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Abstract 
 

Escherichia coli is one of the best-studied organisms and is generally used as a model 

organism in fundamental and applied biological research. The study of homologous genes and 

proteins, and molecular mechanisms has been proven useful in the understanding of more 

complex systems in diverse organisms, including humans1. In addition, many bacteria make 

products of medical and/or industrial importance, which can often be synthesized in E. coli by 

introduction and engineering genes for the respective enzymes and pathways in an E. coli 

chassis, thereby creating an E. coli bio-factory. Thus, there is considerable interest in E. coli 

not only as a model system for elucidation of fundamental biological problems but also as a 

platform for production of medically or industrially important materials. 

     
Despite studying E. coli extensively for several decades, the physiological function of 

numerous genes remains poorly understood or uncharacterized2. A number of powerful, high-

throughput approaches are no being used to help gain a deeper understanding of gene and 

protein function to achieve a more complete understanding of the E. coli cell. These include 

unraveling physiological network structures, defining genetic interactions, and many others.   

 

Synthetic lethality (or extremely poor growth) can result when two independent mutations 

are combined within the same strain, when neither mutation alone has an adverse effect on cell 

growth. Such effects can result when the mutations interrupt functionally related functions, 

allowing one to infer the role of a gene whose physiological roles was unknown. Analyses of 

such genetic interactions thus provide a powerful tool to map out the functional linkage among 

genes3. The quantification of a genetic interaction includes a quantitative measure of phenotypic 

change such as the growth rate and neutrality function, which can be used to predict the 

expected phenotype of an organism carrying two non-interacting mutations4. 

 

Roughly 7% of ca. 4500 E. coli genes are essential5, implying that they encode a function 

that is critical cellular function. Genetic interaction analysis of essential genes can provide key 

information for more complete understanding and system-level organization of a living cell.   

Due to their essentiality, discovering their precise role or genetic interactions with other 

(essential or non-essential) genes has generally required the availability of conditional 

mutations, for example temperature sensitive allele, to uncover their impact on cell physiology6. 
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Purpose: 

The goal of my research is to develop and test a method to examine the genetic network 

structure of essential genes in E. coli, which did not depend on the availability of conditional 

lethal mutations. The approach that I took was to develop a tool that enabled decreasing 

expression of essential genes, thereby conditionally affecting cell growth. Once developing 

such a method, my plan was to examine quantitatively interactions between essential genes 

whose growth was impeded by decreased expression and non-essential E. coli genes.  

 
 

 

Method: 

Here, we describe a procedure to inhibit cell growth by decreasing the expression of an 

essential gene. Our method depends on use of a CRISPR-Cas9 gene targeting system containing 

a mutant Cas9 protein that binds targeted RNA-DNA complexes but does not cleave the DNA. 

We will engineer conjugative plasmids carrying such CRISPR-Cas9 knockdown systems 

designed to knockdown expression of different essential genes. By using conjugative CRISPR-

Cas9 knockdown plasmids, we would be able to introduce these plasmids in a wide variety of 

different hosts by conjugation. We would examine quantitatively examine growth of the 

CRISPR-Cas9 knockdown plasmids in single-gene deletion mutants, as a means to analyze 

genetic interactions between essential and non-essential genes systematically. 

 CRISPR-Cas9 is an adaptive immune system discovered from bacterial and archaea7 and 

have recently been developed as a powerful genomic editing tool. CRISPR-Cas uses small base-

pairing RNAs to target and cleave foreign DNA elements in a sequence-specific manner8. 

CRISPR-Cas9 is presently the most developed DNA modification system in CRISPR family. 

The main components of type II CRISPR-Cas systems contain genes coding a Cas protein and 

two RNAs, a mature CRISPR RNA (crRNA) and a partially complementary trans-acting RNA 

(tracrRNA)9. CRISPR interference (CRISPRi) platform has recently been developed as a tool 

to control gene expression in E. coli. The CRISPRi platform encodes a mutant Cas9 protein 

that still binds the targeted DNA but lacks endonuclease activity and therefore does not cleave 

the target DNA10. 

 

I introduced CRSPRi on a self-transmissible conjugative plasmid in order to generate 

essential gene knockdown strains in a high-throughput manner by conjugation. I have 

demonstrated that conjugative CRISPRi plasmids can be used to generate double mutants by 
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crossing a CRISPRi plasmid into recipients carrying single-gene knockout mutants as a means 

to interrogate genetic interactions between essential and non-essential genes. In my thesis 

research, I developed and evaluated the performance of this system as a means to analyze the 

essential gene genetic network structure. 
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Chapter 1 Introduction 
 
 
1.1 E. coli science 

 

Escherichia coli Gram-negative, facultative anaerobic and non-sporulating intestinal 

bacterium that is rod shaped cell and approximately 1-3µm long and 0.5µm wide. Most E. coli 

are non-pathogenic (like Escherichia coli K-12 and B strains), A small number of E. coli are 

serious disease-causing pathogens, including Enterohemorrhagic Escherichia coli(EHEC), 

such as 0157/H7, uropathogenic (UPEC) and enterotoxigenic (ETEC) strains. 

Escherich coli was discovered by a German pediatrician Theodor Escherich (1857-1911) in 

1885 which he isolated a fast-growing bacterium that he called “Bacterium coli commune”11. He 

characterized its fermentation patterns and showed that grows at different rates on different 

carbon source12. This discovery was prompt applied by many laboratories, and in 1919, scientists 

renamed this bacterium as Escherichia coli to recognize Theodor Escherich’s contribution on 

this field. 

Beginning the late 1920s, E. coli was often used to study physiology due to its hardiness, 

versatility, and fast growth in different medium. These features made E. coli a mainstay in 

research in early 20th century and one of the most widely available model organisms 13 14 15 16 17. By 

the 1940s, E. coli was used mostly in biochemistry or enzymology18. The discovery of 

conjugation in the E. coli K-12 by Ledeberg19,  greatly accelerated the use of E. coli K-12 in 

research for it opened the door to creating the new field of bacterial genetics. it extends 

dramatically its use in the field of genetics and accelerated the launch of molecular biology with 

monumental achievements including discovery of genetic code, molecular mechanisms of 

transcription, translation, DNA replication and many other biological processes20. 

Nobel prize French winner, Jacques Monod indicated that “Anything found to be true of E. 

coli must also be true of elephants”21. This concept has been gradually proven by scientists in 

many biological processes. This biological universality between bacterium and other organisms 

including human leads model organisms, such as E. coli, Yeast, C. elegance, drosophila and 

mouse, very important research targets to clear biological rules. And accumulation of biological 
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knowledge gives us a possible way of application, such as biosynthesis of valuable compounds 

like human insulin by E. coli.  

 By studying basic processes such as bacterial conjugation and phage infection with E. coli 

K-12 and other strains like E. coli B, phenomena of restriction and modification were 

uncovered, which was responsible for the discovery of restriction enzymes and the development 

of DNA cloning, in 1973 by Cohen and Boyer 22  and development of recombinant DNA23. An 

early application of recombinant DNA led to the production of human insulin in E. coli 24. E. 

coli has been used in vaccine development, bioremediation, as well as the production of many 

valuable products in industry 25.  

 

      Studies of bacterial conjugation led to the discovery of multidrug-resistant plasmids 

carrying antibiotic resistant genes discovered. The widespread distribution of such plasmids is 

a major clinical problem. E. coli research has provided much basic knowledge on the molecular 

mechanisms of how such plasmids replicate and are transferred between divergent bacteria. 

Continued research in this area may someday provide new ways to combat the drug-resistant 

problem by interfering with conjugative functions. 

1.2 Systems biology 

 

Systems biology has greatly expanded with the advent of whole genome sequencing near 

the end of the 20th century. The concept itself, however, is not new. In 1969, Savageau showed 

theoretical approach for enzymatic reaction as a system26. The main difference between analysis 

in the past and those in the current concern the size of target biological systems and amount of 

biological experimental data being analyzed, mostly resulting from technological advances. 

 

What is systems biology, “It is a holistic approach to deciphering the complexity of 

biological systems that starts from the understanding that the networks that form the whole of 

living organisms are more than the sum of their parts.” defined by the institute of systems 

biology, Seattle USA.  

 

In discussions of systems biology, one should mention the largest international cooperation 

project— Human Genome Project (HGP). HGP started since 1990 and the draft genome 

structure had been published at the beginning of 21st century by two groups27, finished at 2003, 
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during the 13 years, the scientists from different country together figured out the hole human 

genome sequence, clarified approximately 22300 proteins -coding genes in human bodies, and 

less than 7% of the protein families are vertebrate specific28.  

     

HGP revealed that only 1.5% of the genome is protein coding 29, the rest of the genome is 

non-coding sequences, including microRNA, siRNA, piRNA, snoRNA and lncRNA, etc29. 

These non-coding sequences are part of biological processes and mostly have regulatory 

functions of the cell processing.  In conclusion, the complexity of living cells cannot be simple 

as just assignment of function to each of predicted genes from the genome sequence. In a real 

cell, all of genes’ product interact each other and show biological functions. Therefore, it is 

quite important to examine target genes as part of cell systems and to analyze gene-gene 

interactions. From that on, along with the development of computational and mathematical 

researches, system biology, as an interdisciplinary subject becomes more and more important. 

 

Systems biology mostly focuses on the complex interactions within biological systems in 

different layers.  One of the important approaches is “OMICs” type data collection to analyze 

global identification and measurement of unpredicted dynamic changes and interactions. 

Recent technology innovation is so quick and disciplinary cooperation is becoming so 

important to solve biological systems. Systems biology is one of the excellent examples of this 

successful cooperation between physics, chemistry, engineering, mathematics, computer 

science and experimental biology fields. 

 

Biologists can define different areas for systems based on their research fields, purposes 

and methodologies.  From the systems analysis, we usually get comprehensive results from 

hundreds and thousands discrete events, to quantitative analyze the intricate phenomena make 

it possible to read the results precisely and confidently. From mathematic models, we would 

modify or engineer some certain factors in the system to gain our purposes. In fact, most of the 

models are complicated and unintuitive, computational methods provide a strong support for 

analyzing the numerous phenomena. 

 

One of the applied direction helping our lives is the development of synthetic biology. 

Synthetic biology utilizes cell pathways to produce valuable products. One example in this 

subject is to generate polyhydroxybutyrate (PHB) using microorganisms30.  PHB is a material 

for plastic and it previously made by hydrocarbons derived from petroleum. In the early 1990s 
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however, Oliver Peoples developed an industrial strain which can convert corn sugar to PHB 

monomer31 and extend to industrial size of production to make green biology production of 

plastic precursor. This success greatly encouraged people not only for the value of final 

products but also for advantages of environmentally clean processes to obtain the final products. 

Even better, this bioplastic is degradable by environmental microorganisms without any 

pollution.  

 

To analyze biology on the system level, the first thing we should clear is “what to look for”. 

System biology research focus on the structure of the system and its dynamics but not each 

individual factor. Identifying all the genes and proteins in an organism provides a list of all the 

components in the organism, for system research, we want to know how these parts are 

assembled to form the structure of the system and what will happen if we change one part of 

the system. 

 

Robustness is an essential property of a biological system32, it is necessary to understand the 

biological system robustness to detect the biology on a system level. It is a fundamental and 

ubiquitous feature of a system, it refers to the property of the system to maintain its functions 

against internal and external perturbations33.It is an important indicator to understand the 

principles underlies a complex biological system based on the phenomena.  The biological 

system usually consists of a set of highly conserved core processes that links to diverse outputs 

and inputs, the core processes are rigidly maintained, the inputs and outputs are very diverse. 

Thus, endow the system with the capacity to be robust. One of the examples of robustness is E. 

coli chemotaxis, E. coli can sense a wide range of attractant concentrations and change 

intracellular components to ensure the perfect adaptation34. 

 

      Essential gene is the gene for survival in LB condition at 37℃ in E. coli, there are about 

300 essential genes out of 4000 genes in E. coli 5.A big challenge in detecting of developmental 

processes is the identification of all of the relevant genes and their functional relationships. 

Defining gene essentiality is not simple because it depends on a variety of physiological 

properties, such as growth media, temperature, environmental factors, and the genetic 

background. The study on essential genes used to be an almost impossible mission because of 

indispensability feature in the cell and its sensitivity to the outside condition.  Recently, with 

the help of technology development and the accomplishment of the human genome project, 

especially the high-throughput technology establishment, systematically determine genome-
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wide gene essentiality has been achievable.  Scientists in different groups identified essential 

genes by various genetic tools, like transposon mutagenesis35, genetic footprint technique36, 

conditional mutation5, in different species, for instance, S. cerevisiae, ~19% of the genes are 

essential37~7 % in E. coli5 and Bacillus subtilis38, ~10% in Spreptococcus sanguinis39 and 16 % in 

Acinetobacter baylyi40. 

 

Elucidating the physiological functions of essential genes is crucial to a full understanding 

of a cell. Essential genes usually are more conserve in  evolution than non-essential genes41. 

They draw a lot of interests of scientists not only because their essential roles in cell processes, 

but also because of their practical applications, for example, essential genes might be good 

targets for pathogens, and most of the essential genes are the hubs of biological groups, some 

precious products are achieved by modification of them.  

 

In essential gene analysis, one troublesome is the essentiality plausible of the genes. Even 

in the same species, scientists would identify different essential gene sets, for instance, 620 

genes in E. coli are identified as essential in LB medium by genetic foot printing technique36,   

but 328 by deletion lethal strategy5; and about 119 genes in E. coli non-essential gene list in LB 

medium shows indispensable in minimal medium with glycerol42. 

 
1.3 Systems approach and my purpose 

 

Since the genomic sequences are confirmed, information about the total number of genes 

coded on the chromosome and their predicted coding regions are available, this ORF 

information takes the advantage of the technology developments, scientists prepared the entire 

set of ORF clone and deletion mutant libraries. This type of comprehensive resources is 

important for high-throughput experiments and for direct comparison of the ORF deletion 

mutants on the same genetic background. 

 
In E. coli, several comprehensive libraries are constructed. 

(1). ASKA ORF library43. ASKA is ORF plasmid clone library, which contains all the 

predicted coding regions. 

(2). Keio collection5. This is a single gene deletion library of predicted ORFs of E. coli K-

12 expect essential genes. 

(3) Random insertion mutant library of E. coli K-1244. This is a random insertion mutant 
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library generated by Tn10 derivative transposon and mutagenized lambda Kohara clones. 

