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Abstract

Cyanobacteria are photoautotrophic prokaryotes that serve as key model organisms to 

study basic photosynthetic processes and are potential carbon-negative production 

chassis for commodity and high-value chemicals. The development of new synthetic 

biology tools and improvements of current ones is a requisite for furthering these 

organisms as models and production vehicles. CRISPR interference (CRISPRi) allows 

for targeted gene repression using a DNAse-dead Cas nuclease (“dCas”). Here, we 

describe a titratable dCas12a (dCpf1) CRISPRi system and apply it to repress key 

photosynthetic processes in the fast-growing cyanobacterium Synechococcus sp. UTEX 

2973 (S2973). The system relies on a lac repressor system that retains tight regulation 

in the absence of inducer (0 – 10% repression) while maintaining the capability for 

>90% repression of high-abundance gene targets. We determined that dCas12a is less 

toxic than dCas9. We tested the efficacy of the system towards eYFP and three native 

targets in S2973: the phycobilisome antenna, glycogen synthesis, and photosystem I 

(PSI), an essential part of the photosynthetic electron transport chain in oxygenic 

photoautotrophs. PSI was knocked down indirectly by repressing the protein factor BtpA 

involved in stabilizing core PSI proteins. We could reduce cellular PSI titer by 84% 

under photoautotrophic conditions and characterized these cells to gain insights into the 

response of the strain to the low PSI content. The ability to tightly regulate and time the 

(de)repression of essential genes in trans will allow for the study of photosynthetic 

processes that are not accessible using knockout mutants.
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Cyanobacteria are oxygenic photoautotrophic prokaryotes that can derive cellular 

energy, reducing equivalents, and biomass solely from (sun)light and CO2 as primary 

sources. In recent years, these organisms have become attractive chassis for the 

production of commodity and specialized chemicals including alcohols, organic acids, 

sugars, terpenoids, alkaloids, and more.1-4 Significant interest in these organisms as 

production hosts has been sustained, in part, by their ability to be cultured on trace 

minerals and CO2, obviating the requirement for sometimes expensive carbon 

feedstocks. Furthermore, cyanobacteria can be more easily genetically manipulated 

than eukaryotic algae and plants and exhibit a relatively high light energy conversion 

efficiency.5 Studies of cyanobacteria have provided important insights into the 

biochemical machinery, metabolism, and molecular physiology of photosynthesis. In 

order to feed the growing global population in the 21st century, it is estimated that 

current crop yields must be roughly doubled.5, 6 Using genetically tractable model 

organisms provides a means to better understand photosynthetic processes including 

light harvesting, energy transduction and dissipation, and efficient carbon fixation 

pathways- knowledge needed to engineer plants with higher crop yield per acre.5-8 

Synthetic biology tools have been adapted for use in several model 

cyanobacterial species and applied to improve titers in engineered strains or study the 

physiology of the organisms.9-12 In recent years, bacterial CRISPR/Cas (clustered 

regularly interspersed palindromic repeats/CRISPR-associated protein) technology has 

been established as a revolutionary tool for genome editing in prokaryotes as well as 

eukaryotes. We and others have demonstrated application of CRISPR/Cas systems for 

targeted, markerless genome editing of various cyanobacterial strains.12-15 CRISPR/Cas 
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technology is based on the innate adaptive immune system in bacteria and archaea and 

relies on the pairing of an RNA-based guide molecule and a Cas nuclease (or “effector 

protein”) to cleave target DNA sequences.16-18 This guide RNA (gRNA, also known as a 

protospacer) is complementary to the target DNA. By altering the sequence of the 

gRNA, the nuclease Cas protein can be localized to specific DNA sequences resulting 

in the introduction of a site-specific nick or a double-strand break.17 By also introducing 

a DNA repair template with homology to the region around a break, the system can be 

used to make markerless gene knock-outs and knock-ins via double-homologous 

recombination. Most CRISPR systems also require a protospacer adjacent motif (PAM) 

that is next to the target site encoded by the gRNA.17 The PAM sequence depends on 

the CRISPR effector protein but is essential for efficient recognition and cleavage of the 

target strand.

CRISPR interference (CRISPRi) is a related technology that utilizes a DNAse-

dead (“dCas”) mutant of the nuclease. The mutant, instead of introducing nicks or 

double-strand breaks in the target DNA, merely binds to the target sequence, thereby 

introducing a steric blockage.19 This allows for a selective knock-down of target genes 

by preventing mRNA transcription by RNA polymerase. This system was first described 

for Cas9,19 but has also been adapted for other types of CRISPR effectors including the 

type V Cas12a protein (formerly known as Cpf1).20, 21 Several groups have reported the 

development of Cas9-based CRISPRi systems for unicellular cyanobacterial strains 

including Synechocystis,22-24 Synechococcus elongatus PCC 7942,25 Synechococcus 

sp. PCC 7002,26 as well as the filamentous Anabaena sp. PCC 7120.27 These studies 

were recently reviewed by Behler et al.12 The impetus for developing these systems has 
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primarily been for biotechnological applications, using CRISPRi to re-direct carbon flux 

and/or knock-down competing carbon pathways in order to increase product titers23-26 or 

develop physiological properties attractive for potential industrial strains.26 However, 

CRISPRi has also been applied to control cyanobacterial cell differentiation,27 

highlighting potential applications for using the method to better understand 

cyanobacterial physiology and possibly photosynthetic processes. An important concern 

in the development of CRISPRi systems is ensuring tight repression of the Cas protein 

in the absence of an inducer. Expression of the Cas/dCas protein can result in toxicity to 

cyanobacteria13, 26 requiring use of tight, inducible regulatory systems to control 

activation of the potentially toxic Cas gene.9 The CRISPRi platforms used in 

cyanobacteria so far mainly relied on the tetR-repressed, anhydrotetracycline (aTc)-

inducible “L” promoter series developed by Huang and Lindblad.28 These studies also 

highlighted several principles of developing successful repression systems in 

cyanobacteria. First, the best results were often achieved by expressing Cas from 

relatively weak promoters in order to avoid toxicity toward the host.23, 26 Second, a 

higher dynamic repression range of target genes often came at the cost of increased 

leakiness in the absence of inducer.26, 27  Finally, the target site of the Cas protein 

relative to the gene coding sequence is an important parameter in determining the 

efficacy of gene repression.19, 25, 26

Synechococcus sp. UTEX 2973 is a fast-growing unicellular freshwater 

cyanobacterium that was first reported in 2015.29 The strain has garnered attention as a 

photoautotrophic production chassis owing to its rapid photoautotrophic doubling time 

(roughly 2 hours),29 genetic tractability,13, 14, 30 and high rates of carbon and electron flux 
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that could enable production of higher titers of various chemicals from CO2.31-33 

