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Abstract
The methylotrophic bacterium Methylorubrum extorquens AM1 holds a great potential of a microbial cell factory in producing
high value chemicals with methanol as the sole carbon and energy source. However, many gene functions remain unknown,
hampering further rewiring of metabolic networks. Clustered regularly interspaced short palindromic repeat interference
(CRISPRi) has been demonstrated to be a robust tool for gene knockdown in diverse organisms. In this study, we developed
an efficient CRISPRi system through optimizing the promoter strength of Streptococcus pyogenes–derived deactivated cas9
(dcas9). When the dcas9 and sgRNA were respectively controlled by medium PR/tetO and strong PmxaF-g promoters, dynamic
repression efficacy of cell growth through disturbing a central metabolism gene glyAwas achieved from 41.9 to 96.6% dependent
on the sgRNA targeting sites. Furthermore, the optimized CRISPRi system was shown to effectively decrease the abundance of
exogenous fluorescent protein genemCherry over 50% and to reduce the expression of phytoene desaturase gene crtI by 97.7%.
We then used CRISPRi technology combined with 26 sgRNAs pool to rapidly discover a new phytoene desaturase gene
META1_3670 from 2470 recombinant mutants. The gene function was further verified through gene deletion and complemen-
tation as well as phylogenetic tree analysis. In addition, we applied CRISPRi to repress the transcriptional level of squalene-
hopene cyclase gene shc involved in hopanoid biosynthesis by 64.9%, which resulted in enhancing 1.9-fold higher of carotenoid
production without defective cell growth. Thus, the CRISPRi system developed here provides a useful tool in mining functional
gene of M. extorquens as well as in biotechnology for producing high-valued chemicals from methanol.

Key points
& Developing an efficient CRISPRi to knockdown gene expression in C1-utilizing bacteria
& CRISPRi combined with sgRNAs pool to rapidly discover a new phytoene desaturase gene
& Improvement of carotenoid production by repressing a competitive pathway
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Introduction

Me t h y l o r u b r um e x t o rq u e n s AM1 ( f o r m e r l y
Methylobacterium extorquens AM1), a pink-pigment and
facultative methylotroph α-proteobacterium, is one repre-
sentative of methylotrophs that are capable of growing on
one-carbon compounds such as methanol or methylamine
as the sole carbon and energy source (Peel and Quayle
1961). The genome of the M. extorquens AM1 contains
one chromosome, one megaplasmid and three plasmids,
harboring a total of nearly 6800 genes (Vuilleumier
et al. 2009). Recently, much effort has been devoted to
elucidating the gene functions, metabolic networks as well
as its regulatory mechanisms (Nayak et al. 2016; Ochsner
et al. 2017; Ueoka et al. 2018). For one-carbon metabo-
lism, Nayak et al. disclosed the metabolic routes and reg-
u la to ry ne twork for methylamine oxida t ion of
M. extorquens AM1 in different concentrations of methyl-
amine (Nayak et al. 2016), and Ochsner et al. identified
almost 100 new methylotrophic genes and elucidated an
important regulatory mechanism of the serine cycle using
TnSeq method (Ochsner et al. 2017). For secondary me-
tabolism, Ueoka et al. discovered a new trans-acyltrans-
ferase polyketide biosynthetic gene cluster for synthesiz-
ing the antibiotic toblerol by genome mining (Ueoka et al.
2018). Currently, gene knockout through sucrose counter-
selection is still the most used approach to investigate the
gene function in M. extorquens AM1 (Marx 2008); how-
ever, for rapidly investigating unknown genes, it is still
laborious and time-consuming. Transposon mutation has
been also developed to screen for gene-phenotype associ-
ations or genetic interactions across different environ-
ments (Ochsner et al. 2017; Van Dien et al. 2003). One
limitation for this technology is that transposon elements
insert into the chromosome randomly, making this inap-
propriate for investigating the targeted gene from the
pooled putative genes. Therefore, it is urgent to develop
more efficient genetic tools to identify the unknown genes
associated with cell phenotypes.

The CRISPR interference (CRISPRi) system has been
developed for gene repression in diverse organisms by cre-
ating a nuclease-null Streptococcus pyogenes Cas9
(deactivated Cas9, or dCas9) in which two inactive muta-
tions of D10A and H840A have been introduced into its
RuvC1 and HNH nuclease domains (Larson et al. 2013; Qi
et al. 2013; Du et al. 2017; Choudhary et al. 2015; Bruder
et al. 2016; Huang et al. 2016; Wang et al. 2019; Hogan
et al. 2019; Zhan et al. 2019; Caro et al. 2019). This tech-
nology can also be applied as an efficient tool in system-
atically manipulating transcription of endogenous genes,
enabling rapid discovery of new functional genes using
pooled sgRNAs (Gilbert et al. 2014; Wang et al. 2018;
Lee et al. 2019). Moreover, since the intermediate

metabolites serving as the main precursors for biosynthetic
pathways are also key metabolites for cell growth, deletion
of the genes responsible for core metabolism usually sig-
nificantly impacts the physiological biochemistry of cells.
Therefore, CRISPRi has been applied to fine-tune expres-
sion of essential genes with fewer effects of cell pheno-
type, making it a more favorable tool for manipulating
metabolic flux distribution to the desired pathway (Cleto
et al. 2016; Lv et al. 2015; Park et al. 2018; Westbrook
et al. 2018; Woolston et al. 2018; Tian et al. 2019). For
example, Cleto et al. interfered with the expression of pck
or pyk by CRISPRi to achieve a 2- to 3-fold higher titer of
L-glutamate, exceeding that in pck and pyk deletion strains,
with the entire process only requiring 3 days (Cleto et al.
2016). In M. extorquens, three interlocked metabolic cy-
cles are important for one-carbon assimilation: the serine
cycle, the ethylmalonyl-CoA (EMC) pathway, and the
poly-3-hydroxybutyrate (PHB) cycle (Zhang et al. 2019).
It has been shown that metabolic flux goes through the
serine cycle and EMC pathway when cells are grown on
methanol, generating a supply of pyruvate and acetoacetyl-
CoA, which could be employed as the precursors for pro-
duction of value-added terpenoids (Van Dien et al. 2003;
Zhang et al. 2019). Moreover, previous reports demonstrat-
ed to utilize acetyl-CoA and crotonyl-CoA as the precur-
sors to produce mevalonate (Liang et al. 2017), 3-
hydroxypropionic acid (Yang et al. 2017), 1-butanol as
well as butadiene (Hu et al. 2016; Yang et al. 2018), all
of which must be carefully balanced between growth main-
tenance and product biosynthesis in engineered
M. extorquens. However, the lack of efficient tools of gene
knockdown impedes its further development as a
chemicals-production platform.