(4) Essential gene deletion library45. Essential genes are indispensable for cellular survival 

in LB medium at 37 ℃. The essential gene deletion library is made by eliminating the essential 

genes from the chromosome under the condition of in trans complementation from a low copy 

plasmid. 

(5) Chromosomal Fusion with GFP protein46. This is an in-frame chromosomal fusion of the 

target genes related to the central metabolic pathway with modified GFP. 

 
These resources opened new areas especially in the research on the system level; the entire 

gene sets comparison on the same genetic background is possible by these comprehensive 

resources. 

 

    The genetic interaction which also termed “epistasis”, this term was first proposed by 

Bateson (1909)47as a supplementary explanation of Mendel’s principles of heredity. Bateson 

used this word to describe the effect of the allele on one locus mask the other locus and prevent 

the variant at the second locus from manifesting its effect.  Later, people published an additive 

linear model to   connect multi locus genotype values to phenotype values in the statistical way 
48. This combination makes it possible for the scientists to quantitatively measure phenotype of 

mutants and then trace back to evaluate the genotype. 

 

The consequence of two mutations could be classified into 3 types. Additivity49, magnitude 

epistasis48 50 51, and sign epistasis52. Additivity represents two mutants have an effect on a linear 

model, which means two gene loci have the independent effect, when combining them together, 

the phenotype clearly shows the sum of two single mutants. Genes in this group usually function 

in different metabolic pathways, for example, the color, shape, height of pea seeds in Mendel’s 

experiments49 53. Magnitude epistasis termed as the phenotype that two gene locus mutations 

show clear deviations from the expectation of two single mutations phenotypes. If two 

mutations together show enhancement of the function, it is called positive epistasis48 54, usually, 

this result indicates two mutations belong to the same pathway. To the contrary, if the double 

mutations show weaker effect than the sum of two single mutations effect, this phenotype is 

called negative epistasis55 56, the alleles in complementary pathways will present this phenotypic 

effect. Be attention, there is another phenotype that, when two mutations are introduced, the 

cell shows the opposite effect of one or both single mutations52, for example, the toxic- antitoxic 

systems. If the combination of two viable single mutations shows lethal, this is called synthetic 
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lethality57. 

 

To analyze the genetic interactions, we can choose different phenotypes as the objective to 

introduce different gene pair combinations and evaluate the interaction types and degrees of the 

mutated genes or gene loci. A very common phenotype for epistasis detection is fitness, one of 

the advantages of using fitness as the indicator might be the universal sensitivity and 

quantitative ability, it could be studied by both wet experiment and computational simulation58 
59 60. Quantitative to see, if we define the fitness of wild type strain as 1, and the relative fitness 

of gene A mutant is f(A) in the range (0<= f(A) <=1). And geneB mutant f (B) in the range 

(0<=f(B)<=1). If gene A and gene B double mutation strains fitness f (AB) = f(A) * f(B), it 

means gene A and gene B are additive epistasis; if f(AB) <f(A)*f(B), gene A and gene B are 

negative epistasis; if f(AB) >f(A) *F(B), gene A and geneB are positive epistasis. If f(AB) = 0, 

gene A and gene B can be defined as synthetic lethality. 

 
To understand the natural mechanism of the biological behaviors, we need to collect as 

much as possible of the information from lives, but at the same time, a challenge is that it 

becomes a tough work to link the phenotype to its relative genotype.  Hence, statistic and 

computational tools are necessary for biologists to analyze cell basic rules. For the wet 

experimental side, people need to provide biological data with enough size and list the potential 

genetic interactions base on the accumulated biological knowledge. Nowadays, a popular 

strategy to analyze gene-gene interactions is to monitor the phenotypes of double knockout 

mutants in whole genome wide by high-throughput way, and some single gene mutation 

libraries are constructed for different organisms, like YKO library in S. cerevisiae61, Keio 

Collection in E. coli 5, RNAi library in C. elegans62 and in D. melanogaster63. 

 
(I) Synthetic genetic arrays (SGA)64, SGA is a high-throughput method to detect synthetic 

lethal and synthetic sick genetic interactions. It provides a strategy to combine two mutations 

together by mating and check the survival ability. SGA is first developed in the model organism 

S. Cerevisiae, with single gene deletion library, SGA can identify synthetic lethal or synthetic 

sick gene pairs in an entire S. Cerevisiae genome.  

 
(II) Heterozygous diploid-based synthetic lethality analysis on microarrays (dSLAM)65, 

dSLAM is another high-throughput method to analyze synthetic lethality and synthetic sickness 

mutations combinations. It introduced a specialized haploid-selective marker into the 

heterozygote diploid YKO strains. When transfer the query mutation in the genome-wide single 
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gene mutants, the specific molecular barcodes or tags make it possible to find out the sick or 

lethal gene combinations on microarray plates.  

 
(III) Epistatic mini-array profiles(E-MAP)58 is a way to quantities measure the phenotypes 

deviations of double mutants’ strains, it can give us the candidates not only which have 

synthetic lethal or sickness effects, but also the candidates who have positive genetic 

interactions. 

 
  From the high throughput monitor systems (like Colony Live system for E. coli), we can 

quantitative score the phenotypes, and evaluate the underlying genetic interactions between two 

target genes. Colony-live system66 combines commercial devices, like scanners and microbial 

incubators with in-house developed software, to monitor colony growth kinetics. The colony 

sizes are being captured every 30 minutes, and finally it will provide us colony mass on each 

time points and calculated values. The output data include lag time of growth; maximum growth 

rate; saturation point of growth and colony area. It is a highly compatible system, which uses 

standard rectangle plates with maximum 1536 mutants on each plate and is competent to 

different experimental conditions. 

 
1.4 CRISPR system and my purpose 
      

CRISPR-Cas is the abbreviation of clusters of regularly interspaced short palindromic 

repeats and associated proteins. CIRSPR system is an adaptive immune system that discovered 

from bacteria and archaea. It is an RNA directed way for prokaryotes to resist infective agents, 

like plasmid or virus. At the first infection, the system captures a short specific sequence, and 

cut a short DNA fragment in front of this sequence as a memorized marker, and combine with 

associated proteins, when this infective agent infects again, this motif will recognize this 

invader and get rid of genetic threaten. 

 
The discovery of CRISPR system can be traced back to 30 years ago, in 1987, Ishino from 

Osaka University revealed fourteen repeats of a twenty-nine nucleotide, and these repeats are 

separated from each other by variety short DNA fragments about thirty nucleotides in E. coli7. 

Some years after,  the similar DNA arrangement is found by some other groups in different 

bacterial or archaea species, like Mycobacterium tuberculosis67; Archaea haloferax mediterranei 

and Haloferax volcanii68. 10 years after that, several groups together gave a hypothesis that this 

repeated motif may come from plasmids or phage DNA, and this CRISPR system functions as 
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a prokaryotic immune system. Until recent decade, this system is well analyzed and its 

immunity function is confirmed by several different groups in different bacterium69 70. 

 
This CRISPR system consists of a characteristic repeat - spacers array and Cas proteins. 

CRISPR array contains a special structure, it has a series of repeats with the same nucleotide 

sequence and have around 25 to 40 nucleotides distance from each other71. The sequences 

between the repeats are various to resist different invading genetic material, but they have 

similar size in a certain organism. The length of spacers is very different in different species, 

the spacer size is detected from about 20nt in bacterial to around 100nt in archaea72. Base on the 

secondary structure, size, and sequence similarity of repeats, the CRISPR arrays could be 

classed in 12 families73. A leader DNA fragment is found essential for CRISPR immune 

function, this part is involved in the early infection stage, to memorize the unique invader 

sequence, and assemble the RNA protein complex for the future resistance of the invader73.  

CRISPR associated proteins (also called Cas protein) are searched as proteins only present 

when CRISPR system exist in prokaryotes. More than 45 Cas9 protein families are discovered 
74. These proteins are widely spread in different organisms that with CRISPR systems, but only 

Cas1 and Cas2 proteins are common exist in all the organisms. Cas3, Cas4, Cas5 and Cas6 are 

also found in many organisms, Cas1 and Cas2 are the best-conserved Cas proteins, and known 

at immunity acquisition stage. Cas1 has endonuclease activity, Cas2 is a metal dependent 

endoribonuclease,  when the foreign genetic material first invades, Cas1 and Cas2 cut the 

invader DNA and degrade the DNA to short fragments75.  Cas3 is a helicase, it functions at the 

immune stage, Cas4 protein has similar structure to RecB exonulease, but the function is still 

not clear76. Cas5 protein is been reported as a RNA binding protein; probably function in crRNA 

processing procedure. Cas6 protein involved in crRNA precursor process, to generate mature 

protein and crRNA complex77 76. Besides these common exist genes, different organisms have 

different CRISPR proteins, like Cse in Escherichia coli, Csm in Mycobacterium, Csa in 

Aeropyrum and so on73. This variety of the same function immune system suggests that, for the 

same purpose, different organisms chose different pathways in the evolution. 
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Figure 1: Type II CRISPR-mediated immunity. (A): Immunization step. CRISPRs are the adaptive immune 
system in bacterial and archaea. The natural CRISPR regions are composed of short DNA repeats (black 
boxes) and spacers (colored hexagons). When the virus first infects a bacterium, the virus DNA would be 
captured by the Cas proteins complex (orange polymers), a short fragment from the invading DNA will be 
cut and be incorporated into the spacer locus to generate one extra spacer. (B): Immunity step. The CRISPR 
sequence is transcribed to an RNA precursor which comprises repeats (dark grey) and spacers (colored), the 
RNA precursor combines with tracrRNA (red loop) and Cas9 (blue) to form a long RNA protein complex, 
the complex is modified by the host native RNaseIII (orange oval), and finally to generate short Cas9 protein 
and RNA complex. The spacer RNA guides the protein RNA complex to a matching target sequence in the 
invading virus, and finally cuts up the invading viral genome. 
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Similar to the other adaptive immune system, CRISPR system function by two stages, 

adaption stage; memorize and silence the invader stage (Fig 1). In the first stage, CRISPR 

system will search a specific motif called protospacer adjacent motif (PAM) sequence, and find 

the short DNA fragment in front of this PAM sequence (protospacer) on invader genome, after 

that, Cas1 and Cas2 proteins will cut the protospacer from invader genome and integrate the 

short fragments in the host genome. This insertion position is being called spacers, in this 

adaptive stage, the PAM sequence is essential, usually, it is a short fragment with 2-4 base pairs, 

and is unique for a certain type of CRISPR system. Protospacer is homologous to the spacer 

sequences on host genome, the research indicates that this spacer is always inserted after leading 

sequence and before repeat locus, so it is possible that the order of spacers on CRISPR array 

represents the chronological order of foreign infection 78. The memorization of foreign DNA 

initiates from crRNA biosynthesis, after the insertion of the spacers in CRISPR array, 

transcription starts from the leader sequence in front of CRISPR array, and generate a long 

crRNA precursor that contains all the spacers and repeats RNA transcripts, crRNA precursor 

(pre-crRNA) is thereafter processed to short single spacer and repeat transcript units73. This 

process mostly depends on endonuclease homologous Cas proteins, like Cas6 in P. Furiosus77. 

While, in E. coli, this process is accomplished by a Cas protein cascade. This cascade mostly 

consists of 5 proteins, called Cse1, Cse2, Cse3, Cse4, and Cse5. in E. coli, Cse3 may function 

as the endonuclease to cut the pre-crRNA at 5’ ends of each spacer, and then other proteins 

modify 3’ ends of the short RNA products79, however, the mechanism underlying  this procedure 

is still unclear yet. When the crRNA is prepared, it associates with Cas proteins to form an RNA 

protein complex. The complex recognizes the foreign invader genetic elements by base-pairing 

of crRNA and foreign DNA71, and cleaves the foreign DNA by host-specific Cas proteins (Fig 

1), like Cas5 in S. Thermophilus; Cas9 in S. Pyogenes80 81. After long-term evolution, this 

CRISPR array acts as a memory of the previous infection. In this system, PAM and protospacer 

sequences are critical, but when the invader DNA sequences have point mutations on some 

parts of PAM or protospacer sequence, it won’t inhibit the immunity of the system82. Only if the 

mutation occurs in critical positions, CRISPR will be inhibited, however, the partial mismatch 

of crRNA and foreign DNA will promote the acquisition of new protospacers83. 

  

CRISPR systems are diverse across different species, the spacer-repeat unit in CRISPR 

array could be from one to more than 30084 72, on the other hand, PAM sequence and protospacer 

are also quite different both in their sequences and length in different species85. To date, a 

commonly accepted classification way to dived complicated CRISPR systems is to use crRNA 
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effector complex, that is when defense the foreign DNA, which Cas protein or protein cascade 

is associated to the specific crRNA86. Until 2016, about 93 CRISPR associated protein families 

are been discovered, they are classified into two large categories base on crRNA effector 

complexity.  In class 1 CRISPR Cas systems, crRNA defense procedure need multi-proteins 

for crRNA binding and targeting, for instance, the CRISPR system in Archaeoglobus fulgidus; 

Bacillus halodurans; Escherichia coli; staphylococcus epidermidis; cyanothece and so on87. In 

the other class, crRNA needs only single protein to accomplish crRNA binding and targeting 

function, like the systems in Legionella pneumophila; Streptococcus thermophilus; Neisseria 

lactamica87. Base on significant cas genes in cas operons, Class 1 CRISPR system is divided 

into type I, type III and type IV; class 2 is divided to type II, typeV and type VI 87.  Each type 

has a symbolic Cas protein, like Cas3 for type I 88 89 90, Cas9 for type II9 91 92 93 94, Cas10 for type III95 
96 97,Csf1 for typeIV97 98 and Cpf1 for type V98 99. Type I CRISPR system has 7 subtypes, named 

type I-A, type I-B, type I-C, type I-D, type I-E, type I-F and type I-U.  In type I-C, type I-D, 

type I-E and type I-F systems, Cas proteins are encoded from a single operon, while, in type I-

A and type I-B, Cas proteins are encoded from multi-operons98.  Type II CRISPR systems are 

known as the simplest CRISPR system since it has only one mark gene (cas9) for CRISPR 

system, it is divided into 3 subtypes base on the Cas protein besides Cas9 on the operon, or 

distinct locus organization9 100. Type III is classified into two subgroups, type III-A and type III-

B, they are distinguished base on a subunit protein-encoding gene csm2 for III-A type and cmr5 

for III-B type98. Type IV is functional unclear CRISPR system, the unique feature in this group 

is that they don’t have wide spread Cas proteins: Cas1 and Cas297. Type V is a putative CRISPR 

system with a significant cpf1 gene adjacent to cas1, cas2 and CRISPR array98 (Fig 2). 
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Figure 2: The types of CRISPR system. CRISPR systems are been classified into two classes (Class1 and 
Class2). Class 1 divided into three types (type I, type III, type IV) base on the similarity of their crRNA 
effector proteins. Class 2 divided to two types (type II, type V) base on the similarity of their crRNA effector 
proteins. The orange ovals represent proteins involved in the stage of spacer integration, blue ovals represent 
proteins involved in crRNA transcription stage; purple color represents the proteins in CRISPR recognition 
and targeting stage. Cas3 and Cas10 (pink oval) are known as nuclease proteins in type I and type III CRISPR 
system. CARF (dark green oval) is a regulation protein in Type III system. DinG (grey oval) is a functional 
unknown protein in Type IV system. 