Furthermore, S2973 is a model for dissecting the genetic and physiological causes of 

rapid photoautotrophic growth.34 Applying CRISPRi in this strain could be a powerful 

means to better understand photosynthetic processes and improve yields of CO2-

derived chemicals. Although a Cas9-based CRISPRi system was developed for use in 

the closely related strain Synechococcus elongatus PCC 7942,25 no such system has 

been reported in S2973. Herein, we describe the design, construction, and application 

of a plasmid-based Cas12a (Cpf1) CRISPRi system in S2973. We utilized a lacI/IPTG-

inducible promoter system to drive expression of dCas12a and found that the system 

displayed little leakiness in the absence of inducer (0 – 10% target repression) but 

remained widely titratable with the repression range varying depending on the gene 

target. We applied this system to repress three core processes in S2973 that are key to 

its photoautotrophic lifestyle. We knocked down part of the phycobilisome antenna 

which is tasked with harvesting and channeling light energy towards the reaction 

centers, glycogen synthesis which acts as a shunt for excess CO2-derived carbon, and 

photosystem I (PSI) which is a core part of light-energy transduction and serves to 

generate primary reducing equivalents for the cell in the form of reduced ferredoxin and 

NADPH. PSI titers were decreased by targeting BtpA, a regulatory protein first identified 

in Synechocystis sp. PCC 6803 (Synechocystis hereafter).35 This indirect approach 

represents a novel use of CRISPRi for knock-down of core photosynthetic processes. 

Our findings provide new insights into the physiology of S2973 and set the stage for 

further investigation of this important model organism using CRISPRi. Knocking out 

core photosystems has historically necessitated using strains capable of growing under 
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chemotrophic conditions (such as Synechocystis) and maintaining mutant/knockout 

strains under rigorous culture conditions in order to prevent accumulation of revertant 

cells. The ability to tightly control the timing and extent of repression of essential 

photosynthesis genes in trans represent a powerful tool for investigating core 

photosynthetic processes and developing strains for biotechnological applications.

Results

Design and construction of the IPTG-inducible dCas12a CRISPRi system and 

knock-down of eYFP expression. We have previously reported a plasmid-based 

Cas12a (formerly known as Cpf1)18, 36 CRISPR system for genome editing in different 

unicellular and filamentous cyanobacterial strains.14 This system uses a type V effector 

nuclease which, unlike Cas9, processes its own CRISPR array into guide RNAs 

(gRNAs).36 Targeting Cas12a to a site in the genome is accomplished by digesting the 

parent plasmid pSL2680 using the AarI restriction enzyme and inserting synthesized 

gRNAs by ligation.14 In order to convert Cas12a into dCas12a for CRISPRi, we 

generated a D917A mutation that had previously been shown to abolish the nuclease 

activity of Cas12a.20, 36 In order to control expression of the system, we used a titratable 

IPTG-inducible regulatory system that we recently described for S2973.37 We placed 

dCas12a under control of the trc promoter surrounded by two symmetric lac operator 

sequences (“trc2O”, Figure 1A). Previously, Gordon et al. showed that tying expression 

of the effector gene and gRNA array to the same inducer yields the largest repression 

range.26 As such, the gRNA array was placed under control of the E. coli lac promoter 

containing one symmetric lac operator sequence (“lac1O”, Figure 1A). Finally, we 
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cloned the coding sequence for the enhanced lacI repressor mutant (W220F, 

“lacImut”)38 upstream of the dCas12a cassette under control of the constitutive J23119 

promoter (Figure 1A). Previous CRISPRi reports utilized a tetR/anhydtrotetracycline 

(aTc)-inducible “L” series promoter system owing to its tight repression and good 

induction ratios.28 We chose to not use this system because aTc is light-sensitive which 

is not useful when culturing S2973 under high-light conditions where it exhibits its 

maximal growth rate.31 Furthermore, we wanted to develop a system using orthogonal 

parts to those that had already been used. We cloned and/or synthesized the requisite 

DNA fragments in order to assemble the dCas12a-CRISPRi vector and used Gibson 

assembly to construct the base vector named pSL3287 (Supplementary Figure S1). 

This plasmid contains a kanamycin resistance cassette (aph gene) and a RSF1010-type 

replication and mobilization region that allows it to be conjugated into and replicated in a 

variety of bacterial strains.39

We first used enhanced yellow fluorescent protein (eYFP) to determine the 

repression range of the dCas12a CRISPRi system. The eYFP gene and a 

spectinomycin resistance marker (aadA gene) were integrated into the S2973 genome 

neutral site I (NSI) using a derivative of the pAM1303 suicide vector (Addgene plasmid 

#40243). The eYFP gene was constitutively expressed from the trc promoter without lac 

operator sequences (Figure 1B). This eYFP integration vector, pSL3192, was 

conjugated into S2973 using tri-parental mating and recombinants were selected using 

BG11 media supplemented with 10 g/ml spectinomycin. The resulting strain was 

named JU254. The eYFP fluorescence was measured in cultures of JU254 and 

normalized to the optical scattering at 730 nm. In order to knock down eYFP 
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expression, we designed the CRISPRi gRNA to target dCas12a 10 bp downstream of 

the trc promoter on the non-template strand near the transcriptional start site (Figure 

1B). The site has a 5’ TTG PAM sequence. This positioning also prevents dCas12a 

from being targeted to its own trc promoter on the CRISPRi expression plasmid. We 

ordered oligos for the two halves of the 20 bp gRNA, annealed them, and ligated the 

gRNA into AarI-digested pSL3287 to make plasmid pSL3318. This plasmid was 

introduced into JU254 to make strain 2973::eYFPi (“eYFP interference"). As a control 

for our experiments, we generated a JU254 strain hosting pSL3287.

We assessed the effect of the dCas12a on eYFP protein production by 

measuring whole-cell fluorescence of cultures in the early to mid-linear growth phase. 

Due to the high stability of the eYFP protein, we diluted cultures to low densities and 

grew these cells in air under 50 E m-2 s-1 for at least two days in order to allow time for 

the already synthesized eYFP proteins to degrade before making our measurements. 

Fluorescence from wild type (WT) S2973 was negligible. We compared 2973::eYFPi to 

a control strain of WT S2973 hosting plasmid pSL3287 that lacks a targeting gRNA 

(‘control strain’ hereafter). Plasmid pSL3287 has a lacZ cassette inserted into the gRNA 

array but it is on the non-coding strand and thus not translated.14 Previous work with the 

lacImut/trc2O regulatory system in S2973 showed that it was titratable37 and so we 

tested various IPTG concentrations to see if we could control the amount of eYFP 

repression. Under uninduced conditions, fluorescence from the control and 2973::eYFPi 

were the same (p > 0.05, two-tailed student’s t-test). Adding increasing concentrations 

of IPTG from 10 M to 1 mM resulted in commensurate reduction in eYFP fluorescence 

in 2973::eYFPi (Figure 1C). We observed a reduction in fluorescence to 37% of the 
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uninduced control strain at 1 mM IPTG but we also achieved near this level of 

repression with 250 M IPTG. In order to test whether this corresponded to the maximal 

repression achievable, we generated a version of the eYFP-targeting plasmid lacking 

the repressor lacI protein (plasmid pSL3320) and introduced it into JU254. This strain 

should show the maximal repression achievable for this effector protein/eYFP gRNA 

combination. Analysis of this strain showed a constitutive reduction in eYFP 

fluorescence to 29% of the control (Figure 1C), indicating that induction of 2973::eYFPi 

with 1 mM IPTG does not result in the maximum possible repression. This is likely due 

to inability to fully dissociate all the lacImut protein from the dCas12a promoter in cells 

and/or constitutive synthesis of new repressor protein. Having demonstrated that the 

system is functional in S2973, we next targeted the system to knock down native genes 

in the organism and further characterize its efficacy.

