
ABSTRACT 

SELLE, KURT MICHAEL. Functional Genomic Studies of Lactic Acid Bacteria. (Under the 

direction of Dr. Todd Klaenhammer and Dr. Rodolphe Barrangou). 

Lactic acid bacteria (LAB) are a diverse clade of Gram-positive eubacteria that share 

several microbiological characteristics but are defined by their fermentative conversion of 

carbohydrates into lactic acid. LAB have served anthropological roles in food preservation 

since the advent of agrarian societies and domestication of both macro- and micro-organisms. 

Certain LAB also have the capacity to inhabit or colonize human mucosal niches and 

positively impact the host through a variety of mechanisms. The ability to preserve foods 

and/or colonize the host ultimately stems from rapid genome reduction, with some 

acquisition of niche-specific traits conferring fitness in food and human environments. 

Modern day bacteriological techniques combined with understanding the genetic basis for 

these traits have led to widespread use of LAB in commercial applications in food 

manufacture and in medical interventions through administration of probiotics. Methods in 

genome sequencing, comparative transcriptomics and proteomics are fundamental to defining 

the molecular processes governing beneficial LAB activity. In this dissertation, these 

approaches are applied to Streptococcus thermophilus, a starter culture, and Lactobacillus 

acidophilus, a probiotic microorganism. 

Streptococcus thermophilus is a non-pathogenic thermophilic Gram-positive 

bacterium that catabolizes lactose to lactic acid in the syntrophic production of yogurt and 

various cheeses. S. thermophilus genomes are enriched in clustered regularly interspaced 

short palindromic repeats (CRISPR) and CRISPR-associated sequence (Cas) systems, the 

prokaryotic adaptive immune system against invasive genetic elements. CRISPR arrays 



encode small interfering RNAs that guide Cas effector proteins to cognate sequences in 

target DNA, ultimately resulting in destruction of the invasive DNA. The protective role of 

CRISPR-Cas systems in S. thermophilus against plasmids and bacteriophages is well-

established, but there is a paucity of data concerning the genetic outcomes of targeting the 

bacterial host genome. We identified four genomic islands in S. thermophilus LMD-9 and 

designed synthetic plasmid-based repeat-spacer arrays to elicit independent CRISPR-Cas 

targeting of each island. Genome sequencing revealed deletion of the 102 kbp Lac operon 

encoding genomic island and screening confirmed deletions at each of the other three 

genomic islands. Mutants lacking the 102 kbp island exhibited longer generation times in 

rich growth medium and failed to acidify skim milk. Sequencing of the deletion junctions 

revealed chimeric insertion sequence (IS) element footprints generated by homologous 

recombination between IS elements flanking each island. 

L. acidophilus NCFM is a widely consumed probiotic strain that has been at the 

forefront of genomic characterization of probiotic functionality. Genetic modification or 

removal of lipoteichoic acid (LTA) from L. acidophilus confers an increased capacity to 

alleviate mucosal inflammation in disease models of colitis and cancer. However, functions 

of LTA in lactobacilli are poorly understood. To assign compensatory cell responses to 

removal of LTA, we assessed two strains of LTA-deficient L. acidophilus for phenotypes 

associated with LTA function and surveyed their global transcriptional and exoproteome 

profiles. The LTA mutants exhibited elongated cellular morphology and showed an LTA-

dependent sensitivity to elevated Manganese concentrations. Differentially expressed genes 

observed in the LTA-deficient strains numbered 24 and included a predicted heavy metal 

resistance operon and several putative peptidoglycan hydrolases. Cell surface protein surveys 



revealed distinct changes in the composition and relative abundances of several extracellular 

proteins and showed a bias of intracellular proteins in LTA-deficient strains of L. 

acidophilus. 
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CHAPTER I 

 

 

CRISPR-based technologies and the future of food science. 

 

 

Selle K, Barrangou R. 

J Food Sci. 2015 Nov;80(11):R2367-72. doi: 10.1111/1750-3841.13094  
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1.1 Abstract 

 

The on-going CRISPR craze is focused on the use of Cas9-based technologies for 

genome editing applications in eukaryotes, with high potential for translational medicine and 

next-generation gene therapy. Nevertheless, CRISPR-Cas systems actually provide adaptive 

immunity in bacteria, and have much promise for various applications in food bacteria that 

include high-resolution typing of pathogens, vaccination of starter cultures against phages, 

and the genesis of programmable and specific antibiotics that can selectively modulate 

bacterial population composition. Indeed, the molecular machinery from these DNA-

encoded, RNA-mediated, DNA-targeting systems can be harnessed in native hosts, or 

repurposed in engineered systems for a plethora of applications that can be implemented in 

all organisms relevant to the food chain, including agricultural crops trait-enhancement, 

livestock breeding and fermentation-based manufacturing, and for the genesis of next-

generation food products with enhanced quality and health-promoting functionalities. 

CRISPR-based applications are now poised to revolutionize many fields within food science, 

from farm to fork. In this review, we describe CRISPR-Cas systems and highlight their 

potential for the development of superior foods. 

 

1.2 Introduction 

 

Food science may be generally defined as the application of many scientific fields 

and disciplines to food products and processing. While many distinct sciences have 

historically been applied to the genesis, formulation, processing, storage, enhancement and 

enjoyment of food products over time, food science is arguably in a renaissance stage, which 
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is fueled by the availability of key technologies that allow food scientists and engineers to 

develop health-promoting products. Notwithstanding the many advances we have witnessed 

over the last century, the field of genetics has contributed critical advances in the recent past. 

In particular, the use of recombinant genetic technologies has profoundly impacted food 

science, agriculture, ecology, animal husbandry, and medicine. Tangible and impactful 

improvements in the human condition, due to the industrial biosynthesis of vitamins, 

enzymes, pharmaceuticals, antibiotics, and bioactive peptides, have been enabled by 

advances in genetic methodologies. Forthcoming DNA technologies have accelerated the rate 

of molecular biology research in diverse backgrounds, where few technologies previously 

existed or were suboptimal. Specifically, clustered regularly interspaced short palindromic 

repeats (CRISPR) and CRISPR-associated sequences (Cas) are an adaptive immune system 

against invasive genetic elements in bacteria (1), which has been co-opted for genome editing 

in a diverse set of organisms ranging from scientific models to industrial workhorses (2). The 

ability to cleave and edit DNA with CRISPR-Cas systems has reinvigorated reductionist 

biology during a scientific era defined by sequencing, and the rate of functional genomics has 

accelerated to new limits as a result. However, early investigation of CRISPR-Cas systems 

developed applications outside of genome editing, including manipulation of microbial 

consortia (3), designed vaccination of microorganisms against invasive genetic elements (4), 

and typing of bacterial strains (5). Many of the early applications of CRISPR-Cas systems 

arose from food science-driven research during characterization of industrial starter culture 

bacteria for improving milk fermentation processes (6). Food science is a growing field 

investigating all biological, chemical and physical processes to improve production of safe 
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and sustainable food for a growing world population. Overall, given the pace at which 

CRISPR-Cas technology is being developed, one can already envision how applications of 

CRISPR-Cas systems may further be harnessed or engineered to address challenges related to 

the food and agriculture industries at every level of food manufacturing, from farm to fork.  

 

1.3 CRISPR basics and background 

 

Two genetic elements constitute the adaptive immune system in bacteria: CRISPR 

arrays which confer immunological memory and surveillance, and cas genes, which encode 

effector proteins in all stages of immunity (Figure 1.1). CRISPR-Cas mediated immunity is 

categorized into three temporally overlapping but mechanistically distinct molecular 

processes: acquisition, expression, and interference (1, 7). Acquisition occurs via sampling of 

foreign genetic elements by the universal Cas1/Cas2 surveillance complex, from which short 

sequences, termed spacers, are integrated in a polarized fashion into the CRISPR array (6). 