 

In 2011 to 2012, three groups discovered that type II system is transferrable9 101 102,  the 

purified Cas9 protein from Streptococcus thermophilus or Streptococcus pyogenes can cleave 

target DNA in vitro when binding with crRNA9 102. For the convince of experiments, researchers 

fused the crRNA with another short RNA fragment -tracrRNA to facilitate the Cas9 protein 

binding and target DNA cleavage9. After that, some labs showed their results to edit genome in 

mammalian cells in vivo by bacterial-derived CRISPR system103 104.Heterologous crRNA-

tracrRNA hybrids or gRNA will bring Cas9 protein to the target position and cleave double 

strands of the target DNA, with the help of non-homologous end joining or homologous 

recombination to modify mammalian cell genome. From that on, this handleable technology 
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becomes more and more popular for genome editing.  Currently, most of the CRISPR based 

genome modification employed the CRISPR-Cas9 system from Streptococcus pyogenes (sp 

Cas9)105 92 104 106. From these studies, a lot of information about this spCas9 is accumulated 

including the exact PAM sequence, protospacer length and the other associated factors. It is 

found that, the PAM sequence for this spCas9 is a short 3 base pair sequences 5’-NGG-3’, the 

fragment with 20nt in front of this PAM sequence is homologous to the target DNA, it will 

guide the Cas9 protein to the target position. It is found this protospacer and PAM sequence 

can tolerate some base pairs mismatch. On PAM sequence, a 5’-NAG-3’ mutation also has the 

CRISPR recognition activity, on protospacer fragment, the nearest 8–12 nt with PAM sequence 

is suggested as seed sequence, this part should be unique, without any mismatch with the target 

position, the other base pairs are less sensitive to CRISPR motif target effect104 107. This feature 

makes a problem arose, that is the potential off-target, which means with some mismatch on 

crRNA, it can remain temporary bind with the DNA strands, it is observed that in this case, 

Cas9 has many binding sites but can only cleave a small part of them108. 

 
The nuclease activity of Cas9 protein cut the DNA double strands by two of its functional 

domains, RuvC and HNH, each of them cleave one strand of DNA (Fig 3). RuvC and HNH 

together will generate a blunt -ended double strand break9. SpCas9 is also modified to a single 

strand cleave version, which has one functional domain inactivated. This system will cut one 

strand of the target DNA102 9, in mammalian cell, this design will repair the cleavage position via 

the high-fidelity base excision repair (BER) way109 like homologous recombination. Another 

version of CRISPR-spCas9 is the mutants with both RuvC and HNH domains inactived, which 

is called dCas9 system or CRISPR interference system (CRISPRi)10, this protein-RNA complex 

would keep the binding ability, but when crRNA brings the dCas9 to the binding position, it 

will efficiently prevent transcription of the target gene (Fig 3)93 10. 

 
Because of the handleability and flexibility of the system, Crispr-dCas9 system is used in 

many fields, like cell therapy110 111 112. Drug development, especially antimicrobial and antiviral 

drugs development113 114. Agriculture115, and industrial biotechnology116 117. 

 

Here, we want to use a novel method for essential gene study, an RNA-base genome 

modification system, CRISPR-dCas9 system. As described before, CRISPR-dCas9 is a 

deficient version of the CRISPR-Cas9 system. This system is possible to recruit E. coli host 

cell native RNaseIII and utilize a deficient Cas9 together with specific binding gRNA and 



 16 

sterically block the transcription of the target genes (Fig 3). 

 

 
Figure 3:  CRISPR-Cas9 genome editing motif. The minimal CRISPR system consists of a single protein 
(Cas9 protein), short tracrRNA fragment and a designed crRNA. The Cas9 protein consists of two functional 
domains (red asterisks), each of them response to one DNA stand cleavage. The wild-type Cas9 protein 
contains the nuclease activity. When the protein binds to the crRNA and forms a protein-RNA complex. The 
complex is guided to a specific DNA position by base pairing between the crRNA and the DNA target. In 
the case of wild-type Cas9, the DNA will be cleaved due to the nuclease activity of the Cas9 protein. 
However, the dCas9 protein is defective in nuclease activity. it is still able to form a complex with the crRNA 
and bind to specific DNA target. When the targeting occurs on the protein-coding region, it could block RNA 
polymerase and transcript elongation.  

 

CRISPR-dCas9 is also been called CRISPRi (CRISPR interference) system. It mainly needs 

3 elements to repress a target gene in the specific location in E. coli: tracrRNA (transcription 

activated RNA), gRNA (or crRNA) and pdCas9 endonuclease protein.  

 

In this project, I want to focus on experimental essential genes in E. coli genome. It means 

the genes, which are indispensability in LB medium at 37℃. In E. coli, essential genes are 

usually in essential cellular pathways, like genome replication, cell division or cellular 

components synthesis (Fig 4), since the critical roles of them in the cell, it is impossible to study 

them by deletion mutations. 
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Figure 4: Essential gene classification. 325 ORF genes in E. coli genome is defined as essential genes by 
deletion mutation strategy in LB medium at 37℃. They are classed in several essential cell biological 
processes, like cellular process procedure, or metabolic processes or cellular component organization. 

 

 Previous studies on essential genes in our group, is to use a deletion and complementary 

system118, which utilize a low copy complementary plasmid pFE604T to supply essential gene 

products in the essential gene deletion system. This plasmids allows people to clone essential 

genes ORF on the vector, and co-working with single non-essential gene deletion library Keio 

collection5 to mimic a double gene knockout mutant. This strategy provides people a good way 

to analyze essential genes’ functions and their connections with other genes in E. coli 

community, this was the first try to knockdown the essential genes in E. coli genome. However, 

there are some limits or hurdles in the mutation and complementary system, some of the 

essential genes show very critical to E. coli fitness, when they are removed, the cell cannot 

survive even under the supplements of these essential gene products118. In addition, technically, 

in this system, the deletion of the essential gene base on the previous prediction of essential 

gene ORF, the entire fragment absence may bring some affection to target gene communication 

with the other factors.  

 

The development of new genome editing tool CRISPR-dCas9 system gives us a new 

strategy to knockdown the essential genes in E. coli genome, this system contains 2 plasmids, 
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one express pdCas9 protein, and the other one express RNA factors including tracrRNA and 

gRNA.  The concept is utilizing the well-known spCRISPR-dCas9 system (CIRPSR -dCas9 

derived from streptococcus pyogenes) to repress the essential genes in E. coli. Since the 

essential genes have varied functions and different essentiality levels, the gene inhibition may 

need different degrees, so we employed the pdCas9 plasmid with an inducible promoter to 

control the pdCas9 protein expression. On RNA expression plasmid, we employed a high copy 

plasmid vector with a constitutive promoter, and 20nt spacer sequence connects with gRNA 

scaffold here function as tracrRNA and repeats10. Theoretically, this system will repress the 

target essential genes of E. coli without killing the bacteria. Besides, combine this gene 

knockdown system with the single gene deletion library Keio collection, recruit high-

throughput experimental method, it is possible to detect the communication of target essential 

genes with the entire genome. 

 

Another technique necessary for this project is bacterial conjugation. Bacterial conjugation 

is a widespread DNA horizontal transport mechanism, the conjugative DNA is transferred from 

one cell to another by a simple cell to cell contact or bridge connected contact119. This feature 

probably one of the most common reasons why the bacteria gains new abilities, like antibiotic 

resistance, xenobiotic tolerance, new metabolites synthesis abilities and so on. This mechanism 

is first revealed more than half century ago by Joshua Lederberg and Edward Tatum119, they 

found  the bacterial cells have “F” factor can transfer the DNA to the other cells. This F plasmid 

is a single copy plasmid in a given bacterium, it contains some important functional segments, 

like oriT (transfer origin), oriC (replication origin), tra region (transfer genes) and IS (Insertion 

Elements). Bacterial conjugation starts in the cytoplasm, when the DNA relaxase proteins 

recognize oriT fragment, it cut the single strand in oriT region, and bind on the 5 ends of the 

nicked strand, the nicked strand (T-strand), is unwound from the double strands and transferred 

to recipient cell in 5’ to 3’ direction. The transferred DNA can then be integrated into the 

recipient cells’ genome by homologous recombination or cyclized to generate an isolated 

circular plasmid. Conjugation is a convenient way to transfer genes from cell to cell, it has been 

reported that it could happen from bacteria to many other organisms, including yeast120, plants , 

mammalian cells , diatoms and isolated mammalian mitochondria121 122 123. This flexible activity 

makes it possible to recruit this system as DNA transformation tool. One of the application is 

Hfr strain, Hfr strain is the abbreviation for high-frequency recombination strain, it is the 

bacterial cells with conjugative F plasmid integrated into the chromosomes, Hfr cells can 

efficiently promote the transformation of its DNA to a recipient cell, which does not have F 
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factor. 

 

Based on these complete resource and high-through method, I started this project to analyze 

the features of essential genes in E. coli, and the genetic interactions between the target essential 

genes and non-essential genes of the entire E. coli K-12 genome.  First, I need 2 plasmids 

express all the elements of CRISPR-dCas9 system:  dCas9 protein, crRNA and tracrRNA. Some 

reports suggest that high amount dCa9 accumulation in the cell may exhibit toxicity124, to 

decrease the vector influence to E. coli growth, it is better to put this dcas9 express gene under 

an inducible promoter for the manipulation of dCas9 protein expression level. Another problem 

is that, to extend the repression to the entire genome scale, I need a F plasmid derived oriT 

fragment inserted on the plasmids. In this scenario, if these conjugative plasmids are transferred 

into Hfr strain, they can utilize the tra operon gene products and transfer themselves by a simple 

direct cell-to-cell contact (Fig 5). 

 
Gibson assembly seamless cloning method is benefits to maintain the structure of crRNA 

and tracrRNA products. The essential gene repression strains’ phenotypes in liquid could be 

evaluated by measure the OD600 value. And on solid plates, the phenotypes could be detected 

by Colony-live system66, this system contains several scanners and the software developed by 

this group, it captures the images of the square plates every 30 minutes, and calculates LTG 

(lag time of growth), MGR (maximum growth rate), and SPG (saturation point  of growth) at 

the end of the culture period. 
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Figure 5: CRISPR-dCas9 essential gene knockdown and non-essential gene knockout system construction. 
3 elements are essential for CRISPR-dCas9 system: dCas9 protein, tracrRNA and crRNA, in WT (A), the 
Cas9 protein, tracrRNA and crRNA complex specific recognizes the target position, and cleaves the DNA 
double strands at the binding locus. While, in deficiency version, the dCas9 system (B), is still keeping the 
target position recognition ability, but dCas9 lost the cleavage function, which means the protein RNA 
complex will block the RNA polymerase to stop the transcription at the target loci instead of break the DNA 
strands. Essential gene knockdown and non-essential gene knockout strains construction takes the advantage 
of bacterial conjugation system, employ a Hfr strain with conjugative CRISPR system as the donor, and 
contact donor with single gene deletion library Keio collection to transfer the CRISPR-dCas9 system to Keio 
collection, promote the CRISPR factors expression in Keio collection to gain essential gene knockdown 
mutants.   
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Chapter 2 Materials and methods 
 
 

2.1 Strains and plasmids 
      
     Strains and plasmids used in this research are listed in the Table. 1. 

Strains   

Strains Genotype Reference 

BW25113 lacIq rrnBT14 DlacZWJ16 hsdR514 DaraBADAH33 
DrhaBADLD78 

Datsenko KA, Wanner BL 125 

Mach 1 DrecA1398 endA1 fhuA Φ80D (lac)M15 D (lac)X74 

hsdR(rK
–mK

+) 

Invitrogen 

G286 DH10B: DmetC DdadX Dalr hfr3(DoriT) Goto, S. personal communication 
Keio 
collection 

Deletion strain collection using BW25113 T.Baba126 

   

Plasmids   
Name Features Reference 

PdCas9 PLtetO-1 Cas9 cat p15A L. Qi10,  (Addgene Cat: 44249) 
pgRNA-
vector 

D-lac oriColE1 L. Qi10,  (Addgene Cat: 44251) 

 
 

Mach 1 (Invitrogen) is commercially available fast-growing E. coli cell and quite easy to 

use as a host strain of DNA cloning. The Mach1 colonies could be clearly detected after 8 hours, 

and in liquid culture, it can reach the stationary phase after 4 hours culture in LB at 37 ℃. 

 
G286 (Goto, S. personal communication) is the Hfr strain by CIP plasmids45 with some 

modification. This strain was used as a donor strain of conjugative transfer of plasmids carrying 

oriT plasmids with dal phenotype (alanine auxotroph) by deleting metC, dadX and alr genes. 

CIP8 plasmid was integrated between ydiO and ydiP (1777kb coordinate of E. coli K-12 

genome) to make this host strain Hfr, whose oriT was inactivated by deletion. 

 

PdCas9-bacteria and pgRNA-bacteria original plasmids were purchased from Addgene 

(Cat:44249,  44251), the plasmids are first developed by Stanley Qi in UCSF10, pdCas9-bacteria 

plasmid contains an aTc inducible promoter PLtetO-1, a chloramphenicol selectable marker, 

and a p15A replication origin besides dCas9 express gene. PgRNA-bacteria plasmid contains a 

20nt gRNA clone space, and a minimal synthetic promoter (J23119) with an annotated 



 22 

transcription start site, an ampicillin-selectable marker and a ColE1 replication origin. oriT 

fragment came from wild type F plasmid kindly provided by Dr. Sampei (personal 

communication). 