Titratable and reversible repression of S2973 phycobilisome antennae. In addition 

to containing the two photosystem complexes that are tasked with generating reducing 

equivalents and energy for the cell, cyanobacteria also harbor large 3-5 MDa pigment 

protein complexes called phycobilisomes (PBS) that associate with the membrane-

bound photosystems and increase the bandwidth of light absorption.40, 41 The cpcB and 

cpcA genes encode the - and -subunits of the phycocyanin pigment protein (Pc), 

respectively. These Pc heterodimers assemble into hexameric discs that are stacked 

into a rod-like structure and radiate outward from an allophycocyanin PBS core.40 Pc 

contains a covalently bound phycocyanobilin chromophore that absorbs orange light 

and confers a bluish color to cells. Pc exhibits a broad absorption peak centered at 625 
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nm that provides a convenient means to track the Pc content of cells. In the S2973 

genome, cpcB and cpcA are part of operons that also include several PBS structural 

genes and lyases involved in chromophore attachment. In the S2973 genome, there are 

two identical copies each of the cpcB and cpcA genes but the copies have different 

downstream cpc genes (shown diagrammatically in Figure 2A). The cpc operon 

transcript is the second-most abundant in S2973 under normal growth conditions34 and 

the PBS complexes can represent up to 50% of the protein in cells,41 making this an 

excellent candidate to test the efficacy of CRISPRi towards a high-abundance target.

We designed a dual gRNA to target dCas12a to the ribosome binding site (RBS) 

and start codons of the cpcB1/A1 and cpcB2/A2 genes in S2973 (Figure 2A, gRNAs ‘B’ 

and ‘A’). We chose a dual gRNA in order to prevent transcription of the downstream cpc 

genes from an internal promoter possibly present within cpcB. This tandem gRNA was 

synthesized, annealed, and ligated with linearized pSL3287 to produce plasmid 

pSL3346 and conjugated into S2973 to make strain 2973::cpci. Supplementary Figure 

S2 shows the structure of the dual gRNA array in pSL3346. We tested cells grown 

under 200 E m-2 s-1, 0.5% CO2 at 38 C in shaker flasks. PBS are degraded by S2973 

and other cyanobacteria in response to nitrogen starvation, inducing a chlorotic 

phenotype.29, 41 This disassembly occurs if S2973 is allowed to grow to high culture 

density and so we quantified the Pc content of cells during the early linear growth phase 

(Figure 2B). The optical spectra of 2973::cpci and the control strain with pSL3287 were 

obtained from whole cells and the Pc content calculated from the spectra (see Methods 

and Materials). In the absence of IPTG, the control strain contained 25.2  2.5 g/ml Pc 

and 2973::cpci contained 22.6  3 g/ml Pc, suggesting some leakiness of the 
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uninduced cells. However, this difference was not statistically significant given the error 

(p > 0.05, two-tailed student’s t-test). Titration with IPTG concentrations between 1 M 

to 1 mM resulted in a quantitative reduction in the Pc content of 2973::cpci to a 

minimum of 5.2  0.8 g/ml at maximal induction while the control maintained 24.1  4.6 

g/ml (Figure 2B). This corresponds to a reduction of 80% compared the control strain. 

Titration with IPTG also induced a pale green phenotype consistent with elimination of 

fully assembled antennae complexes (Figure 2C). Most of the maximum Pc repression 

was achieved with the addition of 100 M IPTG.

We next used 2973::cpci to determine if the dCas12a CRISPRi system is able to 

be shut off and transcription of the cpc operon re-activated by removing IPTG. We 

cultured 2973::cpci in the presence of 250 M IPTG for two days in order to obtain cells 

with reduced Pc content. These cells were collected and washed to remove residual 

IPTG in the media. We resuspended the pellet in a small volume of media and diluted 

this suspension into fresh media with or without 250 M IPTG. We quantified Pc content 

of these cultures for several days of growth in order to determine whether removal of 

IPTG resulted in re-assembly of Pc rods (Figure 2D). Due to the rapid growth of the 

cells, we re-diluted the cells into fresh media with or without IPTG after 70 hours and 

again at 120 hours. At the start of the experiment, the Pc content of the cells was 

between 4 and 5 g/ml but steadily increased back to control levels after five days 

(Figure 2D). In the repressed cultures over the first four days, Pc assembly lagged 

behind the cultures maintained without IPTG but did increase slowly. Between 94 and 

120 hours we observed an overnight increase in Pc content back to near-control levels 

(Figure 4D). Re-dilution of these cells did not elicit any further response to IPTG 
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induction and the Pc content remained constant thereafter. We repeated this 

experiment two more times with 2973::cpci and in each trial S2973 became insensitive 

to IPTG after being maintained in a repressed state for three to six days (data not 

shown). We hypothesized that this desensitization was either due to loss of part of the 

CRISPRi plasmid and/or mutation of the genes or gRNA array over time. We performed 

PCR on cell lysates of 2973::cpci at different time points during induced and uninduced 

growth in order to assess whether the CRISPRi plasmid was unstable. The PCR 

primers were designed to amplify a 6 kbp fragment spanning across lacImut, dCpf12a, 

and the gRNA array on the pSL3346 plasmid. The PCR results indicated that this region 

of the plasmid was lost/rearranged over time in liquid culture (Supplementary Figure S3) 

providing an explanation for why the strain became insensitive to IPTG and why the 

repression was unstable. The implications of this result are discussed below.

Reduction of intracellular glycogen accumulation in S2973 using dCas12a. 

Glycogen is a polymer composed of -1,4 and -1,6 linked glucose monomers that is 

synthesized by cyanobacteria as a carbon storage compound. Many species synthesize 

intracellular glycogen granules in response to nutrient starvation, osmotic stress, and as 

an overflow metabolite to balance carbon fixation rates with photosynthetic activity.31, 42, 

43 Depending on the strain and the growth conditions, cyanobacteria can accumulate 

glycogen up to 60% of the total cell biomass.31, 32, 42 Knockout of glycogen biosynthetic 

genes and Cas9-CRISPRi has previously been used to re-direct carbon flux from the 

glycogen biosynthesis to engineered pathways for organic acids and alcohols.15, 42-44 

Physiological characterization of S2973 revealed that the strain accumulates glycogen 
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to 35 – 50% of dry cell weight after only a few days when cultured under nutrient-replete 

photoautotrophic conditions.31, 32 This is dramatically higher than the roughly 8% 

glycogen content of the related strain Synechococcus sp. PCC 7942 under similar 

conditions.31 Elimination or reduction of glycogen storage and re-direction of this carbon 

flux to engineered metabolic pathways in S2973 under nutrient-replete conditions is an 

attractive avenue for increasing valuable bioproduct titers.15, 42-44

To initiate glycogen biosynthesis, glucose-1-phosphate is activated to ADP-

glucose by glucose-1-phosphate adenylyltransferase that is encoded by the glgC gene. 