Just recently the CRISPR-Cas9 genome editing system
was developed in methanotrophic bacteria Methylococcus
capsulatus Bath (Tapscott et al. 2019), and the CRISPRi
system was established in the methylotrophic thermophile
Bacillus methanolicus MGA3 (Schultenkämper et al.
2019). However, considering the specificity and differ-
ence of genetic elements (e.g., promoter strength and ini-
tial replicon of expression plasmids), a CRISPRi system
tailored to the strain is required to modify gene expression
in the model methylotroph M. extorquens. Herein, we de-
veloped the CRISPRi system to effectively knockdown
exogenous and endogenous genes in M. extorquens, and
further application of CRISPRi system led us to identify a
new phytoene desaturase involved in carotenoid biosyn-
thesis. In addition, we also validated the usefulness of
CRISPRi system in modulating the production of caroten-
oid via an interrupting competing pathway. The developed
CRISPRi system provides a convenient tool in rapidly
mining gene functions as well as pathway engineering
for production of high value chemicals in M. extorquens.
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Materials and methods

Strains, media, and culture conditions

The plasmids and strains used in this study are listed in
Table 1. All Escherichia coli strains were cultured in Luria-
Bertani (LB) agar or liquid medium at 37 °C supplemented
with antibiotics where necessary at a final concentration of

20 μg/ml tetracycline (Tet) or 25 μg/ml kanamycin (Km).
M. extorquens AM1 ATCC 14718 and the derivative strains
were routinely cultured in a minimal medium at 30 °C as
described previously (Yang et al. 2017). Substrates and anti-
biotics were supplied at the following concentrations: metha-
nol (125 mM) or succinate (15 mM) as the sole carbon source.
All chemicals used in media were purchased from Sigma-
Aldrich (St. Louis, MO, USA) unless otherwise specified.

Table 1 Strains and plasmids used in this study

Plasmids/strains Description Sources

Plasmids

pCM80 vector used for gene expression in M. extorquens; promoter, PmxaF; antibiotics, Tet
R, KmR Marx and Lidstrom

(2001)

pLC291 vector used for gene expression in M. extorquens; promoter, inducible PR/tetO; antibiotics, Km
R Chubiz et al. (2013)

pCM433 sacB-based allelic exchange vector; antibiotics, ApR, CmR, TetR Marx (2008)

pAIS pCM80 derivative contained dcas9 and sgRNA expression cassette; dcas9 and sgRNA under the control of
constitutive promoter PmxaF and PmxaF-g respectively

This study

pAIM pCM80 derivative contained dcas9 and sgRNA expression cassette; dcas9 and sgRNA under the control of
constitutive promoter PcoxB and PmxaF-g respectively

This study

pAIW pCM80 derivative with dcas9 and sgRNA expression cassette; dcas9 and sgRNA under the control of
constitutive promoter PfumC and PmxaF-g respectively

This study

pAIL pCM80 derivative with dcas9 and sgRNA expression cassette; dcas9 and sgRNA under the control of
constitutive promoter Plac and PmxaF-g, respectively

This study

pAIO pCM80 derivative with dcas9 and sgRNA expression cassette; dcas9 and sgRNA under the control of inducible
promoter PR/tetO and PmxaF-g, respectively

This study

pAIR pAIO harbors the repressor TetR for PR/tetO This study

pACR pCM80 derivative with overexpression of META1_3670 under the control of PmxaF; antibiotics, Tet
R This study

pAIF pCM433 with gene fragments of glmS, PmxaF-mCherry and META1_4547; antibiotics, ApR, CmR, TetR This study

pAIP pCM433 with 1 kb upstream and 1 kb downstream fragments of META1_3670; antibiotics, ApR, CmR, TetR This study

pAIB pCM433 with 1 kb upstream and 1 kb downstream fragments of crtB; antibiotics, ApR, CmR, TetR This study

Strains

E. coli DH5α F recA1 endA1 thi-1 hsdR17 supE44 relA1deoR(lacZYA-argF) U169 80dlacZM15 Lab storage

M. extorquens
AM1

Wild-type, pink color, rifamycin-resistant strain Nunn et al. (1986)

YA M. extorquens AM1::pCM80 Lab storage

YAIM M. extorquens AM1::PmxaF-mCherry This work

YAIP M. extorquens AM1::ΔMETA1_3670 This work

YACR YAIP carrying the plasmid pACR This work

YAIB M. extorquens AM1::ΔcrtB This work

YMZA-1 to 4 M. extorquens AM1 carrying the plasmids pAIS-glyA-(NT0, NT41, NT571 and NT691) This work

YMZA-5 to 8 M. extorquens AM1 carrying the plasmids pAIL-glyA-(NT0, NT41, NT571 and NT691) This work

YMZA-9 to 12 M. extorquens AM1 carrying the plasmids pAIW-glyA-(NT0, NT41, NT571 and NT691) This work

YMZA-13 to
16

M. extorquens AM1 carrying the plasmids pAIM-glyA-(NT0, NT41, NT571 and NT691) This work

YMZA-17 to
20

M. extorquens AM1 carrying the plasmids pAIO-glyA-(NT0, NT41, NT571 and NT691) This work

YMZA-21 and
23

M. extorquens AM1 carrying the plasmids pAIO-crtI (META1_3665)-(NT6, NT212 and NT1168) This work

YMZA-24 to
26

M. extorquens AM1 carrying the plasmids pAIO- META1_3670-(NT29, NT815 and NT1500) This work

YMZA-27 to
29

M. extorquens AM1 carrying the plasmids pAIO-shc-(NT14, NT1017 and NT1956) This work

YAIM-1 to 6 YAIM carrying the plasmids pAIF-mCherry -(NT0, NT32, NT77, NT483 and NT641); YAIM 6 carrying the
plasmids pAIR-mCherry-NT77

This work
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Table 2 Primers and sgRNAs used in this study

Primers Sequences (5′-3′) Usage

PmxaF-g-1F CCCGCTTGGTCGGGCCGCTTC Construction of pgRNA

PmxaF-g-1R TCACGACGTTGTAAAACGACG Construction of pgRNA

PmxaF-F CTTGCATGCCTGCAGGTCGACTCTAGATCCCG
CTTGGTCGGGCCGCTT

Construction of pAIS

PmxaF-R ATTGAGTATTTCTTGTCCATGGCGTAATCATGGTCATA
GCTGTTTCCT

Construction of pAIS

PmxaF-dCas9-F AGGAAACAGCTATGACCATGATTACGCCATGG
ACAAGAAATACTCAAT

Construction of pAIS

PR/tetO-F CTTGCATGCCTGCAGGTCGACTCTAGACAACA
ACTTATACCATGGCC

Construction of pAIO

PR/tetO-R ATTGAGTATTTCTTGTCCATTCTCTATCACTGATAGGG
ATTAC

Construction of pAIO

PR/tetO-dCas9-F GTAATCCCTATCAGTGATAGAGAATGGACAAG
AAATACTCAAT

Construction of pAIO

PfumC-F CTTGCATGCCTGCAGGTCGACTCTAGACGTGA
GCGGCGGCGGCACCT

Construction of pAIW

PfumC-R ATTGAGTATTTCTTGTCCATCATCGTGGCCTCTTCGTT
GGCTC

Construction of pAIW

PfumC-dCas9-F GAGCCAACGAAGAGGCCACGATGATGGACAAG
AAATACTCAAT

Construction of pAIW

PcoxB-F CTTGCATGCCTGCAGGTCGACTCTAGACGTAT
CCCCAGAGGCAGCCA

Construction of pAIM

PcoxB-R ATTGAGTATTTCTTGTCCATCATGTCCCCGCTTGGCTC
CCCT

Construction of pAIM

PcoxB-dCas9-F AGGGGAGCCAAGCGGGGACATGATGGACAAGA
AATACTCAAT

Construction of pAIM

Plac-F CTTGCATGCCTGCAGGTCGACTCTAGATTTACACTTTA
TGCTTCCGG

Construction of pAIL

Plac-R ATTGAGTATTTCTTGTCCATATTGTTATCCGCTCACAA
TTC

Construction of pAIL

Plac-dCas9-F GAATTGTGAGCGGATAACAATATGGACAAGAA
ATACTCAAT

Construction of pAIL

HR-F GAAGCGGAAGAGCGCCCAATAC Verification of pAIS, pAIO, pAIW, pAIM, pAIL

dCas9-R CGTTGTAAAACGACGGCCAGTGAATTCTCAGT
CGCCGCCGAGCTGCGACAGGTCG

Construction and Verification of pAIS, pAIO, pAIW, pAIM,
pAIL

glyA-NT41-F TCAAAGCCTAGAAAATATAGGGCAAGATGAGCCG
AGAAGAGTTTTAGAGCTAGAAATAG

Construction of pAIS/pAIM/pAIW/pAIL/ pAIO-glyA-NT41,
underline is the sequence targeting glyA