 

PdCas9-oriT: the pdCas9- bacteria plasmid with oriT fragment which allows the plasmid 

self-transmissible. PgRNA-oriT: the pgRNA- bacteria plasmid with oriT fragment which 

allows the plasmid self-transmissible. 

 

 The pdCas9 plasmid has a PL-tetO promoter-operator system, it is inducible by 

tetracycline or more efficiently by anhydrotetracycline (aTc)127, and has lower antibiotic activity 

toward E. coli. 

 

 DL-alanine (Sigma, Co. 302727):  5mM DL-alanine is add in the medium to support the 

growth of G286 strain. 

 

 Antibiotics: in this project, 100 µg/ml ampicillin was used for pgRNA plasmids selection, 

30 µg/ml chloramphenicol was used for pdCas9 plasmids selection. And 30 µg/ml kanamycin 

was used for Keio collection selection. 

 

2.2 Primers 
 

Primers were synthesized by Invitrogen (XYP0096 -XYP0109) or Hokkaido System 

Science (XYP0110-XYP0155), without any modification. Primer YHP-1 andYHP-2 came 

from essential gene conditional deletion library construction project118. Sequences of primers are 

listed in the Table 2. 
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Table 2 Primers used

names: primer name
sequence: sequence
function: purpose we made

names sequences funcitons
XYP0096 ATCACGAGGCAGAATTTCAG forward checking primers for pgRNA-bacteria(1)
XYP0097 TACGGCGTTTCACTTCTGAG reverse checking primers for pgRNA-bacteria(1)
XYP0098 GCGGCATAAGCCAGAAAATATC froward checking primers for pdCas9-bacteria(1)
XYP0099 TTGGCGTTTAGAAGTTGTCTCC reverse checking primers for pdCas9-bacteria(1)
XYP0100 AAGGAAAAAAGCGGCCGCTTCCTCGCTCACTGACTCG forward primer of oriT cloning on pgRNA-bacteria with NotI 
XYP0101 TTTTCCTTTTGCGGCCGCGCCTGCAGTCTAGACTCGAG reverse primer of oriT cloning on pgRNA-bacteria with NotI 
XYP0102 AAGGAAAAAAGCGGCCGCGCTTACGAACGGGGCGGAGA forwar primer of oriT cloning on pdCas9-bacteria with NotI 
XYP0103 TTTTCCTTTTGCGGCCGCATTTCCGCTCGCCGCAGTC reverse primer of oriT cloning on pdCas9-bacteria with NotI
XYP0104 AAAGGCTCAACAGGTTGGTG forward checking primer of oriT
XYP0105 CACCCCTACAAAACGGTGTC reverse checking primer of oriT
XYP0106 TAAAACGAAAGGCTCAGTCG forward checking primer of oriT on pdCas9
XYP0107 AGGCGTGGAATGAGACAAAC reverse checking primer of oriT on pdCas9
XYP0108 CTTGAGCGTCGATTTTTGTG reverse checking primer of oriT on pgRNA
XYP0109 TTTTCCTTTTGCGGCCGCCACTAAAATTCATAATGCAAACAGGG reverse primer of oriT cloning with NotI
YHP-1 AAGGAAAAAAGCGGCCGCCACCTCTGGTGACTTTATC 37nt forward primer of oriT cloning with NotI
XYP0110 GAATTCTAAAGATCTTTGACAGCTAGCTCAGTCCTAGGTATAATACTAGTCTCACGCAGCTCTTTTACCA tsf gRNA forward primer
XYP0111 GTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACTGGTAAAAGAGCTGCGTGAG tsf gRNA reverse primer
XYP0112 GAATTCTAAAGATCTTTGACAGCTAGCTCAGTCCTAGGTATAATACTAGTCGTCAGGGTGACTTTCTTGC lpxC gRNA forward primer
XYP0113 GTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACGCAAGAAAGTCACCCTGACG lpxC gRNA reverse primer 
XYP0114 GAATTCTAAAGATCTTTGACAGCTAGCTCAGTCCTAGGTATAATACTAGTATCGCCAGGGTCTGTTTCTC infA gRNA forward primer 
XYP0115 GTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACGAGAAACAGACCCTGGCGAT thiL gRNA reverse primer 
XYP0116 GAATTCTAAAGATCTTTGACAGCTAGCTCAGTCCTAGGTATAATACTAGTCTGGATCAGCGTTTGCTCAC secD gRNA forward primer 
XYP0117 GTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACGTGAGCAAACGCTGATCCAG secD gRNA reverse primer 
XYP0118 GAATTCTAAAGATCTTTGACAGCTAGCTCAGTCCTAGGTATAATACTAGTCATCAGTGGTACGGCTATTT mrdB gRNA forward primer 
XYP0119 GTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACAAATAGCCGTACCACTGATG mrdB gRNA reverse primer 
XYP0120 GAATTCTAAAGATCTTTGACAGCTAGCTCAGTCCTAGGTATAATACTAGTCGAAGGGTTAAAGCTTAGTA ftsK gRNA forward primer
XYP0121 GTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACTACTAAGCTTTAACCCTTCG ftsK gRNA reverse primer  
XYP0122 GAATTCTAAAGATCTTTGACAGCTAGCTCAGTCCTAGGTATAATACTAGTCATTTCAATATTGTCTTCTT infA gRNA forward primer 
XYP0123 GTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACAAGAAGACAATATTGAAATG infA gRNA reverse primer 
XYP0124 GAATTCTAAAGATCTTTGACAGCTAGCTCAGTCCTAGGTATAATACTAGTCAATAAATAGAGCGACAGGT lolC gRNA forward primer 
XYP0125 GTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACACCTGTCGCTCTATTTATTG lolC gRNA reverse primer  
XYP0126 GAATTCTAAAGATCTTTGACAGCTAGCTCAGTCCTAGGTATAATACTAGTCCGGTAGATGGAAATATTTC yceQ gRNA forward primer 
XYP0127 GTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACGAAATATTTCCATCTACCGG yceQ gRNA reverse primer 
XYP0128 GAATTCTAAAGATCTTTGACAGCTAGCTCAGTCCTAGGTATAATACTAGTCTGGCGCTCGAGTCGAACCT tpr gRNA forward primer 
XYP0129 GTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACAGGTTCGACTCGAGCGCCAG tpr gRNA reverse primer 
XYP0130 GAATTCTAAAGATCTTTGACAGCTAGCTCAGTCCTAGGTATAATACTAGTTCAGGTTGAGCAGGATTTCC rpoA gRNA forward primer  
XYP0131 GTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACGGAAATCCTGCTCAACCTGA rpoA gRNA reverse primer 
XYP0132 GAATTCTAAAGATCTTTGACAGCTAGCTCAGTCCTAGGTATAATACTAGTGTTTGCTTCAACTTCGATTA rplC gRNA forward primer 
XYP0133 GTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACTAATCGAAGTTGAAGCAAAC rplC gRNA reverse primer 
XYP0134 GAATTCTAAAGATCTTTGACAGCTAGCTCAGTCCTAGGTATAATACTAGTTTTACGCAGCGCTTGTGCAT ftsZ gRNA forward primer 
XYP0135 GTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACATGCACAAGCGCTGCGTAAA ftsZ gRNA reverse primer 
XYP0136 GAATTCTAAAGATCTTTGACAGCTAGCTCAGTCCTAGGTATAATACTAGTGCGTCGTGACCAGCTCGTCA mukB gRNA forward primer
XYP0137 GTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACTGACGAGCTGGTCACGACGC mukB gRNA reverse primer
XYP0138 GAATTCTAAAGATCTTTGACAGCTAGCTCAGTCCTAGGTATAATACTAGTTTCGCGACTTGAGTCATAGT metG gRNA forward primer
XYP0139 GTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACACTATGACTCAAGTCGCGAA metG gRNA reverse primer
XYP0140 GAATTCTAAAGATCTTTGACAGCTAGCTCAGTCCTAGGTATAATACTAGTTGGTCGCGCCTAATTGTTCG murA gRNA forward primer 
XYP0141 GTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACCGAACAATTAGGCGCGACCA murA gRNA reverse primer 
XYP0142 GAATTCTAAAGATCTTTGACAGCTAGCTCAGTCCTAGGTATAATACTAGTCCCGGTTTTCAAGTTCTAAT mreC gRNA forward primer 
XYP0143 GTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACATTAGAACTTGAAAACCGGG mreC gRNA reverse primer 
XYP0144 GAATTCTAAAGATCTTTGACAGCTAGCTCAGTCCTAGGTATAATACTAGTGCGATAACGCCGTCTTTCAT mreB gRNA forward primer 
XYP0145 GTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACATGAAAGACGGCGTTATCGC mreB gRNA reverse primer 
XYP0146 GAATTCTAAAGATCTTTGACAGCTAGCTCAGTCCTAGGTATAATACTAGTGTCGAGCATCTGCACCGTGC yibJ gRNA forward primer 
XYP0147 GTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACGCACGGTGCAGATGCTCGAC yibJ gRNA reverse primer 
XYP0148 GAATTCTAAAGATCTTTGACAGCTAGCTCAGTCCTAGGTATAATACTAGTGACCATGAACGGATCATGTC rpoC gRNA forward primer 
XYP0149 GTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACGACATGATCCGTTCATGGTC rpoC gRNA reverse primer 
XYP0150 GAATTCTAAAGATCTTTGACAGCTAGCTCAGTCCTAGGTATAATACTAGTCACGTTCGAGAGCGGCGGAG dnaC gRNA forward primer
XYP0151 GTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACCTCCGCCGCTCTCGAACGTG dnaC gRNA reverse primer
XYP0152 GTCCTAGGTATAATACTAGTGACCATGAACGGATCATGTC rpoC gRNA forward primer (20nt)
XYP0153 GCTATTTCTAGCTCTAAAACGACATGATCCGTTCATGGTC rpoC gRNA reverse primer (20nt)
XYP0154 GCTCAGTCCTAGGTATAATACTAGTGACCATGAACGGATCATGTC rpoC gRNA forward primer (25nt)
XYP0155 AACTTGCTATTTCTAGCTCTAAAACGACATGATCCGTTCATGGTC rpoC gRNA reverse primer (25nt)
XYP0158 GCGGAACTGAGCGATAACA dnaA qrt-PCR forward primer
XYP0159 CCGCAGAAACTGGTTAGCA dnaA qrt-PCR reverse primer
XYP0160 AGCACCTCACGGAAAAAGCA ftsN qrt-PCR forward primer
XYP0161 CCGGTCACTTTCTGGCTTTG ftsN qrt-PCR reverse primer
XYP0162 ACTCCTACGGGAGGCAGCAGT 16s rRNA forward q-rtPCR
XYP0163 CCTTCCTCCCCGCTGAAAG 16s rRNA reverse q-rtPCR

(1) Qi LS. Et al. Cell 2013, 152:1173-1183
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2.3 CRISPR-dCas9 target gRNA design 
 

crRNAs for the entire essential gene set were designed by python. The principle is 1). 

Search the PAM sequences (NGG) on both strands of E. coli genome. 2) Output the entire pool 

of the crRNAs. 3) Assign the crRNAs to each gene by the positions of the genes on the genome, 

4) At last, decide the target DNA strand (template strand or non-template strand) by the 

orientation direction of the genes. The crRNAs for all the essential genes in E. coli is shown in 

supplementary Table 1. 

 
2.4 Molecular biology experiments 
 

Plasmids extraction follow the standard alkaline method described in Molecular Cloning128. 

For mini-preparation, 5 ml culture was used. For medium scale preparation, 50ml culture was 

used. All the clone steps were employed the high fidelity hot start DNA polymerase KOD-plus 

(Toyobo Japan), the DNA fragments are amplified the in 50µl reaction system followed by 

DpnI digestion, alkaline phosphatase treatment and gel purification.  

 

PCR amplified fragments were normally purified by DpnI (Takara) to destroy template 

DNA for PCR and terminal dephosphorylation by BAP (Takara) to eliminate self-ligation. NotI 

digestion was performed for overnight at 37℃ and inactivated at 80℃ for 20 for oriT insertion. 

After enzymatic treatment, size separation of fragments was done by 1 to 2 % of low melting 

agarose (Lonza Co. Ltd, Japan) according to the fragment sizes. 

 

The purified DNA fragments were sent to ligation (oriT insertion) or Gibson assembly 

(gRNA clone). For oriT insertion, DNA ligation Mighty Mix kit (Takara, Japan) was used.  The 

ligation reaction followed the manufacturer’s instruction. The gRNA plasmids were 

constructed by seamless cloning strategy Gibson assembly according to the published 

protocol129. The homemade Gibson assembly buffer was prepared by three enzymes: T5 

exonuclease (New England Biolabs, USA), Phusion DNA polymerase (New England Biolabs, 

USA) and Taq DNA ligase (New England Biolabs, USA). In a reaction mixture, two or more 

double strands linear fragments with homologous regions are required. T5 exonuclease will 

digest linear DNA strand from 5’ end to 3’ end to create single DNA strand with 3’ end 

overhangs, single stranded terminal regions anneal together and then Phusion DNA polymerase 

fills gaps in the annealed DNA fragments. Finally, Taq ligase seals the nicks between inserts 

and backbone plasmid.  The DNA fragments were amplified by KOD plus DNA polymerase in 
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50µl reaction system, purified by low melting temperature gel128.  

 

Structural confirmation of cloned plasmids was performed by colony PCR with Ex-Taq 

(Takara, Japan) according to the instruction manual. The final plasmids ‘sequences were 

confirmed by Big-Dye terminator sequencing (ABI 3100 Genetic analyzer).  

 

The engineered DNA product are transferred into Mach 1 electro-competent cells by 

electroporation (BIO-RAD). Preparation of electro-competent cells and electroporation were 

performed according to Molecular Cloning128and manufacture’s instruction (EcoliPulsor: 

BioRad), respectively. 

 

Total RNA was extracted according to the conventional hot phenol method130. To avoid a 

shortage of samples of mRNA, I generally used 50 ml log phase culture with appropriate 

concentration of aTc (Wako, Japan) as inducer of dCas9 to activate the repression with 

constitutively expressed specific gRNA. Extracted RNAs were checked by neutral agarose gel 

electrophoresis to check the ration between 23S and 16S rRNA and their degradation. 