Knocking out glgC eliminates production of glycogen.15, 43 We designed a gRNA to 

target dCas12a to the non-template strand promoter region of glgC, 78 bp upstream of 

the start codon. This gRNA (“glgC gRNA1”) was ligated into the CRISPR array and 

conjugated into S2973. We cultured this 2973::glgCi-1 strain and the control to 

saturation under 600 E m-2 s-1 and 1% CO2 at 38 C in shaker flasks. The cells were 

either grown without IPTG or with 1 mM IPTG. Glycogen content for the uninduced 

control strain after three days of growth was 41% of DCW whereas 2973::glgCi-1 

contained 37% glycogen (Figure 3B). Induction with 1 mM IPTG resulted in similar 

levels of glycogen for the control whereas the content of 2973::glgCi-1 was reduced to 

33% of DCW. These results were much more modest than expected based on what we 

saw for the cpc and eYFP CRISPRi strains induced with 1 mM IPTG. We experimented 

with going to higher IPTG concentrations but this did not result in a significant further 

reduction in glycogen content (data not shown).

We considered that targeting dCas12a to the promoter region of glgC was not 

optimal for repressing transcription of the gene and designed new gRNAs. glgC-gRNA2 
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was designed to target dCas12a to the RBS and start codon of glgC and gRNAs 3 and 

4 were targeted to the coding sequence 22 and 108 bp after the start codon, 

respectively (Figure 3A). gRNAs 3 and 4 were co-expressed in the same CRISPR array 

(Supplementary Figure S2). S2973 strains harboring the CRISPRi plasmids with these 

gRNAs in the array were cultured under the same conditions as above. S2973 with glgC 

gRNA2 (2973::glgCi-2) resulted in a similar glycogen content to 2973::glgCi-1 (38%) but 

induction with 1 mM IPTG reduced glycogen content to 11% (Figure 3B). S2973 with 

the tandem glgC-gRNAs 3 and 4 (2973::glgCi-34) contained 38% glycogen per DCW in 

the absence of inducer but induction with 1 mM IPTG diminished the glycogen content 

to 3.2% of DCW which corresponds to a 92% reduction. Prolonged growth of 

2973::glgCi-2 or 2973::glgCi-34 with 1 mM IPTG beyond five days under fast-growth 

conditions resulted in a bleaching of their green color and death of the cells. In the 

absence of inducer, the glycogen content of the three glgC CRISPRi strains was 

reduced by roughly 9% compared the control strain (Figure 3B). We note that S2973 

rapidly accumulates glycogen at a rate of several percent per hour31 and a slight 

deviation in the physiological age of the cells could account for this observed difference.

In the above experiments, we induced the cultures immediately after re-diluting 

into fresh media. S2973 begins to rapidly synthesize glycogen after entry into the linear 

growth phase and continues to make the polymer through the late linear and stationary 

phases.31 We performed an experiment with 2973::glgCi-34 tracking the effect of 

CRISPRi on glycogen production over time and whether we could induce the strains 

near the time S2973 begins to make glycogen. We cultured the S2973 in a bioreactor 

under high light conditions (800 E m-2 s-1) while bubbling with 5% CO2 at 38 C. The 
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cultures were induced in the early linear phase at 16 hours with 1 mM IPTG (Figure 3C). 

We quantified glycogen content of these cells over five days. At 16 hours, immediately 

prior to induction, the glycogen content was the same between the cultures, near 1% of 

DCW. At eight hours after addition of IPTG, we could already detect a slight difference 

in the glycogen content of the uninduced cells compared the induced – 1.8  0.6 vs. 1.3 

 0.3% of DCW. This difference had increased to 17  3 vs. 10  1% glycogen by 42 

hours of growth. The normalized glycogen content of the induced cells was highest at 

68 hours (17%) in the early stationary phase. At 116 hours, the induced cells contained 

80% less glycogen compared to the uninduced cells. The altered glycogen production 

also affected the growth behavior of the strains: their growth rate was identical until 

about eight hours after induction at which point they began to diverge (Figure 3C). The 

uninduced cells exhibited a longer linear growth phase and reach a higher final optical 

density. The density of the induced cells plateaued at 55 hours after which it steadily 

decreased whereas that of the uninduced cells continued to increase. The final dry 

biomass yield was also 45% lower for the induced cultures, in line with the reduced 

intracellular glycogen content. We note that we did not ascertain whether the 

carbon/nitrogen biomass composition of the glycogen-repressed cells was different than 

that of the uninduced cells.

Reduction in S2973 photosystem I content by repressing the post-transcriptional 

regulator BtpA. CRISPRi in cyanobacteria has thus far been used primarily in the 

context of metabolic engineering and to date no reports using CRISPRi to target either 

of the photosystems in cyanobacteria or other organisms for repression have been 
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published. For this study, we aimed to repress photosystem I (PSI) in S2973. In order to 

reduce titers of PSI, we targeted the CRISPRi system to repress a protein that had 

previously been shown to regulate PSI titers at the post-transcriptional level.35, 45, 46 The 

protein was identified and characterized in Synechocystis and termed BtpA (“biogenesis 

of thylakoid proteins A”).35 A point mutant of the btpA gene accumulated 80 – 90% less 

PSI but maintained similar levels of photosystem II (PSII) compared to WT.35 The 

protein was shown to localize to the thylakoid membranes as an extrinsic protein45 and 

to have a role in stabilizing the PSI core protein PsaA such that a knockout results in 

faster PSI turnover and a lower overall steady-state PSI content in cells.46 The detailed 

mechanism of how BtpA stabilizes PsaA/PSI remains unknown. BtpA has not been 

characterized in S2973 and we first set to identify a homologue in this strain. BLASTing 

the Synechocystis homologue (sll0634) against the S2973 genome sequence identified 

a protein with 80% sequence identity that belonged to the BtpA family but was 

annotated as a phosphoribosylanthranilate isomerase (gene ID M744_RS03535). We 

anticipated that by targeting this gene with dCas12a we would be able to confirm its 

identity as a Synechococcus BtpA homologue and knock down PSI titers. We designed 

a gRNA to target dCas12a 43 bp into the coding sequence of this gene and cloned it 

into AarI-digested pSL3287 to make plasmid pSL3415. This was conjugated into S2973 

to make strain 2973::btpAi.

2973::btpAi and the control strain were cultured in shaker flasks under 

photoautotrophic conditions with different concentrations of IPTG for two days before 

characterization. We collected 77 K fluorescence spectra of 2973::btpAi and the control 

with a 435 nm (chlorophyll) excitation wavelengthwhich showed a reduction in the 
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fluorescence emission peak observed at 715 nm that originates from PSI (Figure 4A 

and B). The magnitude of PSI emission was similar for 500 μM and 1 mM IPTG. We 

also observed a reduction in the relative PSI fluorescence from the control strain lacking 

the btpA gRNA, although this was less than for 2973::btpAi strain. All of the samples 

measured using 77K fluorescence were normalized to the same Chl a content (20 

ug/ml). However, this fluorescence measurement is not a quantitative reflection of PSI 

content as the emission peak at 715 nm relies on energy transfer from other photoactive 

centers in S2973. Furthermore, a reduction in the PSI content would result in a 

concomitant decrease in Chl a since PSI harbors 80% of this pigment in the cell,47, 48 

thereby affecting the number of cells loaded for the measurement. As such, the amount 

of PSI was quantified by using Joliot-Type Spectrometer (JTS-10) to monitor PSI 

absorbance change at 705 nm and the value normalized to the number of cells.

