastes for chemotrophic growth under
aerobic to microaerobic conditions (Adessi et al., 2017).
It can also utilize the organic and inorganic compounds
(such as S2O3

2−, H2S and Fe2+) as electron donors for
photoheterotrophic growth (Romagnoli and Tabita, 2009;
Jaschke et al., 2011). Moreover, when the nitrogen
source is scarce, R. capsulatus can perform the nitrogen
fixation and hydrogen production via the action of nitro-
genases (Zhang et al., 2016).
To survive under such diverse living conditions, PNSB

have evolved a complex metabolic network with highly
specialized enzyme complexes and regulatory mecha-
nisms. Recently, PNSB have attracted special attention
as a platform microorganism for biotechnological applica-
tions such as H2 production as an alternative renewable
energy to fossil fuels (Zhang et al., 2016, 2017a,b,c) and
polyhydroxybutyrate as a biodegradable plastic (Kranz
et al., 1997; Merugu et al., 2012), bioremediation of
wastewater (Idi et al., 2014) and heavy metal (Feng et al.,
2007), fixation of CO2 and N2 (Wahlund et al., 1996;
Atsumi et al., 2009), expression of membrane proteins
(Berry et al., 2004; Han and Perner, 2016) and metalloen-
zymes (Vignais et al., 2000; Kappler and McEwan, 2002).
As the synthesis of photopigments in PNSB relies on the
isoprenoid biosynthetic pathway, it provides a robust iso-
prenoid metabolism that makes PNSB as a promising host
for isoprenoid biosynthesis (Heck and Drepper, 2017;
Loeschcke et al., 2017; Troost et al., 2019).
Currently, the genetic tools in PNSB heavily rely on tradi-

tional homologous recombination using suicide plasmids
(Zhang et al., 2017a,b,c), interposon-mutagenesis using
gene transfer agent (GTA) that leads to gene knockout via
the insertion of a kanamycin cassette (Daldal et al., 1986),
and gene mutation using transposon (Zhang et al., 2016).
The synthetic biology tools for engineering PNSB are still
limited, which significantly slows the progress in PNSB-re-
lated biotechnological applications. Recently, Clustered
Regularly Interspaced Short Palindromic Repeats
(CRISPR) and CRISPR-associated protein (Cas) systems
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(Marraffini, 2015) have been developed as versatile tools
for genome editing in a variety of organisms (Savitskaya
et al., 2016; Pickar-Oliver and Gersbach, 2019). For
instance, the class II type II CRISPR/Cas9-mediated gen-
ome editing was recently established in PNSB such as R.
sphaeroides (Mougiakos et al., 2019; Luo et al., 2020).
Cas12a, a class II type V-A endonuclease, is character-

ized as a dual nuclease referring to CRISPR RNA (crRNA)
processing, target-site recognition and DNA cleavage
(Zetsche et al., 2015). To date, the CRISPR/Cas12a sys-
tem has also been engineered into a genome editing tool
in many species such as Escherichia coli, Mycobacterium
smegmatis and mammalian cells (Yan et al., 2017;
Zetsche et al., 2017). Compared with CRISPR/Cas9 that
recognizes the target locus close to a guanine-rich proto-
spacer adjacent motif (PAM) sequence to create blunt
ends (Hsu et al., 2014), Cas12a assisted by a mature
crRNA binds the protospacer segment flanked by a thymi-
dine-rich PAM to form staggered ends (Zetsche et al.,
2015; Swarts et al., 2017). Considering PNSB normally
has high GC content (~70%), the chance of off-target is
expected to be higher for CRISPR/Cas9 than that of
CRISPR/Cas12a. The compact design of crRNA and self-
processing ability by Cas12a make CRISPR/Cas12a a
more versatile and robust tool for multiplex genome engi-
neering. To the best of our knowledge, there is no report
on CRISPR/Cas12a-mediated genetic tools in PNSB. In
this study, we sought to assess the feasibility of CRISPR/
Cas12a-assisted genome editing in R. capsulatus (Fig. 1).
In addition, we also attempted to evaluate CRISPR/

dCas12a as an artificial transcriptional factor for CRISPR
interference (CRISPRi) applications.