New spacer sequences are added at the leader end of the array, resulting in an ordinal record 

of foreign DNA exposures that spans from most recent at the 5’ end to most ancient at the 3’ 

end. Expression of CRISPR arrays is constitutive under standard conditions, but is also 

inducible during phage infection (8). The array is transcribed as a long pre-CRISPR RNA 

(crRNA), and is typically further processed via Cas proteins and host ribonucleases into 

mature, small interfering crRNAs (9). Mature crRNAs guide Cas proteins to target DNA via 

sequence-specific complementarity for recognition and cleavage of target nucleic acids, 

causing direct interference of exogenous DNA elements (10, 11).  
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CRISPR arrays consist of highly-conserved, partially palindromic repeats that 

alternate with variable short spacer sequences. A compelling and defining feature of 

CRISPR-Cas systems, repeat sequences function in the formation of hairpins necessary for 

structure-dependent RNA processing during biogenesis of crRNAs. Repeat sequences also 

exhibit partial complementarity to trans-activating CRISPR RNAs (tracrRNA) and leader 

sequences, suggesting roles in acquisition and in Cas protein recognition. Specific to certain 

systems, tracrRNAs are enigmatic non-coding RNAs that elicit processing of crRNAs and for 

target DNA recognition and cleavage by Cas proteins (12, 13). By contrast, the origin and 

function of most spacer sequences is unknown, as only approximately 1% exhibit reliable 

identity to foreign invasive elements or chromosomal sequences (14). This may be because 

of extinction of genetic elements or the lack of environmental surveillance (sequencing) of 

the elements to which spacers correspond. Most of the known spacer targets correspond to 

plasmids and bacteriophages, but many also appear to target either self or foreign 

chromosomal sequences (14). Although the intuitive function of an adaptive immune system 

is targeting invasive genetic elements, many spacer sequences exhibit self-complementarity, 

and many do not appear to be transcribed, suggesting that CRISPR-Cas systems may play 

additional roles in microbial physiology beyond targeting of genetic elements (15). An 

essential feature of Type I and Type II systems is the protospacer adjacent motif (PAM), a 

short conserved sequence proximate to the spacer sequence in the target DNA (16-18). The 

PAM governs both the acquisition and interference processes, as it determines viable 

protospacers in the target sequence, and functions in differentiation of the target from the 
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CRISPR array. PAM sequences vary between CRISPR types and orthogonal systems within 

CRISPR types, but must be characterized in order to fully exploit functional systems. 

Cas proteins are fundamental to each stage of CRISPR-based immunity, as they are 

responsible for acquisition of new spacers, processing of crRNAs, and recognition and 

degradation of sequences complementary to crRNAs. However, convergent evolution has 

resulted in a myriad of DNA recognition and cleavage mechanisms in keeping with microbial 

diversity, necessitating categorization of CRISPR-Cas based on gene content, operon 

organization, and distinct clusters of sequence homology (19). The most recent definitive 

description of CRISPR-Cas systems highlights two classes based on the composition of the 

immune effector complex (single vs. multi-subunit). The systems are further delineated into 

five types, specifically depending on the presence of signature cas genes (19). The hallmark 

features of Type II systems are the large multifunctional endonucleolytic Cas9, the 

tracrRNA, and ribonuclease III processing of crRNAs (12). Type I and Type III systems 

encode Cascade, Csy, and Csm proteins that constitute the multi-subunit effector complexes 

responsible for target nucleic acid recognition. The signature gene of Type I systems is Cas3, 

a single stranded nickase with 3’-5’ exonuclease activity, which is recruited to the target via 

the CRISPR-associated complex for antiviral defense (9, 20). In contrast to other CRISPR 

system Types, Type III systems target either or both DNA and RNA, and the signature gene 

is Cas10 (19) Estimates indicate that 46% of bacterial and 84% of archaeal genomes contain 

at least one CRISPR-Cas system (19). Despite the high distribution of CRISPR-Cas systems 

in bacteria, the relative youth of the field means that very few of the systems have been 

characterized for activity in each of the three stages of immunity: acquisition, expression and 
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interference. To date, only 14 systems have demonstrated activity in interference, 

highlighting the need for investigating orthogonal systems for holistic understanding of 

CRISPR-Cas mechanisms and applications (21).  

The study of CRISPR-Cas systems had relatively humble origins in food science-

related research, with its biological function being discovered during investigation of phage 

resistance mechanisms of dairy starter cultures (6). In particular, Streptococcus thermophilus 

notoriously undergoes attack by predatory bacteriophage during yogurt and cheese 

fermentation, and is highly enriched for active CRISPR-Cas systems (4). S. thermophilus 

encodes up to four CRISPR-Cas systems, two of which are innately active in both acquisition 

and interference, likely due to the high selective pressure of bacteriophage in dairy 

processing environments. Accordingly, functional genomic analysis of a food-grade starter 

culture bacterium and its bacteriophages established the role of CRISPR-Cas systems in 

phage/DNA protection (6). Several seminal contributions to the field were conducted in S. 

thermophilus, because it harbored highly active CRISPR-Cas systems, the genome sequence 

was available, and there were characterized lytic phages, all of which was related to its 

widespread industrial use as a starter culture in food fermentations. Basic food science 

research therefore led to determination of spacer origin (6), inference of PAM sequences (16, 

18), unraveling of phage-host dynamics (22, 23), demonstration of Cas9 endonuclease 

activity (11, 24, 25), characterization of tracrRNA structural motifs governing function and 

orthogonality (12, 26), and recently, designed removal of large genomic islands (27). 

 



 

8 

1.4 Applications across the food bacterial spectrum  

 

Lactobacillus spp. are scientifically, industrially, and medically relevant 

microorganisms that are propagated at high levels for fermentation processes or to elicit 

health benefits as probiotic microorganisms. Thus, as constituents of the human microbiome, 

or as fermentative bacteria, exposure to bacteriophage is highly likely, suggesting that 

bacterial phage resistance mechanisms would be abundant in these environments. Indeed, in 

silico surveys have revealed that Type II systems are disproportionately present in 

lactobacilli (14, 26), making them a reservoir for CRISPR-Cas systems. In this light, the 

human and food microbiomes are a relatively unexplored trove of new and diverse CRISPR-

Cas systems that are suitable for use in food-grade systems. Given that bacteria are 

ubiquitous throughout the production and consumption of food, CRISPR technologies have 

to the potential to impact all classes of bacteria across the food spectrum, including 

pathogenic, commensal, fermentative, probiotic, and spoilage organisms. CRISPR-based 

technologies with applications in food science include genotyping of bacteria, manipulation 

of microbial consortia, vaccination against phages and genome editing (Figure 1.2).  

 

1.5 CRISPR-based genotyping 

 

Identification and typing of bacterial strains is a considerable challenge due to the 

inherent diversity of microorganisms and their tendency to undergo horizontal gene transfer. 

Although genome sequencing can be considered the ‘gold standard’ for identification and 

typing of bacterial strains in terms of resolution, it is a costly, analytically-challenging and 

time-intensive process not suitable for high-throughput or rapid applications. The same 
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limitations apply to pulsed field gel electrophoresis, although fingerprinting of restriction 

digestion profiles is still performed for strain typing during foodborne outbreaks. Recently, 

repetitive-element PCR-based genotyping using high-resolution microfluidics has proven to 

be rapid and reliable in strain differentiation, but identification of strains requires a database 

of fingerprint data for comparison. 16S rDNA sequencing, although not a typing tool, is 

relatively fast and affordable for rough identification of bacteria, but can be unreliable even 

for applications requiring resolution down to the species level. By contrast, CRISPR array 

genotyping offers a rapid, affordable and high-resolution means of typing bacterial strains 

within a species (5). Due to the unique polarized nature of spacer acquisition in CRISPR-Cas 

systems, the highly ordinal composition of CRISPR arrays provides a means of typing with 

high resolution at the strain level (28), requiring a few PCR amplifications and sequencing of 

the array to provide a clear comparison of spacer content. Despite this, proof of concept for 

CRISPR-based typing has only been provided for a limited set of bacteria. In order to 

effectively be used as a tool for identification and typing, the same CRISPR-array locus must 

be enriched or ubiquitous within defined taxonomic groups (Genus or species) and the spacer 

content of the array must be diverse across all strains in a given subset. The presence or 

absence of a CRISPR array may also be used to differentiate strains, but is only reliable when 

it correlates with the phylogeny of the organism. In order for adequate spacer comparison to 

occur, within a given CRISPR locus, the most ancient spacers must share a common origin, 

which then diverges over the course of the array. In other words, there must be some shared 

and some disparate spacers in order to effectively type strains based on array content. Thus, 

the process is largely contingent on having had active spacer acquisition machinery at some 
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point in evolutionary history, although degeneracy of CRISPR arrays can also add to 

polymorphisms in spacer content. Of course, CRISPR-based typing also depends on the 

presence of CRISPR-Cas systems in the genomes of genera and species of interest, and these 

loci have been identified in most archaea and many bacteria, but only documented to occur in 

approximately 46% of bacterial genomes. To date, CRISPR-based typing schemes have been 

effectively employed in foodborne pathogens such as Salmonella (28) and Escherichia coli 

(29, 30), industrial fermentation starter cultures such as S. thermophilus (16), probiotics such 

as Lactobacillus casei (31), and spoilage organisms such as Lactobacillus buchneri (32), 

illustrating the broad potential of CRISPR-based genotyping across the bacterial spectrum.  

 

1.6 Vaccination of industrial microbes 

 

Mobile genetic elements (MGEs) are a class of DNA entities encompassing plasmids, 

bacteriophages, transposable elements, and integrative and conjugative elements. MGEs 

exhibit high rates of transfer and hijack bacterial DNA homeostasis pathways, causing 

continuous challenges to both population and genetic stability of bacteria. To cope with the 

permanent threat of predatory bacteriophages and selfish genetic elements, bacteria have 

evolved both innate and adaptive immune systems targeting exogenous genetic elements. 