Under uninduced conditions, the PSI content of 2973::btpAi and the control was 

the same (p < 0.05) but steadily decreased with increasing IPTG concentration (Figure 

4C). We did not see a large reduction in PSI titer at 50 or 100 μM IPTG, unlike in 

2973::cpci and 2973::eYFPi. With 1 mM IPTG, PSI titers in 2973::btpAi were reduced to 

13% of the uninduced sample. In contrast to the 77 K fluorescence data, a substantial 

reduction in the PSI content on per cell basis can be seen between 500 μM and 1 mM 

IPTG, likely due to the different normalization method. The changes in total cell number 

for 2973::btpAi when IPTG-induced cells are resuspended at 5 μg Chl a mL-1 are 

presented in Table 1. We observed a substantial increase in the number of cells per μg 

Chl a on inducing the 2973::btpAi cells compared to the control strain (> four-fold 

increase at 1 mM), suggesting significantly less Chl a per cell as would be expected for 
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a lower cellular PSI content. We also tested whether we could trigger re-assembly of 

PSI by removing IPTG as with 2973::cpci. We found that PSI titers returned to 

uninduced levels within 48 hours after washing and re-diluting the cells into fresh media 

(data not shown).

We also determine whether CRISPRi was affecting the expression of only btpA 

or both btpA and psaA. Since BtpA acts post-transcriptionally to regulate PSI titers in 

Synechocystis,46 we expected that IPTG induction would decrease the accumulation of 

btpA transcripts but psaA transcripts would remain relatively constant. We extracted 

RNA from 2973::btpAi cells grown with 0, 100, and 1000 μM IPTG under 

photoautotrophic conditions and performed RT-PCR on the cDNA to amplify btpA, 

psaA, and rpoA (internal control). The results show that btpA expression was lowered 

considerably upon induction whereas psaA transcripts remained relatively constant 

(Figure 5). From the band intensities, we estimated that btpA expression levels were 

reduced to 30% and 20% of the uninduced cells at 100 and 1000 μM IPTG, 

respectively. Normalized expression of psaA was estimated to be 110% and 85% of the 

control at 100 and 1000 μM, respectively. While there was a decrease in psaA transcript 

levels at 1000 μM IPTG, we do not think that this reasonably accounts for the 84% 

reduction in PSI content per cell.

Comparisons of dCas12a to other cyanobacterial CRISPRi systems. Previously, 

Cas9 had been shown to be toxic to S297313 whereas Cas12a was not.14 Interestingly, 

this also seems to extend to the nuclease-dead variants as expression of dCas9 in 

Synechococcus sp. PCC 7002 required tight regulation in order to obtain 
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transformants.26 In contrast, we were able to isolate, culture and characterize a strain 

lacking a repressor gene and constitutively expressing dCas12a from a strong promoter 

(Figure 1C), suggesting that dCas12a is considerably less toxic. However, we did note 

some reduction in the PSI content of the control cells in our BtpA interference 

experiments at 1 mM IPTG, suggesting that high-level induction of dCas12a does result 

in some deleterious effects on S2973 such as reduced PSI and chlorophyll content 

(Figure 4) but this is not lethal to the cells. In previous reports of cyanobacterial 

CRISPRi systems, a general theme was that weaker promoters were better choices for 

expressing the nuclease presumably due to toxicity. However, we were able to use the 

strong trc promoter to drive expression of dCas12a presumably due to the tighter 

regulation and inherently reduced toxicity of the Cas12a enzyme.

We prepared a table to compare our CRISPRi system to others (Table 2). 

Overall, the maximal repression levels we observed are comparable to those for the 

aTc-based CRISPRi systems, though these varied depending on the gene target. This 

indicates that expressing the effector protein from a strong promoter does not 

necessarily result in an enhanced repression range compared to weak promoters.23, 26 

The titratable lacI W220F/ trc2O promoter system that we used was less leaky than the 

aTc-based system in Synechococcus sp. PCC 7002 that exhibited 20 – 30 % repression 

in the absence of inducer.26 However, it was similar to that of a study in Synchocystis 

sp. PCC 6803 when the aTc-inducible dCas9 system was used to target green 

fluorescent protein (10% leaky repression).23 We were unable to compare the leakiness 

of our system to all of the prior CRISPRi systems as many did not report the repression 

in the absence of inducer or used constitutive promoters. Several types of inducible 
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promoter/repressor systems have been described for cyanobacteria,9 but systems that 

display tight regulation in the absence of inducer while exhibiting strong induction 

capabilities remain highly sought-after in cyanobacteria. We have now used the lacI 

W220F/trc2O system to tightly control expression in two of our studies, namely here and 

for expression of a toxic alkaloid pathway,37 suggesting that it could be a potent tool for 

future engineering in S2973 and other strains.

We acknowledge that a caveat of the current plasmid-based CRISPRi system is 

instability. Previous CRISPRi systems reported for cyanobacteria integrated the 

nuclease and gRNA array into the host genome and these did not evidence instability 

over time and strains were able to be maintained in a repressed state for longer.24, 25 

We speculate that the instability in our constructs could be due to re-using the 

symmetric lac operator sequence for both the dCas12a gene and gRNA array 

promoters, thus increasing the likelihood of intramolecular DNA rearrangements during 

plasmid replication.49 To avoid this, next-generation strains should remove this 

redundancy and/or integrate the lacImut/dCas12a cassettes into the genome and 

possibly express gRNA(s) from a smaller plasmid lacking homologous regions. There is 

also the possibility of using alternative plasmid backbones that may prove more stable 

than RSF1010 but still replicate in a variety of cyanobacterial strains.50 However, the 

current CRISPRi system was tractable and successful in repressing several genes in 

S2973. Increasing its stability via genome integration may yield performance 

improvements. 
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Slowed phycobilisome re-assembly upon de-repression of the CRISPRi system. In 

WT S2973, PBS re-synthesis occurs rapidly over the course of ten hours when N-

starved cells are returned to nutrient-replete media.41 In contrast, we observed that re-

synthesis of control strain-levels of Pc in 2973::cpci required five days of growth after 

moving strains to IPTG-free media (Figure 2D). We speculate that the slower 

reassembly represents a slow dilution of residual LacI-IPTG and dCas12a protein in the 

dividing de-repressed cells that causes an incremental, rather than abrupt, increase in 

the transcription of the cpc operon. Alternatively, since the Pc rods were reduced using 

the synthetic CRISPRi method rather than by nutrient starvation, it is possible that 

removing the repressor does not trigger the same genetic or biochemical processes that 

induce rapid re-assembly such as when the cells are returned to nutrient-replete 

conditions after starvation.