Results

Evaluation of CRISPR/Cas12a-mediated genome editing
in R. capsulatus

We first evaluated the potential toxicity of Cas12a from
Francisella novicida in R. capsulatus. The Escherichia
coli-Rhodobacter shuttle vector pBBRdMCS, a multicopy
vector derived from pBBR1MCS2 (Kovach et al., 1995),
was used to express cas12a gene under the control of
Plac promoter, and the resulting plasmid was designated
as pBdRCas12a. In particular, we also included a sacB
counter-selection marker from Bacillus subtilis for plas-
mid curing (Fig. 1) (Link et al., 1997), whereas its
expression is lethal when exposed to sucrose. According
to the literature, Plac promoter from E. coli was reported
to confer constitutive activity in R. capsulatus due to the
absence of the lacI repressor gene (Khan et al., 2015).
When the plasmid pBdRCas12a in parallel with the con-
trol plasmid pBdRSacB was transformed into R. capsula-
tus, the conjugation efficiency for pBdRCas12a was
close to that achieved by the control (Fig. S1a). In addi-
tion, we did not observe noticeable growth differences
between strains harbouring pBdRCas12a and
pBdRSacB, suggesting that Cas12a is non-toxic to R.
capsulatus under the tested condition.
To confirm that Cas12a is functional in R. capsulatus,

ccoO gene encoding a subunit of cbb3-cytochrome

Fig. 1. Schematic diagram of CRISPR/Cas12a system for genome editing in R. capsulatus. Both Cas12a and crRNA were expressed from a
low copy plasmid with kanamycin marker (kanR), shuttle replicon (rep) and mobilization element (mob) for transferring plasmid from the donor
strains E. coli into the recipient strains of R. capsulatus. DSB, double-strand breaks; NHEJ, non-homologous end joining; MMEJ, microhomol-
ogy-mediated end joining. The sacB cassette was used as the counter-selection marker for curing plasmid. The CRISPR/Cas12a system was
first constructed in E. coli S17-1, then conjugated into R. capsulatus via the helper strain of E. coli pRK2013. The use of helper strain of E. coli
pRK2013 is for the purpose of increasing the conjugation efficiency.
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oxidase (cbb3-Cox) and nifH gene encoding a subunit of
nitrogenase were chosen as the disruption targets. The
visualization of cbb3-Cox activity using colorimetric assay
was reported in R. capsulatus (Ekici et al., 2012). As
nitrogenase is essential for the nitrogen fixation, thus,
nifH mutants would abolish the diazotrophic growth
under nitrogen depleting conditions in a similar way to a
previous report (Ungerer and Pakrasi, 2016). According
to the literature, crRNA comprising of a 19-nt direct
repeat and a 23-nt guide sequence is typically required
to achieve the efficient genome editing (Zetsche et al.,
2015), and all the crRNAs were designed according to
this criteria. The crRNA-expressing module was assem-
bled into the pBdRCas12a plasmid under the control of
the same promoter as Cas12a. We found the conjuga-
tion efficiencies declined more than 4 orders of magni-
tude compared with the control plasmid (Fig. S1a). The
generation of double-strand breaks at the targeted genes
by CRISPR/Cas12a typically results in decreased
survival rates (Mougiakos et al., 2019). As shown in
Fig. 2A and B, ccoO or nifH was successfully mutated
by CRISPR/Cas12a-mediated genome editing. However,
the editing efficiency mediated by CRISPR/Cas12a was
only 30%~40%.
It was reported that the genome editing efficiency

assisted by CRISPR/Cas9 system was observably
impacted by GC content of guide RNA and the target
positions (Wang et al., 2014). In this study, five crRNAs
with different GC contents ranging from 39% to 83%
were designed for ccoO. As shown in Fig. 2C, the
crRNAs with different GC contents resulted in editing
efficiencies ranging from 4% to 33%. In particular, similar
efficiencies (25%, 33% and 30% respectively) were
achieved for GC contents ranging from 39% to 65%,
indicating that Cas12a might be not as sensitive to the
GC content as the Cas9 counterpart.