 
500ng total RNAs are used to synthesis cDNA by PrimeScript reverse transcriptase (Takara, 

Janpan), with random hexamer (Takara, Japan) in 20µl reaction system following the user 

manual. 

 

The SYBR green based real time PCR method is used to detect the relative quantification 

of the target genes on the basis of 16s rRNA, the wild type strain is chosen as control, the 

extracts concentration and quality were checked by Nano drop and non-denaturing agarose gel, 

finally dissolve in 25µl DEPC water.  

 
The synthesized cDNAs were sent to qRT-PCR, and quantitatively detect the relative 

mRNA amount base on the standard curves from WT cDNA with different dilution times. In 

each target culture, 16s rRNA is employed as the reference gene, and final target gene mRNA 

relative expression is calculated by: Concentration of the sample/Concentration of reference 

gene. qRT-PCR employed SYBR® Premix Ex Taq TM (Takara, Japan) and lighCycler® 480 

(Roche life science, the USA), the data statistical analysis is done by R, bar charts were 

generated by graphed prism. 
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2.5 Bacterial experiments 
 

Conjugation was done using mid-log growing phase culture of both donor and recipient 

strains, 200µl mid-log phase culture of donor and recipient strains were mixed and incubated 

at 37℃ for one hour without shaking. Plating on LB agar plates with proper antibiotics and 

calculate the conjugation efficiency by the function: conjugation efficiency = conjugated cells 

/recipient cells. 

 

To monitor the growth in liquid culture, I measured OD600 by spectrophotometer (Jasco 

V-630) or micro-plate reader (Molecular Devise SpectraMax® GEMINI EM) according to 

sample numbers. Overnight cultures were inoculated into 96-well microtiter plates containing 

100 µl of liquid medium with appropriate antibiotics supplemented with 0, 0.1, 0.2, 0.5, 1.0, 

2.0 µM of aTc. Cultures were incubated at 37°C for 24 hours to measure the optical density 

(600 nm) every 30-min using SpectraMax® GEMINI EM (Molecular Devices Inc). 

 

To monitor the colony growth on agar plate, I used Colony-Live scanning systems66 with 

appropriate antibiotics supplemented with 0, 0.1, 0.2, 0.5, 1.0, 2.0 µM of aTc.  

 

To check the morphology of the essential gene inhibited strains, the all-in-one fluorescence 

microscope (KEYENCE, BZ-9000E) was employed. For all the targeted essential genes, I 

checked the bacterial phenotypes at log phase with 1 µl aTc or without aTc. And for dnaA and 

ftsN, time series observation is detected in the medium with 1 µM aTc or without aTc.  

 

2.6 High throughput experiment  
 

Genetic Interaction between essential gene knockdown and non-essential gene knockout 

were detected by the high throughput method. 

 
Conjugation to transfer CRISPR-dCas9 system into Keio collection by singer robot 

followed this protocol, also seen in Fig6:   

1).  pre-culture recipient strain array, here the recipient strains are single non-essential gene 

deletion Keio collection. Thaw the glycerol stock and stamp on LB agar plates with 30 µg/L 

kanamycin. Incubate at 37℃ overnight to generate 384 colony arrays.  

2). From 384 array stamps to LB plates with 30 µg/L kanamycin, to make 1536 colony array, 
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incubate at 37℃ overnight.  

3). Collect 200 µl log phase liquid donor strain, G286 (OD600=0.5) with pdCas9-oriT plasmid, 

spread on LB plates with DL-alanine. Stamp Keio collection plasmids array onto donor lawn. 

Mating at 37℃ for 2-3hours, thereafter stamp the colony to LB plates with 30 µg/L kanamycin, 

30 µg/L chloramphenicol, culture at 37℃ overnight. 

4). Pick the colonies culture in microplates, liquid LB at 37℃ overnight to make glycerol stock 

of Keio collection strains with pdCas9-oriT plasmid. Store at -80℃. 

5). Repeat step 1) to 4) but use G286 strain with pgRNA- oriT plasmids as the donor, and Keio 

collection strains with pdCas9-oriT plasmid as the recipient strains to transfer the essential gene 

repression gRNA plasmids into the Keio collection strains. 

4). Stamp 1536 Keio collection with dCas9 expression plasmid and gRNA expression plasmids 

array on fresh LB agar with 30 µg/L kanamycin, 30 µg/L chloramphenicol, 100 µg/L ampicillin 

plates, and supply 0 µM, 0.1 µM, 0.2 µM, 0.5 µM, 1 µM, 2 µM aTc. Culture in Colony-live 

scanner system at 37 ℃ for 24 hours. 

 

 
Figure 6: High throughput scheme for essential gene knockdown and non-essential gene knockout array 
construction. CRISPR-dCas9 elements are expressed from two plasmids, the high throughput strategy 
involves two stages, one is to transfer dCas9 expression plasmid to Keio collection (A); and the other stage 
is to transfer specific gene target crRNA to Keio collection with dCas9 (B). (A): (1) the experiment was done 
using a well confirmed non-essential gene deletion library Keio collection, stamp the Keio collection on LB 
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plate with 30 µg/ml kanamycin, culture at 37℃ overnight to generate Keio collection colony array. (2) collect 
log phase donor strain (G286 with dCas9 expression plasmid) pure on LB plate to generate donor lawn, and 
stamp Keio array to donor lawn. (3) 37℃, 3 hours incubation to transfer the dCas9 expression plasmid-
pdCas9 to Keio collection, (4) and stamp to LB plate with antibiotics to select the Keio mutants which gain 
pdCas9 plasmid. (5) transfer the Keio collection with pdCas9 to liquid LB culture with antibiotics (30 µg/ml 
kanamycin, 30 µg/ml chloramphenicol) in 384 well microplates, culture overnight. Add in 15% glycerol to 
make Keio + pdCas9 array glycerol stock. (B): (1) stamp Keio+pdCas9 array on LB plate with antibiotics 
(30 µg/ml kanamycin, 30 µg/ml chloramphenicol) to generate 1536 array. (2) collect log phase donor strain 
(G286 with crRNA expression plasmid) pure on LB plate to generate donor lawn, and stamp Keio +pdCas9 
array to donor lawn. (3) 37℃, 3 hours incubation to transfer pgRNA plasmid to Keio + pdCas9 collection, 
(4) and stamp to LB plate with antibiotics (30 µg/ml kanamycin, 30 ug/ml chloramphenicol, and 100 µg/ml 
Ampicillin) to select the Keio mutants which contain both CRISPR plasmids. (5) overnight incubation to get 
the mutants, finally (6) stamp to the plates with or without plasmids inducer and monitor the colony growth 
by Colony-live system66. 

 

2.7 Bioinformatics 
 

All the statistic work in this project is done by R. Growth curves of single essential genes 

knockdown are made by GraphPad Prism. Essential gene knockdown and non-essential gene 

knockout data are read and plot by R, primers are designed by primer 3 (online website). The 

potential target positions on E. coli genome is selected by python. Gene classification is made 

according to Panther database. 
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Chapter 3 Results 
 
 
3.1 Knockdown efficiency of the original CRISPR-dCas9 vectors 

 

3.1.1 Confirmation of the structure of the original vectors. 

First, I confirmed the structures of the original plasmid vectors by PCR, restriction enzyme 

digestion and BigDye terminator sequencing, Fig. 7. The molecular verification confirmed the 

molecular structures of the plasmids. 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 7: Plasmid structure confirmation. (A) the structure of dCas9 protein expression plasmid, pdCas9, the 
pdCas9 plasmid contains an aTc-inducible promoter PLtetO-1, a chloramphenicol-selectable marker (light 
green fragment), a p15A replication origin (yellow fragment), and dCas9 coding gene (red fragment). The 
blue boxes on the outside of dcas9 fragment represent primers “R” means reverse primer, and “F” means 
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forward primer. The dash lines in between R and F are the PCR product for plasmids structure confirmation. 
The 1% agarose gel images on the right side is the experimental confirmation of pdCas9 plasmid PCR 
products using R & F primers. (B) the structure of crRNA and tracrRNA expression plasmid, pgRNA, the 
pgRNA plasmid contains a minimal synthetic promoter (J23119), an ampicillin-selectable marker (green 
fragment), and a PUC replication origin (yellow), the RNA scaffold (dark green) is the RNA expression 
cassette, which contains 20nt crRNA expression region and 42 nt tracrRNA expression region. The 1% 
agarose gel on the right side is the experimental confirmation of pgRNA plasmid PCR products using R & F 
primers. 
 

3.1.2 Growth influence of aTc to wild type E. coli. 

       aTc is the inducer of dCas9 expression plasmid, before checking the CRISPR-dCas9 

inhibition, the chemical influence of aTc to wild type E. coli was detected. Wild type E. coli 

strain BW25113 was cultured in LB medium with different aTc concentrations at 37 ℃. As 

shown in Fig. 8, aTc in the range between 0 µM and 2 µM in LB had not affected the cell 

growth, but with aTc more than 5 µM of aTc, E. coli growth was obvious inhibited. Based on 

this observation, the following experiments all employed aTc concentration less than 2 µM for 

dCas9 expression induction. 

 

 
 

   

 

 

 

 

 

 

 

 

 

 

 
Figure 8: aTc influence to wild type growth. the 24 hours growth profile of wild type E. coli BW25113 strain 
in LB medium with 0 µM (blue), 0.5 µM (red),2 µM (green), 5 µM(purple), 10 µM (orange), or 20 µM 
(black) aTc. X-axis is time points (0 to 24 hours), Y-axis is linear OD600 value (top) or log OD600 value 
(bottom), each value came from 6 replicates. The colors indicate different aTc concentration in the medium.  
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3.1.3 Growth influence of dCas9 and gRNA vectors. 

To measure the growth influence from pdCas9 or pgRNA vectors themselves, I performed 

the growth analysis of the host strain BW25113 carrying pdCas9, pgRNA, or both vector 

plasmids, respectively in LB at 37 ℃ with different concentration of aTc. As shown in Fig. 9, 

each of vectors or both showed no significant growth inhibition even though with inducing 

chemical compound. 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 9: Vector plasmids influence to E. coli growth. y-axis represents OD600 value of E. coli strains with 
empty CRISPR-dCas9 vector plasmids after 6 hours culture in LB medium with antibiotics (Am, Cm), x-
axis represents experimental conditions, gRNA indicates pgRNA-bacteria plasmid, dCas9 means pdCas9-
bacteria plasmid, aTc line shows the concentration of aTc inducer (µM).  “-” represents absent of the factor 
in the culture; “+” represents presence of the factor in the culture. Left arrow lines mean the same with left. 
“vector” means pgRNA-bacteria plasmid which has no target position in E. coli genome. Each value comes 
from 6 replicates, the bars show the mean of the test, error bars indicate SD. 

 

3.1.4 Construction of dnaA and ftsN gRNA clones as a pilot test. 

2 essential genes, dnaA and ftsN were chosen as the pilot test to optimal the experimental 

condition. dnaA, replication initiation protein and global transcription regulation131, and ftsN, 

cell division protein132. 

 

      The bacterial CRISPR-dCas9 system reports showed that, non-template strand and N 

terminus or 5’ non-coding regions near 5’ non-translated regions are better target sequences10. 

To test the repression efficiencies of target gene expression by CRISPR-dCas9 and gRNA 

combination, two primers at N-terminal region for both strand were designed and cloned into 

the gRNA vector by Gibson assembly. (Fig. 10 top). Repression efficiencies were measured 
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with different concentration of aTc in BW25113 strain, which was the host strain of Keio 

collection5. Growth were measured by OD600 in LB medium with proper antibiotics and aTc 

at 37℃. 

 

OD600 values by micro-plate reader SpectraMax® GEMINI EM. Based on qRT-PCR 

measurements of dnaA and ftsN gene expression, difference of target DNA strand may have 

different efficiency. For dnaA, template strand showed a stronger growth inhibition. On the 

other hand for ftsN, non-template strand showed stronger repression at 37ºC in LB medium 

supplied with 1 µM aTc (Fig 10, bottom).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 10: CRISPR-dCas9 system inhibited E. coli growth in liquid LB medium. top: CRISPR-dCas9 binding 
sites, for each target genes, design two gRNAs in the ORF region, indicated by orange and green boxes. 
gRNA1 (orange box) targets non-template strand, gRNA2(green box) targets template strand.  bottom: Y-
axis represents OD600 values; x-axis represents culture conditions, gRNA indicates pgRNA-bacteria target 
gene, dCas9 means pdCas9-bacteria plasmid, aTc line shows the concentration of aTc inducer (µM).  “-” 
represents absent of the factor in the culture; “+” represents presence of the factor in the culture. Left arrow 
lines means the same with left. “vec” means vector system which contains an irrelevant crRNA have no 
target position in E. coli genome. “dnaA1” represents the gRNA target dnaA gene non-template strand. 
“dnaA2” represents the gRNA target dnaA gene template strand. “ftsN1” represents the gRNA target ftsN 
gene non-template strand. “ftsN2” represents the gRNA target ftsN gene template strand. Each value comes 
from 6 replicates, the bars show the mean of the test, error bars indicate SD. 
 
3.1.5 Appropriate repression condition for essential genes. 

To detect the appropriate induction level of dCas9 expression by addition of aTc, I checked 

aTc dose dependency for repression of dnaA and ftsN. Using mid-log culture in LB with 
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ampicillin and chloramphenicol at 37ºC, OD600 of dnaA and ftsN targeted strains with 0, 0.1, 

0.2, 0.5, 1.0 and 2.0µM of aTc was measured (Fig. 11).  From OD600 values of dnaA and ftsN 

CRISPR-dCas9 repressed strains, growth inhibition was observed depending on the 

concentration of aTc (Fig. 11).  

 
For dnaA repression, no significant repression was observed without aTc. On the other 

hand, clear repression was measured at the concentration of 0.1 µM of aTc and aTc dependency 

was observed until 0.5 µM. Saturation was observed over 0.5 µM.  

 
For ftsN, repression was observed without aTc and leak expression of dCas9 without 

inducer might be occurred. Over 0.1 µM up to 2.0 µM of aTc addition, same level of repression 

with significance was identified. 

  

This test revealed that, my CRISPR-dCas9 and gRNA knockdown system showed inducer 

dependent repression and full repression level might be occurred depending on target genes or 

target position of gRNA. 

