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Abstract

Background The type Il based CRISPR-Cas system remains restrictedly utilized in archaea, a featured domain of life
that ranks parallelly with Bacteria and Eukaryotes. Methanococcus maripaludis, known for rapid growth and genetic
tractability, serves as an exemplary model for studying archaeal biology and exploring CO,_based biotechnological
applications. However, tools for controlled gene regulation remain deficient and CRISPR-Cas tools still need improved
in this archaeon, limiting its application as an archaeal model cellular factory.

Results This study not only improved the CRISPR-Cas9 system for optimizing multiplex genome editing and CRISPR
plasmid construction efficiencies but also pioneered an effective CRISPR interference (CRISPRI) system for controlled
gene regulation in M. maripaludis. We developed two novel strategies for balanced expression of multiple sgRNAs,
facilitating efficient multiplex genome editing. We also engineered a strain expressing Cas9 genomically, which
simplified the CRISPR plasmid construction and facilitated more efficient genome modifications, including markerless
and scarless gene knock-in. Importantly, we established a CRISPRi system using catalytic inactive dCas9, achieving up
to 100-fold repression on target gene. Here, sgRNAs targeting near and downstream regions of the transcription start
site and the 5’end ORF achieved the highest repression efficacy. Furthermore, we developed an inducible CRISPRi-
dCas9 system based on TetR/tetO platform. This facilitated the inducible gene repression, especially for essential
genes.

Conclusions Therefore, these advancements not only expand the toolkit for genetic manipulation but also bridge
methodological gaps for controlled gene regulation, especially for essential genes, in M. maripaludis. The robust
toolkit developed here paves the way for applying M. maripaludis as a vital model archaeal cell factory, facilitating
fundamental biological studies and applied biotechnology development of archaea.
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Background
Archaea represent the third domain of cellular life
together with the domains of Bacteria and Eukarya. They
are widely distributed on the Earth and play vital roles in
the Earth’s biogeochemical cycles [1-5]. Their dramatic
and unique metabolic capabilities and extreme envi-
ronment adaptabilities also confer them the potentials
in biotechnological innovations and new applications
[6-10]. However, despite their ubiquity and vital roles in
Earth, our insights on archaeal biology and biotechnol-
ogy are still largely lagged that of bacteria and eukary-
otes, which are mostly attributed to their recalcitrant to
be pure-cultured in lab and even harder to be genetically
manipulated. To address these gaps, developing power-
ful genetic manipulation tools in representative and pure
cultured archaeal species appears particularly important.
Methanococcus maripaludis, distinguished by its rapid
growth, fully sequenced-genome, and genetically trac-
tability, stands out as an archaeal representative species
[11-14]. It is a methanogenetic archaeon and utilizes
CO, /H, or formate as its sole energy and carbon source
for biomass and methane generation. The capability of
converting CO, and H, into CH, and its fast autotro-
phic growth on CO, have facilitated M. maripaludis as
an attractive archaeal chassis in inexpensively produc-
ing high-value biochemical products, such as hydrogen,
methanol, geraniol and bioplastics [6, 10, 15], demon-
strating the high potential of M. maripaludis as a superior
CO,-fixing cell factory for fundamental and experimental
biotechnology research. This species is also regarded as a
model archaeon in archaeal biology research, such as in
transcription and posttranscription regulation [16-20],
motility characteristics [21, 22], featured CO, and N, fix-
ation, and methanogenic metabolism [23-30]. Efficient
and reliable genome-editing tools are critical for neces-
sary genetic operation and modification in fundamental
biological research and for successful metabolic engi-
neering in biotechnology research. Therefore, to solve
the limitations of the conventional genetic manipula-
tion tools for M. maripaludis, such as the lack of enough
resistance markers, laborious genetic selections for mul-
tiplex gene modifications, incapability of generating the
markerless mutations with single nucleotide and multiple
nucleotides, CRISPR-Cas9 and CRISPR-Casl2a system
have been developed to achieve faster, more efficient, and
more versatile genome editing in M. maripaludis [31, 32].
The CRISPR-Cas (clustered regularly interspaced short
palindromic repeats and the associated cas genes) sys-
tems, known as the prokaryotic adaptive immune sys-
tem to phages and foreign DNA elements, is commonly

present in bacteria and archaea [33—37]. In recent years,
CRISPR-Cas systems have been developed as the best
known key components of a new generation of genome
editing tools [33-35]. The nuclease-deactivated Cas9
(dCas9), with H840A and DI10OA substitutions in the
HNH and RuvC domains respectively, is inactivate at the
endonuclease activity and only retains the sgRNA-guided
DNA-binding ability [38]. Therefore, by selecting the
sgRNA targeting sites, dCas9 can be directed by sgRNA
to bind specific genomic loci and consequently can
block the progress of RNA polymerase (RNAP) to the
downstream genomic sequences and repress target gene
expression. Thus, CRISPR interference (CRISPRi)-dCas9
have been developed as a powerful tool for fine-tuning
transcription levels of a target gene, transiently or con-
stitutively, and to be a preferable genetic engineering tool
than other traditional genetic tools in bacteria [38—42].
However, CRISPRi-dCas9 is still limited to be developed
in archaea and to our knowledge, it was only used to reg-
ulate gene expression in one archaeal species, Methano-
sarcina acetivorans [43].

To expedite the genetic manipulations in M. maripalu-
dis, CRISPR-Cas system has been introduced and devel-
oped in this model archaeon [31, 32]. Utilizing a single
editing plasmid containing a single guide RNA (sgRNA),
Cas9, and a donor DNA sequence, the newly devel-
oped CRISPR-Cas9 tool has enabled precise and effi-
cient genetic manipulations in M. maripaludis [31]. This
includes efficient knockout of a single or double genes,
large DNA fragments (~9 kb), and simultaneous editing
of up to 13 genes across three genomic loci, and intricate
in situ gene tagging and targeted nucleotide mutagenesis.
Concurrently, the CRISPR-Casl2a tool was introduced
into M. maripaludis, achieving up to 95% efficiency in
deleting large genomic fragments, such as the ~9 kb
segment encoding the flagellum operon [32]. Despite
these improvements, the existing toolkits are limited to
gene knockout and do not support gene regulation or
knockdown. This limitation is particularly problematic
for studying essential genes, where knockout could be
lethal. Additionally, the CRISPR-Cas9 toolkit of M. mari-
paludis can still be improved for more efficient plasmid
construction and multiplex gene editing [31]. There-
fore, to address these issues, this study further refined
the CRISPR-Cas9 tool in M. maripaludis, by develop-
ing strategies for streamlined construction of multiple
sgRNAs, reducing CRISPR plasmid size by integrating
Cas9 into the genome, and most importantly developing
a CRISPR interference (CRISPRi) system for controlled
gene regulation in M. maripaludis. These improvements
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not only streamlined the multiplex genome editing and
CRISPR plasmid construction but also introduced an
inducible CRISPRi system to achieve controlled gene
regulation, which is essential for advancing the study of
essential gene functions. Therefore, these improvements
have leveraged M. maripaludis as a model archaeal spe-
cies for studying the archaeal fundamental biology and
metabolic engineering for biotechnological applications.