glyA-NT571-F TCAAAGCCTAGAAAATATAGTTCGCGAAGTCCCA
GTGACGGTTTTAGAGCTAGAAATAG

Construction of pAIS/pAIM/pAIW/pAIL/ pAIO-glyA-NT571,
underline is the sequence targeting glyA

glyA-NT691-F TCAAAGCCTAGAAAATATAGGTGGTGGCGACGTG
CGCGTGGTTTTAGAGCTAGAAATAG

Construction of pAIS/pAIM/pAIW/pAIL/ pAIO-glyA-NT691,
underline is the sequence targeting glyA

mCherry-NT32-F TCAAAGCCTAGAAAATATAGGCGCATGAACTCCT
TGATGAGTTTTAGAGCTAGAAATAG

Construction of pAIO-mCherry-NT32, underline is the sequence
targeting mCherry

mCherry-NT77-F TCAAAGCCTAGAAAATATAGCTCGAACTCGTGGC
CGTTCAGTTTTAGAGCTAGAAATAG

Construction of pAIO-mCherry-NT77, underline is the sequence
targeting mCherry

mCherry-NT590-F TCAAAGCCTAGAAAATATAGCAACTTGATGTTGA
CGTTGTGTTTTAGAGCTAGAAATAG

Construction of pAIO-mCherry-NT590, underline is the
sequence targeting mCherry

mCherry-NT641-F TCAAAGCCTAGAAAATATAGTCGTGGAACAGTAC
GAACGCGTTTTAGAGCTAGAAATAG

Construction of pAIO-mCherry-NT641, underline is the
sequence targeting mCherry

crtI -NT6-F TCAAAGCCTAGAAAATATAGCGACCGCGACCGAA
GAACCCGTTTTAGAGCTAGAAATAG

Construction of pAIO-crtI-NT6, underline is the sequence
targeting crtI

crtI -NT212-F TCAAAGCCTAGAAAATATAGGTGCACCGAGCGCC
CGGCCTGTTTTAGAGCTAGAAATAG

Construction of pAIO-crtI-NT212, underline is the sequence
targeting crtI

crtI -NT1168-F TCAAAGCCTAGAAAATATAGATCTTCGACCAGTC
GTGATGGTTTTAGAGCTAGAAATAG

Construction of pAIO-crtI-NT1168, underline is the sequence
targeting crtI

META1_
3670-NT29-F

TCAAAGCCTAGAAAATATAGGATCGTGCGGCGGC
CCGACAGTTTTAGAGCTAGAAATAG

Construction of pAIO-META1_3670-NT29, underline is the
sequence targeting META1_3670

Appl Microbiol Biotechnol (2020) 104:4515–45324518



Construction of CRISPRi plasmids and recombinant
M. extorquens strains

The primers used in this study are listed in Table 2 and
Table S1. The codons for the S. pyogenes dcas9 were opti-
mized according to M. extorquens AM1 codon preferences
(Yang et al. 2017), and the sequences for dcas9 (GenBank
accession number is MN896903) were synthesized by
Sangon Biotech Co. Ltd. (Shanghai, China). The sgRNAs
were designed by using Python software package (Guo et al.
2018). Each sgRNA biobrick contained three parts: a 20-bp
DNA region complementing the gene sequence of interest
called the based-pairing region (BPR), a 42-bp hairpin region
for dCas9 protein binding termed dCas9 handle (DH), and a
40-bp terminator rrnB. The sequences containing PmxaF-g-
sgRNA-dcas9 handle-rrnB were synthesized by Sangon
Biotech Co. Ltd. (Shanghai, China). The pCM80 plasmid
was used as the parent plasmid for developing the CRISPRi
system. We amplified PmxaF-g and sgRNA by primers of
PmxaF-g-1F and PmxaF-g-1R to replace the original PmxaF on
pCM80 to obtain the plasmid pgRNA. After dcas9 amplified
by primers of PmxaF-dCas9-F and dCas9-R as well as promot-
er PmxaF amplified by primers of PmxaF-F and PmxaF-R, the
cassette “PmxaF-dcas9” was amplified by PCR using primers
of PmxaF-F and dCas9-R with dcas9 fragment and promoter
PmxaF as template. The PmxaF-dcas9 cassette was cloned into
plasmid pgRNA digested with restriction enzymes SacI and
BamHI by using ClonExpress®II One Step Cloning Kit
(Vazyme Biotech Co. Ltd., Nanjing, China) and transformed
into E. coli DH5α to confer the plasmid pAIS. The promoters
of PcoxB and PfumC amplified from M. extorquens AM1, Plac
amplified from pCM80, and PR/tetO amplified from pLC291
were respectively used to construct the plasmids pAIM,
pAIW, pAIL, and pAIO as described above.

By using reverse PCR technologywith the primers contain-
ing the 20-bp DNA region complementing the targeting gene
sequence as reported (Van Dien et al. 2003), three plasmids
pAIM-glyA-NT41, pAIM-glyA-NT571, and pAIM-glyA-
NT691 that contained the sgRNAs targeting different regions
of the non-template strand of glyA gene were constructed. The
constructed plasmids were introduced into M. extorquens

AM1 by electroporation, and then, the recombinant strains
were cultured in the medium containing succinate as the sole
carbon and energy source, leading to afford YMZA-2,
YMZA-3, and YMZA-4, respectively. Similar to the strains
of YMZA-2 to YMZA-4, the strains of YMZA-5 to YMZA-8,
YMZA-9 to YMZA-12, YMZA-13 to YMZA-16, and
YMZA-17 to YMZA-20 were obtained as described above.

To interfere the phytoene desaturase gene crtI
(META1_3665) and squalene-hopene cyclase gene shc, three
sgRNAs targeting different regions of the non-template strand
of coding sequence were designed for each gene. By using
reverse PCR technology with plasmid pAIO as template, six
plasmids (pAIO-crtI-NT6, pAIO-crtI-NT212 and pAIO-crtI-
NT1168 for targeting crtI, pAIO-shc-NT14, pAIO-shc-
NT1017 and pAIO-shc-NT1956 for targeting shc) were con-
structed, which were introduced into M. extorquens AM1 to
create the strains YMZA-21 to YMZA-23 and YMZA-27 to
YMZA-29, respectively.