 

 

 

 

 

 
Figure 11: Inducer dose dependency of E. coli growth inhibition. X-axis represents the aTc concentration 
(µM), y-axis represents Relative OD600 value, the OD600 values are normalized by dividing the wild type 
strain OD600 value. “gRNA-vec” is the control system, which contains an irrelevant crRNA. Left panel is 
the dnaA target strain OD600 changes after 6 hours culture in LB with Cm and Am and different dose of aTc. 
Right panel is the ftsN target strain OD600 changes after 6 hours culture in LB with Cm and Am and different 
dose of aTc. vector means vector system which has an irrelevant crRNA with no target position in E. coli 
genome. dnaA represents the gRNA target dnaA gene; ftsN represents the gRNA target ftsN gene. Left arrow 
lines mean the same with left. 
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3.2 Construction of conjugation system. 

 

3.2.1 Conjugation system construction 

      For high-throughput purpose, pdCas9-bacteria and pgRNA-bacteria vectors were converted 

to self-transmissible during conjugation by integration of oriT fragment from F plasmid. Two 

primers carrying NotI restriction enzyme adaptors were designed to amplify 400bp of oriT 

region carrying NotI restriction sites at both ends between traM and ygfA genes (see Fig. 12). 

Amplified oriT fragment was inserted into both pdCas9-bacteria and gRNA-bacteria plasmids 

between replication origin and transcriptional terminator with both directions. These oriT 

carrying plasmids were structurally confirmed by PCR across the cloning site, restriction 

pattern and BigDye terminator sequencing. Primers XYP0106 and XYP0107 for pdCas9 

vector, and primers XYP100 and XYP0108 for pgRNA vector were used, respectively (Table 

2). The cloning direction of oriT was confirmed by colony PCR using primer pairs across the 

cloning site. 
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Figure 12: Conjugative CRISPR system construction. The oriT fragment cut from F plasmid, the full-length 
F-oriT fragment was amplified by PCR and assembled NotI adaptor on both sides. Purify the fragments and 
clone to insert the oriT fragment into pgRNA and pdCas9 vector plasmids by ligation, the finally clone 
products will generate pgRNA or pdCas9 plasmids with oriT fragment on both directions. 
 

3.2.2 Construction of self-transmissible gRNA expression plasmids. 

To insert the specific gRNA sequence into pgRNA-oriT vector, Gibson assembly seamless 

cloning method was employed here129. Gibson assembly doesn’t need specific restriction enzyme 



 36 

sites and the products have no scar sequence left. An important advantage for high-throughput 

construction of this method is “one tube one reaction method” needs fewer experimental steps.  

 
For preparation of insert gRNA sequence with homology arms, I designed two 70nt 

synthetic oligo DNAs with 50nt as homology arm and 20nt as gRNA (Fig. 13). To prepare a 

double-strand DNA fragment for Gibson assembly, two synthetic DNAs were annealed to 

generate double-strand. The procedure is shown in Fig. 13. 

 
Dependency of the length of homology arm for recombination was tested and I confirmed 

20nt homology length had a practical efficiency for Gibson assembly for cost reduction of 

systematic construction of gRNA library (See supplementary Fig.1.). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 13: Specific gene target crRNA plasmids construction strategy. crRNA for essential gene target is 
cloned into the vector by Gibson assembly. Two 70nt single strand DNA are synthesized with 20nt overlap 
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(red fragment) and 50nt homologous with vector pgRNA plasmid. Annealing to generate double strands 
DNA with 20bp flank by 50bp homologous regions with pgRNA vector plasmid, mix the fragments with 
Gibson assembly buffer together to clone the specific crRNA into pgRNA-oriT plasmids. 
 

3.2.3 Influence of oriT orientation on conjugal transfer efficiency. 

To construct the donor strains of dCas9 and gRNA expression plasmids, G286 was 

employed, which is auxotrophic of Alanine as counter selectable marker and converted to Hfr 

by integration of CIP8 functioning as donor45. Firstly, the horizontal DNA transfer efficiency 

from Hfr donor cell to BW25113 recipient cells was detected. 

 

Conjugation efficiency here is defined as the colonies appeared on the selective plates 

without DL-Alanine divided to recipient cells number. It clearly showed that the oriT direction 

strongly affected conjugative transmission ability. The clockwise orientation of transfer from 

oriT showed no DNA transfer ability, the counter clockwise direction, however, all showed 

high DNA transfer abilities. Size and copy number of the plasmids might also influence the 

final CFU (colony formation unites). The larger size of plasmid (pdCas9-oriT) had less CFU 

than smaller plasmid (pgRNA-oriT) under the same experimental conjugation condition (Fig. 

14).  

 
 

 

 

 

 

 

 

 

 

 

 

Figure 14: Conjugation efficiency of the plasmids with the F-oriT on different directions. y-axis represents 
conjugation efficiency; x-axis represents the experimental conditions, in vector row, dCas9 represents 
pdCas9-oriT plasmid, gRNA represents pgRNA-oriT target position, dnaA2 represents dnaA target pgRNA-
oriT plasmid, “-” represents no this plasmid; Left arrow lines means the same with left. Dir represents the 
oriT direction, CW is clockwise direction, CCW is counter clockwise direction. 
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      To optimize the conjugation time for transferring dCas9 or gRNA expression plasmids from 

G286 Hfr donor to BW25113 recipient strain, time series experiment of conjugal transfer was 

performed (see Fig. 15). After starting conjugation, the donor and recipient strains contact was 

stopped at indicated time points and counted conjugated cell numbers. As shown in Fig. 15, 

linear increase of conjugated cell number was observed until one hour. After one hour, however, 

dramatic increase of conjugated cells was detected probably because of cell proliferation. So, 

one hour for conjugation may be sufficient for plasmids transfer. 

 
Fig 15: Relations of mating time and conjugation efficiency. X-axis is the mating time (minutes), y-axis 
indicates CFU. 
 
3.3 Construction of CRISPR-dCas9 essential genes knockdown methodology. 
 
3.3.1 CFU detection. 

      Colony-forming unit (CFU) is a common indicator to estimate the ability of the bacteria to 

give rise to colonies, theoretically, a viable cell can give rise to a colony through replication. 

CFU measurement for dnaA and ftsN genes in LB medium with or without inducer aTc indicates 

that, the repression of dnaA or ftsN gene by CRISPR-dCas9 system dramatically affected cell 

fitness. The E. coli strains colony formation ability are strongly being inhibited when dnaA or 

ftsN genes were repressed by supplying the inducer aTc on LB plates (Fig.16 A). CFU of 

BW25113 strains with CRISPR-dCas9 system have more than 108 times colonies in the medium 

without inducer than in the medium with 1 µM aTc (Fig. 16 B). 
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Figure 16: CRISPR-dCas9 essential gene target systems inhibited the colony formation on LB agar plates. 
A: growth inhibition test. Non-target represents no essential gene target crRNA, dnaA represents the CRISPR 
system inhibits dnaA expression, ftsN represents the CRISPR system inhibits ftsN expression. The top row is 
the strains grow on LB medium without aTc inducer; the second row is the strains grow on LB medium with 
1 µM aTc. B: the CFU of the essential gene inhibited strains. Y-axis represents CFU, x-axis represents 
experimental conditions, gRNA row indicates the gRNA target gene, “-” represents absence, dnaA represents 
the CRISPR system inhibits dnaA expression, ftsN represents the CRISPR system inhibits ftsN expression. 
aTc row marks the aTc concentration (µM), left arrow lines mean the same with left.  
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3.3.2 Growth inhibition by conjugative CRISPR-dCas9 system. 

Quantitatively checking the repression levels of this conjugative CRISPR-dCas9 system in 

liquid, I monitored 24 hours growth by monitoring OD600 of BW25113 strain with dnaA target 

system with or without aTc (Fig. 17).  dnaA repressed strain shows significant weak growth 

when aTc was supplied, and 1 µM aTc system had stronger inhibition than 0.2 µM aTc system. 

One thing we should pay attention is that growth recovery in dnaA repressed strain by CRISPRi 

after longer time incubation was observed (Fig. 17C). Suppressor mutation(s) or inactivation 

of CRISPR-dCas9 system may be occurred. In log phase culture in LB with ampicillin and 

chloramphenicol at 37 ℃, the dnaA target system shows lower cell densities compared with 

the control culture, and higher aTc concentration shows a stronger grow inhibition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure17: CRISPR-dCas9 inhibits cell growth in liquid culture. (A): OD600 values of dnaA knockdown 
strains after 6 hours culture in LB medium with antibiotics (Cm, Am). y-axis represent OD600 value, x-axis 
represents experimental conditions, gRNA row represents gRNA target gene, “-” represents no gene target 
position in E. coli genome, dnaA represents the CRISPR system inhibits dnaA expression, aTc row marks 
the aTc concentration (µM), left arrow lines mean the same with left. (B): the growth profiles in LB medium 
with antibiotics at 37℃ of control system (pgRNA vector) in 0 µM aTc (blue), 0.2 µM aTc (red) or 1.0 µM 
aTc (green). X-axis represents time points (hours), y-axis represents linear OD600 value (top) or log OD600 
value (bottom). gRNA-vector represents CRISPR system with no gene target. (C): the growth profiles in LB 
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medium with antibiotics at 37℃ of dnaA knockdown system in 0 µM aTc (blue), 0.2 µM aTc (red) or 1.0 
µM aTc (green). X-axis represents culture time (hours), y-axis represents linear OD600 value (top) or log 
OD600 value (bottom). 
 

3.3.3 mRNA repression. 

Activation of dCas9 protein expression in dnaA and ftsN targeted strains lead obvious 

growth inhibition of E. coli cells. To confirm decrease of mRNA level by CRISPRi, quantitative 

measurements of mRNA levels of these genes by qRT-PCR was performed. The mRNA 

expression levels are shown as relative ratio between with and without gRNA target. The qRT-

PCR experiments showed clear consistent results the those from growth inhibition phenotypes. 

A shown in Fig. 18, the growth inhibited strains shows significantly lower level of mRNA 

expression. 
 

 

 

 

 

 

 
 

 

 

 

 

 

 
Figure 18: CRISPR-dCas9 system repressed the essential gene mRNA expression level. Y-axis represents 
relative mRNA level, the mRNA expression level divided to the reference gene (16s rRNA) mRNA 
expression level and normalized by the mRNA levels in no essential gene target system. x-axis represents 
the experimental conditions. gRNA row represents gRNA target gene, vec represents vector plasmid with no 
essential gene target, dnaA represents the CRISPR system inhibits dnaA expression, ftsN represents the 
CRISPR system inhibits ftsN expression. aTc row marks the aTc concentration (µM), left arrow lines mean 
the same with left. 
 

3.3.4 Morphology change by CRISPR-dCas9 essential gene knockdown. 

Bacterial morphology is one of the basic phenotypes to classify functions of genes. Some 

of the essential genes’ function as the critical factor for E. coli cell shapes like ftsZ is Z-ring 

formation related genes, which contributes to cell division at the middle of the cells. mreB is 
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cell skeleton coding gene which contributes to cell wall elongation. ftsN is a member of cell 

division protein encoding gene, which combines with ftsA and ftsQLB to active cell wall 

synthesis, finally leading to the formation of the septum and the cell division of the cell133.  

 
Here we monitored the time series morphology changes of the essential gene repression 

strains in LB medium at 37 ℃ (Fig.19). Monitoring the morphology changes under the 

microscope was started using overnight pre-culture, which showed the normal short rod shape 

of E. coli. 

dnaA repressed cells showed gradual increase of cell length with aTc and kept normal 

shapes without induction. With 1 µM aTc, the cell density of the culture did not increase until 

10 hours. After 10 hours however, the short rod shape E. coli cells started to be appeared and 

the bacteria started to increase. 

 
The initial culture of ftsN repressed strain showed normal size rod shape E. coli but with a 

small number of elongated cells. Which may be because of the leak expression of the dCas9 

protein from the plasmid. While, in the LB medium without aTc, normal short rod shape E. coli 

cells were dominant in the bacterial culture. However, with 1 µM aTc in LB, the signifcantly 

filamentous cells became dominant in the culture until 8 hours at 37℃. After 10 hours, the 

normal size cells started to be appeared and became the main population in the culture.  
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Figure 19: Time series morphology change of dnaA and ftsN repression strains.  E. coli cells morphological 
detection with dnaA / ftsN inhibition system in 0 µM aTc (top) and 1 µM aTc (bottom) by microscopy at 
different time points. The morphology monitor initiated from overnight culture in LB medium with 
antibiotics (Am, Cm) but no aTc. 1/1000 diluted to fresh LB medium with antibiotics (Am, Cm) and 0 µM 
aTc or 1 µM aTc. E. coli morphology was observed under 100 times magnification by microscopy. The 
observation time point is marked on the picture.   
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3.3.5 Genetic interaction analysis of essential gene knockdown and non-essential gene        
knockout 
 

      The GI of essential genes and the Keio collection detection was performed follow the 

procedure mentioned in methods; firstly, the pdCas9-oriT plasmid was transferred into strains 

of the Keio collection by conjugation, thereafter transfer pgRNA-oriT plasmid into the Keio 

+pdCas9-oriT strains by conjugation. 

 

Quantitative measurement of colonies on the plates was done by Colony-live in time-series 

manner (Fig. 20). The colonies at outside edges on the plates were BW25113 wild type strain 

with single essential gene repression system, which were transferred with CRISPR-dCas9 dnaA 

gene repression system. The rest of colonies have different single gene knockout with 

CRISPRi-dnaA repression plasmid. As shown in Fig. 20, some colonies clearly showed missing 

or smaller than the control plates without inducer. 

 

 

 

 
 
 
 

 

 

 

 
Figure 20: GI analysis of dnaA & Keio collection. dnaA colony detection on the LB plates with 0 µM aTc or 
0.2 µM aTc. Each plate contains 1536 colonies, (48 columns and 32 rows), each colony contains one non-
essential gene deletion, and carrying the inducible CRISPR-dCas9 system. The essential gene (dnaA) 
inhibition is promoted by supplying 0.2 µM aTc in the medium. 
 

The double mutants’ colonies distribution (Fig.21) were clearly shifted to smaller MGR 

(Maximum Growth Rate) when supplying the inducer aTc in dnaA or ftsN target system. 