Innate immune mechanisms include cell-wall modification, restriction/modification systems, 

and abortive phage infection (33). In the food industry, predatory bacteriophages constitute a 

significant threat to efficiency of preservation and continue to be a major source of 

inconsistent quality or loss in dairy fermentations. Many strategies have thus been developed 

to combat the ever-present and dynamic phage populations present in processing plant 
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environments. Starter cultures are especially susceptible to lytic phage infection due to a 

mono-culture population, wherein a single infective phage type can cause the crash of an 

entire population. Furthermore, the high rate of mutation in phages necessitates the use of 

multiple resistance mechanisms and control strategies to compensate for their high capacity 

for adaptation to the host. Specifically, both native biological mechanisms of resistance and 

environmental control are employed to prevent phage proliferation. Starter culture rotation, 

growth in the presence of chelators, multi-strain starter formulations, and steam sterilization 

of manufacturing equipment are all means of controlling phage in the dairy processing 

environment, whereas genetic transfer of plasmids containing native phage resistance 

mechanisms and/or CRISPR can be used to combat phage in the bacterial population (5). 

CRISPR provides unique advantages in vaccination of starters against predatory 

bacteriophage (4). Specifically, the process of adding spacers corresponding to phages is 

iterative, which means that additional spacers can always be acquired to target-emerging 

phages. Moreover, resistance is sequence-specific, which means that the resistance 

mechanism can be as broad, or specific as desired, especially if conserved functional 

sequences are targeted in phage genomes. One spacer may therefore be able to confer 

resistance to multiple phages if the respective phage genomes contain the same sequence 

targeted by the spacer. Lastly, unlike innate immune mechanisms of phage resistance, the 

target sequence of the phage must mutate in order to circumvent CRISPR-Cas as a 

mechanism, which can lead to detrimental mutations in phage machinery (22, 23).  

Antibiotic resistance of pathogens is an alarming issue in the medicinal community, 

leading to extensive efforts in reducing the uptake and transmission of antibiotic resistance 
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genes in bacteria. To this end, the presence of transmissible antibiotic resistance genes is 

prohibitive during selection of starter culture and probiotic bacteria. Antibiotic resistance 

genes can be encoded genomically, or by plasmids, bacteriophages, and transposable 

elements, all of which can be targeted by CRISPR-Cas systems. Spontaneous mutations 

conferring antibiotic resistance can also be corrected using template-mediated genome 

editing. Similarly, limiting transfer of antibiotic resistance genes into food-grade bacteria 

during fermentation is highly desirable. In strains that contain an active CRISPR-Cas system, 

it is possible to introduce the antibiotic resistance gene on a plasmid and screen for CRISPR-

based loss of the plasmid due to targeting of the antibiotic resistance gene (11). Thus, it is a 

natural means to vaccinate food-grade bacteria against transmissible antibiotic resistance 

genes, which can be achieved through incorporating a spacer sequence corresponding to that 

of the coding sequence for antibiotic resistance. Conversely, it is also possible to 

heterologously introduce an active CRISPR-Cas system into organisms lacking an 

endogenous system and vaccinate the recipient against the uptake of undesirable genetic 

content (25).  

 

1.7 Antimicrobials  

 

Self-targeting events of CRISPR-Cas systems are highly lethal, which has been 

determined experimentally and observed in vivo (34, 35). The lethality of self-targeting 

events relates to the nature of DNA destruction induced by CRISPR-Cas interference 

mechanisms. Type I systems elicit extensive DNA damage through the exonuclease activity 

of Cas3, introducing deletions that span approximately 40 kb in some experiments. DNA 
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damage of this nature is reparable at low frequency (10-5), likely by an alternative end-

joining mechanism (34). Type II systems elicit double-stranded DNA breaks via Cas9 

activity, for which few DNA repair mechanisms exist in bacteria (11, 24, 36). Bacteria 

typically use the high fidelity pathway of homologous recombination to repair double-

stranded DNA breaks, but restoration of the target locus to the wild-type does not circumvent 

targeting by CRISPR-Cas systems (36). Pathways of dsDNA break repair in bacteria also 

include the low-fidelity alternative end-joining, and non-homologous end-joining, although 

both occur at low frequency, and the latter is generally present in spore-forming bacteria and 

Mycobacterium spp. Due to a paucity of high-frequency DNA damage repair pathways that 

can cope with CRISPR-Cas targeting, population-wide depletion of cells exhibiting the target 

genotype occurs, generally on the order of 3-5 logs under experimental conditions. Self-

targeting with Type I systems is highly efficacious, as lethality is not dependent on 

chromosomal location, expression level, or strand bias (3). Moreover, it was demonstrated 

that proper design of self-targeting spacers could lead to differentiation of highly related 

strains (3). Several experiments repurposing endogenous or delivered CRISPR-Cas systems 

have been performed in pathogenic organisms related to the food industry (3, 35, 3, 38). 

Control of microbial consortia in processing facilities and in food products is fundamental to 

protecting the food supply from contamination or proliferation of foodborne pathogens. Self-

targeting CRISPR Cas systems therefore present a novel and high-potential means to deplete 

microbial populations in a sequence-specific manner, sparing the innocuous native 

microbiota present in foods. As CRISPR-based microbiome engineering technologies further 

evolve, we anticipate several application avenues will be generated across the food supply 
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chain, to optimally manage the composition of various microbial populations associated with 

soil, plants, livestock, manufacturing environments and the consumer.  

 

1.8 Genome editing and remodeling in bacteria 

 

Bacterial genomes exhibit site-specific plasticity that belies the linearity of their 

interpretation as straightforward sequences (39). The ability to reprogram CRISPR-Cas 

systems to target any sequence in the genome offers promising applications towards defining 

minimal bacterial genomes, determining essential genes, and characterizing genetically 

heterogeneous bacterial populations (36, 40). Recently, CRISPR-Cas targeting was used to 

show that mobile genetic elements contribute to genomic plasticity in Streptococcus 

thermophilus (27). Specifically, recombination between insertion sequences of high identity 

caused spontaneous deletion of large genomic islands, spanning from 8 to 102 kbp in length. 

Targeting the genomic islands with an endogenous CRISPR-Cas system enabled selection 

and recovery of naturally occurring mutants lacking genes necessary for acidification and 

preservation of milk. The approach also confirmed the non-essentiality of genes encoded on 

the genomic islands, ultimately resulting in excision of 7% of the genome of S. thermophilus. 

This approach could similarly be applied for removal of genomically encoded MGEs, 

increasing genome stability. Moreover, CRISPR-based removal of pathogenicity islands 

and/or virulence factors is an attractive method for neutralizing pathogenic bacteria. Thus, 

CRISPR-Cas systems facilitate characterization of mobile genetic elements and elucidation 

of bacterial genome plasticity. Similarly, this technology can also be harnessed in 
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combination with single-strand DNA recombineering to drive genome editing in probiotic 

strains such as Lactobacillus reuteri (41, 42).  

 

1.9 The CRISPR revolution as it applies to the food chain 

 

The use of CRISPR-based technologies has revolutionized the field of genetics in 

general, and genome editing of eukaryotes in particular. To date, this approach has been 

successfully employed for targeted mutagenesis of a plethora of genomes including Homo 

sapiens, Mus musculus, Danio rerio, Drosophila melanogaster, Caenorhabditis elegans, 

Oryza sativa, and Saccharomyces cerivisiae (2). The streamlined and multifunctional nature 

of Cas9 from Type II systems is practical for programmable genome editing through precise 

and directed targeting of chromosomal loci. The tipping point for genome editing was 

arguably the provision of a synthetic guide molecule that combines the functions of a native 

crRNA and tracrRNA (43) and the development of a corresponding two-component 

sgRNA:Cas9 genome editing system. The programmable specificity of exacted chromosomal 

cleavage is facilitated by selection and design of a spacer sequence unique to the target allele. 

Specificity is compounded by the PAM, a short conserved sequence that must be proximate 

to the protospacer in the target sequence (17, 18). Cas9-induced mutagenesis in eukaryotes 

occurs subsequent to cleavage and is typically mediated through the imperfect DNA repair 

mechanism of non-homologous end joining (NHEJ). Following the genesis of 

doublestranded breaks, NHEJ yields efficient recovery of insertion and deletion knockout 

clonal genotypes.  
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CRISPR-based genome editing has already been applied to organisms of interest 

across food science, including yeast, corn, rice and tomatoes. Genome editing of crops has 

applications for targeted engineering to improve growth under drought conditions, 

application of insecticide, low nutrition/fertilizer conditions, and also to improve the nutrition 

potential of food crops. Similarly, genome editing can improve yield in animal breeding 

through desirable alteration and selection of herd genetics. Moreover, there is the potential to 

increase the disease-resistance of both crops and cattle, but despite the promising outcomes 

of genome editing using CRISPR-Cas systems, the practical implications of doing so are yet 

to be unanimously defined.  