Optimization of CRISPR/Cas12a-mediated genome
editing in R. capsulatus

According to previous reports, efficient expression of
Cas12a is also crucial to achieve efficient CRISPR/
Cas12a-assisted genome editing system (Zhao et al.,
2019). As the heterologous promoter Plac is a relatively
weak promoter, the low editing efficiency might be attrib-
uted to the insufficient CRISPR/Cas12a expression. To
validate this hypothesis, we sought to search alternative
promoters to drive the expression of CRISPR/Cas12a in
R. capsulatus. It was reported that promoters of puc
operon (encoding light-harvesting complex II) and puf
operon (encoding light-harvesting complex I) possess
relatively high levels of expression under aerobic condi-
tions (Hu et al., 2010). As glycolytic enzymes are typi-
cally expressed at high levels in the presence of

glucose, promoters of phosphoglycerate kinase gene
(pgk) (Piper et al., 1988) and enolase gene (eno) (Toda
et al., 2001) were also included in this study. The
upstream ~ 400 bp noncoding regions from puc, puf, pgk
and eno genes were cloned for measuring the promoter
strengths using eGFP as the reporter. As shown in
Fig. 3A, all native promoters exhibited much higher activ-
ity than Plac under the tested condition. Among them,
Ppuc showed the highest activity, which corresponds to
approximately 5.4-fold improvement over that of Plac.
Next, the promoter Ppuc was applied to drive the

expression of CRISPR/Cas12a system in the remaining
studies. When compared to the first-generation design,
the new version of CRISPR/Cas12a system only differed
in the promoter sequences (Ppuc vs Plac). These plas-
mids were transformed into R. capsulatus with
pBRPpucSacB as the control plasmid. As depicted in
Fig. S1b, the conjugation efficiency of Cas12a expres-
sion driven by Ppuc was close to that of Cas12a driven
by Plac, suggesting that higher expression level of
Cas12a was not toxic to R. capsulatus. As shown in
Table 1, 10 randomly selected transformants on ccoO
disruption conferred 93% editing efficiency as verified by
α-naphthol + N0 N0-dimethyl-p-phenylenediamine (NADI)
staining. The editing efficiency for the disruption of nifH
reached up to 87% (Table 1). And it was observed that
short indels (1 to 4 bp) occurred at the protospacer
regions by further sequencing validation (Fig. 3B and C).
In addition, approximately 63% positive transformants
were observed during simultaneous disruption of ccoO
and nifH as shown in Table 1. To further investigate the
ability to simultaneously edit multiple genes, uracil-phos-
phoribosyltransferase (upp) gene was employed as the
third target. Since upp disruption results in mutant strains
resistant to 5-fuorouracil, upp mutants could be screened
under 5-fuorouracil-containing medium in a similar way
to a previous report (Mougiakos et al., 2019). It was
found that approximately 37% positive transformants
were obtained when simultaneously editing ccoO, nifH
and upp (Table 1, Figure S2). Taken together, these
findings suggested that CRISPR/Cas12a could be
an effective genome editing tool in PNSB such as
R. capsulatus.

Transcriptional repression by CRISPRi using deactivated
Cas12a (dCas12a)

Next, we proceeded to develop CRISPR/dCas12a as an
artificial transcriptional factor for targeted gene knock-
down. The nuclease activity in the RuvC domain of
Cas12a was abolished by introducing the E1006A muta-
tion (Tak et al., 2017). The dCas12a driven by the pro-
moter Ppuc was cloned into a low copy E. coli-
Rhodobacter shuttle vector pRK415 (Ditta et al., 1985),
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to obtain plasmid pRKucdCas12a (Fig. 4A). The tran-
scriptional repression efficiency of CRISPRi was evalu-
ated by employing the egfp and lacZ as the reporter
genes, which were pre-integrated at the phbC encoding

for poly-β-hydroxybutyrate (PHB) synthase and pucBA
from the pucBACDE operon respectively. For each
reporter gene, three crRNAs targeting at the template
strand were designed (g1, g2 and g3 or z1, z2 and z3,