Repression of BtpA/PSI and its physiological effects on S2973. PSI has a central 

role in photosynthesis. While the assembly and repair processes for PSII have been 

extensively characterized,51 those for PSI remain relatively unstudied. Using a tightly 

repressed but inducible system to control PSI levels offers a means to study this 

process by first repressing the cells then allowing PSI to return by removing the inducer. 

The visual phenotype of the repressed 2973::btpAi was considerably different than that 

of Synechocystis in which the protein was first reported. A btpA mutant in Synechocystis 

contained comparable levels of PSII and the PBS antenna to WT but the disappearance 

of the PSI-derived Chl a peak resulted in blue-colored cells.35 In contrast, we observed 

an overall reduction of both the Pc and chlorophyll in 2973::btpAi upon induction (Figure 
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4D), lending a pale yellow rather than blue color to the cells. This difference in behavior 

is explained by the fact that, unlike Synechocystis, S2973 is not able to grow on 

exogenous carbon sources as an energy source and maintains a reliance on the 

photosynthetic electron transport for NADPH and energy generation. Since S2973 is 

unable to grow mixotrophically, reducing PSI titers will also cause a concomitant 

reduction in PSII content thereby altering the PSI/PSII ratio as seen in the 77 K spectra 

(Figure 4A). The redox state of the quinone pool in cyanobacteria is a key regulator of 

photosystem and respiratory complex composition in thylakoid membranes.52 A large 

increase in the PSII/PSI ratio would result in an over-reduction of PSII and the quinone 

pool as there is no PSI to serve as an electron recipient. Furthermore, excess electrons 

in the carriers could also result in the generation of reactive oxygen species and thereby 

PSII damage leading to a reduction in active PSII protein titer and the associated PBS 

antennae. We thus interpret the response of the cells to the PSI repression as a survival 

mechanism that modulates the PSII titer in order to bring it into balance with the 

reduced PSI content. This behavior could be triggered by a change in the quinone pool 

redox state, protein damage sensing, or some other mechanism.

We observed an increase in the IPTG needed to effect a 50% reduction in PSI 

content (of the maximum) compared to the other CRISPRi targets. In 2973::btpAi, this 

was achieved after addition of 500 μM IPTG whereas for 2973::eYFPi and 2973::cpci it 

required only 25 – 50 μM IPTG. A possible reason is that a small amount of BtpA 

protein in cells is sufficient to stabilize PSI. If this is the case, it would require a higher 

induction of dCas12a in order to bring BtpA below the critical threshold at which 

PsaA/PSI is destabilized and the phenotype becomes observable. A BtpA homologue of 
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Synechococcus has not, to our knowledge, been previously characterized and further 

study is required to fully understand the interaction of this protein and PSI in S2973 and 

whether it has additional or different roles than in Synechocystis.

Conclusions

We described the design and application of a lac-regulated Cas12a-based CRISPRi 

platform that is tightly regulated, titratable, and effective at knocking down high-

abundance, essential genes in a cyanobacterium. The repression of glycogen 

accumulation, which can accumulate to nearly 50% of the biomass in S2973 under 

nutrient-replete conditions, presents an opportunity to re-direct carbon flux to 

engineered pathways by timing the induction of CRISPRi to coincide with that of the 

engineered pathway. Perhaps most importantly, we were able to use the system to 

repress PSI, an essential part of the photosynthetic electron transport chain. 

Historically, studying core photosynthesis genes such as PSI and PSII has required the 

use of gene knockouts and cyanobacterial strains capable of growing under mixotrophic 

conditions.35 In contrast, we able to dramatically reduce PSI titers using CRISPRi in 

S2973, a strain that is utterly reliant on photosynthesis for energy and NADPH 

production. The ability to tightly regulate and time the repression of essential 

photosynthetic genes using CRISPRi opens the door to future studies of photosynthetic 

processes that may be inaccessible using knockout strains or conditional mutants. It 

may also allow repression of genes in strains that historically have not been tractable for 

photosynthetic knockouts. We have only tested the system S2973 so far, but Cas12a 

works in other strains including Synechococcus elongatus PCC 7942,34 Synechocystis 
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sp. PCC 6803,14 and the filamentous, nitrogen-fixing Anabaena sp. PCC 7120,14 

suggesting that it could be adapted for use in these important model strains in the 

future.

Methods and Materials

Plasmid and strain construction. Primers and synthetic DNA fragments used in this 

study are listed in Supplementary Table S1. Strain JU254 harboring the eYFP cassette 

in neutral site I was made by double-homologous recombination using a derivative of 

the pAM1303 suicide vector (pAM1303 was a gift from Susan Golden, 

http://n2t.net/addgene:40243). This plasmid encodes a spectinomycin resistance 

cassette and homology arms for targeted integration into neutral site I of S2973. The 

eYFP gene and trc promoter were amplified from a Ptrc1O-eYFP shuttle plasmid29 using 

primers trc-eYFP-L and eFYP-R. The PCR fragment was purified and ligated into 

SalI/HindIII-digested pAM1303 and transformed into XL1-Blue chemically competent E. 

coli and selected on LB media with 50 μg/ml spectinomycin. All CRISPRi plasmids used 

in this study contained a RSF1010-type replicon and mobilization region.39 As a 

backbone, we used the pSL3084 plasmid described previously.37 All CRISPRi plasmids 

were constructed using Gibson assembly and/or traditional restriction enzyme digestion-

ligation using T4 DNA Ligase (NEB). The DNA fragments used to assemble the base 

CRISPRi plasmid pSL3287 were amplified from various other plasmids in the Pakrasi 

lab. We used pSL268014 as a template to generate the Cas12a D917A mutant coding 

sequence in two fragments using primer pairs CK225/cpf1ML and cpf1MR/cpf1R. The 

overlap between primers cpf1ML and cpf1MR introduced the GAT to GCT mutation in 
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residue 917 to generate the nuclease-dead version. The CRISPR array was amplified 

from pSL2680 using primers array-forw-CK/CK227. We placed a transcriptional 

terminator sequence downstream of the dCas12a cassette using a synthesized DNA 

fragment (‘term-synth’) with terminal overhangs for Gibson assembly. The lac1O 

promoter sequence was similarly synthesized (‘lac1O-synth’) with overhangs for the 

neighboring fragments. The lacI W220F gene, PJ23119, and Ptrc2O elements were 

amplified from plasmid pSL322837 using primers CK138 and CK224. PCR products 

were separated on an agarose gel and purified prior to assembly. The six fragments 

were mixed with XbaI-digested pSL3084 for Gibson assembly. The reaction cocktail 

was then transformed into XL1-Blue chemically competent E. coli and plated on LB 

media with 50 g/ml kanamycin. We inserted gRNAs into the CRISPR array of pSL3287 

using previously described methods.14 The oligos annealed to make the gRNAs for 

insertion into pSL3287 were as follows: eYFP-1a/ eYFP-1b; cpc-gRNA1/cpc-gRNA2; 

glgC-1a/glgC-1b; glgC-2a/glgC-2b; glgC-gRNA-34-1/glgC-gRNA-34-2; bptA-1a/btpA-1b. 