Results
Improved sgRNA expression strategies for multiplex gene
editing to achieve synchronous deletion of 13 genes in M.
maripaludis
Previously, we developed a pMEV4-Cas9 editing system
to achieve multiplex genome editing in M. maripaludis
[31]. Through expressing four sgRNAs by four different
promoter and terminator expressing cassettes in pMEV4-
Cas9, we synchronously deleted 13 genes located at three
different genomic loci. However, such approach would
result in uneven editing efficiencies among the multi-
plex targeting genes by the different expression levels of
sgRNAs and would also be application restricted by the
limited defined promoters and terminators in M. mari-
paludis. Thus, to address these limitations, we imple-
mented two novel genetic engineering strategies for
multiplex genome editing in M. maripaludis. First, we
standardized the expression of different sgRNAs by put-
ting each of them under one same set of constitutive pro-
moters (P0076) and terminators (T0204) (Fig. 1A), thus
simplifying the construct and ensuring uniform sgRNA
expression. After transforming the modified pMEV4-
Cas9 plasmid with four sgRNAs targeting three differ-
ent genomic loci, a~9 kb large DNA fragment of the fla
operon and two other distantly located genes (aCPSF1b
and aCPSF2), we assayed the multiplex genome edit-
ing efficiency of such sgRNA expression strategy in M.
maripaludis. Following selection via puromycin resis-
tance, ten transformants were randomly selected for PCR
assays, which use two sets of primer pairs to amplify the
external and internal targeted editing regions of aCPSF2,
aCPSF1b, and the fla operon, respectively. The PCR
results clearly demonstrated that 100% editing efficiency
was achieved across all targeted regions in all ten selected
transformants (Fig. 1B). This evidence unequivocally
indicates that utilizing a single set of promoters and ter-
minators to express multiple sgRNAs and target multiple
targets, represents an effective approach for conducting
multiplex genome editing within M. maripaludis.
Second, we innovated another genetic engineer-
ing strategy for multiplex genome editing in M. mari-
paludis by co-transcribing four sgRNAs under a single
promoter and terminator pair, but inserting a specific
endoribonuclese sequence featured with a 10-nt motif
of ‘UNMND|NUNAY’ [20, 44] between sgRNAs for
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their processing to generate separate sgRNA for multi-
plex genome editing (Fig. 2). The 10-nt motif sequence
has been demonstrated to be efficiently cleaved by an
endoribonuclease in M. maripaludis [20, 44], which
provides a robust in vivo system for processing the co-
transcribed sgRNAs for multiplex genome editing in M.
maripaludis. Similarly, after transforming the modified
PMEV4-Cas9 plasmid and selected by puromycin resis-
tance, we assayed the multiplex genome editing efficiency
by PCR amplification using two primer pairs to amplify
the external and internal targeted editing regions of
aCPSF2, aCPSF1b, and the fla operon, respectively. The
results demonstrated a 100% editing efficiency for fla
operon and near 100% editing efficiencies for aCPSF2
and aCPSF1b in each of the 10 randomly selected trans-
formants (Fig. 2). Successful deletion of fla operon was
observed in all 10 transformants using primers to amplify
both the external and internal editing regions (Fig. 2B, fla
operon). Successful deletions of aCPSF2 and aCPSF1b
were observed in 8 of 10 selected transformants using
primers to amplify the external editing regions of them,
while faint PCR products were observed in two transfor-
mants (lanes 1 and 3 in Fig. 2B) using primers to amply
the internal editing regions. This suggests that the fla
operon was completely edited in all 10 transformants
and aCPSF2 and aCPSFIb genes were also completely
edited in 8 transformants (80%). Although aCPSF2 and
aCPSF1b genes were not completely edited in the other
2 transformants on all the ~55 chromosome copies
[45], most (~90%) of the chromosome copies have been
edited, based on the quantified band intensity of the PCR
products (Fig. 2B lanes 1 and 3, right panel) compared to
that of the control (Fig. 2B lane CK, right panel). Thus,
this result clearly demonstrated that by co-transcribing
multiple sgRNAs and then processed in vivo into indi-
vidual, synchronous deletions of 13 genes were at least
achieved in 80% transformants on all the ~55 chromo-
some copies of M. maripaludis through a single trans-
formation step. This also implied that the co-transcribed
sgRNAs could be processed at the implemented 10-nt
motif sequence, referring to the intrinsic endoribonucle-
ase activity in M. maripaludis [19], and thus an efficient
multiplex genome editing could be obtained.

Consequently, these two novel sgRNA expression strat-
egies circumvent the constraints of the available pro-
moters and terminators to mitigate the possible uneven
expression levels of different sgRNAs. Therefore, these
strategies add to guarantee the versatility and efficiency
of the multiplex genome editing within M. maripaludis
and may also provide some reference for other archaeal
or bacterial species for expressing multiple sgRNAs and
achieve efficient multiplex genome editing.
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Fig. 1 Improvement of CRISPR-Cas9 tool for multiplex genome editing by expressing multiple sgRNAs using one same set of promoters and terminators
in M. maripaludis. (A) Schematic of the CRISRP-Cas9 plasmid (right, ~ 14 Kb) designed for the synchronous deletion of 13 genes located at three genomic
loci (left) as shown. The 13 targeting genes include the whole fla operon genes (MMP1666 to MMP1676), aCPSF2 (MMP0431), and aCPSF1b (MMP1381).
Four sgRNAs that target the coding regions (magenta arrows) of aCPSF2, aCPSF1b, flaB1 (MMP1666), and flaJ (MMP1676) were expressed by each fused
downstream of the promoter P0076 of MMP0076 and terminator T0204 of MMP0204. The sizes of PCR amplification regions using indicated primers and
the deleted genomic regions are shown. The homologous arms (~800 bp) of upstream (U2, U3, and U4) and downstream (D2, D3, and D4) sequences of
each gene were concatenated on plasmid pMEV420 as the donor for homologous recombination repair. Cas9 was expressed under a strong promoter
of P0386 in pMEV420. (B) PCR assays the successful knock-out of target genes in ten randomly selected puromycin-resistant transformants. Primer pairs
of F2/R2, F3/R3, F4/R4, and F2'/R2, F3'/R3; F4'/R4’ were used to amplify the external and internal regions of aCPSF2, aCPSF1b, and fla operon respectively
as shown in (A). PCR products amplified from the wild-type (lane CK) and the mutated genomes (lanes 1-10) were indicated by black and red arrows,
respectively. dsDNA marker (lane M) sizes were shown at left