Fig. 2. Genome editing using CRISPR/Cas12a in R. capsulatus.
A. Verification of ccoO disruption by NADI staining. The parental R. capsulatus strain containing pBdRCas12a was employed as the control.
The disruption of ccoO that abolishes the cbb3-Cox activity would appear background colour instead of blue staining. Eight randomly selected
colonies were tested for ccoO disruption.
B. Verification of nifH disruption by the diazotrophic growth under nitrogen depleting conditions. The parental R. capsulatus strain containing
pBdRCas12a was employed as the control. The disruption of nifH is expected to abolish the diazotrophic growth under nitrogen depleting condi-
tions. Eight randomly selected colonies were tested for nifH disruption.
C. Comparison of the genome editing efficiency of five crRNAs with different GC contents. Experiments were carried out in triplicate, and the
data are presented as mean � SD.
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as shown in Fig. 4B), and one crRNA targeting at the
non-template strand was examined (g4 or z4, Fig. 4B).
The above plasmids harbouring dCas12a with different
crRNAs were then transformed into R. capsulatus with
chromosomal integrated expression cassettes of egfp
and lacZ. As shown in Fig. 4C and D, all the crRNAs tar-
geting the template strand could lead to different

degrees of repression of the egfp or lacZ expression.
Similar to previous findings that crRNA-binding position
near the translation initiation site on the template strand
is more effective for CRISPRi (Kim et al., 2017; Liu
et al., 2019), we found the most efficient repression
occurred when the crRNAs were designed near the start
codon (egfp and lacZ repression, 84% and 82%

Fig. 3. Optimization of CRISPR/Cas12a-mediated genome editing in R. capsulatus.
A. Transcriptional activities of five promoters in R. capsulatus (Plac, Ppuc, Ppuf, Ppgk and Peno) as measured by eGFP fluorescence intensities.
The control indicates the strain with the empty plasmid pBBR1MCS2. Experiments were carried out in triplicate, and the data are presented as
mean � SD.
B. NADI staining results of ccoO disruption and sequencing verification. The parental R. capsulatus strain containing pBRucCas12a was
employed as the control. Ten randomly picked colonies were tested for ccoO disruption.
C. Results of the diazotrophic growth on nifH disruption and sequencing verification. The parental R. capsulatus strain containing pBRucCas12a
was employed as the control. Ten randomly picked colonies were tested for nifH disruption.

ª 2021 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd., Microbial
Biotechnology, 14, 2700–2710

2704 Y. Zhang and J. Yuan



respectively). However, only ~ 20% repression was
achieved when the non-template strand was targeted for
both reporter genes. To test the capability of multiplex
gene regulation, dual crRNA-expressing plasmid was
constructed to simultaneously repress egfp and lacZ
expressions. The expression levels of egfp and lacZ
were reduced by 80% and 77% respectively. These find-
ings indicated that the CRISPRi system based on
dCas12a would have broad utilities to implement multi-
plex transcriptional repression in R. capsulatus for the
future metabolic engineering applications.

Discussion

The CRISPR/Cas system is revolutionizing the field of
genome editing in various organisms. The type V-A
CRISPR/Cas12a system has the ability to self-process
crRNA, recognize the thymidine-rich PAM and cleave
DNA to give staggered ends. Due to these characteris-
tics, CRISPR/Cas12a-assisted genome editing is a supe-
rior alternative to CRISPR/Cas9 in PNSB. In this work,
we developed an efficient genetic tool using Cas12a
from F. novicida in R. capsulatus, a promising platform
microorganism for PNSB-related biotechnological appli-
cations. Based on previous findings, Cas9 from S. pyo-
genes (SpCas9) is toxic at high expression in several
bacteria such as Corynebacterium glutamicum (Jiang
et al., 2017) and Cyanobacteria sp. (Ungerer and Pak-
rasi, 2016), which limits the application of CRISPR/Cas9
in these microorganisms. In this work, we found that
Cas12a expression did not show any noticeable toxicity
in R. capsulatus.
As CRISPR/Cas12a creates a staggered end resulting

a 5-nt 50 overhang rather than a blunt cleavage product,
which might promote the double-strand break repair
mediated by non-homologous end joining (NHEJ) and/or