For dual-targeting gRNAs, oligo ‘ultramers’ (Integrated DNA Technologies) were 

synthesized with an intervening direct repeat sequence from the native Francisella 

novicida array between the two gRNA spacers (Supplementary Figure S2). Plasmid 

DNA was sequence-verified at Genewiz (www.genewiz.com). All synthesized DNA 

fragments were produced by Integrated DNA Technologies (www.idtdna.com).

Culturing and genetic manipulation of S2973. S2973 was cultured in BG11 media. In 

order to maintain the plasmids, strains were maintained on in liquid media or on solid 

plates supplemented with 10 g/ml kanamycin and/or spectinomycin. For liquid 
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experiments with flasks, strains were cultured in a Caron plant growth chamber 

(www.caronproducts.com) at 38 C under 200 E m-2 s-1 LED lights with 0.5% CO2-

supplemented air. For bioreactor experiments, S2973 was cultured at 38 C in a 

MC1000 Multicultivator instrument (Photon Systems Instruments, psi.cz) with 200 – 800 

E m-2 s-1 LED illumination while bubbling with 5% CO2-supplemented air. The cells 

were cultured in 200 x 30 mm Pyrex test tubes at 50 ml volume. The strains were 

routinely revived each month and grown for 2 days under 150 E m-2 s-1 illumination at 

38 C and 0.5 – 1% CO2 atmosphere before being moved to room temperature on the 

bench top. The eYFP knock-in and CRISPRi plasmids were introduced into S2973 by 

tri-parental mating and colonies selected as described previously.37

Measurement of eYFP fluorescence. We measured eYFP fluorescence directly from 

cell suspensions in media. JU254 and 2973::eYFPi cells were cultured at 30 ml volume 

in 125 ml flasks using an Innova platform shaker under 50 – 100 E m-2 s-1 illumination 

in air at 38 C. Samples were measured after two days’ growth while the cultures were 

in the early to mid-linear growth phase (O.D. 730 0.2 – 0.5) using a Bio-Tek Quant 

Plate Reader and a culture volume of 150 l. Fluorescence was measured using an 

excitation wavelength of 514 nm and detection at 527 nm and normalized to O.D. at 730 

nm.

Phycocyanin quantitation. Phycocyanin (Pc) and chlorophyll a (Chl a) were quantified 

from whole-cell spectra using a DW2000 Spectrophotometer (On-line Instrument 

Systems). Cultures of S2973 were diluted to an O.D. 730 nm of 0.1 and optical spectra 
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from 400 – 730 nm collected. The Chl a concentration in μg/ml of the cultures was 

calculated using the formula [Chl a] = 14.96(A678 – A730) – 0.616(A625 – A730) where A678, 

A625 and A730 are the absorbance or scattering at 678 nm, 625 nm, and 730 nm.53 The 

Pc concentration in mg/ml was then determined using the equation [Pc] = ((A620 – A730) 

– 67.5x)/7.3 where x is the Chl a concentration and A620 is the absorbance at 620 nm.54 

The reported concentrations for Pc throughout were normalized to an O.D. 730 nm of 

0.1 for all samples.

Glycogen quantitation. After culturing S2973 in shaker flasks or bioreactor tubes, the 

cells were collected by centrifugation (5000 g, 5 minutes). The supernatant was 

removed and the pellet washed with ultrapure water and the centrifugation repeated. 

The supernatant was discarded and the washed pellet lyophilized overnight and 

weighed to determine dry cell weight. Glycogen was extracted from these cells using a 

previously described method31 and quantified using a Megazyme sucrose/D-glucose 

assay kit (www.megazyme.com).

77 K Fluorescence.

2973::btpAi and control strains grown overnight were resuspended to an O.D. 730 nm of 

0.01 (Bio-Tek Quant) and grown under photoautotrophic conditions with different 

concentrations of IPTG for 48 h. The cells were harvested by centrifugation at 3000 g, 5 

minutes. The supernatant was discarded, and cells were washed once with BG11 by 

resuspending the pellet and repeating centrifugation. The harvested cells were diluted, 

and absorbance was measured between 600 – 750 nm. The Chl a concentration was 
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determined as mentioned above in the section on determining phycocyanin 

concentration. The cells were then resuspended to 20 μg/ml in two ml BG11. The 

emission spectra were measured using a FluoroMax-2 (Instruments S.A., Inc., USA) by 

loading 0.5 ml of culture at 20 μg/ml in NMR tubes (Wilmad NMR Benchtop Tube, 8").

PSI redox kinetics and cell counting.

To measure the PSI content, the JTS-10 instrument (Bio Logic Science Instruments, 

France) was used in spectrophotometer mode. The cells were grown and harvested as 

above and resuspended in 5 ml of BG11 at 5 μg/ml Chl a concentration. 3-(3,4-

dichlorophenyl)-1,1-dimethylurea (DCMU) and 2,5-dibromo-6-isopropyl-3-methyl-1,4-

benzoquinone (DBMIB) were used at final concentrations of 10 μM and 1 μM, 

respectively, to block the influx of electrons from PSII and cytochrome b6f and obtain a 

true change in absorbance of PSI redox states. To determine the number of cells in the 

cultures suspended at 5 μg/ml Chl a, the Cellometer Auto M10 (Nexcelom Bioscience, 

USA) was used as per the manufacturer’s instructions.

RNA extraction, cDNA synthesis, and RT-PCR. 2973::btpAi was cultured in shaker 

flasks under the same conditions as above for 24 hours before harvesting the cells. 

RNA was isolated using the RNAwiz kit (Ambion/Thermo Fischer Scientific) and DNAse-

treated to residual DNA. cDNA was synthesized from 300 ng total RNA using a 

Superscript II Reverse Transcriptase kit (Thermo Fischer Scientific). Transcripts were 

PCR-amplified from the cDNA using following primers: btpA, btpA-RTPCR1/btpA-

RTPCR2; psaA, psaA-RTPCR1/psaA-RTPCR2; rpoA, PL488/PL489. The psaA and 
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rpoA products were amplified using 23 total PCR cycles and btpA using 27 total PCR 

cycles due to the lower abundance of this transcript. Comparable amounts of the PCR 

reaction mix were loaded on the gel based on the intensity of the rpoA product band. 