Establishing a genomic integrated Cas9 to improve the
CRISPR editing performance

Given the large size of the Cas9 gene of 4.1 kb, the con-
ventional pMEV4-Cas9 plasmids for genome editing in
M. maripaludis usually exceed 11 kb, even to be >15 kb
when expressing four sgRNAs for multiplex genome
editing described above, challenging both the plasmid
construction efficiency in E. coli and subsequent trans-
formation into M. maripaludis. Thus, to bypass these

challenges, we shorten the plasmid size by integrating
the Cas9 gene into the genome. Via homologous recom-
bination, the Cas9 expression cassette was inserted in
the intergenic region between MMP0852 and MMP0853
(Figure S1A and S1B), one of the chromosomal neutral
sites that were recently determined in M. maripalu-
dis [46]. After selecting the positive transformants and
PCR screening, we verified the correct integration of
the Cas9 cassette in the targeted genomic locus by DNA
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Fig. 2 Improvement of the CRISPR-Cas9 tool for multiplex genome editing by expressing multiple sgRNAs via a co-transcription coupled with process-
ing by a 10-nt endoribonucleolytic sequence in M. maripaludis. (A) Schematic of the CRISRP-Cas9 plasmid (right, ~ 14 Kb) designed for the synchronous
deletion of 13 genes that are located at the three shown genomic loci (left). Four sgRNAs that target the coding regions (magenta arrows) of aCPSF2,
aCPSF1b, flaB1 (MMP1666), and flaJ (MMP1676) were co-transcribed by genetic cassette of PO076 and T0204, and processed by the intergenic 10-nt en-
doribonucleolytic sequence between them in M. maripaludis. The sizes of PCR amplification regions using indicated primers and the deleted genomic
regions are shown. The homologous arms (~800 bp) of sequences upstream (U2, U3, and U4) and downstream (D2, D3, and D4) of each gene were
concatenated on pMEV410 plasmid as the donor for homologous recombination repair. The Cas9 was expressed under a strong promoter of P0386 in
pMEV410. (B) PCR assays the successful knock-out of target genes in ten randomly selected puromycin-resistant transformants. Primer pairs of F2/R2, F3/
R3, F4/R4, and F2'/R2; F3'/R3) F4'/R4’ were used to amply the external and internal regions of aCPSF2, aCPSF1b, and fla operon respectively as shown in
(A). PCR products amplified from the wild-type (lane CK) and the mutated genomes (lanes 1-10) were indicated by black and red arrows, respectively.
dsDNA marker (lane M) sizes were shown at left

sequencing. Then, using western blot, we detected a
similar and slightly (~ 1.3-fold) higher expression level of
Cas9 in the genome than that in the pMEV4-Cas9 plas-
mid (Figure S1C, quantified by Image | as indicated in
the Figure legend). This demonstrated that Cas9 has been
successfully expressed in the modified strain, hereby des-
ignated M. maripaludis S9. Additionally, we found that
strain S9 exhibits a similar growth pattern as the par-
ent M. maripaludis S0001 (Figure S1D). Therefore, the
genome encoded Cas9 has been successfully expressed
and exhibited no detectable toxicity to the host cells.

Next, we tested the genome editing efficacies of strain
S9 by performing the deletion editing of two genes,
large DNA fragment, and multiple genes, respectively.
The CRISPR plasmids without Cas9 encoding cassette
(Table S1, Fig. 3 and S2) were constructed much easier
and more efficient, compared with the previous pMEV4-
Cas9 plasmids. After transforming the Cas9-devoid
CRISPR plasmids into the strain S9, 8-10 puromycin
resistant transformants were randomly selected for PCR
assays to evaluate the genome editing efficiency. Notably,
100% editing efficiency was observed in all the selected
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Fig. 3 Synchronous deletion of two genes or a~9 kb large DNA fragment assayed in M. maripaludis strain S9 that carries the Cas9 expression cas-
sette in the genome. Schematic (top) shows the synchronous editing of the genes aCPSF2 and aCPSF1b in (A) and the ~9 kb DNA fragment in (B). Plas-
mid pMEV422 (right) encodes two sgRNAs targeting the coding regions (magenta arrows) of the two genes, and the donors with sequences upstream
(U2 and U3) and downstream (D2 and D3) of each target gene concatenated on pMEV422 for homologous recombination repair. Plasmid pMEV423
encodes two sgRNAs targeting the coding regions of the two genes (flaB1 and flaJ) in the fla operon, and the donor with sequences upstream (U4) and
downstream (D4) of target gene concatenated on pMEV423 for homologous recombination repair. The sizes of PCR amplification regions using indicated
primers and the deleted genomic regions are shown. Eight randomly selected puromycin-resistant transformants subjected to PCR assay to determine
the knock-out of target genes. Primer pairs of F2/R2, F3/R3, F4/R4, and F2'/R2, F3'/R3, F4'/R4" were used to amplify the external and internal regions of
aCPSF2, aCPSF1b, and fla operon respectively as shown at the top panel. PCR products amplified from the wild-type (lane CK) and the mutated genomes
(lanes 1-8) are indicated by black and red arrows, respectively. dsDNA marker (lane M) sizes are shown

transformants across the various tested genome edit-
ing, including double-gene deletion (Fig. 3A), large DNA
fragment excision (Fig. 3B), and complex multiplex gene
editing (Figure S2). In the parallel experiments of genome
editing using the strain S9 or pMEV4-Cas9 system, it
appeared that the strain S9 possesses a superior genome
editing efficiency. This improvement is likely attributed
to the slightly higher expression levels of Cas9 in the
strain S9 compared to that in pMEV4-Cas9 system (Fig-
ure S1B). Therefore, the strain S9 emerges as a preferable
option for CRISPR-based genomic modifications in M.
maripaludis, offering enhanced precision and efficiency
in genetic engineering applications.

Development of one-step marker-less and scar-less gene
knock-in editing in M. maripaludis S9

Marker-less and scar-less gene knock-in is pivotal for the
expression of both endogenous and heterogeneous genes
without introduction of accompanied marker genes and
interfering the context genes. Consequently, we aimed
to develop such genetic modification in M. maripaludis
using strain S9. In strain S9 with knocking-out aCPSF2
and aCPSFI1b (Fig. 3A), we tested gene knock-in edit-
ing efficiency. The CRISPR plasmid for knocking-in
aCPSF2 and aCPSF1b was designated by expressing an
sgRNA targeting the genomic region where aCPSF2
was deleted, and the donor sequences for the inserted
aCPSF2 and aCPSF1b genes flanked by the aCPSF2
upstream and downstream homologous arms (Fig. 4A).
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aCPSF1b expressing cassette that was knocked-in to the M. maripaludis strain S9 with aCPSF2 and aCPSF1b being deleted, i.e,, the mutated strain con-
structed in Fig. 3A. A sgRNA targeting the genomic region where aCPSF2 was knockout and the donor with sequences upstream (U2) and downstream
(D2) of aCPSPF2 and the cassette expressing aCPSF2 and aCPSF1b inserted between U2 and D2 were cloned in the plasmid pMEV4-Cas9. (B) PCR assayed
the knock-in of target genes in ten randomly selected puromycin-resistant transformants. Primer pairs of F5, targeting the genomic region upstream U2,
and R5, targeting the coding region of aCPSF2 (as illustrated at the top panel), were used to verify the insertion of the donor sequence into the genome.
PCR products amplified from the wild-type (lane WT) genome carrying aCPSF2 and aCPSF1b genes and the mutated genomes (lanes 1-10) carrying the
knock-in fragment were indicated by black and red arrows, respectively. dsDNA marker (lane M) sizes were shown at left. (C) Western blot assayed the
expression of aCPSF1b and aCPSF2 in selected positive knock-in transformants in (B) and the wild-type strain (lane WT) using the anti-aCPSF1b and anti-
aCPSF2 antibodies. Cell-free extract of the wild-type (WT) strain S9 of M. maripaludis was used as reference

After transforming the modified CRISPR plasmid and
selecting for puromycin resistance colonies, PCR screen-
ing, followed by DNA sequencing confirmed the correct
insertion of aCPSF2 and aCPSF1b genes at the targeted
locus in all the 10 selected transformants (Fig. 4B). West-
ern blot assay further validated the successful expression
of aCPSF2 and aCPSF1b proteins in all the 10 selected
transformants (Fig. 4C).