microhomology-mediated end joining (MMEJ) mecha-
nism (Finger-Bou et al., 2020). The initial studies
revealed that about 30%~40% editing efficiency was
obtained when targeting ccoO or nifH gene, which was
not satisfactory when compared to NHEJ-mediated
CRISPR/Cas in Streptomyces coelicolor (Li et al., 2018)
and E. coli (Zheng et al., 2017). To further improve the
genome editing efficiency in R. capsulatus, a strong pro-
moter of photosynthetic operon puc (Ppuc) was identified
to drive the CRISPR/Cas12a system, and ~ 90% editing
efficiency was achieved for single gene disruption,
whereas 63% editing efficiency was obtained for two
gene disruptions. Moreover, the ability of this system to
simultaneous multiple genes editing was further investi-
gated, 37% editing efficiency was observed for triple
gene disruption. Recently, CRISPR/Cas9 and CRISPR/
Cas9-deaminase have been successfully implemented
into R. sphaeroides (Mougiakos et al., 2019; Luo et al.,
2020). Considering R. capsulatus has relatively high GC
content (~ 70%), the chance of off-target is expected to
be higher for CRISPR/Cas9 than that of CRISPR/
Cas12a.
To the best of our knowledge, CRISPRi using DNase-

deactivated Cas9 (dCas9) or dCas12a has not been
reported in any Rhodobacter-related species. Previous
findings suggested that dCas12a exhibits better repres-
sion efficiency with crRNAs targeting at the template
strand over the non-template strand, and the closer
crRNA near to the translation start site, the higher
repression efficiency is obtained (Zhang et al., 2017a,b,
c; Liu et al., 2019; Zhao et al., 2019). In this study, simi-
lar results were observed when targeting at egfp or lacZ
reporter genes in R. capsulatus using CRISPR/dCas12a.
More importantly, dual repression of egfp and lacZ
genes reached a similar efficiency to that of single tar-
get, indicating that CRISPR/dCas12a might be applica-
ble for multiplex transcription regulation in R. capsulatus.

Experimental procedures

Strains and culture conditions

All plasmids were introduced by heat-shock into compe-
tent cells of Escherichia coli S17-1 or Top 10 cultured
with Luria-Bertani (LB) medium containing appropriate
antibiotics at 37°C. R. capsulatus SB1003 was employed
for genetic modifications, and the strain was cultured in
Sistrom’s mineral media supplemented with 10 g l−1 glu-
cose (MedA) (Sistrom, 1960) at 35°C under aerobic con-
ditions. Antibiotics were used at the following final
concentrations: gentamycin 12 mg ml−1, tetracycline
12.5 mg l−1 and kanamycin 50 mg l−1 for E. coli; gen-
tamycin 12 mg ml−1, tetracycline 2.5 mg l−1 and kana-
mycin 10 mg l−1 for R. capsulatus. All strains used in
this study are listed in Table S1.

Table 1. Editing efficiency using CRISPR/Cas12a driven by Ppuc

promoter.

Target gene Replicate
Editing
efficiency

Average editing
efficiency

ccoO 1 100% (10/10) 93%a

2 90% (9/10)
3 90% (9/10)

nifH 1 90% (9/10) 87%a

2 80% (8/10)
3 90% (9/10)

ccoO, nifH 1 70% (7/10) 63%a

2 60% (6/10)
3 60% (6/10)

ccoO, nifH, upp 1 40% (4/10) 37%b

2 40% (4/10)
3 30% (3/10)

a. P < 0.005.
b. P < 0.01 using t test.
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Plasmid constructions

All oligonucleotides utilized in this work are listed in Table
S2. Plasmids and genomic DNA were extracted by Biospin
kits from Bioer Technology (Shanghai, China). PCR amplifi-
cation was conducted by High Fidelity Phusion DNA poly-
merase or Taq polymerase from New England Biolab
(Ipswich, MA, USA). Plasmids were constructed by stan-
dard restriction endonucleases and ligation approach

followed by digestion analysis and DNA sequencing verifi-
cation. The detailed procedures were described in Supple-
mentary Materials and Methods. All the plasmid constructs
utilized in this study are listed in Table S3.