 

1.10 Conclusions and perspective 

 

 While much of the on-going CRISPR craze (44, 45) has been focused on genome 

editing applications in human cells, and the potential of Cas9-based gene therapies for 

clinical applications (46), CRISPR-Cas systems and CRISPR-based technologies hold much 

promise for a broad range of applications across food science. For applications in food 

bacteria, native CRISPR-Cas systems present opportunities for genotyping of pathogens, for 

vaccination of cultures against phages, and as next-generation antimicrobials. Furthermore, 

engineered systems can be harnessed for genome-editing applications in crops and livestock 

for trait-enhancement in next-generation breeding approaches. Building off recent advances 

in their exploitation in agriculture, husbandry and industrial fermentations, we envision that 

CRISPR-Cas technologies will drive research and development in many food products, and 

open new avenues for the future of food science.   
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Figure 1.1. CRISPR-based adaptive immunity.  
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Figure 1.2. Applications of CRISPR-Cas systems across the food chain.  
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2.1 Abstract 

 

Manipulation of genomic sequences facilitates identification and characterization of 

key genetic determinants in the investigation of biological processes. Genome editing via 

CRISPR-Cas constitutes a next-generation method for programmable and high throughput 

functional genomics. CRISPR-Cas systems are readily reprogrammed to induce sequence-

specific DNA breaks at target loci, resulting in fixed mutations via host-dependent DNA 

repair mechanisms. Although bacterial genome editing is a relatively unexplored and 

underrepresented application of CRISPR-Cas systems, recent studies provide valuable 

insights for widespread future implementation of this technology. This review summarizes 

recent progress in bacterial genome editing and identifies fundamental genetic and 

phenotypic outcomes of CRISPR targeting in bacteria, in the context of tool development, 

genome homeostasis, and DNA repair. 
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2.2 CRISPR-Cas systems and bacterial genome editing 

 

Bacteria harbor clustered, regularly interspaced, short palindromic repeats (CRISPR, 

see Glossary) and CRISPR-associated (cas) genes, which constitute an RNA-guided adaptive 

immune system against invasive genetic elements (1). CRISPR-Cas mediated immunity 

hinges upon the distinct molecular processes of acquisition, expression, and interference (2). 

Acquisition occurs via molecular ‘sampling’ of foreign DNA, from which short sequences, 

termed spacers, are integrated in a polarized manner at the leader end of CRISPR array (1). 

CRISPR arrays are transcribed constitutively and inducibly as directed by promoter elements 

in the preceding leader sequence during expression (3-5). The transcript is processed 

selectively at each repeat sequence, forming mature CRISPR RNAs (crRNAs) that serve as 

small interfering RNAs. crRNAs guide Cas proteins for sequence-specific recognition and 

cleavage of target DNA complementary to the spacer to effect interference. CRISPR-Cas 

systems encode universal cas1 and cas2 genes, and are categorized as Type I, Type II or 

Type III based on signature genes contributing to the distinct mechanisms by which each 

system confers interference (6). Type I systems achieve immunity via the CRISPR-associated 

complex for anti-viral defense (Cascade) through single strand DNA nickase and 

exonuclease activity, and are defined by the presence of Cas3 (7). Features unique to Type II 

systems include the signature double-stranded (ds) DNA endonuclease Cas9, the ancillary 

trans-activating crRNA (tracrRNA), and biogenesis of crRNAs by RNase III (8, 9). Type III 

systems are marked by the signature gene Cas10, but are mechanistically diverse and less 

well defined, with some systems even capable of targeting RNA instead of DNA (10). 
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Delineation of CRISPR-Cas systems into 11 subtypes are similarly based on presence of 

specific accessory cas genes and their respective genetic organization (6).  

  

 Cas9 effects interference in Type II systems through sequence-directed 

endonucleolysis at the target locus, achieved by concerted RuvC and HNH nickase activity 

(11, 12). The streamlined and multifunctional nature of Cas9 is practical for programmable 

genome editing in diverse organisms, requiring only expression of its cognate tracrRNA and 

a crRNA corresponding to the target sequence (Figure 2.1). The tipping point for this 

methodology was the creation of a single guide RNA chimera which combines the functions 

of the native crRNA and tracrRNA duplex (13). Cas9-mediated genome editing is 

programmable through design of single guide RNAs (sgRNAs). The specificity of 

chromosomal cleavage hinges upon selection of a spacer sequence unique to the target allele 

and is further compounded by the protospacer adjacent motif (PAM), a short conserved 

sequence that must be proximate to the target proto-spacer (Figure 2.1) (14-16). Cas9 

introduces a lethal double-stranded DNA break (DSB) at the target locus, effectively acting 

as a selection against wild-type sequences during genome editing (11, 12). Pre-existing 

mutations in the population can be selected for or against (Figure 2.2) but mutations may be 

introduced subsequent to targeting by host-repair mechanisms (Figure 2.2). Mutations 

elicited by CRISPR-Cas systems are therefore DNA damage and repair machinery 

dependent. Heterologous expression of Cas9::sgRNA combinations from Streptococcus 

pyogenes has facilitated high throughput functional genomics in a multitude of eukaryotic 

organisms and cell lines (17-19). CRISPR-Cas derived genome editing tools have 
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revolutionized genetic and biological research in model eukaryotic organisms on account of 

their efficiency, affordability, and accessibility. 

Notwithstanding early proof of concept, only three studies have implemented 

CRISPR-Cas mediated genome editing in bacteria (20-22), making this a relatively 

unexplored and underrepresented application of CRISPR-Cas systems. Nevertheless, genome 

editing via CRISPR-Cas constitutes a next-generation method for programmable and high 

throughput functional genomics in prokaryotic backgrounds. Collectively, these studies 

substantiate the use of CRISPR-Cas systems as genetic tools in bacteria, and contribute to 

understanding the fundamental genetic and phenotypic outcomes of targeting bacterial 

genomes. This review aims to summarize insights from these foundational experiments, 

highlight considerations for tool development, identify potential biological hurdles, and 

predict future applications of the technology. 

 

2.3 Lethality of targeting genomes  

 

The lethality of Cas-mediated DNA cleavage was first observed in its natural 

ecological role of targeting bacteriophages and plasmids (1, 11, 12, 23), but self-targeting 

events are an evolutionary cost of housing active CRISPR-Cas systems. The observation of 

self-complementary spacers, at one time constituting up to 22% of known spacer targets in 

lactic acid bacteria (24), emphasizes the potential selective pressure of self-targeting events. 

Indeed, identification of self-complementary spacer targets reveals mutations at those 

chromosomal loci, suggesting that self-targeting events drive mutation or fixation of pre-

existing mutations (Figure 2.2). Investigation of spacer acquisition in Streptococcus 
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thermophilus during exposure to phage led to infrequent observation of chromosomal 

acquisition events, which correlated with the disappearance of clones containing self-

targeting spacers (25). Moreover, several studies in diverse backgrounds have reported the 

lethality of DNA damage induced by self-targeting CRISPR-Cas systems (20, 22, 26-31). 

Transformation of plasmids eliciting self-targeting by Cas proteins is cytotoxic as measured 

by the relative reduction in viable transformants recovered compared to transformation of 

non-self-targeting plasmids (28). CRISPR-mediated depletion of microbial populations 

ranges from 3-5 log reductions in populations exhibiting the target sequence, sometimes 

approaching the transformation efficiency of the respective bacterial background (20, 22, 26-

31). DNA cleavage by Cas proteins constitutes a significant threat to the survival and fitness 

of microorganisms, as evidenced by growth inhibition and aberrant cellular morphology 

phenotypes consistent with DNA damage observed in Pectobacterium atrosepticum 

following self-targeting events (20). Active CRISPR-Cas systems cannot coexist in the same 

cell as the target DNA, which compounds the pressure for mutations to occur, as restoration 

of the target locus to the wild-type does not circumvent CRISPR targeting (32). 

Consequently, high fidelity repair mechanisms are not sufficient for survival of self-targeting 

events. Thus, targeting by CRISPR-Cas systems is a selection against the cell populations 

exhibiting the target genotype. Selection for pre-existing mutations in genetically 

heterogeneous cell populations supports CRISPR-Cas directed genome evolution on the 

population level (Figure 2.2) (20). This phenomenon was demonstrated experimentally by 

transformation of strain-specific self-targeting plasmids into heterogeneous populations 

consisting of highly identical Escherichia coli strains (29), in which dose-dependent 
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depletion of specific population subsets was achieved. The study also reported that lethality 

was independent of chromosome location, transcriptional activity of the target, strand bias, 

and coding versus non-coding regions. Collectively, the well-established lethality of self-

targeting events substantiates the utility of CRISPR-Cas for mutagenesis in bacterial 

genomes by selecting for non-wild-type clonal variants. Moreover, they highlight the 

potential application of Cas cleavage-driven, sequence-specific evolution of bacterial 

genomes in mixed populations. 