Utilizing CRISPRi-dCas9 to modulate gene expression in M.
maripaludis

Next, we innovatively adapted the CRISPR-Cas9 sys-
tem into a CRISPR interference (CRISPRi) system for

achieving controlled gene expression in M. maripaludis,
which is still a challenging theme via both the conven-
tional genetic tools and the developed CRISPR-Cas tools.
By introducing targeted mutations at the Cas9 active
sites, specifically D1I0A and H840A within the RuvCl
and HNH nuclease domains, respectively, we generated
a nuclease-deactivated Cas9 (dCas9) [38]. This modified
enzyme was incorporated into in the pMEV4 CRISPR
plasmid, subsequently renamed as pMEV4-dCas9,
tailored for gene repression studies in M. maripalu-
dis (Table S1). To systematically evaluate the regula-
tory effects of the constructed pMEV4-dCas9 system in
M. maripaludis, two non-essential genes, those were



Du et al. Microbial Cell Factories (2024) 23:239

determined previously [47], MMP1718 and MMP0372,
alongside with a heterologous mCherry cassette inte-
grated at the intergenic region between MAMP0852 and
MMP0853, were selected for testing. MMP1718 encodes
EarA, a pivotal regulator of the euryarchaeal archaellum
[21, 22], and MMP0372 encoding F420-dependent meth-
ylenetetrahydromethanopterin dehydrogenase, Mtd.

For each targeted gene, diverse sgRNAs targeting dif-
ferent regions (Table S3) were designed to direct dCas9-
mediated transcription repression to achieve controlled
regulation of targeted gene. Specifically, five sgRNAs tar-
geted MMPO0372 (mtd), eight sgRNAs targeted mCherry,
and two sgRNAs targeted MMPI1718 (earA) (Fig. 5).
After transforming pMEV4-dCas9 with one of the vari-
ous sgRNAs into M. maripaludis S0001 and selecting for
puromycin-resistant transformants, gene expression lev-
els were quantified by RT-qPCR. The repression effects
were assessed by comparing the target gene expression
in these transformants carrying a gene targeting sgRNA
to those harboring a control plasmid of pMEV4-dCas9
without sgRNA. Then, it was determined that substan-
tial transcription repression of 93-99% (equivalent to
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14.3-100-fold reduction) was observed in MMP0372
(mtd) in transformants harboring pMEV4-dCas9 with
either sgRNA2, 3, or 5. In contrast, only moderate repres-
sion ranging from 54 to 64% (approximately 2.1 to 2.7-
fold reduction) was achieved with sgRNA1 and sgRNA4
(Fig. 5A).

Similarly, in the mCherry assays, substantial tran-
scription repression of 89-94% (equivalent to ~9.1- to
16.7-fold reduction) was achieved with sgRNAs 2, 3, 5
to 8 targeting mCherry, while only slighter significant
repression of 77-84% (equivalent to ~4.35- to 6.25-fold
reduction) was observed with sgRNAs 1 and 4 targeting
the promoter region of mCherry (Fig. 5B). In the assays
of MMP1718 (earA), the employment of pMEV4-dCas9
with two sgRNAs targeting downstream and near the
transcription start site (TSS), resulted in significant tran-
scription repression of 91-97% (11.1- to 33.3-fold reduc-
tion) on MMP1718 (earA). Considering EarA’s role as a
transcription activator of the fla operon [21, 22], which
encodes the archaellum’s protein components, the tran-
scription level of MMP1666 (flaB1) and MMP1670 (flaD)
in the fla operon, were also quantified. It was determined
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Fig. 5 The CRISPRIi-dCas9 based transcription repressions of target genes in M. maripaludis. Schematics at top show the sgRNAs targeting regions,
such as promoters, transcription start site (TSS) proximal, coding strand and template strand. RT-qgPCR quantified relative transcription abundances of
mtd (MMPO0372) (A), mCherry (B), and earA (MMP1718) (C) in CRISPRi-dCas9 strains with corresponding sgRNAs, one strain with each indicated sgRNA,
were compared with that of the control strain () carrying with the plasmid of pMEV4-dCas9 without sgRNA. The earA regulated genes (MMP1666 and
MMP1670, flaB1 and flaD) were also quantified in the earA knock-down strains based on CRISPRi-dCas9 system in (C). Bars represent the means from three

biological replicates
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that these two genes were significantly reduced as well
(Fig. 5C), verifying the effective repression of EarA by
this sgRNA guided dCas9 system.

These results conclusively demonstrate that sgRNAs
targeting sequences downstream near TSS, as well as the
5’end of ORF region, effectively guide dCas9 to achieve
significant repression, often exceeding or approaching
10-fold reductions. Therefore, for optimal gene repres-
sion using CRISPRi-dCas9 in M. maripaludis, it is advis-
able to select sgRNAs targeting areas proximal to and
downstream of the TSSs, as well as along with the 5’end
regions of the ORFs of target genes.

Development of an inducible CRISPRi-dCas9 system for
controllable gene repression on essential genes in M.
maripaludis

The lack of genetic tools to manipulate essential genes in
M. maripaludis has hindered its utility as a model spe-
cies for elucidating the role of conserved essential genes
in crucial biological processes of archaea. To address
this, we motivated to develop an inducible CRISPRi-
dCas9 system for controllable gene repression in M.
maripaludis.