Triparental conjugation procedure

Plasmids were transformed into R. capsulatus by tri-
parental conjugation with the helper plasmid of pRK2013

Fig. 4. Transcriptional repression of egfp and lacZ by CRISPRi based on dCas12a.
A. dCas12a and crRNA driven by promoter Ppuc were expressed from a low copy plasmid with tetracycline marker (tetR), shuttle replicon incC,
origin of replication oriV, tra combined with trf for transferring plasmid from E. coli to R. capsulatus.
B. crRNAs targeting different positions on the template strand (g1, g2 and g3 or z1, z2 and z3) and the non-template strand (g4 or z4) of egfp
or lacZ gene, which were pre-integrated into the R. capsulatus chromosome.
C. Comparison of egfp expression level suppressed by dCas12a when targeting at different positions of the template and non-template strand.
D. Comparison of lacZ expression level suppressed by dCas12a when targeting different positions of the template and non-template strand. All
the above experiments were carried out in triplicate, and the control indicates strains expressing dCas12a without crRNA. The data are pre-
sented as mean � SD.
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(Ditta et al., 1980). Before the conjugation, R. capsulatus
was grown with 10 ml MedA at 35°C and 250 r.p.m. for
48 h under aerobic conditions until optical density at
630 nm (OD630) reached approximately 1.8. The R. cap-
sulatus cells were centrifuged, collected and washed
once with fresh MedA and re-suspended with 400 μl
MedA. Meanwhile, E. coli HB101 harbouring the helper
plasmid pRK2013 and E. coli S17-1 carrying the desired
plasmid were incubated in 5 ml LB medium supple-
mented with proper antibiotics at 37°C and 250 r.p.m. for
overnight until the respective OD at 600 nm reached
approximately 2.8. The E. coli cells were centrifuged,
collected and washed once with fresh MedA and re-sus-
pended with 1 ml MedA respectively. R. capsulatus of
100 μl as a recipient strain, E. coli HB101/pRK2013 of
30 μl as a helper strain and E. coli S17-1 of 30 μl as a
donor strain were mixed and spotted into a MedA agar
plate as a ~ 2 cm diameter spot incubating at 35°C for
24 h. The mixed cells were centrifuged, collected,
washed with fresh MedA and re-suspended with 1 ml
MedA. The re-suspended cell culture of 100 μl was
spread on a MedA agar plate with appropriate antibiotic
and incubated at 35°C for 2–3 days until colonies
appeared.

CRISPR/Cas12a-mediated genome editing and
transcriptional repression in R. capsulatus

For CRISPR/Cas12a-assisted genome editing, pBdRCas12a
or pBRucCas12a derivatives carrying the corresponding
crRNAs were transformed into R. capsulatus by tri-
parental conjugation for disrupting the target genes. In
order to assess the editing efficiency, single colonies
from each plate were randomly selected. Each colony
was re-suspended in 10 μl sterile H2O, which was used
as the template for PCR amplification of about 500 bp
flanking the region. Then, the PCR products of the
tested colonies were sent for sequencing, whereas the
parental strain was used as the negative control. Mean-
while, the remaining bacterial mixture was streaked or
spread onto the plates for phenotype observation,
whereas the parental strain carrying pBdRCas12a or
pBRucCas12a was used as the negative control. For
curing the CRISPR/Cas12a plasmid, the R. capsulatus
mutants were re-streaked on MedA plates containing
10% sucrose at 35°C for 48 h. Only, these colonies that
are kanamycin sensitive were considered to have the
CRISPR/Cas12a plasmid removed, and these strains
would be used for the subsequent rounds of genetic
modifications.
For CRISPR/dCas12a mediated transcriptional repres-

sion, egfp and lacZ expression cassettes were integrated
at phbC and pucBA sites of the chromosome via the tra-
ditional homologous recombination mediated by suicide

plasmids, pZJD29c and pRK18mobSacB as previously
described (Zhang et al., 2016). Briefly, several recombi-
nants containing pZJ-ΔphbC::eGFP or pRK18-ΔpucBA::
lacZ were obtained by triparental conjugation, which
generated single-crossover chromosomal integrants. The
colonies were then cultivated in MedA medium for over-
night so that there was a second homologous recombi-
nation event to excise the plasmid DNA. The culture
was diluted and spread on the MedA agar plates con-
taining 10% sucrose. Colonies grown on these plates
were subjected to diagnostic PCR analysis to confirm
the integration of egfp and lacZ cassette into the phbC
and pucBA sites. Next, pRKucdCas12a-derived plasmids
carrying the corresponding crRNAs were transformed
into R. capsulatus and selected on the MedA agar plate
supplemented with tetracycline. The fluorescence inten-
sities and LacZ activities were measured for comparing
the transcriptional repression.