Interference of red fluorescence protein gene
mCherry

The red fluorescence protein gene mCherry was inserted into
the chromosome of M. extorquens AM1 between glmS and
META1_4547 using the method described previously (Marx
2008). Briefly, after amplification of genes glmS and
META1_4547 from M. extorquens AM1 and PmxaF-mCherry
cassette from plasmid pSWU-mCherry (constructed by our
Lab), then, the three fragments were overlapped by PCR to
generate glmS-PmxaF-mCherry-META1_4547, which was fur-
ther digested by BglII and SacI and cloned into pCM433 to
afford plasmid pAIF. The pAIF was then electroporated into
the wild-type M. extorquens AM1.M. extorquens AM1 bear-
ing pAIF was firstly selected by using tetracycline resistance
phenotype, and double-crossover mutants occurred by grow-
ing on the plates containing 5% sucrose (w/v). The mutant
strain with successful allele swapping was confirmed by
PCR with primers of genome-glmS-F and genome-1199-R,
and the PCR fragment with expected size was further se-
quenced. The mutant strain with correct PmxaF-mCherry cas-
sette was termed as YAIM.

Table 2 (continued)

Primers Sequences (5′-3′) Usage

META1_
3670-NT815-F

TCAAAGCCTAGAAAATATAGGCCGCCGACGAACA
CGCCGGGTTTTAGAGCTAGAAATAG

Construction of pAIO-META1_3670-NT815, underline is the
sequence targeting META1_3670

META1_
3670-NT1500-F

TCAAAGCCTAGAAAATATAGCCTTGGCGAGATCC
TCGATCGTTTTAGAGCTAGAAATAG

Construction of pAIO-META1_3670-NT1500, underline is the
sequence targeting META1_3670

Com-R CTATATTTTCTAGGCTTTGATTG Construction of pAIS, pAIO, pAIW, pAIM, pAIL targeting
different gene and site

Upstream-F GAGCGGATAACAATTTCACACAG Primers for amplification of fragments contained sgRNAs
Downstream-R GACCTTGGCCATCTCGTTC

Appl Microbiol Biotechnol (2020) 104:4515–4532 4519



Five sgRNAs targeting the different region of the non-
template strand of mCherry were designed. The plasmids
pAIO-NT0, pAIO-mCherry-NT32, pAIO-mCherry-NT77,
pAIO-mCherry-NT483, and pAIO-mCherry-NT641 for inter-
fering with mCherry were constructed by using reverse PCR
with plasmid pAIO-NT0 as template, which were then intro-
duced into the YAIM strain to generate the strains of YAIM-1
to YAIM-5. The interference efficacy toward mCherry was
evaluated by determining the fluorescent value. The strains
of YAIM-1, YAIM-2, YAIM-3, YAIM-4, and YAIM-5 were
inoculated into the tubes and grown to OD600 with about 0.8.
Then, 1.2 ml cells were transferred into 250 ml flasks with
50 ml fresh medium to obtain the initial OD600 with 0.02. The
cells were cultured on rotary shaker at 200 rpm at 30 °C.
When the OD600 reached about 1.0, 200 μl cells were trans-
ferred into a 96-well plate and the fluorescence intensity were
measured by Cytation1 imaging reader (BioTek, Winooski,
VT, USA) under the instruction of the protocol. Relative fluo-
rescence values reported here are as follows:

Relative fluorescence A:U:ð Þ ¼ RFU
OD600

� 10−3, A.U. means

arbitrary units, and RFU means red fluorescence unit.
Data were expressed as means ± standard deviations of

results from three biological replicates.

Measurement of growth of M. extorquens
and recombinant strains

M. extorquens and its recombinant strains were initially
inoculated into the tubes containing 3 ml medium with
15 mM succinate as the sole carbon source. For each
strain, three biological parallels were prepared. When
the strains were grown to the middle exponential phase
with OD600 value of about 0.8, the cells were harvested,
and the supernatants were discarded. Then, the pellets
were resuspended, and 1.2 ml cell culture was trans-
ferred into 250-ml flask with 50-ml minimal medium
to obtain the initial OD600 of 0.02 and then grown on
rotary shaker at 200 rpm at 30 °C for further monitor-
ing growth curve. For each time point, a 0.5-ml sample
was taken for OD600 measurement by using UV-visible
spectrophotometer (Genesys10S, CA, USA). The growth
rates presented here represent the mean plus standard
deviations calculated from triplicate biological replicates.
The specific growth rates were determined by fitting an
exponential growth model using Curve Fitter software
(Harcombe et al. 2016; http://www.evolvedmicrobe.
com/Software.html).

RNA isolation and RT-qPCR analysis

WhenM. extorquens AM1 and the recombinants were grown
to the exponential phase with OD600 value of about 0.8 in a

minimal medium using methanol as the sole carbon source,
1 ml aliquots of each culture were taken and centrifuged
(10,000×g, 1 min). The pellets were immediately frozen in
liquid nitrogen and were stored at − 80 °C until further RNA
isolation. The cells were lysed by resuspension of pellets in
1 ml TozolUP buffer (TransGen Biotech, China), 200 μl chlo-
roform, and bead beating for 4 × 90 s with intermittent cooling
on ice in Bioprep-6 biological sample homogenizer (All For
Life Science Co. Ltd., Hangzhou, China). The RNase-free
steel beads used here were 0.3 mm in diameter. The total
RNA was extracted by using TransZol Up RNAspin Mini
Kit (TransGen Biotech, Beijing, China) according to the in-
struction of protocol. The residual DNA in the extracted RNA
sample was digested by DNaseI (Vazyme Biotech Co. Ltd.,
Nanjing, China). For each strain, the RNAwas isolated from
three biological replicates. The RNA degradation and contam-
ination were checked on 1% agarose gels. Quality and quan-
tity of RNA were determined by using spectrophotometer
Nano Drop 1000 (Thermo Fisher Scientific, MA, USA).
One thousand nanograms of RNAwas reversely transcribed

to cDNA by using HiScript® IIQRT SuperMix kit for qPCR
(Vazyme Biotech Co. Ltd., Nanjing, China). The real-time RT-
qPCR was performed with AceQ Universal SYBR qPCR
Master Mix (Vazyme Biotech Co. Ltd., Nanjing, China) by
using an ABI 7500 (QuantStudio 5, Thermo Fisher Scientific,
MA, USA) instrument equipped with step two real-time sys-
tem (Applied Biosystems, MA, USA). The gene rpsB
encoding for 30S ribosomal protein S2 was employed as a
reference gene (Chou et al. 2009). RT-qPCR was performed
in accordance with the manufacturer’s instructions. Each re-
action was conducted in three replicates. The relative quanti-
fication for RT-qPCR experiments was analyzed by 2−ΔΔCt

method (Chou et al. 2009; Chou and Marx 2012). The Ct
values obtained were used as the original data to calculate
the relative transcriptional expression level of the candidate
genes normalized against that of 30S ribosomal protein S2
gene.