Initially, we selected a tetracycline-inducible TetR/tetO
genetic cassette, previously used to regulate expression
of the archaeal general transcription termination factor,
aCPSF1, in M. maripaludis [16]. We incorporated this
cassette into two potent promoters, P0386 and P0667,
recently characterized in M. maripaludis [46], to screen
for superior inducible promoters for dCas9 expression.
Synthetic promoters were constructed by fusing one or
two tetO sequences up- or downstream the TSSs of the
two promoters, resulting in six synthetic promoters for
evaluating the tetracycline inducible expression of the
fused reporter gene of mCherry (Fig. 6A and S3A). We
chose anhydrotetracycline (alc), a tetracycline analog
known for its minimal toxicity and strong TetR binding
in bacteria, for our assays. The TetR expression cassette
and the tetO-P0386/P0667-mCherry cassette were cloned
into pMEV4 plasmids and transformed into M. mari-
paludis. In the absence of aTc, the P0383-tetO2, with two
tetO sequences, exhibited minimal fluorescence, less than
1% compared to the wild-type P0383, indicating effective
repression by TetR. Similar but slightly less repression
was observed for P0383-tetO1 and P0383-tetO3 promot-
ers, which have single tetO sequence fused up- and down-
stream TSS respectively. Upon addition of aTc, significant
increase in fluorescence were observed across all P0383-
derived promoters (Fig. 6B), demonstrating aTc-mediated
depression by TetR disassociation from tezO. The most
substantial upregulation was recorded for P0383-tetO3
after 4 h post-addition of aTc, approaching wild-type
level of P0383 (Fig. 6B). At 2 pug/ml aTc, the aTc inducible
expression increased by 4.5-fold for P0383-tetO1,17-fold
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for P0383-tetO2, and 6-fold P0383-tetO3 respectively.
Similar patterns were observed across alc concentrations
of 5-20 pg/ml (Fig. 6B). Studies on the impact of aTc
on growth revealed negligible effects at <2 ug/ml, while
higher concentrations (=20 pg/ml) inhibited the growth
significantly (Figure S4). These results underscore the
robust regulatory capacity of TetR/tetO system on P0383-
tetO promoters. Similar TetR/tetO regulation could be
observed on three synthetic P0667-tetO promoters as
well, albeit with lower inducibility compared to P0383
variants (Figure S3B). Therefore, we chose P0383-derived
promoters for further exploring the possible applica-
tions in obtaining the inducible CRISPRi-dCas9 in M.
maripaludis.

We then selected the P0383-tetO3 promoter to evalu-
ate the aTc induction on dCas9 expression. Western blot
assay demonstrated a minimal dCas9 abundance without
aTc, while its abundance notably increased after aTc was
added, indicting the efficacy of the TetR/P0383-tetO3
system in modulating dCas9 expression through adjust-
ing the absence or presence of aTc. Subsequently, we
investigated if this inducible expression of dCas9 could
achieve the inducible gene repression on targeting genes.
Using sgRNAs that previously demonstrated effective
repression of MMPO0372 (mtd) and MMPI1718 (earA)
(Fig. 5A and C), we explored the inducible gene repres-
sion using the TetR-tetO coupled CRISPRi-dCas9 sys-
tem. Compared to the control, MMP0372 expression in
the stain harboring TetR-tetO coupled CRISPRi-dCas9
and sgRNA1 targeting the TSS of mtd decrease to 7%
in the presence of aTc, from 64% in the absence of aTc
(Fig. 6D). For MMP1718 (earA), expression dropped to
15% from 88% with aTc induction (Fig. 6D). Therefore,
these results demonstrated that the TetR/zetO system can
effectively induce dCas9 expression, facilitating effective
aTc induced repression on target genes tested here.

Furthermore, we explored the potential of this induc-
ible CRISPRi-dCas9 system to knock down essen-
tial genes in M. maripaludis, specifically targeting
MMP0374, which encodes Nobl, an essential endori-
bonuclease in the ribosomal RNA maturation process
[47-49]. By designing a sgRNA targeting the sequence
near and downstream the TSS of MMP0374, we tested
the inducible repression on this gene using the TetR/tetO
controlled dCas9. Compared to the control strain car-
rying the sgRNA-devoid CRISPRi-dCas9 plasmid, the
expressions of MMP0374 in the strain carrying the
sgRNA and the TetR/tetO controlled CRISPRi-dCas9 sys-
tem was quantified to be 73% in the absence of aTc, while
it was determined to be only 2% when adding aTc to
induce the expression of dCas9. Thus, this robust repres-
sion demonstrates that the inducible CRISPRi-dCas9 sys-
tem constructed here provides a potent approach for the
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controllable repression of essential genes, addressing a
significant methodological gap in studying essential gene
functions in this model archaeon.

Mutation of earA by CRISPR-Cas9 and CRISPRi-dCas9
systems caused the archaellum and swimming phenotype
changes in M. maripaludis

Given that MMPI1718 (earA) is the transcription acti-
vator of the fla operon encoding key components of
archaealla in M. maripaludis [21, 22], the swimming
organelle of archaea, we investigated the phenotype
changes in the mobility of the earA mutated strains con-
structed in this study to assess the phenotype impacts of
the CRISPR-based genomic modifications obtained here.
The following strains were evaluated: the multiplex gene
deletion strain of AaCPSF2AaCPSF1bAfla constructed
using pMEV4 plasmid (Fig. 1), the fla operon deletion
strain by the genomic expressed Cas9 (Fig. 3B), the earA
knock-down strain via CRISPRi-dCas9 (Fig. 5C), the
earA knock-down strain using the inducible CRISPRi-
dCas9 system (Fig. 6D), and the wily-type strain of M.
maripaludis as a control. Through assaying the mobil-
ity phenotypes of these strains on soft agar plates, it was
evident that compared to the wild-type, mutated strains
with earA knock-out, knock-down, and inducible knock-
down all generated noticeably smaller colony lawn sizes
spread on the plates (Figure S5), demonstrating reduced
mobility abilities. Therefore, this result confirmed that
modifying the earA gene expression via CRISPR-Cas9
or CRISPRi-dCas9 systems all resulted in discernible
changes in physiological phenotypes.

Discussion

To date, the development of CRISPR-Cas tools in archaea
lags significantly behind their counterparts in eukary-
otes and bacteria. This limitation has impeded progress
in both basic and applied research within the field of
archaeal biology and biotechnology. This study presents
several advancements in the CRISPR-Cas9 toolkit for M.
maripaludis, including novel sgRNA expression strate-
gies, integration of Cas9 into the genome, and the devel-
opment of both a CRISPR interference (CRISPRi) system
and a tetracycline-regulated CRISPRi-dCas9 system.
These innovations not only streamline multiplex genome
editing and CRISPR plasmid construction but also
introduce a controlled gene regulation system through
inducible CRISPRi and facilitate controlled repression
of essential genes. These enhancements have marked
a leap over previous genetic manipulation capabilities
and bridged a significant methodological gap for con-
trolled gene regulations, especially for essential genes,
in this representative archaeon. This meets the criti-
cal need to utilize M. maripaludis as a model archaeon
for fundamental biological studies and biotechnological
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applications, particularly as a microbial cell factory for
producing biocatalysts and biochemicals.