Meanwhile, some synthetic lethal genes appeared in 0.2 µM aTc in dnaA repressed system. For 

ftsN repression, genes showing synthetic lethality were increased according to the inducer 

concentration. 
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Figure 21: dnaA /ftsN knockdown and non-essential gene knockout strains maximum growth rates (MGR) 
distribution. The MGR distribution of dnaA (left) and ftsN (right) knockdown and Keio collection 
combination. Control system represents no essential gene target (black dash lines); black curves represent 
dnaA (left) or ftsN (right) inhibition in 0µM aTc, green curves represent dnaA (left) or ftsN (right) inhibition 
in 0.2 µM aTc, red curve represents ftsN (right) inhibition in 1 µM aTc. 
 

      The global view of essential gene knockdown and non-essential gene knockout mutants, 

the control system contains CRISPR-dCas9 vector system, which has no gene target position 

in E. coli.   In dnaA repression system, synthetic lethal appeared when supply 0.2 μM aTc, for 

ftsN repression system, when it was supplied with 0.2 μM aTc, some lethal gene pairs appeared, 

and more lethal gene pairs arose with 1μM aTc. 
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Figure 22: Essential gene knockdown and non-essential gene knockout combination. The global view of 
dnaA or ftsN knockdown and entire non-essential gene deletion combination. X-axis represents colony areas, 
y–axis represents Maximum growth rates. The Control system contains irrelevant CRISPR system which 
means has no gene target in E. coli genome. Dark grey points represent strains grow in LB medium with 
antibiotics (Km, Cm, Am) and 0 µM aTc. Green points represent strains grow in LB medium with antibiotics 
(Km, Cm, Am) and 0.2 µM aTc. Red points represent strains grow in LB medium with antibiotics (Km, Cm, 
Am) and 1.0 µM aTc. 
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3.3.6 Functional classification of dnaA and ftsN synthetic lethal genes. 

Synthetic lethal interactions attracted lot of interests of geneticists, because they reveal 

information about the functional relationships between genes and are easy to score in genetic 

screens. In biological processes, many important basic cellular processes are related to cell 

viability, synthetic lethality screens are a good way to study a wide range of cellular processes. 

Here, I detected the synthetic lethal gene pairs of dnaA and ftsN repression combine with single 

essential gene deletion library Keio collection. The list of synthetic lethal genes of dnaA 

(supplementary Table 2) and ftsN (supplementary Table 3) are shown in supplementary tables. 

 
  The synthetic lethal genes of dnaA and ftsN are involved in several classes (Fig.23.), dnaA 

is a global regulator in E. coli cells, it plays a key role in the initiation and regulation of 

chromosomal replication, many dnaA synthetic lethal genes are in crucial metabolic process 

and cellular process. ftsN is an essential cell division protein that activates septal peptidoglycan 

synthesis and constriction of the cell, ftsN knockdown also affected many genes in metabolic 

process and cellular process. 
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Figure 23: Synthetic lethal genes classification. dnaA/ ftsN with Keio collection synthetic lethal genes classes 
in different categories. The numbers on the bars represents the genes hit the class. The pie chart indicates the 
pathways in which the dnaA /ftsN synthetic lethal genes involved. 
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3.3.7 Suppressing of growth inhibition. 

The growth profiles of dnaA and ftsN inhibition exhibit that, after certain hours’ culture (10 

hours or 12 hours), the growth of inhibited strains started to be recovered, this phenomenon 

may come from the stress response of the essential gene repression strains or depletion of 

CRISPR-dCas9 factors. To seek the possible reason for this recovery, I collected the strains 

after 24 hours culture in the medium with aTc and diluted into the same new fresh medium 

(with 1μM aTc or without aTc) to monitor the growth curves (Fig. 24). For both dnaA and ftsN 

genes, the recovered cells didn’t present growth inhibition even supplied the new inducer in 

fresh medium. 

 
Figure 24: Suppressing of growth inhibition. Growth profiles of dnaA and ftsN inhibited strains. Blue curves 
represent culture in 0 µM aTc, red curves represent culture in 1.0 µM aTc. (1) shows the growth curves of 
the strain with dnaA repression system culture in the LB mediums with antibiotics (Cm, Am) and aTc (0 µM 
or 1.0 µM) at 37℃ for 24 hours. Y-axis represent linear OD600 values (top) or log OD600 values (bottom). 
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X-axis represent time points(hours). (2) Re-growth of dnaA inhibited strain overnight culture in fresh medium 
with the same condition. Y-axis represent linear OD600 values (top) or log OD600 values (bottom). X-axis 
represent time points(hours). (3) shows the growth curves of the strain with ftsN repression system culture in 
the LB mediums with antibiotics (Cm, Am) and aTc (0 µM or 1.0 µM) at 37℃ for 24 hours. Y-axis represent 
linear OD600 values (top) or log OD600 values (bottom). X-axis represent time points (hours). (4) Re-growth 
of ftsN inhibited strain overnight culture in fresh medium with the same condition. Y-axis represent linear 
OD600 values (top) or log OD600 values (bottom). X-axis represent time points (hours). 
 
 
3.4 Systematic genetic interaction analysis by combination of knockdown and knockout 
strains 
 
3.4.1 Construction of the first knockdown library of essential genes of E. coli. 

  From the previous trials, the function of the conjugative CRISPR-dCas9 system were 

confirmed, to expand the essential gene repression to systematic level, 21 essential genes were 

chosen as the first group to detect the high throughput strategy for essential gene knockdown 

library construction. 

 

Essential genes picked here are detected by previous single ORF deletion strategy5. 21 

targets are classified into different biological precesses. 9 of them are involved in cellular 

progress (ftsK, yibJ, ftsZ, mreC, tsf, dnaC, mrdB, rpoC, mukB). 2 are involved in biological 

regulation process (mreC, mrdB). 2 are involved in developmental process (mreC, mrdB). 1 

gene is in localization process (yibJ). 6 are involved in metabolic process (ftsZ, dnaC, thiL, 

rpoC, tsf, murB). And the rest 10 of them are unclustered (Fig. 25).  

 
 

 

 

 

 

 

 

 

 

 

 
 
Figure 25: Essential gene classification. The entire 325 essential genes’ biological process classification5 134. 
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      These target genes are in different operons, some belong to single operon (like lpxC, infA, 

ftsK, yceQ, metG), some are in multiple operons (the others).  The target genes in multiple 

operons are located in different positions, some are the first position of the operon (lolC, dnaA), 

some targets gene are the end expression unit in the operon (tsf, murA, tpr, mukB, rpoC, ftsN).  

We also picked 2 essential genes belong to the same operon (mreB, mreC) (Table 3). 

 
 

Specific gRNA for each gene was designed. The target positions are mostly near the 5’ends 

in the ORF regions. PAM sequence (5’—NGG—3’) was searched out and the 20nt fragment 

before this PAM sequence was chosen as the gRNA. In previous paper, the first 12nt close to 

PAM is essential for CRISPR-dCas9 repression, (which is called seed sequence), one single 

mutation in this region will dramatically damage the repression. To avoid off-target effect, the 

crRNAs were BLAST with E. coli K-12 genome sequence, to make sure there is no other 

position overlap with this target sequence (at least the seed sequence is unique). Fig. 26 shows 

the precise target position of CRISPR-dCas9 system, the initiation of the target gene cassettes 

is start codons. In this trial, all the gRNAs are target non-template strand. 

 

Table 3 Operon structure of target essential genes
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Figure 26： CRISPR-crRNA target loci of the first group essential gene targets. The top line indicates the 
general principle for crRNA target position design. Red fragment represents the target gene, orange box 
represents crRNA binding site, grey fragments represent the downstream and upstream genes. The colored 
fragments represent target essential genes, red and blue represent genes oriented in opposite directions. Grey 
fragments represent the downstream and upstream genes. orange and green boxes represent crRNA to target 
non-template strand of each gene. 
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3.4.2 Knockdown efficiency in liquid medium. 

To check the growth fitness changes in essential gene repression systems, we monitored the 

OD600 of essential gene repressed strains in (0µM, 0.2µM, 1µM aTc) by micro-plate reader 

for 24 hours (Fig.27 -A, Fig.27-B columns). In these targets, lolC and mukB repression systems 

presented high sensitivity to this system, they can hardly survive only because of the promoter 

leaky.  The lolC repressed strain was not detected grow in the first 15 hours, after 15 hours, the 

system without aTc shows started to grow, but the strains culture in LB with aTc did not be 

detected grow until 24 hours. For mukB, I did not observe cell growth until 24 hours culture in 

LB medium without or with aTc at 37℃. Most of the strains show delay of growth (tsf, murA, 

secD, mrdB, ftsK, metG, mreC), some of the genes are sensitive even with a low expression of 

dCas9 protein by promoter leaky, which mean, without aTc, the target system still showed slight 

inhibition (like tsf), another group genes show no significant be inhibited (thiL, yceQ, tpr).  

 
 Fig.27-C column presents the log phase growth of the essential gene repressed strains, most 

of the essential gene repression mutants showed growth inhibition (like mukB, tsf, murA, secD, 

mrdB, ftsK, metG, mreC, lolC, rplC, ftsN, lpxC, thiL, infA, dnaA), the others showed not obvious 

growth inhibition (like dnaC, rpoA, rpoC, tpr, mreB, yibJ, yceQ). 

 
Fig.27-D and E columns show the morphology changes of the essential gene inhibited 

strains, the mutants with 1µM aTc (Fig.27-E column) revealed the diverse cell shapes of E. coli 

with CRISPR-dCas9 essential gene repression. The control system has no gRNA target position 

in E. coli genome. mreC, ftsK, ftsN, infA, thiL, mreB, tsf and mreC presented serious 

filamentous; dnaA, rpoA, tpr, lpxC, yceQ and murA showed longer cells compare with the 

system without aTc (Fig.27-D column). The others showed no obvious morphological changes 

under the CRISPR-dCas9 repression. 
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Figure 27: essential gene inhibition in liquid LB. The growth inhibition of essential genes in LB medium 
with antibiotics (Am, Cm).  each row represents one essential gene repression. Column (A) is the growth 
profiles of essential gene repressed strains, x-axis represents time points (0 to 24 hours). y-axis represents 
linear OD600 values. Column (B) is the growth profiles of essential gene repressed strains with log OD600 
values as y-axis, time points as x-axis. Column (C) shows the log phase OD600 value of essential gene 
repressed strains. The last two columns reveal the morphology change after 6 hours culture (log phase 
culture) in LB medium with 0 µM (Column (D)) or 1 µM aTc (Column (E)). 
 

3.4.3 Knockdown efficiency in solid agar plate. 

The colony fitness changes of the single essential gene repression system. In this test, 

Colony-live system was employed to monitor colony growth every 30 minutes. In this test, I 

want to find a balance that, the inhibited strains present phenotype changes, but it is still viable, 

i.e. Single essential gene knockdown will not lead bacterial lethal on LB plates. So, I detected 

the essential gene growth on LB agar plates at 37℃, 24 hours, with aTc in different 

concentrations. In this test, the essential genes’ inhibition was detected in 3 aTc concentrations 

0µM, 1µM and 2µM aTc. Each sample did 32 replicates (Fig. 28).  The control system is a 

CRISPR-dCas9 system has no target position on E. coli genome.  Correlation of maximum 

growth rates and colony areas indicated that, with aTc inducer, MGR was lower than the system 

without aTc, and the MGR in higher concentration of aTc (2µM aTc) was lower than in low 

concentration of aTc (1 μM aTc). metG and rpoC colonies showed sensitive to the induction of 

CRISPR-dCas9 system, however, up to 2 μM aTc, no single knockdown strains were lethal. 
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Figure 28: essential gene inhibition on LB agar plates. The essential gene knockdown colony sizes and 
maximum growth rates. X-axis represents colony size, y-axis represents maximum growth rates (MGR). 
Control system is an irrelevant CRISPR system with no essential gene target. Each point represents a strain 
carrying the essential gene single knockdown system, 32 replicates for each target gene are shown on the 
figures. Dark grey points represent colonies in LB with antibiotics (Am, Cm) medium contain 0µM aTc, 
green points represent colonies in LB with antibiotics (Am, Cm) medium contain 1µM aTc, red points 
represent colonies in LB with antibiotics (Am, Cm) medium contain 2µM aTc. 
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3.4.4 GI analysis of essential gene knockdown and non-essential gene knockout. 

When the essential gene knockdown combines with non-essential gene knockout, some of 

them showed significant growth deficiency, for examples, dnaC, lolC, metG, rpoA and rpoC 

with Keio collection (Fig. 29). 

 

      Some of the genes repression have no obvious synthetic lethal or sickness, like mrdB, mreB, 

murA, secD, thiL and yceQ (Fig. 29). For mukB repression with Keio collection, the mutants 

turn to higher MGR in the medium with 1μM aTc than in the medium without aTc. 
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Figure 29: Essential gene knockdown and non-essential gene knockout. The global view of essential gene 
knockdown and entire non-essential gene deletion combination. X-axis represents colony areas, y –axis 
represents Maximum growth rates. The Control system contains irrelevant CRISPR system which means has 
no essential gene target. Dark grey points represent strains grow in LB medium with antibiotics (Km, Cm, 
Am) and 0µM aTc. Red points represent strains grow in LB medium with antibiotics (Km, Cm, Am) and 
1.0µM aTc. 
 

3.4.5 Global view of 19 essential gene GI with Keio collection. 

      The global view of essential gene knockdown and Keio collection mutants. The heat map 

indicates the MGR of the essential gene knockdown and non-essential gene knockout mutants. 

The control system is the CRISPR-dCas9 system with no target position in E. coli genome. The 

right side of x-axis represents low MGR, left side represents high MGR. rpoC, dnaA, ftsN, 

metG, dnaC, lolC, rpoA present strong MGR inhibition combine with Keio collection, some 

genes repression like mukB, tpr, secD, ftsK and infA present higher MGR than the control 

system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 30: Heat map diagram indicates the MGR of essential gene knockdown and non-essential gene 
knockout strains. The MGR data was obtained and normalized by Colony-live system 66. The x-axis represents 
essential gene targets, and y-axis is the entire E. coli genome non-essential gene deletion library. 
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Chapter 4 Discussion 

 

 
Three major tools have been developed for genetic engineering (editing) of eukaryotes: (1) 

Zinc finger proteins (ZNFs), (2) transcription activator-like effector nucleases (TALENs), and 

(3) CRISPR/Cas9.  All provide scientists methods for more precise and faster genome 

modification and share similar properties as well as differences. All contain nuclease proteins 

and means for specific targeting DNA sequence motifs. The DNA binding motifs are designed 

to guide the nuclease to genomic regions containing the specific DNA sequence motif. 