Mining unknown genes involved in biosynthesis
of carotenoid

Blastp analysis of M. extorquens AM1 proteome by using
identified phytoene desaturase (crtI,META1_3665) and anno-
tated phytoene synthase (crtB, META1_3220) revealed ho-
mologous phytoene desaturase genes (META1_2923,
META1_3219, META1_3670, and META1_3679) and
terpene/phytoene synthase (META1_4618, META1_1815,
META1_1816, andMETA1_3220) inM. extorquens AM1 ge-
nome. For each gene, three sgRNAs targeting the front, mid-
dle, and terminal region of coding sequences were designed.
The primers targeting phytoene desaturase genes
(META1_2923, META1_3219, META1_3670, META1_3679,
META1_3665) were mixed in equal concentration, and the
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primers targeting terpene/phytoene synthase (META1_4618,
META1_1815, META1_1816, and META1_3220) were also
mixed in equal concentration. By using reverse PCR with
plasmid pAIO-NT0 as template and mixed primers, followed
by DpnI digestion template, the PCR fragments were recov-
ered from gel and introduced into E. coli DH5α competent
cells to afford two pools that the plasmids carried all related
sgRNAs. All the transformants on the plate were washed into
flasks for overnight culture, and the plasmids were extracted
and introduced into M. extorquens AM1 by electroporation.
By this method, two M. extorquens AM1 recombinant librar-
ies carrying different plasmids for CRIPSRi were developed.
For the recombinants carrying plasmids targeting phytoene
desaturase genes, 50 faint pink or colorless recombinant
strains were randomly picked up, and the sgRNA regions of
the plasmids were amplified by PCR with the primers of
upstream-F and downstream-R for further sequencing.
For verifying the gene functions, the phytoene desaturase

gene META1_3670 and phytoene synthase gene
META1_3220 were respectively deleted by using the similar
approach as the gene mCherry integration described above.
For the mutant strain YAIP lacking META1_3670, the com-
plementary experiment was conducted. The META1_3670
was amplified and cloned into pCM80 under promoter PmxaF
to afford the plasmid pACR, which was then electroporated
into the strain YAIP to perform the YACR strain.

Extraction and analysis of carotenoid

The carotenoid was extracted from M. extorquens AM1 as
described previously (Van Dien et al. 2003; Tian et al.
2019). The extracts from 50 ml of cell culture was dissolved
in 0.1 ml of DMSO, and 30 μl was subject to HPLC analysis
by using Waters HPLC 1260 (Waters, MA, USA) equipped
with a Waters Spherisorb 5.0 μm ODS2 (4.6 mm× 250 mm,
5 μm) column. The mobile phases were consisting of
acetonitrile-water (solvent A, 9:1, V/V) and methanol-
isopropanol (solvent B, 3:2, V/V). The elution program was
set as follows: 100% A to 5% A in 0–10 min, 5% A retained
from 10 to 20 min, and 5% A to 100% A in 20 to 25 min. The
flow rate was 1.0 ml/min, and the UVabsorbance of the peaks
was collected from 200 to 600 nm using a photodiode array
detector and monitored at 460 nm. Absorbance was converted
to total carotenoid concentration by comparison to a caroten-
oid standard calibration curve and normalization to cell dry
weight.

Statistical analysis

T test was applied to analyze all quantitative data. For each
quantitative experiment, all data represent the averages of at
least 3 parallels. p < 0.05 was considered as significant,
*p < 0.05; **p < 0.01; ***p < 0.001.

Results

Construction of a CRISPRi system in M. extorquens
AM1

The serine hydroxymethyl transferase catalyzing the conver-
sion from glycine plus methylene H4F to serine is a rate-
limited enzyme in the serine cycle, which is required for car-
bon assimilation from methanol in M. extorquens AM1
(Smejkalová et al. 2010). Consequently, its encoding gene
glyAwas chosen as the target for constructing and optimizing
the CRISPRi system in this study. We placed sgRNA under a
natural strong promoter PmxaF derived from methanol dehy-
drogenase of M. extorquens AM1, as insufficient sgRNA ex-
pression has been reported to cause low repression behavior
(Schada et al. 2015). Since the mismatch sequence of sgRNAs
in the 5′-terminus has demonstrated to critically impact the
interference efficiency (Larson et al. 2013), the sequence of
PmxaF was then carefully truncated to 190-bp (PmxaF-g) based
on the putative transcriptional start site by BPROM software
(Fig. S1) (Schada et al. 2015). The GC content of dcas9 gene
derived from S. pyogenes (35%) is much lower than that of
M. extorquens AM1 (68%) (Vuilleumier et al. 2009); thus, we
optimized the coding sequences of S. pyogenes dcas9 accord-
ing toM. extorquens codon preferences (Yang et al. 2017). In
addition, because the promoter regions inM. extorquensAM1
have not been well characterized yet and a number of reports
have shown success with the sgRNA targeting non-template
strand of coding sequences in bacteria, yeast, or human cells
(Qi et al. 2013; Du et al. 2017; Choudhary et al. 2015; Bruder
et al. 2016; Huang et al. 2016; Wang et al. 2019), the non-
template strand of glyA was selected for further interference.
Three sgRNAs were designed to target different coding re-
gions of glyA as well as one control sgRNA that did not target
the genome of M. extorquens AM1. The CRISPRi elements
are shown in Fig. 1a, and backbone plasmid pCM80, derived
plasmids, and primers for constructing CRISPRi are shown in
Tables 1 and 2. To establish an initial test of CRISPRi-
mediated glyA repression, the plasmids pAIS-glyA-NT0,
pAIS-glyA-NT41, pAIS-glyA-NT571, and pAIS-glyA-
NT691 with PmxaF driving dcas9 were introduced into
M. extorquens AM1 by electroporation. The growth curves
of the resulting recombinant strains were measured when
grown on methanol. Unexpectedly, compared to the control
sgRNA (theYMZA-1 strain), the sgRNAs targeting three sites
of glyA (the strains of YMZA-2, YMZA-3, and YMZA-4)
showed no decreased growth rates at all (Fig. 1b). Previous
studies have reported the recombinantM. extorquens express-
ing the heterologous genes from a promoter of intermediate
strength produced the higher product titer (Rohde et al. 2017),
which made us consider that the decrease of transcript levels
of dcas9 might help to generate the effective interference.
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Four relatively low activities of promoters (constitutive pro-
moters of PcoxB, PfumC, and Plac as well as the inducible pro-
moter PR/tetO) were explored to analyze dcas9 expression
(Schada et al. 2015; Chubiz et al. 2013). For the constitutive
promoters, previous research has demonstrated that the rela-
tive activities are followed by the order of PfumC (5–15%) <
PcoxB (40–50%) < P tuf (70–100%) ≈ PmxaF (100%) in
M. extorquens AM1 (Schada et al. 2015). For the inducible
promoter, as the maximal inducible level of PR/tetO achieves
about 33% of PmxaF activity (Chubiz et al. 2013), at the be-
ginning, this promoter was introduced into pCM80 without its
regulatory protein TetR. We then extracted the RNA and eval-
uated the transcriptional levels of dcas9 by RT-qPCR (Fig. S2;
Fig. 2). As shown in Fig. 2, the mRNA level of dcas9 driven
by PcoxB was about 40% lower than that of PmxaF and 3.5-fold
and 4.0-fold higher than that of PfumC and Plac. The mRNA
level obtained by PR/tetO without TetR was slightly lower than
that of PcoxB. These results were basically in line with the
previously reported activities of promoters (Schada et al.
2015; Chubiz et al. 2013).
Furthermore, we examined the interference efficacy for