CRISPR-Cas tools have revolutionized the capabil-
ity in simultaneously manipulating multiple genes in a
single genetic entity, which is of great value in both basic
research and practical biotechnology applications depen-
dent on genetic engineering. Recently, combination of
the Streptococcus pyogenes Cas9 with proper transcribed
sgRNAs, has been determined to be an efficient tool of
generating gene knock-out, modifications and also multi-
plex genome editing in M. maripaludis [31]. However, the
targeting capability and editing efficiency of this CRISPR-
Cas9 tool were largely constrained by the sgRNA-
expressing device and the Cas plasmid construction
efficiency. Therefore, in this study, we improved these
aspects for improving the editing efficiency of CRISPR-
Cas9 system in M. maripaludis. By relocating the Cas9
cassette from the pMEV4-Cas9 plasmid to a neutral site
in the genome (Figure S1A), we facilitated more efficient
CRISPR-Cas plasmid construction and achieved superior
genome editing outcomes (Fig. 3 and S2). Moreover, we
introduced two novel strategies for expressing multiple
sgRNAs: one utilizing a single set of promoter and termi-
nator (P0076 and T0240) cassette for expressing different
sgRNAs (Fig. 1), and another where multiple sgRNAs are
co-transcribed but separated by a 10-nt endoribonucle-
ase cleavage sequence for their processing (Fig. 2). Based
on these strategies, multiplex genome editing for delet-
ing 13 genes has achieved with 80-100% editing efficiency
on all the ~55 chromosomal copies in M. maripaludis.
Compared to the previous method of expressing multiple
sgRNAs using different cassettes of promoters and ter-
minators in multiplex genome editing, the new methods
have some obvious advantages, such as but not limited
to the available numbers of promoters and terminators,
and that more even expression of different sgRNAs could
facilitate equivalent genome editing efficiencies among
different target genes. The 10-nt endoribonuclease cleav-
age sequence has been reported to be wildly distributed
with function important in mRNA and rRNA processing
in methanogen M. maripaludis and Methanolobus psy-
chrophilus, but can also be found in many archaeal spe-
cies [20, 44], suggesting that such a strategy of expressing
multiple sgRNAs as designed in this study could also be
applicable to other archaeal species for multiplex genome
editing. The endogenous tRNA-processing system was
also used for processing multiple sgRNAs from a co-
transcribed polycistronic RNA for multiplex genome
editing in plants and halobacteria using a t-elements fold
into tRNA-like structures [50, 51]. While compared with
the tRNA elements, the 10-nt endoribonuclease cleavage
sequence used here is 13-nt, which is much shorter than
the tRNA elements used in plants and halobacteria and
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could be more easily designed into the multiple sgRNA
expressing device.

Thus far, the availability of genetic tools for the tunable
control of gene expression in M. maripaludis remains
limited, which has hindered its application as a micro-
bial cell factory for metabolic engineering, and for inves-
tigating the functions of essential genes that are pivotal
to understand archaea biology. Although a few inducible
promoters for transcription control have been reported
including a phosphate concentration regulated pst pro-
moter and a TetR regulated tetO fused nif promoter
[16, 52], the 4- to 6-fold regulation on target gene and a
growth medium with phosphate concentration changes
for the pst promoter may limit the utilization of these
promoters. Therefore, more powerful tools for tunable
regulation control of target genes in M. maripaludis
are urgently required. This study not only introduce the
CRISPRi-dCas9 system into M. maripaludis for achiev-
ing a up to 100-fold repression on targeted genes, but also
designed six tetracycline regulated tetO fused archaeal
promoters that can achieve a up to 17-fold induction on
targeted gene expression (Figs. 5 and 6). Importantly, the
TetR/tetO fused promoters designed in this study further
facilitated the construction of the inducible CRISPRi-
dCas9 system and achieved the tetracycline induced
repression of essential genes in M. maripaludis (Fig. 6).
Therefore, these molecular tools not only fill the method-
ological gap in studying essential gene functions but also
broaden the potential for controllable genetic manipula-
tions, enhancing the utility of this organism in synthetic
biology and biotechnology applications. This represents
the second implementation of CRISPRi-dCas9 system
[43] and the first inducible CRISPRi-dCas9 system devel-
oped in archaea. Thus, the designed tetracycline regu-
lated tetO promoters for inducible CRISPRi system may
evidently have provided an obvious advantage than the
known CRISPRi system in archaeal organisms [43], and
the design approach for such system here could offer
a reference for similar adaptations in other archaeal
species.

To achieve high repression efficiency, it is an impor-
tant prerequisite to select the appropriate regions of tar-
get gene for sgRNA targeting. By screening the sgRNA
targeting sites on selected targets in M. maripaludis,
sgRNAs targeting near the TSS near and close to the
5’end of the targeted ORF achieved the high repression
efficiency (up to 99%). Additionally, the two new strate-
gies of co-expressing multiple sgRNAs designed in this
study could also be utilized in CRISPRi-dCas9 system
to manipulate knocking-down multiple genes simulta-
neously, which is usually required in the simultaneous
regulation of multiple genes in metabolic pathways in
the synthetic biology studies. However, achieving high
repression efficiency for a new target gene often requires
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designing and testing multiple sgRNAs that target differ-
ent regions, particularly those near TSS and close to the
5" ORF end. The efficiency of CRISPRi must be experi-
mentally validated for each sgRNA. Additionally, the
selection of sgRNA targeting sites is constrained by the
presence of the NGG protospacer adjacent motif (PAM)
sequence at the target gene. Consequently, it may be
challenging to find suitable sgRNAs for certain genes,
limiting the potential for achieving required gene repres-
sion efficiency. These factors may bring some restric-
tions on the effectiveness of the CRISPRi system in M.
maripaludis.

Appropriate sgRNA targeting sites for achieving high
repression on target genes are also required in other
organisms. In a model halobacteria Haloferax volca-
nii, based on its endogeneous type IB CRISPRi system,
crRNAs targeting the promoter and the TSS regions of
the template strand reduced transcript levels down to
8%, while crRNAs targeting the coding strand repress
expression only down to 88% and the repression of an
essential gene is only down to 22% [51, 53]. In the CRIS-
PRi-dCas9 system of M. acetivorans, sgRNA targeting
the promoter and the ORF regions of targeted genes,
whatever in mono- or poly-cistron, achieved>85-90%
reduction on targeted genes [43]. In E. coli, sgRNAs tar-
geting the coding strand and the promoter region dem-
onstrated efficient gene repression (10- to 300-fold),
whereas those targeting the template strand exhibited
slight effect [38]. In Mycobacterium tuberculosis, sgRNA
targeting promoter and the 5 ORF region on coding
strand determined efficient (>80%) gene repression, as
well [39]. Therefore, to achieve a high repression effi-
ciency based on CRISPRi systems, appropriate sgRNA
targeting regions are needed to be chosen in both bac-
terial and archaeal organisms. It would be a good choice
of co-express two sgRNAs, with one targeting the TSS
proximal sequence and the other one targeting the cod-
ing region 5’end to achieve high repression on targeted
gene in M. maripaludis.

In conclusion, this study developed enhanced CRISPR-
Cas9 tool and CRISPRi-dCas9 toolkits that enable effec-
tive multiplex gene editing and tunable gene regulation in
M. maripaludis. Consequently, these robust toolkits pave
the way for advancing the use of this model archaeon in
the studies of the fundamental archaeal biology and the
biotechnological applications, particularly those based
on CO, utilization.