In vivo cbb3-cytochrome oxidase activity assay

To test whether the ccoO gene encoding for a subunit of
cbb3-cytochrome oxidase (cbb3-Cox) was disrupted by
CRISPR/Cas12a system, the in vivo cbb3-Cox activity of
R. capsulatus was visualized qualitatively using the
NADI reaction (α-naphthol + N0 N0-dimethyl-p-phenylene-
diamine → indophenol blue + H2O) by staining the
plates with the mixture of 35 mM α-naphthol and 30 mM
N0 N0-dimethyl-p-phenylenediamine dissolved in 1:1 (vol/
vol) ethanol and water (Ekici et al., 2012). The randomly
selected colonies of R. capsulatus were streaked on
MedA plates with kanamycin grown at 35°C for 48 h.
When the ccoO gene was successfully disrupted, the
colonies lack of cbb3-Cox activity showed no staining
(NADI-) up to 15 min, otherwise, those with cbb3-Cox
activity exhibited dark blue staining (NADI+) within 30 s
to 1 min.

Nitrogenase activity assay

To test whether the nifH gene encoding for a structural
gene of nitrogenase was disrupted by CRISPR/Cas12a
system, the nitrogenase activity was visualized qualita-
tively by the diazotrophic growth with MedA in the
absence of nitrogen source (MedA-N). The randomly
selected colonies of R. capsulatus were incubated in
MedA with kanamycin for 24 h. Then, 1 ml of cell culture
was pelleted by centrifugation, washed once with MedA-
N and re-suspended in 1 ml MedA-N. 10 μl of re-sus-
pended culture was spotted onto MedA-N agar plates
with kanamycin and cultivated for 48 h at 35°C. When
the nifH gene was disrupted, the strains would abolish
the diazotrophic growth on the MedA-N plates, while
those with intact nifH would grow normally.
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5-Fuorouracil screening for upp disruption

To test whether the upp gene encoding for uracil-phosphori-
bosyltransferase was disrupted by CRISPR/Cas12a sys-
tem, the mutants were visualized qualitatively by the growth
with MedA in the presence of 100 mg l−1 5-fuorouracil
(MedAF) using a 50 g l−1 stock solution prepared in
dimethyl sulfoxide. The randomly selected colonies of R.
capsulatus were incubated in MedA with kanamycin for
24 h. Then, 1 ml of cell culture was pelleted by centrifuga-
tion, washed once with MedAF and re-suspended in 1 ml
MedAF. 10 μl of re-suspended culture was spotted onto
MedAF agar plates with kanamycin and cultivated for 48 h
at 35°C. When the upp gene was disrupted, the strains
grow normally on the MedAF plates, while those with intact
upp would not survive.

Fluorescence intensities and β-galactosidase activity
assays

To measure the eGFP fluorescence, R. capsulatus recom-
binants were cultured in 5 ml MedA medium for 48 h under
aerobic conditions. Optical density at 630 nm and fluores-
cence intensities was monitored by a microplate reader
Synergy H1 from BioTek (Winooski, VT, USA). The excita-
tion of eGFP was set at 485 nm and emission at 510 nm.
Fluorescence intensities were normalized to culture OD630

for comparing the relative expression level of eGFP. The β-
galactosidase activity assay was performed as previously
described (Zhang et al., 2017a,b,c). In brief, the active pro-
tein exacted from R. capsulatus reacted with o-nitrophenyl-
β-D-galactopyranoside (ONPG) at 35°C. When the reaction
is over, the mixture was employed to detect β-galactosidase
activity using the following equation:

GA¼ 106�OD420

4860� tm

where GA is the β-galactosidase activity (μM ONPG-
Hydrolyzed/(min�mg-protein)), OD420 is the optical den-
sity at 420 nm, t is the reaction time (min) and m is the
mass of the protein (mg).
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