each recombinant strain. As shown in Fig. 3 a and b, Plac
driving dcas9 did not result in any significant growth re-
pression for three targeting sites NT41, NT571, and
NT691, but PfumC could obtain 21.7% of repression effica-
cy for the site NT691 in the recombinant strain YMZA-12.
Moreover, we found that PcoxB could reduce the growth
rate of the strains of YMZA-14 and YMZA-16 with even
higher repression efficacy of 29.3% and 63.5% for the
targeting sites NT571 and NT691 (Fig. 3c). Notably for
the promoter PR/tetO, we were surprised to find that the
recombinant strains YMZA-18 to YMZA-20 had very sig-
nificantly reduced growth rates of 71.1%, 41.9%, and
96.6% for all three targeting sites (Fig. 3d). For more de-
tails, after cultured in methanol for about 40 h, the OD600

value of the YMZA-18 to YMZA-20 strains were attenu-
ated to 0.11, 0.076, and 0.034 with the specific growth rate
of 0.035/h, 0.068/h, and 0.004/h (Fig. 3d). In contrast, the
control strain YMZA-17 had already entered stationary
phase with the OD600 value over 1.60 in the same time
period. To further explore if we could obtain a more dy-
namic range of interference, the regulatory protein TetR
was introduced along with PR/tetO to create pAIR.
Unfortunately, the highest repression efficacy at different
concentrations of inducer anhydrotetracycline (ATc) (10,
20, and 50 ng/ml were added when the cells were inocu-
lated in the cultural medium) was not as effective as that of
PR/tetO only on plasmid (data not shown), suggesting that
PR/tetO itself could perform as a constitutive promoter tran-
scribing dcas9 to efficiently interfere with gene expression.
Taken together, our results demonstrated that PR/tetO with-
out TetR could achieve dynamic ranges of interference de-
pendent on the targeting sites.

Exploring the feasibility of CRISPRi system
in repressing other exogenous and endogenous
genes

To explore the feasibility of CRISPRi system developed here,
the exogenous genemCherry encoding for the red fluorescent
protein and endogenous gene crtI involved in carotenoid bio-
synthetic pathway was interfered respectively. The plasmids
with dcas9 gene driven by PR/tetO without TetR and sgRNAs
under control of PmxaF-gwere constructed as shown in Table 1.
The mCherry cassette under control of promoter PmxaF was
firstly integrated into the chromosome between glmS and
META1_4547 of M. extorquens AM1 through homologous
recombination [35]. We imaged recombinant strains and sub-
jected the images to automated analysis to determine the av-
erage fluorescence. Compared to the control strain YAIM-1,
the YAIM-3 strain showed the highest repression effect with
the fluorescence value reduced by 51.3% (Fig. 4), and the
following repression efficacy for the strains of YAIM-2,
YAIM-4, and YAIM-5 was 37.9%, 25.2%, and 31.3%, respec-
tively. Then, we evaluated the transcriptional level ofmCherry
in the strain of YAIM-3, in which the mRNA of mcherry was
decreased by 88.0% accordingly (Fig. 4a).
To interfere crtI (META1_3665) encoding a phytoene

desaturase involved in secondary metabolism of pink-
pigment carotenoid biosynthesis [7], three plasmids pAIO-
crtI-NT6, pAIO-crtI-NT212, and pAIO-crtI-NT1168
targeting different sites of the non-template strand were intro-
duced into M. extorquens AM1. Comparing with the control
strain YMZA-17, the production of carotenoid was decreased
by 89.5%, 25.3%, and 97.7% in the recombinant strains
(Fig. 5 a and b). The transcriptional levels of crtI were also
significantly decreased to 14.3%, 62.5%, and 3.1% of that in
native mRNA expression, respectively (Fig. 5b). These results
clearly demonstrated that our CRISPRi system was also very
efficient for the genes participating in secondary metabolism.

Application of CRISPRi to mine unknown enzymes
involved in carotenoid biosynthesis

The essential genes such as crtB and crtI responsible for ca-
rotenoid biosynthesis are usually clustered in the chromosome
of bacteria (Fukaya et al. 2018; Sedkova et al. 2005); however,
our bioinformatics analysis and previous research revealed
that the phytoene desaturase gene crtI (META1_3665) was
not flanked by the possible phytoene synthase gene crtB in
M. extorquensAM1 (Fig. 6a) (Van Dien et al. 2003). Thus, we
tried to employ the developed CRISPRi system to rapidly
identify other unknown genes possibly participating in syn-
thesizing the carotenoid (Fig. 6b). We mined eight potential
genes encoding for four putative phytoene synthases
(META1_2923, META1_3219, META1_3670, and
META1_3679), one terpene synthase (META1_4618), and
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three putative phytoene synthases (META1_1815,
META1_1816, META1_3220) (Fig. 6a). We then constructed

two CRISPRi libraries, in which Library 1 included 14
sgRNAs interfering with four putative desaturase genes and

Fig. 1 Construction of the CRISPRi system in M. extorquens AM1. a
The developed CRISPRi elements. The biobrick of sgRNAs contained
three parts: a 20-bp sequence complementary to non-template strand of
coding sequence region of targeted gene, a 42-bp dCas9 handle, and a 40-
bp terminator, which were located under the transcription start site of the
promoter PmxaF-g. The dcas9 derived from S. pyogeneswas under control
of PmxaF, Plac, PfumC, PcoxB, or PR/tetO. The primer binding sites for inverse

PCR are highlighted by yellow (upper panel). b Comparison of growth
curves and specific growth rate of the recombinant strains of YMZA-1 to
4 carrying the CRISPRi plasmids for interfering with the different regions
of glyA, in which, the dcas9 were under control of PmxaF. Data represent
means and standard deviations calculated from three biological replicates.
Significance was assessed using t test, *p < 0.05; **p < 0.01; ***p <
0.001
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Fig. 3 Optimization of the CRISPRi system inM. extorquens AM1. a–d
Comparison of growth curves and specific growth rate of the recombinant
strains of YMZA-5 to YMZA-20 carrying the CRISPRi plasmids for
interfering with the different regions of glyA, in which, the dcas9 were

under control of Plac, PfumC, PcoxB, or PR/tetO. Data represent means and
standard deviations calculated from three biological replicates.
Significance was assessed using t test, *p < 0.05; **p < 0.01; ***p <
0.001

Fig. 2 Comparison of the transcriptional levels acquired by real-time RT-
qPCR among the recombinant strains with the CRISPRi plasmids carry-
ing dcas9 drove by different promoters. For calculating relative expres-
sion, the mRNA abundance of dcas9 was firstly normalized to rpsB in
each corresponding strain, and then relative expression was the ratio of

dcas9 mRNA between the strains of YMZA-5, YMZA-9, YMZA-13,
and YMZA-17 (dcas9 drove by Plac, PfumC, PcoxB, or PR/tetO) to the strain
YMZA-1 (dcas9 drove by PmxaF) respectively. Data represent means and
standard deviations calculated from three biological replicates
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crtI (META1_3665) and Library 2 included 12 sgRNAs inter-
fering with four putative synthase genes. All 26 sgRNAs were
covered by 2470 recombinant strains ofM. extorquens AM1.
For Library 1 with 1320 strains, about 20 to 45% of strains
appeared faint pink on each plate as shown an example in Fig.
6c, suggesting that they likely produced less pink carotenoid
than that of the wild-type strain. Resultant PCR fragments of
sgRNAs from 50 faint pink recombinant strains were re-se-
quenced, and the distribution of sgRNAs is listed in Table 3.
All the sgRNAs from faint pink strains were found to target
the geneMETA1_3670 encoding putative phytoene desaturase
and the control crtI. RT-qPCR analysis demonstrated that the
mRNA levels of META1_3670 in the strains of YMZA-24,
YMZA-25, and YMZA-26 were reduced by 61.5 to 83.5%
(Fig. 6d). Subsequently, to verify the function of
META1_3670, it was deleted from the chromosome and the
mutant strain YAIP was shown colorless on the plate (Fig. 6e).
When the mutant strain was complemented with overexpress-
ing META1_3670, the complementary strain YACR could