Materials and methods

Strains, plasmids, and culture conditions

Plasmids and strains utilized in this study are listed in
Table S1. Both parental and mutated strains of M. mari-
paludis were routinely cultured anaerobically in pre-
reduced McF medium under a gas phase of N,/CO,
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(80:20) at 37 °C, following previously described proce-
dure [13]. Colonies were screened using a solid plating
via supplementing 1.5% agar into the liquid medium.
Puromycin (2.5 pg/mL) was used as marker gene for
selection unless indicated otherwise, and the base ana-
log 8-azahypoxanthine at 20 pg/mL was used for a
counterselection for curing the Cas9-based pMEV4 plas-
mid as described previously [31, 54]. For the construc-
tion of plasmids and other fragments, E. coli DH5a or
BL21(DE3)/pLysS was grown at 37 °C in Luria-Bertani
(LB) broth or LB-agar plates, supplemented with ampicil-
lin (100 pg/mL) when necessary. Growth was monitored
by determining the optical density at 600 nm (OD600)
with a spectrophotometer.

Two new strategies of expressing multiple sgRNAs in
pPMEV4-Cas9 plasmids for multiplex genome editing in M.
maripaludis
Plasmids used or constructed in this study are listed in
Table S1, and the primers utilized for plasmid engineer-
ing and transformants screening are listed in Table S2.
PCR amplification was performed using the high-fidelity
KOD-plus DNA polymerase (TOYOBO, Japan). DNA
fragments and the amplified plasmid backbone were
ligated using the stepwise Gibson assembly using the
ClonExpress MultiS one-step cloning kit (Vazyme).
pMEV4-Cas9 plasmids were constructed similarly as
previously described [31], with the Streptococcus pyo-
genes Cas9 (SpCas9) [55] being codon optimized and
expressed downstream a strong promoter of P0386 [31,
46]. The sgRNAs were expressed downstream promot-
ers as indicated in Figs. 1, 2 and 3 and S2, and the donor
DNA required for homologous recombination repair
was inserted upstream the sgRNA cassette on the plas-
mid. Two new strategies for expressing multiple sgRNAs
(Table S3) were performed to achieve efficient multi-
plex gene editing in M. maripaludis in this study. First,
four sgRNAs targeting the coding regions of aCPSF2,
aCPSF1b, and the fla operon (flaBI and flaJ) were
expressed by one same set of promoter P0076 and Termi-
nator T0204 (Table S3 and Fig. 1), whose activities have
been assayed previously [17, 46]. Second strategy, the
four sgRNAs were co-transcribed by one set of promoter
P0076 and terminator T0204, and processed through
a specific endoribonucleolytic sequence of a featured
10-nt motif of ‘UNMND|NUNAY’ inserted between
two sgRNA sequences (Table S3 and Fig. 2). The DNA
sequences encoding the two different expression ele-
ments carrying multiple sgRNAs were synthesized in Co.
Genscript (Suzhou, China) and inserted to the pMEV4-
Cas9 plasmids. The donor DNA sequences were ampli-
fied from the genomic DNA and fused upstream the
sgRNA cassette in pMEV4-Cas9 plasmids via the step-
wise Gibson assembly kit. The constructed plasmids were
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validated by DNA sequencing prior to being transformed
into M. maripaludis SO001.

Construction of the M. maripaludis strain S9 and the
CRISPR plasmids for genome editing in S9

To shorten the CRISPR plasmid length for a more effi-
cient construction efficiency, the Cas9 expression
cassette (4.3 kb) was removed from the plasmid pMEV4-
Cas9 to the genome (Figure S1A). The previously iden-
tified neutral site at the intergenic region (the genomic
sites of 863885 and 863938 bp) between MMP0852
and MMPO0853 of M. maripaludis S2 [17, 46] was cho-
sen. The Cas9 expression cassette (4.3 kb) was amplified
from the plasmid pMEV4-Cas9 and fused with the DNA
fragments amplified from upstream of MMP0852 and
downstream of MMP0853 from the genomic DNA for
homologous recombination. The neomycin resistance
gene cassette was amplified from the pMEV4 plasmid
and inserted upstream the Cas9 expression cassette. The
obtained DNA fragment was transformed into M. mari-
paludis S0001, a strain derived from M. maripaludis S2
[15, 56], via the PEG-mediated transformation proce-
dure [13, 57]. Transformants were resistant to neomycin
and verified by PCR amplification for the presence of the
genomic Cas9 sequence and by assaying the expression of
Cas9 via western blot assay. The obtained positive trans-
formants that successfully express Cas9 on genome were
designated as M. maripaludis S9.

The CRISPR plasmids for genome editing in M. mari-
paludis S9 for knock out of two genes (aCPSF2 and
aCPSF1b) and a~9 kb DNA fragment encoding the fla
operon, multiplex genome editing for 13 genes located
at three genomic loci, as shown in Fig. 3 and S2, were
constructed following a similar procedure as previ-
ously described [31] but without the large fragment
that encodes Cas9. The obtained CRISPR plasmids were
transformed into M. maripaludis S9 via the PEG-medi-
ated transformation procedure and cured puromycin
resistance transformants were obtained and verified.

Construction of CRISPRi-dCas9 plasmids for knocking
down target genes in M. maripaludis

To construct the CRISPRi-dCas9 gene repression sys-
tem, the catalytically inactive dCas9 was obtained by
mutating the Cas9 sequence of the pMVE4-Cas9 plas-
mid at the active sites of Cas9 (D10A and H840A in
the RuvCl and HNH nuclease domains respectively)
using a site-directed mutagenesis kit (Stratagene) using
the primers carrying mutagenesis sites listed in Table
S2. Then, pMEV4-dCas9 plasmid was obtained. Pro-
moter, TSS proximal, and the coding regions were cho-
sen as targets for the sgRNA and repression efficiencies
were assayed by RT-qPCR as shown in Fig. 5. The 20
nt long sequences of the sgRNAs were changed via
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Gibson assembly (ClonExpress MultiS One Step Clon-
ing Kit, Vazyme) using primers indicated in Table S2. The
obtained pMEV4-dCas9 plasmids were transformed into
M. maripaludis S0001 via the PEG-mediated transforma-
tion procedure and puromycin resistance transformants
were obtained and verified.

Construction of the inducible CRISPRi-Cas9 system based
on TetR-tetO for inducible CRISPRi

To obtain an inducible CRISPRi-dCas9 system, the
applicable inducible promoters were first designed and
tested for their ability to respond to an inducer such
as anhydrotetracycline (aTc). Six tetO fused promot-
ers were designed as shown in Fig. 6A and S3A and
fused upstream the mCherry reporter gene and TetR
was expressed adjacently using a constitutive promoter
P0383 and terminator Tmcr that were assayed previously
[17, 46]. The tetR gene was fused downstream a consti-
tutive promoter of PhmvA [46], adjacent to the P0383/
P0667-tetO-mCherry as shown in Fig. 6A and S3A. The
fluorescence intensities of these six designed TetR-tetO
promoters were detected in the presence and absence of
the inducer anhydrotetracycline (aTc). Various aTlc con-
centrations were tested in exponentially grown cultures
added into the logarithmic cultures, and after O h, 1 h
and 4 h, the fluorescence intensities were measured using
a Synergy H4 Hybrid Multi-Mode Microplate Reader
(BioTek Instruments) as previously described [46] and
compared to that preceding the addition. Fluorescence
intensities were detected using the procedure described
below.