 
ZNFs and TALENs generally employ an endonuclease that makes double-stranded DNA 

breaks (like FokI, Sp1)135.  ZNFs contain a recognition module of about thirty amino acid 

residues, in which each residue interacts with a nucleotide triplet and three to six triplets form 

a ZNF motif. ZNF motifs have been developed that bind all 64 possible nucleotide triplets. 

Accordingly, one can construct ZNFs that target a specific DNA motif by combining different 

zinc finger motifs. While TALENs also use DNA binding motifs to target the endonuclease to 

specific DNA sequence, individual TALEN domains recognize single nucleotides. This feature 

makes it easier to engineer TALENs to target a specific DNA sequence. DNA binding domains 

of TALENs usually contain about 34 highly conserved residues; binding specificity is 

determined by the 12th and 13th residues within the module136. Because ZNFs and TALENs 

only function as dimers, the genomic region targeted must contain two appropriately spaced 

DNA sequence motifs, in which one lies upstream and the other downstream of the site targeted 

for cleavage.   

 

CRISPR/Cas9 system is an alternative gene-editing platform. This system has three 

components: (1) the endonuclease protein Cas9, (2) a 20-nt RNA sequence crRNA, and (3) a 

trans-activating crRNA (tracrRNA). CRISPR/Cas9 functions by the tracrRNA and crRNA 

binding to form an R-loop structure that binds with Cas9 protein and guides it to specific DNA 

sequence by base-pairing of crRNA with the targeted DNA102 10. 

 

Compare to ZNFs and TALENs, CRISPR/Cas9 platform offers several advantages, the first 

one is, it is easy to design and cheap to express, because CRISPR system recognize the target 
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positions by base pairing but not protein DNA binding, crRNA is easy to design and clone to 

an RNA expression plasmid, which makes the experimental costs decrease a lot.  Secondly, 

CRISPR/Cas9 is more efficient since it need transfer only one RNA fragment and one protein, 

this eliminates the long and laborious processes of transfection and finally selection. Another 

important advantage of CRISPR/Cas9 system is its ability to target multiple genes 

simultaneously by transfer multiple crRNAs to host cell simultaneously137, or cut multiple sites 

in one gene by transferring several crRNA fragments binding on different locations in one gene. 

CRISPR/Cas9 system gives a powerful tool for microbe genome editing, especially for gene 

transcription repression. Since the traditional RNA interference (RNAi) method is unavailable 

in prokaryotes, this deficiency Cas9 (dCas9) offers a good tool to interfere E. coli gene 

transcription.  

 

However, CRISPR/Cas9 system has some complications or disadvantages. One of the most 

worrying problems is the off-target effect. Because CRISPR target need only a short fragment 

about 20nt, some research indicates that designed crRNA would recognize non-specific genome 

loci partially homology with target sites, this problem requires careful design of crRNA and 

blast seed crRNA on the host genome to get rid of non-specific binding of cRNA. 

 

The research on essential genes attracts a lot of biologists in the post-genome era, essential 

genes are required for the survival of an organism, so they are considered as the foundation of 

lives. Base on the indispensability for bacterial cell survival, essential genes are taken as targets 

for new drugs by the pharmaceutical industry138, and some other groups analyze essential genes 

for knowing more understanding of universal principles of lives139. While the emerging field of 

synthetic biology is looking for essential genes as a way to build and study living minimal cells.  

 

E. coli as one of the most characterized model organism provides us a lot of useful 

information about cell processes and important pathways of any living organisms; at the same 

time, E. coli research helps us to understand the pathogenesis of harmful pathogens and to 

develop precise medicine therapy. E. coli helped people revealed a lot of cell fundamental 

knowledge, knowledge gained in the E. coli model can often be applied to reveal the mechanism 

in more complex higher organisms1. E. coli K-12, although is the most widely studied organism, 

it still has yet been experimentally characterized. The deeper understanding of the organism 

will make E. coli K-12 a more versatile experimental resource for cellular process or industrial 

use2 140. 
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Genetic interaction provides a powerful tool to reveal the network of essential genes and 

the other genes. Combine with high throughput methods, the system analysis of genetic 

interactions between essential genes and the other genes reveals the cross-interaction of the 

essential genes and the other essential genes in an organism, and give us the biological 

information as a global module of proteins or other factors in the organism 141. In addition, the 

study of synthetic lethal or sickness gene pairs in the pathways involving essential genes from 

simple model organisms could reveal gene connections in a more complex organism even there 

is no sequence conservation of the specific genes between two spices 142. 

  

The previous study about essential genes in E. coli utilized a conditional lethal and 

complementary system. This system consists of essential gene deletion mutants, and a low copy 

conjugative plasmid which supply the essential gene products under an IPTG inducible 

promoter. This deletion mutation is a standard strategy to classify essential genes in the genome, 

the construction of the library may give another resource for the study of gene function for a 

reductionist biologist, and they are available for systematic analysis or chemical screens. This 

system provides a strategy to analyze the genetic interactions involving essential genes in E. 

coli K-12 genome. The inducible ability of the complementary plasmids makes it possible to 

control the essential products expression level and then to examine the genetic interaction in a 

controllable level. However, one of the shortages of the system is the effect of the essential 

gene mutant. Probably because some of the essential products are too critical to be removed, 

the deletion of this essential ORF fragment is not acceptable, even with the supply of the 

essential products, bacteria still cannot survive118. 

 

In this project, I developed a novel strategy to systematically analyze the essential gene in 

E. coli. Use a deficiency Cas9 protein, which lost the double DNA strands cleavage ability, and 

the RNA fragments to repress the target essential genes specifically. The construction of 

essential gene repression library gives us a resource and method to study essential genes in E. 

coli K-12, different with previous strategy, this resource will give us some clues about essential 

genes’ functions, morphology, and other features. Besides, it also has the ability to perform 

systematic analysis to detect the communication of the target essential genes with the other 

genes in E. coli k-12 genome since this system can transfer horizontally by bacterial 

conjugation. The oriT fragment on the CRISPR/dCas9 plasmids offers the fast and high 

throughput ability to systematically detect essential genes repression. In this project, we 

employed oriT from original F plasmid, which is function in gene transfer between E. coli to 
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E. coli. In the future, we could change this oriT fragment from other conjugative plasmids to 

vest the cross-species conjugation ability to the system, like oriT from RP4, R388 or R46. These 

broad host conjugation oriT accompany with Hfr strains, will expand the essential gene 

repression system to the other bacteria or yeast in a high throughput way. This application will 

give people a novel and direct way to attack the pathogen or reduce the antibiotic resistance of 

the bacteria by targeting the resistance genes.  

 

From our pioneering experiments, we observed some obstacles of the project. firstly, the 

leaky of the promoter is one of the most important problems in the project, since the essential 

genes are critical for cell survive; some of them showed lethal even with a slight repression by 

the promoter leaky. In this project, we failed to isolate the strain with ftsZ essential gene 

repression system, ftsZ is the essential cell division protein-encoding gene related to Z-ring 

formation143. That may be because the extreme essentiality of the gene to cell survival or the 

repression is too tight to allow the low-level expression of this essential gene. To resolve this 

problem, we could change another crRNA for this ftsZ gene to target this ORF on another 

position. Probably we can try to design another crRNA binding on the middle region or latter 

region of this gene to gain a moderate repression. Secondly, there is no standard law for crRNA 

design to repress a target gene by CRISPR/dCas9 system. Previous reports tried to find some 

common rules for finding an optimal crRNA for the target gene by detecting several target 

locations on fluorescence coding genes (gfp and rfp)10. They indicated that, target different 

strand of the target gene shows different repression levels, for gfp and rfp, it seems the non-

template DNA strand is more stringent as the target, and the closer to 5’ end after start codon 

the tighter down-regulation effect presented. But from our pioneering test, for gene fitness 

changes by targeting essential genes in E. coli genome, for dnaA, target template strand is more 

efficient to inhibit the cell growth, but for ftsN, non-template strand is a tighter target location. 

This result is also supported  by some  recent published paper, which use this CRISPR/dCas9 

system to repression essential genes in other organisms144 145. Based on this result, we designed 

the crRNA for each essential gene to target both template and on-template DNA strands. At the 

first batch, we constructed the crRNA to target non-template only, to check the repression 

effect.  Technically, the essential gene repression library is better to contain 2 crRNAs for each 

gene, this will help the future scientist to gain a proper inhibition of the cell growth, neither too 

strong nor to weak. Thirdly, in our test, some of the target systems were easy to lose in the 

mediums without antibiotic selection. We randomly picked several essential gene repressed 

colonies and isolated on LB medium without antibiotics overnight at 37℃. And picked the 
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colonies on LB plates streak on LB plates with antibiotics (LB+Am; LB+Cm), some of the 

strains lost both antibiotic resistance (like dnaA repression system), which means in a loose 

condition, the system trend to remove the plasmids. Some target systems showed less rejection 

to the CRISPR/dCas9 plasmids, for example in murB inhibition strain, after overnight culture 

on LB plates without any antibiotic, about 50% (26/50) murB inhibited strains lost the pdCas9 

plasmids but all the strains kept pgRNA target plasmids. This result indicates the system is a 

kind of stress to the cell, and the bacterial cells have different sensitivity to different essential 

gene target systems. This situation suggests us that when we perform the experiments using 

CRISPR/dCas9 system, it is better to culture the strains with repression system in the medium 

with antibiotics to keep the system present in the cells. 

 

Some other hurdles we need to overcome are 1) verification of the results. Because of the 

difficulty of analyzing essential genes, there are very few reports about essential genes genetic 

interactions with the other genes in E. coli genome, it is not easy to confirm our final data by 

comparing them with previous research. To overcome this problem, it is better to do more 

repeats and analyze the data very carefully. 2) For high throughput experiments, one problem 

we should concern is the technical problem. The colony-live system captures the plates images 

every 30 min, and after the fixed time period, detect the colony centers and colony areas, then 

trace back to fix the positions of the colonies, finally to measure the areas of the colonies, and 

calculate the maximum growth rates, lag time growth, and saturation point of growth and 

colony area. In this process, the detection of colony areas is defined to recognize the standard 

colonies, some abnormal colony morphologies are difficult to precisely detected and calculated, 

like the mucoid colony, filamentous colony, and irregular colony and so on. This gives us more 

challenging to quantitative analyze the final data. 

 
In the prior experiments, the synthetic lethal genes of dnaA and ftsN were detected by the 

self-transmissible CRISPRi tools. dnaT is a functional unclear gene, it is required for 

primosome formation, primosome is a protein complex which is capable of priming phiX174 

DNA replication in vitro. dnaT is suspected of being involved in the restart of stalled replication 

forks in vivo 146 147. DnaT and PriA combine together to form the primosome for the rescue of the 

replication initiation 148, and both of dnaT and priA are in the dnaA synthetic lethal gene list. The 

result supports the previous hypothesis and gives us the confidence of the new CRISPRi tools 

for genetic interaction analysis. For quantification analysis, data filtering is always an important 

step. In this test, when supplied 1µM aTc, the non-target CRISPRi system, which means 
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CRISPRi system has no repression gene in E. coli genome, still has 14 synthetic lethal genes 

with Keio collection mutants. This may come from the stress of aTc, or CRISPRi vector 

plasmids. In genetic interaction quantification analysis, we should normalize the data with the 

non-target system to remove the system vector interference. 

 
       mreB and mreC genes were reported in the same transcription unit through Northern blot 

and gene expression analysis. This operon has three genes only, mreBCD, mreB located on the 

upstream of mreC 149. In this test, mreB repression didn’t obtain the stronger growth inhibition 

than mreC repression. One possibility might be operon effect is not serious in mreB and mreC 

growth inhibition; another possibility is may be mreC gene has its own promoter, which means 

it is single operon gene.  

 

Our system could be employed for essential gene single knockdown analysis and essential 

gene knockdown with non-essential gene knockout research. From my work, the essential gene 

knockdown library could be used both in liquid culture and on solid agar plates. This ability 

makes the platform flexible to detect the phenotype changes, drug screen, resistance gene 

detection or other application or investigation related to essential genes. In the project, I 

detected essential genes in E. coli, but this strategy is not only limited to essential genes, the 

other non-essential genes repression is also possible by the CRISPR/dCas9 system. Technically, 

we can repress any gene we want in the genome by designing specific crRNAs binding on the 

target gene.  

 
As we introduced before, compared to other genome editing tools, CRISPR/dCas9 provides 

a good way to disturb the multiple genes simultaneously or inhibit one gene on several 

positions. This capability is especially benefits to pathway analysis. In biosynthesis research 

field, people usually need to modify several genes in the synthetic pathways in bacteria, my 

self-transmissible CRISPR/dCas9 system offers a simple and prominent tool to shut down or 

reduce the expression of pathway genes, and all the process need only several specific short 

crRNA fragments, the strategy saves a lot of experimental costs and time. 
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Supplementary information 
 

Supplementary Fig 1. Homologous arm length and Gibson assembly efficiency. 
 

rpoC gene target crRNA cloning was taken as the example, I designed the gRNA insertion 

fragment with 20nt, 25nt or 50nt homologous regions (Supplementary Fig 1 A). All the 

experimental procedures were as before described, the CFU indicated that, up to 50nt, longer 

homologous region will get more candidates, the ratio of CFU came from 20nt:25nt:50nt 

homologous lengths is 1:3:4. 20nt homologous overlap regions was sufficient for the purpose 

to construct specific pgRNA plasmids. The reduce of homologous regions’ length from 50nt to 

20nt will save the experimental costs, which benefits a lot for high throughput experiments. 

 

 
Supplementary Fig1: homologous regions for crRNA insertion. (A) the gRNA insertion is done via Gibson 
assembly; the test detected the different homologous arm (gold) lengths to the efficiency of crRNA (red 
fragment) insertion into pgRNA vector. 20nt, 25nt and 50nt homologous arms are detected to check the 
recombination efficiency. (B) the CFU gained from different homologous arms, x-axis indicates homologous 
arm length. Y-axis represents CFU gained from the related homologous arm. 
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Supplementary Table 1. CRISPR- dCas9 target crRNA (gRNA) list for all the essential 
genes in E. coli.  
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Supplementary Table 2. dnaA synthetic lethal genes with Keio collection. 
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Supplementary Table 3. ftsN synthetic lethal genes with Keio collection. 
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