The btpA and psaA transcript amounts were estimated from the rpoA-normalized band 

intensities shown in Figure 5 using the program ImageJ (imagej.nih.gov).
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Associated Content

Supporting Information

Primers and DNA fragments, agarose gel of plasmid PCR, maps of CRISPRi plasmid 

and dual gRNA arrays.
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Figures and Legends

Figure 1. Diagrams of the plasmid-based lacImut/dCas12a CRISPRi genes and S2973 

eYFP repression data. (A) Diagram of CRISPRi system genes on expression plasmid 

pSL3287. Promoters are shown as black arrows, terminators as hairpin-loop structures, 

and genes as colored arrows. (B) Diagram of eYFP cassette introduced into S2973 

genome at neutral site I (strain JU254). The target site of the guide RNA (gRNA) is 

indicated by the red bar. (C) eYFP fluorescence in WT S2973 (“no eYFP”), strain JU254 

with no eYFP gRNA (“no gRNA”), strain 2973::eYFPi at various IPTG concentrations, 

and a strain without the lacI cassette (“no lacI”) normalized to O.D. 730 nm and then 

plotted as a percent of the “no gRNA” control. Strains were cultured at 38 C in shaker 

flasks and fluorescence measured from whole cells when the O.D. 730 nm was 
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between 0.2 and 0.6. Samples marked with asterisks were compared using a two-tailed 

student’s t-test, * indicating a p-value > 0.05 (not statistically different) and ** indicating 

a p-value < 0.05 (significantly different). Errors are one SD.
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Figure 2. CRISPRi knock-down of phycocyanin (Pc) cpc genes in S2973. (A) Diagram 

of the two neighboring cpc loci in the S2973 genome. A dual gRNA was designed to 
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target both copies of the cpcB and cpcA (red bars). (B) Pc content of 2973::cpci and the 

control strain grown at various IPTG concentrations grown in shaker flasks under 200 

E m-2 s-1 illumination with 1% CO2 at 38 C. Pc and chlorophyll a content were 

calculated from whole-cell spectra and concentrations are normalized to an O.D. 730 

nm of 0.1 (3 – 4 biological replicates for all). The * indicates samples with a p-value > 

0.05 (two-tailed student’s t-test). (C) Spectra of whole-cell cultures of the control and 

2973::cpci at various IPTG concentrations. Traces were normalized to an O.D. 730 nm 

of 0.1. The spectrum of the control strain (dashed) is shown for a culture without IPTG. 

(D) De-repression data for 2973::cpci cultured in the presence of 250 M IPTG then 

diluted into fresh media without IPTG (blue) or with 250 M IPTG (red). The dashed 

vertical lines indicate re-dilution into fresh media with or without IPTG. Errors are one 

SD in all panels.
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Figure 3. CRISPRi knock-down of glycogen biosynthesis in S2973 by targeting the glgC 

gene. (A) Diagram indicating the locations of the four different gRNAs targeted to the 

glgC promoter (gRNA1), 5’ UTR (gRNA2), or the coding sequence (gRNA3 and 4). (B) 

Glycogen content of the uninduced (“-“) or 1 mM IPTG-induced (“+”) control strain 

(“control”) and the 2973::glgCi strains. Glycogen content is presented as a percent of 

the dry cell weight (DCW) after three days of culturing in flasks under nutrient-replete 

conditions under 500 E m-2 s-1 illumination and 1% CO2 at 38 C. (C) Time course of 

glycogen biosynthesis of uninduced (blue) and 1 mM-induced (red) 2973::glgCi-34 cells 

grown in a bioreactor under 800 E m-2 s-1 illumination while bubbling with 5% CO2 at 

38 C. The left axis indicates O.D. 720 nm (solid lines) with one SD errors indicated by 
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smaller vertical lines. The right axis plots percent glycogen content of the cells at the 

indicated times (solid circles). Errors are one SD of four biological replicates. Note that 

the bioreactor detector saturates near O.D. 720 nm of 1.5.
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Figure 4. CRISPRi knock-down of btpA and photosystem I (PSI). (A) 77K fluorescence 

spectra of 2973::bptAi using a 435 nm excitation wavelength at various IPTG 

concentrations. (B) 77K fluorescence spectra of the control strain using 435 nm 

excitation. Sample coloring in B is the same as in panel A. All 77K samples contained 

whole cell suspensions with 20 μg/ml total Chl a. (C) Quantitation of PSI content using a 

Joliot-type spectrometer for the control strain (green) and 2973::btpAi (blue). All 

samples measured contained 5 g/ml chlorophyll a. Cells were counted following the 

measurement and the change in absorbance units at 705 nm (PSI) was normalized the 

cell number. Data points are an average of three biological replicates and all errors are 

one SD. (D) Representative whole cell absorbance spectra of 2973::btpAi with no IPTG 

(black) and 500 M IPTG (blue) and the control strain with no IPTG (red) and 500 M 
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IPTG (green) in BG11 media. Spectra were normalized to O.D. 730 nm. All samples 

were cultured at 38 C under 200 E m-2 s-1 with 0.5% CO2. 
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Figure 5. Semi-quantitative RT-PCR of btpA, psaA, and rpoA genes in 2973::btpAi. The 

cells were cultured under photoautotrophic conditions with or without IPTG for 24 hours 

prior to RNA extraction. The rpoA gene encodes an RNA polymerase subunit and was 

amplified as an internal control. The products were separated on 1.5% (w/v) agarose 

gel.
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Tables

Table 1. Cell number for a culture containing 5 μg Chl a for 2973::btpAi and the control 

strain lacking a gRNA. Cell numbers in the table are 108 magnitude.

Strain 0 μM IPTG 50 μM IPTG 100 μM IPTG 500 μM IPTG 1 mM IPTG

2973::btpAi 5.3 ± 0.3 5.9 ± 0.05 7.0 ± 0.4 10.5 ± 0.3 31.0 ± 2.3

Control 5.5 ± 0.2 6.0 ± 0.3 ND* ND 7.1 ± 0.6

*ND: not determined.
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Table 2. Comparison of the dCas12a CRISPRi system in S2973 and a select set of 

other systems previously described.

Organism* Gene 
target

Promoter-
cassettes

Inducer (max. 
concentration)

Repression 
Range (%)

Assay 
method

Reference

6803 trc-
GFPmut3b

L03-dCas9, 
L22-gRNA

aTc (1 g/ml) 90 – 6 Fluorescence 23

6803 phaE psbA2-dCas9, 
L31-gRNA

aTc NA† – 10 qRT-PCR 23

6803 glgC L22-dCas9, 
L31-gRNA

aTc (1 g/ml) 90 – 10  qRT-PCR 23

6803 glgC L22-dCas9, 
L31-gRNA

aTc (1 g/ml) NA – 20 Glycogen 
assay (N-
starvation)

23

7942 glgC smtA-dCas9, 
J23119-gRNA

none NA – 6.2 Glycogen 
assay (N-
starvation)

25

7002 eYFP EZ3-
(rbsC)dCas9, 
gRNA

aTc (1 g/ml) 83 – 6 Fluorescence 26

7002 eYFP EZ3-
(rbsF)dCas9, 
gRNA

aTc (1 g/ml) 72 – 10 Fluorescence 26

2973 trc-eYFP trc-dCas12a
lac-gRNA

IPTG (1 mM) 99 – 37 Fluorescence This work

2973 cpc trc-dCas12a
lac-gRNA

IPTG (1 mM) 89 – 19 Absorbance This work

2973 glgC trc-dCas12a
lac-gRNA34

IPTG (1 mM) 94 – 8 Glycogen 
assay (no 
starvation)

This work

2973 btpA trc-dCas12a
lac-gRNA

IPTG (1 mM) 100 – 14 PSI 
absorbance

This work

* Abbreviations: 6803, Synechocystis sp. PCC 6803; 7942, Synechococcus elongatus 

PCC 7942; 7002, Synechococcus sp. PCC 7002; 2973, Synechococcus sp. UTEX 

2973.

† NA, not available
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