 

2.4 CRISPR-Cas targeting escape strategies 

 

Bacterial cells containing target DNA sequences are efficiently cleared from the 

population, which is partially due to the low capacity of bacterial DNA repair mechanisms to 

cope with Cas cleavage. However, some clones are able to maintain wild-type target 

sequences in the presence of CRISPR-Cas targeting. Genetic analysis of transformants 

recovered following self-targeting revealed that bacteria can escape targeting by 

mutation/deletion of the plasmid encoded spacer or chromosomally encoded Cas machinery 

to effectively preclude self-targeting (Figure 2.3) (20, 22, 33). Mutation of the PAM 

sequence is a major mechanism by which CRISPR-Cas targeting may be circumvented 

(Figure 2.3) (15, 20, 21, 33, 34). The seed sequence is comprised of the 8-12 bp most 

proximate to the PAM and is fundamentally involved in hybridization of crRNA to the 

cognate target DNA, such that mutations in the seed also abolish targeting (Figure 2.3) (21, 

35, 36). Point mutations within the protospacer sequence are relatively well-tolerated and 

generally do not prevent targeting (20, 21). This is especially true for the PAM-distal spacer 
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sequence, which is consistent with the removal of 10-11 bp from the 5' end of the spacer 

during maturation of crRNAs (37). Instead, deletion of the protospacer constitutes a means of 

evading Cas-mediated cleavage (Figure 2.3). Predictably, mutations that interfere with 

biogenesis of crRNAs or activity of tracrRNA may also abolish activity, but inactivation of 

CRISPR-Cas systems constitutes a significant cost to the cell. Bacterial means of escape 

mirror those of the predominant target of CRISPR-Cas systems, phage populations. In phage, 

mechanisms facilitating circumvention of CRISPR-Cas targeting typically involve alteration 

of the PAM, seed or protospacer sequences; achieved through recombination or spontaneous 

mutation (14, 25, 34). Phage populations are inherently genetically diverse, yet exhibit a high 

frequency of homologous recombination (HR) events in response to CRISPR-Cas targeting 

(25). Recombination in bacterial populations is limited by natural barriers preventing 

accessibility of homologous yet variable DNA segments. However, Jiang and coworkers (22) 

demonstrated that introduction of exogenous genomic DNA (gDNA) caused recombination-

mediated survival within Streptococcus pneumoniae, which suggests potential roles of 

competence and horizontal gene transfer in survival of self-targeting events in bacteria.  

 

2.5 Lessons from bacterial genome editing studies 

 

The lethal effects of CRISPR-Cas self-targeting in bacteria are well reported, but few 

studies have investigated the molecular outcomes of self-targeting events. Recent work by 

independent groups have provided invaluable insight into the intersection of genome 

homeostasis and CRISPR-Cas self-targeting (20-22). These foundational studies pave the 

way for widespread implementation of CRISPR-Cas technology as a genome editing tool in 
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bacteria. The experiments revealed the mechanistic underpinnings of CRISPR-Cas targeting, 

exploited DNA repair/replication pathways for designed genome edits, and delineated the 

genomic plasticity of bacterial populations using CRISPR-Cas targeting.  

 

2.5.1  Homology directed repair in S. pneumoniae 

 

Jiang et al. (22) was a landmark study for genome editing using CRISPR-Cas9 in 

general, and was also the first to demonstrate bacterial genome editing. The study determined 

that double-crossover HR with a donor template restored CRISPR-Cas9 effected 

chromosomal injury in S. pneumoniae. A prophage served as the target for Cas9 cleavage 

using two derivative strains of S. pneumoniae, differing from the wild-type in an integrated 

prophage at the srtA locus in the chromosome and a prophage integrated strain with a 

mutated PAM site. Transformation of S. pneumoniae cr6 gDNA encoding the prophage 

targeting Cas9::sgRNA was expected to be lethal to the prophage harboring strain, but not for 

the strain with the mutated PAM sequence. However, HR at the srtA locus was observed, 

ultimately resulting in the efficient recovery of recombinant clones with deleted prophage 

genotypes. A similar result was achieved upon co-transformation of a wild-type srtA linear 

editing template with the prophage targeting Cas9::sgRNA (Figure 2.4). The study performed 

thorough assessments of protospacer and PAM mutations that circumvent Cas9 targeting, 

providing characterization of the 5'-NGG-3'PAM requirements and seed sequence for the 

Type II system from S. pyogenes. Moreover, the study -highlighted the ability to introduce 

targeted missense mutations as well as whole gene deletions using double-crossover HR in 

the β-galactosidase encoding gene in S. pneumoniae. In order to assess the efficiency of 
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bacterial genome editing with or without the assistance of Cas9 cleavage, the authors 

quantified the mutation rate of artificial stop codon in an erythromycin resistance gene with 

the outcome restoring the EmR phenotype. The experiment revealed a marginal induction of 

recombination through Cas9 targeting of the stop codon, but even in the absence of Cas9 

cleavage, a subpopulation of cells appeared to undergo transformation or recombination at 

higher frequencies. The study not only established the utility of Cas9-mediated genome 

editing, but elucidated the molecular underpinnings of the efficiency and limitations of the 

system. 

 

2.5.2 Efficient and targeted mutagenesis with recombineering in Lactobacillus reuteri 

 

Oh and van Pijkeren employed CRISPR-Cas9 self-targeting in tandem with 

recombineering for the selection of desired mutations to achieve targeted mutagenesis at 

nucleotide resolution in L. reuteri (Figure 2.4) (21). Plasmid-based expression of recT, a 

single-stranded DNA-binding protein, and cas9 was used for single step and dual step 

strategies by introducing single-stranded oligonucleotides conferring circumvention of Cas9 

targeting.  The oligonucleotides were designed to harbor a non-targeted PAM sequence to 

circumvent Cas9 cleavage effectively and avoid competitive Cas9 binding of the 

oligonucleotide and possible displacement of the RecT protein (38).The study demonstrated 

that low frequency mutations such as whole gene deletions could be introduced in the cell 

populations using single-stranded recombineering, and these mutations could be selected for 

by applying CRISPR-Cas targeting against the wild-type genotype. The study also 

demonstrates the robustness of the system for mutational biochemical characterization of 
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proteins through introducing missense mutations using Cas9-assisted codon saturation. 

Similarly to Jiang et al. (22), the authors address concerns of making mutations at additional 

non-PAM sites while still using the highly effective PAM-mutation based circumvention. As 

reported by Oh and van Pijkeren, recombineering represents a precise and efficacious genetic 

tool in L. reuteri, especially when applying CRISPR-Cas assisted selection for desired 

mutations. However, successful application of this technology may require considerable 

optimization for use in disparate backgrounds, and the universal efficacy of the method 

remains undetermined given the significant variation in the capacity of bacteria to carry out 

recombineering. 

 

2.5.3 Alternative end joining and large deletions in Pectobacterium atrosepticum 

 

In contrast to the other bacterial genome editing studies, Vercoe et al. (20) used a 

natively active Type I-F system, which are less suited for introducing designed mutations, 

due to the unpredictable and extensive nature of DNA damage caused by Cas3 exonuclease 

activity. It was demonstrated that lethality from a self-targeting spacer in P. atrosepticum 

was abrogated due to a single PAM sequence mutation, but self-targeting was restored 

through plasmid-based expression of a programmable repeat-spacer array. In the absence of a 

donor template for HR, large deletions were achieved through recombination of mobile 

genetic element features (Figure 2.4). Deletion of the entire pathogenicity island (  ̴ 98 kbp) 

occurred reproducibly through recombination of attL and attR sites flanking the island. 

Interestingly, the authors reported that the deletion occurred spontaneously at low frequency 

in wild-type cell populations as detected by PCR amplification of the attB excision footprint. 
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In contrast, variable deletions within the pathogenicity island consistent with A-EJ also 

occurred through microhomologous sequences. The two mechanisms of mutation observed in 

this study highlight the ordinal effect of mutation and DNA damage since it can be postulated 

that deletion of the island was observed through selection of preexisting mutations (Figure 

2.2), whereas deletions due to A-EJ likely occurred subsequent to cleavage of the 

chromosome (Figure 2.2). 

 

2.6 Design considerations  

 

 The exceptional range of microbial diversity poses shared challenges for many 

genetic manipulation strategies. The mechanisms governing DNA homeostasis are highly 

background specific, thus genetic tool development is limited by factors including 

transformation efficiency, plasmid replication, capacity for recombination/integration, DNA 

methylation, and DNA repair pathways. Similarly, application of CRISPR-Cas9 technology 

for bacterial genome editing hinges upon these molecular processes, but also has specific 

design considerations for accurate and efficient use of the technology. 