restore the pink color and produce about 69% carotenoid of
the wild-type strain (Fig. 6 e and f; Fig. S3A). All these results
clearly demonstrated the gene META1_3670 was involved in
the carotenoid biosynthetic pathway in M. extorquens AM1.
Moreover, phylogenetic analysis revealed that the sequences
of phytoene desaturase respectively encoded by crtI
(META1_3665) and META1_3670 were diverged from each
other (Fig. S4). META1_3670 encoding a desaturase and its
homologous proteins from other species of Methylobacteria
indicated a close evolutionary relationship to ζ-carotene
desaturase CrtQa from Nostoc sp. PCC 7120 and CrtIb from
Myxococcus xanthus (Fig. S4). CrtQa has been demonstrated
to possess the function of Z to E isomerase and CrtIb has been
validated to dehydrogenate carotenes in the trans-conforma-
tion (Breitenbach et al. 2013; Iniesta et al. 2007; Botella et al.
1995). Thus, we hypothesized that the enzymes encoded by
META1_3670 and crt I might be responsible for
dehydrogenating carotenes with different conformation and
that cooperation of two carotene desaturases could result in

Fig. 4 The repression ofmCherry
by CRISPRi system. The strains
of YAIM-2 to 5 carried the
sgRNAs targeting different re-
gions of mCherry sequence. The
inserted panel was the relative
expression of mCherry between
the recombinant strain YAIM-3
and the control strain YAIM-
1. The red fluorescence was visu-
alized and quantified by
Cytation1 imaging reader. Data
represent means and standard de-
viations calculated from three bi-
ological replicates. Significance
was assessed using t test, *p <
0.05; **p < 0.01; ***p < 0.001
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completing the four dehydrogenation steps in M. extorquens
AM1.
However, for Library 2 with 1150 strains, 12 sgRNAs

targeting three predicted synthase genes did not result in any
change of colony color on the plate (Fig. S5A). We then
knocked out the previously annotated crtB (META1_3220)
and did not observe the changed color of colonies either in
the mutant strain of YAIB (Fig. S3B and Fig. S5B). Our cur-
rent results proposed that other unknown genes are likely re-
sponsible for this reaction. It also did not rule out the redun-
dant function of these three predicted genes, meaning that
single gene knockdown or deletion was not enough to signif-
icantly change the cell phenotype.

Application of CRISPRi to enhance the production
of carotenoid by knocking down a competitive
pathway

In recent years,M. extorquens has attracted the attention to be
developed as a single cell protein for aquaculture (Tlusty et al.
2017). One particular beneficial trait is that M. extorquens
produces a suite of natural carotenoid pigments that have been

associated with both imparting color and enhancing immunity
of shrimps and fishes (Tlusty et al. 2017). In order to improve
the production of carotenoid, one plausible strategy is to in-
crease the supply of precursor intermediates. InM. extorquens
AM1, the biosynthesis of carotenoid and hopanoid shares the
same precursor isoprene. And the squalene-hopene cyclase
encoded by gene shc is an essential enzyme for the hopanoid

Fig. 5 The repression of crtI by
CRISPRi system. a Comparison
of the change of colony color
among the recombinant strains
carrying different CRISPRi
plasmids. b The relative
expression of crtI and production
of carotenoids between the
recombinant strains (YMZA-21,
YMZA-22, and YMZA-23) and
the control strain YMZA-17. RT-
qPCR analysis and production
measurement are performed in
three biological replicates.
Significance was assessed using t
test, *p < 0.05; **p < 0.01;
***p < 0.001

�Fig. 6 Mining the putative enzymes involved in carotenoid biosynthesis
by CRISPRi with pooled sgRNAs. a The putative phytoene synthases in
orange and phytoene desaturases in red participating in carotenoid
synthesis. b The schematic chart for interference of putative phytoene
synthases and desaturases. c The color of colonies was changed due to
the repression of putative phytoene desaturases. d The relative expression
of phytoene desaturase gene META1_3670 in the recombinant strains
carrying different CRISPRi plasmids. e Functional analysis of META1_
3670 by deletion and gene complementation. f Comparison of carotenoid
production in the recombinant strains. The YMZA-17 strain carried the
plasmid with the control sgRNA, and the strains of YMZA-24 to YMZA-
26 carried the plasmids targeting different regions of the non-template
strand of META1_3670. YAIP was the strain with deleted META1_
3670. YACR was the strain with META1_3670 reintroduced into the
YAIP strain. RT-qPCR analysis and production measurement are per-
formed in three biological replicates. Significance was assessed using t
test, *p < 0.05; **p < 0.01; ***p < 0.001
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biosynthesis (Bradley et al. 2017). Because the hopanoid is
important for membrane fluidity and lipid packing, the direct
deletion of shc can cause the mutant strain to alter physiolog-
ical properties and suppress growth (Bradley et al. 2017;
Sáenz et al. 2015). Here, we evaluated whether we could en-
hance the production of carotenoid by knocking down the
expression of shc through CRISPRi without disturbing the
growth phenotype. Three CRISPRi plasmids were constructed
to target different sites of shc. By comparison of the control
strain YMZA-17, the production of carotenoid was not signif-
icantly improved in the strains of YMZA-27 and YMZA-28
but was increased by 1.9-fold in the recombinant strain
YMZA-29 (Fig. 7a). Meanwhile, the growth rate and biomass
yield of the strain YMZA-29 did not change significantly (Fig.
7b; Table S2). RT-qPCR analysis demonstrated that the
mRNA levels of shc in the strains YMZA-27 to YMZA-29
dropped to 42.2%, 75.7%, and 35.1% of that of the wild-type
strain, respectively (Fig. 7a). Therefore, with designing the
sgRNAs targeting different sites, the developed CRISPRi
could be applied to enhance the production of targeted metab-
olites through downregulating the expression of genes in-
volved in the competitive pathway with the essential function
in physiological process.