To construct an inducible CRISPRi-dCas9 system, the
aTc inducible P0383-tetO3 promoter was selected to
express the dCas9 in the CRISPRi-dCas9 plasmid. The
P0383-tetO3 promoter sequence was fused upstream
dCas9 sequence using ClonExpress MultiS One Step
Cloning Kit (Vazyme). The expression of dCas9 induced
by the addition of aTc was detected by western-blot
assay. To target different genes, sgRNAs targeting differ-
ent regions of genes were changed similarly as described
above using ClonExpress MultiS One Step Cloning Kit
(Vazyme) using primers indicated in Table S2. All the
obtained plasmids were verified by DNA sequencing
before transformed into M. maripaludis S0001.

RT-qPCR assay

Total RNA was extracted from the midexponential cells
as described previously [16, 17]. 500 ng Total RNA were
digested and reverse transcribed using ReverTra Ace
qPCR RT Master Mix with gDNA Remover (Toyobo) and
random hexamers according to the supplier’s instruc-
tions and used for qPCR amplification with the cor-
responding primers (Table S2). Amplifications were
performed with a Mastercycler ep realplex2 (Eppendorf
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AG, Hamburg, Germany). Calculation of relative gene
expression: CT values of different genes were obtained
according to quantitative PCR results. Then, using 16 S
rRNA as a standard reference [58, 59], the transcription
abundance of each gene was normalized to 16 S rRNA in
the sample. The difference of gene expression in different
strains or different treatment conditions was analyzed.
All measurements were performed on triplicate samples
and repeated at least three times.

PEG-mediated transformation and colony selection of M.
maripaludis

The constructed pMEV4 plasmids were transformed into
M. maripaludis through polyethylene glycol (PEG)-medi-
ated transformation, following a previously established
procedure [13]. Prior to transformation, stock solutions
were prepared. A 50 X cysteine/DTT solution (2.5% cys-
teine—HCI, 50 mM DTT) was prepared in a small serum
bottle and filter—sterilized using disposable 0.22 um fil-
ters. Transformation buffer (TB) was prepared in a 100-
ml beaker by combining the following components: 50
mM Tris Base, 0.35 M sucrose, 0.38 M NaCl, 0.00001%
resazurin, and 1 mM MgCl,. The pH was adjusted to 7.5
using HCl. The TB solution was transferred to a 100-ml
serum bottle, and resazurin and 1 ml of the 50 X cyste-
ine/DTT solution were added to make a final volume
of 50 ml. TB+PEG was created by adding 40% (wt/vol)
PEG8000 to the TB mixture. The serum bottles were
sealed with serum stoppers and pressurized with H,/CO,
(80:20, vol/vol) at 137 kPa for 10 s. Prior to use, TB and
TB+PEG were sterilized at 121 °C for 20 min.

During the transformation process, 5 ml of M. maripal-
udis strains were cultured in an anaerobic tube, followed
by centrifugation at 3000xg for 10 min. The supernatant
was removed, and the pellet was resuspended by adding
5 ml of TB using an air-free needle. In a mini anaero-
bic tube, 20 pL of the plasmid, 20 pL of ddH,O, and 750
uL of TB were combined and pressurized with N,/CO,
at 137 kPa. Then, 380 uL of the mixture from the mini
anaerobic tube and 250 pL of TB+PEG was added to
the previously prepared anaerobic tube. The tube was
incubated at 37 °C for 1 h. To remove excess PEG, 5 ml
of McF medium was added to the tube and centrifuged.
Finally, another 5 ml of McF medium was added, and the
tube was incubated overnight at 37 °C.

Western blot assay

Western blotting was performed using a similar proce-
dure as described previously [16, 17]. Mid-exponential
strains of M. marpaludis were harvested by centrifuga-
tion, resuspended in lysis buffer [20 mM Tris—Base, 150
mM NaCl, 10% (v/v) glycerol, 0.1% (v/v) Triton X-100],
followed by sonication for cell lysis. The cell debris was
then removed at 10, 000 g for 10 min at 4 °C, and protein
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concentration in the supernatant was determined using
a BCA protein assay kit (Thermo Scientific). Proteins in
the supernatant were separated by SDS-PAGE and then
transferred to nitrocellulose membranes for Western
blot analysis. The analysis was performed using custom-
ized polyclonal rabbit antisera raised against the puri-
fied Mmp-aCPSF1 protein. The immune-active bands
were visualized using the Amersham ECL Prime Western
blot detection reagent (GE Healthcare) on Tanon-5200
multi chemiluminescence/ fluorescence imaging system.
The intensities of the Western blot band intensities were
quantified using Image].

mCherry fluorescence intensity assay

Expression of the mCherry reporter gene in M. mar-
paludis strains was quantified as described previously
[16-18]. Briefly, colonies were cultured to exponential
phase and cell density (OD600) was measured. Cells from
1 mL of culture were collected at 4 °C by centrifugation
at 17,900 x g. Then the cells were resuspended, lysed
with 200 pL of 20 mM PIPES [piperazine-N, N'-bis(2-
ethanesulfonic acid)], and then shaken for 12 h at 30 °C
and 220 rpm. The samples were withdrawn and centri-
fuged at 30 °C and 17,900 x g. Next, the fluorescence of
the supernatant with appropriate volume was measured
on a Synergy H4 hybrid multimode microplate reader
(BioTek Instruments) with excitation and emission wave-
lengths of 575 and 610 nm, respectively. The fluorescence
intensity of mCherry was defined as the ratio of detected
fluorescence units (RFUs) divided by the optical density
(OD600) and the sample volume.

Curing of the pMEV4-Cas9 plasmid for new rounds of
genome editing

The Cas9 plasmid needs to be cured from the ini-
tial gene-edited strain before the second round of the
CRISPR-based editing. To achieve this goal, a counterse-
lection marker, spt, which was inserted into pMEV4 to
facilitate the curing. The hpt marker confers sensitivity to
the base analog 8-azahypoxanthine in the parental strain
of M. marpaludis S0001, which is a Ahpt mutant [13]. To
achieve the plasmid curing, the transformants with puro-
mycin resistance were subcultured for four or five gener-
ations in liquid medium without puromycin, and then the
culture was plated onto a solid counterselection medium
containing 8-azahypoxanthine to obtain the 8-azahy-
poxanthine resistant transformants. Cells exhibiting a
8-azahypoxanthine resistance and are incapable of grow-
ing in puromycin containing medium, lost the plasmid
and can employed for the next round of genome editing.
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Swarming motility analysis of M. maripaludis strains on
semi-solid medium

The swarming motility ability of the earA knock-out and
knock-down strains of M. maripaludis (shown in Figure
S5) were compared with that of the wild type using the
similar procedure described previously [22]. Five micro-
liters of overnight cell cultures of each strain (OD600
normalized to 0.6) were incubated into the solid plates
containing 0.25% agar (w/v). Plates were incubated anaer-
obically in a canister under an atmosphere of N,:CO,
(80:20) at 37°C for4 days.
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