 

2.6.1 Design of spacer sequences  

 

Off target cleavage is expected to occur infrequently in bacterial systems relative to 

eukaryotes, which can be attributed to lower occurrence of sequences homologous to a given 

spacer-PAM combination in smaller genomes. Given that single self-targeting events result 

in a significant reduction in recovery of viable transformants, any off target cleavage leading 
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to multiple events of CRISPR-Cas induced chromosomal injury in a single cell should 

compound this reduction in recovery, leading to a decreased incidence of mutation at 

extraneous loci. However, proper selection of spacer sequences is essential to further prevent 

unintended cleavage events and to maximize efficiency. To date, two strict criteria for 

selection and design of spacers are the location of consensus PAM sequences and avoiding 

incidental sequence identity to extraneous genomic loci. Putative protospacers are 

constrained by defining the location of putative PAM sequences in the target locus. Since 

PAM and seed sequences are integral for recognition and activity at the target, spacers must 

be selected based on uniqueness of these components to prevent off-target cleavage. In Type 

II-A systems, approximately 10 nt are removed from the 5’ end of the spacer during crRNA 

maturation, suggesting that they are irrelevant for target specificity (37). Protospacers 

containing sequences identical to the PAM should not be considered to prevent competitive 

Cas recruitment that may limit cleavage of the desired locus (38). There is no webtool 

dedicated to spacer design for bacterial genome editing, and the utility of current eukaryotic 

tools for designing bacterial spacers is undetermined. 

 

2.6.2 Increasing transformation efficiency for optimized system delivery 

 

 Transformation efficiencies are limiting in many backgrounds, but transformation 

(natural or induced), transduction, and conjugation are all potential avenues for experiments 

requiring simultaneous co-transformation of editing templates and expression vectors. The 

lethality of self-targeting compounds the need for high transformation efficiency of CRISPR-

Cas components when interference is the direct result of transformation. Limiting 
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transformation efficiency can be compensated for by designing high frequency mutation 

strategies facilitating circumvention of CRISPR-Cas targeting, thus increasing recovery of 

desired genotypes. Development of tightly regulated inducible expression systems bypasses 

low transformation efficiency of self-targeting plasmids, allowing for induction of self-

targeting in highly concentrated cultures. Inducible systems could therefore increase recovery 

of desired mutations and identification of low frequency mutations. An intriguing 

observation noted by Jiang et al. (22) suggested that certain bacterial subpopulations were 

more prone to recombination/transformation.  Experiments with multiple rounds of 

recombination/transformation may therefore constitute short-term directed 'evolution'. This 

process results in a disproportionate selection of the population with a higher competency 

phenotype, with potential applications in molecular biology for backgrounds with low 

transformation or recombination efficiencies.  

 

2.6.3 DNA repair mechanisms in bacteria 

 

 Since mutations elicited by CRISPR-Cas systems are both DNA damage and repair 

machinery dependent, it is prudent to consider the DNA repair pathways present in each 

microbiological background. The universality of HR, its well-characterized mechanism, and 

relatively high frequency have led to the widespread development and use of HR-mediated 

genetic technologies in diverse bacterial backgrounds. Therefore, HR can similarly be 

considered a practical and applicable repair pathway for introduction of mutations in 

CRISPR-Cas assisted genome editing. HR-based repair of DSBs and simultaneous 

generation of desired mutations can be achieved through provision of a homologous editing 
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template, which affords the potential for both deletions and gene replacements. 

Recombination can occur between native homologous sequences flanking DSBs in the 

genome, resulting in deletion of large genomic segments (20). To this end, native repair 

pathways can either be exploited for generation of desired mutations, or enzymatic 

machinery can be heterologously expressed to introduce repair pathway platforms for 

mutagenesis. In particular, recombinant expression of proteins Ku and LigD in bacteria may 

offer an avenue for high frequency generation and recovery of mutants. In contrast, native 

pathways may introduce undesired mutations at high frequencies relative to that of designed 

genetic outcomes, making it necessary to knockout or transcriptionally down-regulate certain 

pathways to prevent undesired repair from occurring. Conversely, targeting genomes with 

CRISPR-Cas systems also affords the potential for characterization of native DNA repair 

pathways in diverse microbial backgrounds.  

 

2.7 Future Applications 

 

 CRISPR-Cas selection against target sequences has already been tangibly exploited in 

a handful of bacteria to elict genome edits, but further development of the technology has 

considerable potential for revolutionizing bacterial genetics and genomics.  

 

2.7.1 Cas9 and editing template delivery through transformation of linear nucleic acids 

 

 Linear DNA transformation has not been broadly applied as a tool for genetic 

manipulation in bacteria since replication of DNA requires circularity and host exonuclease 
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activity causes rapid degradation of linear dsDNA. A few studies have employed linear DNA 

to elicit gene replacement by double-crossover recombination with success in E. coli, 

Bordetella pertussis, S. thermophilus and S. pneumoniae (22, 39-41). Synthetic DNA 

molecules are easily designed and affordable for engineered mutagenesis and splicing by 

overlap extension PCR also allows for generation of editing templates (42). Thus, linear 

DNA transformation techniques may increasingly be considered a viable option for genome 

editing when complemented with CRISPR-Cas selection against the wild-type. 

Transformation of linear RNA is another unexplored avenue for mutagenesis of bacteria, but 

with the strong selective pressure of Cas9 targeting, RNA-based expression of Cas9 and 

sgRNAs holds potential for increased throughput in genome editing of bacteria.  

 

2.7.2 Exploitation of endogenous and orthogonal systems  

 

CRISPR-Cas systems are found in approximately 46% of bacteria and 84% of 

archaea (43), highlighting the potential for genome editing applications using endogenously 

active systems (44). However, there is a general paucity of systems with characterized PAMs 

and confirmed activity in interference (45). Self-targeting or plasmid interference assays 

must first be performed to ensure activity and assess PAM recognition. Platforms for genome 

editing in CRISPR deficient backgrounds may be generated through plasmid or chromosomal 

expression of vested Cas9s and sgRNAs (46). The use of multiple orthogonal systems offers 

the advantage of utilizing disparate PAM sequences, thus increasing the range of target 

sequences without sacrificing specificity (47). Rather, longer PAMs may offer increased 

specificity and potentially decreased off-target cleavage. Extended PAMs may increase 
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efficacy of cleavage by further compounding the low frequency at which point mutations 

effectively confer circumvention of Cas9 recognition. It is noteworthy, however, that recent 

evidence indicates biochemical recognition of PAMs is not as stringent as bioinformatically 

determined consensus sequences would suggest (48). Therefore, it may be necessary to 

empirically determine the specific nucleotides contributing to stringent PAM recognition for 

each CRISPR-Cas system. 

 

2.7.3 Understanding bacterial genome biology 

 

The high prevalence of mobile genetic elements in bacterial genomes (49) presents a 

unique challenge for eliciting targeted mutations at these loci. Excision of mobile genetic 

elements may occur in the face of CRISPR-Cas selective pressure (20), dependent on the 

frequency of excision relative to that of the desired mutation. Therefore, in silico prediction 

of mobile genomic segments may be used to identify potentially expendable regions, which 

can then be experimentally validated with CRISPR-Cas selection. Despite the potential 

difficulty generating designed mutations in these segments, there are considerable 

applications for excision of mobile genetic elements, such as defining minimal bacterial 

genomes and characterization of putative un-annotated proteins and essential genes. 

CRISPR-Cas selection can therefore be used to screen for clonal subtypes within 

heterogenous populations, delineating the locus-dependent plasticity of bacterial genomes.  
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2.8 Concluding remarks 

 

Development of CRISPR-Cas technology in bacteria has yielded applications in 

typing and strain detection (50, 51), exploitation of natural/engineered immunity against 

mobile genetic elements (52-54), manipulation of microbial consortia/generation of smart 

antibiotics (29), and programmable transcriptional regulation (45). However, few studies 

have focused on the development of CRISPR-Cas genome editing tools in bacteria. This 

streamlined methodology holds potential for increasing the expediency and efficiency in 

generation of desired mutations, potentially without the necessity of plasmid integration, 

extensive screening, or counter-selection. Microbial diversity necessitates development of 

efficient transformation protocols and genetic tools for bacterial genome editing, but 

CRISPR-Cas technology opens new avenues in genetic engineering applications.  
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Figure 2.1. CRISPR-Cas9 targeting of DNA. 
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Figure 2.2. Manipulation of microbial composition in defined consortia.  
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Figure 2.3. Bacterial mechanisms of escape from CRISPR-Cas targeting 
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Figure 2.4. DNA repair outcomes of genome targeting CRISPR-Cas systems. 
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CHAPTER III 

 

 

CRISPR-based screening of genomic island excision events in bacteria. 