Discussion

M. extorquens AM1 is capable of growing on C1 compounds
as the sole carbon and energy source, which makes it a prom-
ising cell factory for biotechnology in a methanol- and
formate-based bioeconomy. Its central carbon metabolism
pathways such as the serine cycle and EMC pathway contain
C2 to C5 intermediates that are all interesting precursors for
producing value-added chemicals such as mevalonate, 3-
hydroxypropionate, and 1-butanol (Schada et al. 2018).
Thus, the relevant genes in these pathways cannot be simply
deleted for pushing the flux through the certain intermediate
because the knockouts usually result in a lethal growth phe-
notype on C1 compounds. In view of this, CRISPRi provides
a useful tool to fine-tune transcriptional level of essential
genes and channel flux through biosynthetic pathways of

targeted products. In this study, a CRISPRi system was devel-
oped to effectively knock down the gene expression in
M. extorquens AM1. The highest interference efficacy was
found to be dcas9 under control of PR/tetO without the TetR
repressor and sgRNA under control of strong promoter PmxaF-
g. In general, the highest repression efficacy can be achieved
in which both dcas9 and sgRNAwere droved by strong pro-
moters (Fontana et al. 2018); however, for M. extorquens
AM1, no significant repression efficacy was achieved when
both dcas9 and sgRNA were droved by strong PmxaF. We
propose that an appropriate balance of expression level of
dcas9 and sgRNA was critically important to determine the
efficiency of CRISPRi in M. extorquens AM1. Similar phe-
nomena have also been observed in other bacteria such as
E. coli, in which expression of dcas9 by a moderate level
promoter and the sgRNA by strong promoter achieved the
optimal production of isopentenol (Tian et al. 2019).
Inducible promoters are often applied to control the dynamic
expression of dcas9 to achieve dynamic repression of target
gene with different concentrations of inducers (Wang et al.
2019; Tan et al. 2018). In M. extorquens AM1, the inducible
promoters confer weak or leaky expression under control of
repressor (Marx and Lidstrom 2001), and in this study, we
tried to use inducible promoter PR/tetO along with its repressor
TetR to dynamically regulate the repression of gene expres-
sion, whereas it did not make the improvement of repression
efficacy.
Previous studies have demonstrated that variant sgRNAs

targeting different regions show important relationship with
repression efficacy, which was also observed in our study by
the repression activity of glyA, mCherry, crtI, META1_3670,
and shc. When sgRNA targeting the beginning region of the
transcript or − 10 and − 35 regions of promoter, it is indicated
to result in higher repression (Larson et al. 2013; Qi et al.
2013; Du et al. 2017; Huang et al. 2016). However, for inter-
fering the coding region, it is difficult to accurately predict
which locus region on the non-template strand would be more
suitable for achieving high interference efficacy. Many reports
have revealed that the sgRNA targeting the coding region of
non-template strand with small distance to transcriptional start
site can achieve better repression efficacy (Zhan et al. 2019; Li
et al. 2017; Hogan et al. 2019), but sometimes, the repression
efficacy of sgRNA is not well correlated to the distance (Tao
et al. 2017; McInally et al. 2019). ForM. extorquens AM1, as
shown from the repression efficacy interfering glyA, crtI,
META1_3670, and shc, it was more likely that interfering
initial and terminal coding region of non-template strands both
showed good repression efficacy. By this developed CRISPRi
technology, we successfully knocked down the transcriptional
level of squalene-hopene cyclase gene shcwithout influencing
cell growth and introduced more flux into carotene biosynthe-
sis resulting in an about 2-fold improvement in carotenoid
production.

Table 3 Proportion of 50 sgRNAs sequenced from faint pink strains
generated by interference of four putative phytoene desaturases gene and
one identified phytoene desaturase crtI by using CRISPRi

Targeted sites of sgRNAs Proportion of sgRNAs (%)

META1_3665-NT6 9.62

META1_3665-NT1168 5.77

META1_3670-NT29 23.08

META1_3670-NT815 44.23

META1_3670-NT1500 17.30
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CRISPRi has been demonstrated to be very useful in identi-
fying targeted gene from a series of candidate genes in tradi-
tional industrial strains such as E. coli and Corynebacterium
glutamicum and in the human pathogen Vibrio cholerae
(Wang et al. 2018; Lee et al., 2018; Caro et al. 2019). For
instance, by using CRISPRi technology, Lee et al. rapidly
identify an unknown carboxyl esterase for degradation of
methyl acetate in C. glutamicum (Lee et al., 2018). In this
study, by application of the CRISPRi systemwith a small pool

of sgRNAs, we rapidly screened out a new phytoene
desaturase encoded byMETA1_3670 responsible for caroten-
oid biosynthesis. Whereas Van Dien et al. identified a
phytoene desaturase CrtI (META1_3665) participating in ca-
rotenoid biosynthesis from approximately 7000 screened vi-
sually through transposon mutagenesis technology (Van Dien
et al. 2003), CRISPRi developed here presented to be a high
throughput genetic tool to achieve precise interference of a
number of candidate genes and reduce insertion bias on the

Fig. 7 Improvement of the
carotenoid production in
M. extorquens AM1 through
interfering the expression of shc.
a The relative expression of shc
and relative production of
carotenoid in the recombinant
strains. b Comparison of growth
curve of the recombinant strains.
RT-qPCR analysis, production
measurement, and growth analy-
sis are performed in three biolog-
ical replicates. Significance was
assessed using t test, *p < 0.05;
**p < 0.01; ***p < 0.001
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chromosome. Up to now, many bacterial carotenoid biosyn-
thetic genes are reported to form a cluster pattern (Tian and
Hua 2010), and only a few characterized examples, such as in
Gemmatimonas aurantiaca, Deinococcus radiodurans, and
Salinispora tropica, have been found to either be not
colocalized or be loosely clustered and, thus, not co-
transcribed (Tian and Hua 2010; Takaichi et al. 2010;
Richter et al. 2015).Moreover, one single phytoene desaturase
has been demonstrated to be enough to catalyze four
desaturation steps to produce lycopene in bacteria (Tian and
Hua 2010; Fischbach and Voigt 2010; Paniagua et al. 2012).
So far, there is only one example found in Myxococcus
xanthus that two carotenoid desaturases CrtIa and CrtIb are
required to complete four desaturation steps to convert
phytoene into lycopene (Iniesta et al. 2007). In addition, in
cyanobacteria and plants, phytoene desaturase Pds and ζ-
carotene desaturase Zds have been also described to catalyze
the sequential conversion from phytoene to ζ-carotene, and
then, to lycopene (Nupur et al. 2016; Hirschberg 2001; Nisar
et al. 2015). Our study provides the second example in bacte-
ria that two desaturases encoding by META1_3665 and
META1_3670 are involved in carotenoid biosynthesis. For
the chemical structures of carotenoids in methylotrophic bac-
teria, currently, it has not been well demonstrated except for a
few species (Sato et al. 1982; Ayako et al. 2015). For instance,
four carotenoids with an attached sugar moiety have been
isolated from six Methylobacterium strains (i .e. ,
Methylobacterium sp. 189, Methylobacterium sp. 32,
Methylobacterium sp. F15, Methylobacterium sp. 680,
M. populi BJ00118 and M. radiotolerans JCM2831) (Ayako
et al. 2015). The structures of carotenoids produced by
M. extorquens AM1 were proposed to be similar with that
produced byMethylobacterium strains (Ayako et al.2015) ac-
cording to their accurate mass and UV absorption (data not
shown), which could be the C30-carotenoids with aβ-glucose
and a fatty acid chain. Considering the exact structures of
carotenoids in M. extorquens AM1 are still unclear at this
moment, it is difficult to postulate the clear role that each
desaturase played. The characterization of the chemical struc-
tures and enzymatic function are subjects of ongoing research.
A number of genes are poorly identified in the model

methylotroph of M. extorquens AM1, leading to a large
challenge of engineering this type of bacterium as a pow-
erful chassis host. Our work herein demonstrates that the
developed CRISPRi system can efficiently and gradually
repress the expression of diverse targeted genes in
M. extorquens AM1, providing an important basis for fur-
ther uncovering unknown gene functions with pooled
sgRNA libraries in a high-throughput phenotypic screen-
ing approach. Additionally, fine-tuning gene expression
by CRISPRi provides a valuable strategy for gene knock-
down of competing pathways to channel more flux into
the desired pathway.
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