 

 

Selle K, Klaenhammer TR, Barrangou R. 
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3.1 Abstract 

 

Genomic analysis of Streptococcus thermophilus revealed that mobile genetic 

elements (MGEs) likely contributed to gene acquisition and loss during evolutionary 

adaptation to milk. CRISPR-Cas, the adaptive immune system in bacteria, limits genetic 

diversity by targeting MGEs including bacteriophages, transposons, and plasmids. CRISPR-

Cas systems are widespread in streptococci, suggesting that the interplay between CRISPR-

Cas systems and MGEs is one of the driving forces governing genome homeostasis in this 

genus. To investigate the genetic outcomes resulting from CRISPR-Cas targeting of 

integrated MGEs, in silico prediction revealed 4 genomic islands without essential genes in 

lengths from 8 to 102 kbp, totaling 7% of the genome. In this study, the endogenous 

CRISPR3 Type II system was programmed to independently target the four islands through 

plasmid-based expression of engineered CRISPR arrays. Targeting lacZ within the largest 

102 kbp genomic island was lethal to wild-type cells and resulted in up to a 2.5-log reduction 

in the surviving population. Genotyping of Lac- survivors revealed variable deletion events 

within the flanking IS-elements, all resulting in elimination of the Lac-encoding island. 

Chimeric insertion sequence footprints were observed at the deletion junctions after targeting 

all of the four genomic islands, suggesting a common mechanism of deletion via 

recombination between flanking insertion sequences. These results established that self-

targeting CRISPR-Cas systems may direct significant evolution of bacterial genomes on a 

population level, influencing genome homeostasis and remodeling.  
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3.2 Introduction 

 

Mobile genetic elements (MGEs) present bacteria with continuous challenges to 

genomic stability, promoting evolution through horizontal gene transfer. The term MGE 

encompasses plasmids, bacteriophages, transposable elements, genomic islands, and many 

other specialized genetic elements (1). MGEs encompass genes conferring high rates of 

dissemination, adaptive advantages to the host, and genomic stability, leading to their near 

universal presence in bacterial genomes. To cope with the permanent threat of predatory 

bacteriophages and selfish genetic elements, bacteria have evolved both innate and adaptive 

immune systems targeting exogenous genetic elements. Innate immunity includes cell-wall 

modification, restriction/modification systems, and abortive phage infection (2). Clustered 

regularly interspaced short palindromic repeats (CRISPR) and CRISPR-associated genes 

(Cas) are an adaptive immune system targeted against invasive genetic elements in bacteria 

(3). CRISPR-Cas mediated immunity relies on distinct molecular processes, categorized as 

acquisition, expression, and interference (3). Acquisition occurs via molecular ‘sampling’ of 

foreign genetic elements, from which short sequences, termed spacers, are integrated in a 

polarized fashion into the CRISPR array (4). Expression of CRISPR arrays is constitutive 

and inducible by promoter elements within the preceding leader sequence (5, 6).  

Interference results from a corresponding transcript that is processed selectively at each 

repeat sequence, forming CRISPR RNAs (crRNAs) that guide Cas proteins for sequence-

specific recognition and cleavage of target DNA complementary to the spacer (7). CRISPR-

Cas technology has applications in strain typing and detection (8-10), exploitation of 

natural/engineered immunity against mobile genetic elements (11), programmable genome 
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editing in diverse backgrounds (12), transcriptional control (13, 14), and manipulation of 

microbial populations in defined consortia (15).  

Although sequence features corresponding to CRISPR arrays were described 

previously in multiple organisms (16, 17), Streptococcus thermophilus was the first microbe 

where the roles of specific cas genes and CRISPR-array components were elucidated (4). S. 

thermophilus is a non-pathogenic thermophilic Gram-positive bacterium used as a starter 

culture that catabolizes lactose to lactic acid in the syntrophic production of yogurt and 

various cheeses (18). S. thermophilus encodes up to four CRISPR-Cas systems, two of them 

(CRISPR1 and CRISPR3) are classified as Type II-A systems that are innately active in both 

acquisition and interference (4, 19). Accordingly, genomic analysis of S. thermophilus and its 

bacteriophages established a likely mechanism of CRISPR-Cas systems for phage/DNA 

protection. Investigation of CRISPR-Cas systems in S. thermophilus led to bioinformatic 

analysis of spacer origin (4, 20), discovery of the proto-spacer adjacent motif (PAM) 

sequences (19, 21), understanding of phage-host dynamics (22, 23), demonstration of Cas9 

endonuclease activity (7, 24, 25), and recently, determination of the tracrRNA structural 

motifs governing function and orthogonality of Type II systems (26). Genomic analysis of S. 

thermophilus revealed evolutionary adaptation to milk through loss of carbohydrate 

catabolism and virulence genes found in pathogenic streptococci (18). S. thermophilus also 

underwent significant acquisition of niche-related genes, such as those encoding including 

cold-shock proteins, copper resistance proteins, proteinases, bacteriocins, and lactose 

catabolism proteins (18). Insertion sequences (ISs) are highly prevalent in S. thermophilus 

genomes and contribute to genetic heterogeneity between strains by facilitating dissemination 
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of islands associated with dairy adaptation genes (18). The concomitant presence of MGEs 

and functional CRISPR-Cas systems in S. thermophilus suggests that genome homeostasis is 

governed at least in part by the interplay of these dynamic forces. Thus, S. thermophilus 

constitutes an ideal host for investigating the genetic outcomes of CRISPR-Cas targeting of 

genomic islands.  

CRISPR-Cas systems have recently been the subject of intense research in genome 

editing applications (12), but the evolutionary roles of most endogenous microbial systems 

remain unknown (27). Even less is known concerning evolutionary outcomes of housing 

active CRISPR-Cas systems beyond the prevention of foreign DNA uptake (7), spacer 

acquisition events (4), and mutation caused by chromosomal self-targeting (28-32). Thus, we 

sought to determine the outcomes of targeting integrated MGEs with endogenous Type II 

CRISPR-Cas systems. Four islands were identified in S. thermophilus LMD-9, with lengths 

ranging from 8 to 102 kbp and totaling approximately 132 kbp, or 7% of the genome. In 

order to target genomic islands, plasmid-based expression of engineered CRISPR arrays with 

self-targeting spacers were transformed into S. thermophilus LMD-9. Collectively, our 

results elucidate fundamental genetic outcomes of self-targeting events and show that 

CRISPR-Cas systems can direct genome evolution at the bacterial population level. 

 

3.3 Results  

3.3.1 Identification of expendable genomic regions 

 

 In silico prediction of mobile and expendable loci for CRISPR-Cas targeting was 

performed on the basis of i) location, orientation, and nucleotide identity of IS elements, and 
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ii) location of essential ORFs. In Bacillus subtilis, 271 essential ORFs were identified by 

determining the lethality of genome-wide gene knockouts (33). The S. thermophilus genome 

was queried for homologues to each essential gene from B. subtilis using the BLASTp search 

tool under the default scoring matrix for amino acid sequences. Homologues to   ̴ 239 

essential ORFs were identified in S. thermophilus, all of which were chromosomally 

encoded. Proteins involved in conserved cellular processes including DNA 

replication/homeostasis, translation machinery, and core metabolic pathways were readily 

identified. No homologues corresponding to cytochrome biosynthesis/respiration were 

observed, in accordance with the metabolic profile of fermentative bacteria. Each putative 

essential ORF was mapped to the reference genome using SnapGene software, facilitating 

visualization of their location and distribution in S. thermophilus LMD-9 (Figure 3.1). 

 IS elements within the S. thermophilus genome were grouped by aligning transposon 

coding sequences using Geneious software (Figure 3.2 and Figure 3.3). Family designations 

were determined according to BLAST analysis within the IS element database (https://www-

is.biotoul.fr//). To predict the potential for recombination-mediated excision of chromosomal 

segments, the relative location of related IS elements were mapped to the S. thermophilus 

genome (Figure 3.1). The IS1193 and Sth6 families of IS elements appeared most frequently 

in the genome and are commonly found in Streptococcus pneumoniae and Streptococcus 

mutans (34). IS1191 elements were not frequent but exhibited near perfect fidelity between 

the copies identified in the genome (Figure 3.2). Despite the prevalence of IS1193 elements, 

many of these loci were shown to be small fragments that exhibited some polymorphism and 

degeneracy, but there were also several copies present with a high level of sequence identity 
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(Figure 3.2). The Sth6 family exhibited considerable polymorphism and high degeneracy, 

with some copies harboring significant internal deletions (Figure 3.2). IS1167 elements were 

relatively well conserved (Figure 3.2). IS1167 and (Figure 3.2). Based on the conservation of 

length and sequence of the IS1167 and IS1191 elements of S. thermophilus, and their relative 

proximity to milk adaptation genes, we postulate that these conserved/high fidelity 

transposons were recently acquired in the genome.  

 By combining the location of predicted essential ORFs and IS elements, expendable 

islands flanked by IS elements of high identity were identified (Figure 3.1) (Table 3.2). The 

first island contained an operon unique to S. thermophilus LMD-9, encoding a putative ATP-

dependent oligonucleotide transport system with unknown specificity (Figure 3.4) (35). The 

second harbors the cell-envelope proteinase PrtS which contributes to the fast-acidification 

phenotype of S. thermophilus (Figure 3.4) (36). Notably, while prtS is not ubiquitous in S. 

thermophilus genomes, it has been demonstrated that the genomic island encoding prtS is 

transferable between strains using natural competence (36). The third island contains a 

putative ATP-dependent copper efflux protein and is present in every sequenced S. 

thermophilus strain (Figure 3.4). The fourth island is the largest by far in terms of length at 

102 kbp, and gene content, with 102 predicted ORFs including the lac operon (Figure 3.4). 

This island is found in all strains of S. thermophilus, but the specific gene content and length 

varies among strains. In order to determine the outcome of targeting a large genomic island 

with both endogenous Type II systems, repeat-spacer arrays were generated for the lacZ 

coding sequence and cloned into pORI28 (Table 3.1).  The fourth island was selected for 
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CRISPR-Cas targeting due to its size, ubiquity in S. thermophilus strains, and the ability to 

screen for lacZ mutations on the basis of a β-galactosidase negative phenotype. 

 

3.3.2 CRISPR-Cas targeting of lacZ selects for large deletion events 

 

 In Type II systems, Cas9 interrogates DNA and binds reversibly to PAM sequences 

with activation of Cas9 at the target occurring via formation of the tracrRNA::crRNA duplex 

(37), ultimately resulting in dsDNA cleavage (25). Transformation with plasmids eliciting 

chromosomal self-targeting by CRISPR-Cas systems appeared cytotoxic as measured by the 

relative reduction in surviving transformants compared to non-self-targeting plasmids (15, 

29). Targeting the lacZ gene in S. thermophilus resulted in a ~2.5-log reduction in recovered 

transformants (Figure 3.5), approaching the limits of transformation efficiency. Double-

stranded DNA breaks (DSBs) constitute a significant threat to the survival of organisms. The 

corresponding repair pathways often require end resection to repair blunt-ended DNA. Cas9-

effected endonucleolysis further exacerbates the pressure for mutations caused by DSBs to 

occur, as restoration of the target locus to the wild-type does not circumvent subsequent 

CRISPR targeting. Identification of spacer origins within lactic acid bacteria revealed that 

22% of spacers exhibit complementarity to self and that the corresponding genomic loci were 

altered, likely facilitating survival of naturally occurring self-targeting events (28).  

 To determine if the target locus was mutated in response to Cas9-induced cleavage, 

transformants were first screened for loss of β-galactosidase activity. Clones deficient in 

activity were genotyped at the lacZ locus. No mutations due to classical or alternative end 

joining, nor any spontaneous single nucleotide polymorphisms were observed in any of the 
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clones sequenced. The absence of single nucleotide polymorphisms may be attributed to a 

low transformation efficiency compounded by low incidence of point mutations, and the 

absence of Ku and LigaseIV homologs correlated with an absence of non-homologous end 

joining (38). PCR screening indicated that the wild-type lacZ was not present, but the PCR 

amplicons did not correspond to the native lacZ locus; rather, an IS element-flanked 

sequence at another genomic locus was amplified. To investigate the genotype responsible 

for the loss of β-galactosidase activity, Single Molecule Real Time sequencing was 

performed on two clones; one generated from CRISPR3 targeting the 5’ end of lacZ, and one 

generated from CRISPR3 targeting the sequence encoding the ion-binding pocket necessary 

for β-galactosidase catalysis (Figure 3.6). This sequencing strategy was employed for its long 

read length to circumvent difficulty in reliably mapping reads to the proper locus, due to the 

high number of IS elements in the genome (35). Reads were mapped to the reference genome 

sequence using Geneious software, and revealed the absence of a large segment (  ̴ 102 kbp) 

encoding the lacZ open reading frame (Figure 3.6). Both sequenced strains confirmed the 

reproducibility of the large deletion boundaries, and showed that the deletion occurred 

independently of the lacZ spacer sequence or CRISPR-Cas system used for targeting. 

However, the sequencing data did not reliably display the precise junctions of the deletion.    

The 102 kbp segments deleted constitute approximately 5.5% of the 1.86 Mbp 

genome of S. thermophilus. The region contained 102 putative ORFs (STER_1278-1379), 

encoding ABC transporters, two-component regulatory systems, bacteriocin synthesis genes, 

phage related proteins, lactose catabolism genes, and several cryptic genes with no annotated 

function (35). The effect of the deletion on growth phenotype was assessed in broth culture 
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by measuring OD 600 nm over time (Fig. 3 C). The deletion clones appeared to have a longer 

lag phase, lower final OD (p<0.01) and exhibited a significantly longer generation time 

during log phase with an average of 103 min, compared to 62 min for the wild-type 

(p<0.001).  Although the deletion derivatives have 5.5% less of the genome to replicate per 

generation, and expend no resources in transcription or translation of the eliminated ORFs, 

no apparent increase in fitness was observed relative to the wild-type. β-galactosidase 

activity is a hallmark feature for industrial application of lactic acid bacteria and is essential 

for preservation of food systems through acidification. The capacity of lacZ deficient S. 

thermophilus strains to acidify milk was therefore assessed by monitoring pH (Figure 3.7). 

Predictably, the deletion strain failed to acidify milk over the course of the experiment, in 

sharp contrast to the rapid acidification phenotype observed in the wild-type. 

 

3.3.3 Genomic deletions occur through recombination between homologous IS elements  

 

  In order to investigate the mechanism of deletion, the nucleotide sequences flanking 

the segment were determined. The only homologous sequences observed at the junctions 

were two truncated IS1193 insertion sequences exhibiting 91% nucleotide sequence identity 

globally over 727 bp. Accordingly, a primer pair flanking the two IS elements was designed 

to amplify genomic DNA of surviving clones exhibiting the deletion. Each of the deletion 

strains exhibited a strong band of the predicted size (  ̴1.2 kb), and confirmed the large 

genomic deletion event (Fig. 4 A). Interestingly, a faint amplicon corresponding to the 

chromosomal deletion was observed in the wild-type, indicating that this region may 

naturally excise from the genome at a low rate within wild-type populations. Sequencing of 
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the junction amplicon was performed for 20 clones generated by chromosomal self-targeting 

by CRISPR3. Genotyping of the locus revealed the presence of one chimeric IS element in 

each clone and, furthermore, revealed the transition from the upstream element to the 

downstream sequence within the chimera for each clone (Figure 3.7). The size of deletions 

observed ranged from 101,865-102,146 bp. The exact locus of transition was variable, but 

non-random within the clones, implying the potential bias of the deletion mechanism. S. 

thermophilus harbors typical recombination machinery encoded as RecA (STER_0077), 

AddAB homologs functioning as dual ATP-dependent DNA exonucleases (STER_ 1681 and 

STER_ 1682), and a helicase (STER_1742) of the RecD family. The high nucleotide identity 

between the flanking IS elements and the capacity for S. thermophilus to carry out site-

specific recombination (4) confirms the potential for RecA-mediated recombination to 

mediate excision of the genomic segment (Figure 3.7).  

It was next hypothesized that CRISPR-Cas targeting could facilitate isolation of 

deletions for each locus with the same genetic architecture. Thus, three CRISPR3 repeat-

spacer arrays, one targeting the oligonucleotide transporter in the first locus, prtS from the 

second locus, and the ATPase copper efflux gene from the third locus were generated and 

cloned into pORI28 (Table 3.2). In order to screen for deletions, primers flanking the IS 

elements at each locus were designed to amplify each deletion junction (Figure 3.7). The 

absence of wild-type loci was also confirmed in each case by designing internal primers for 

each genomic island (Figure 3.7). Following transformations with the targeting plasmids, 

deletions at each locus were isolated and the absence of wild-type confirmed. Sequencing of 

the deletion junction amplicons confirmed that a single chimeric IS element footprint 
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remained, indicating a common mechanism for deletion at each locus. Interestingly, primers 

flanking the IS elements also amplified from wild-type gDNA, further suggesting that 

population heterogeneity naturally occurred at each locus was due to spontaneous genomic 

deletions. These results imply that sequence-specific Cas9 cleavage selects for the variants 

lacking protospacer and PAM combinations necessary for targeting.  Thus, spontaneous 

genomic deletions can be isolated using CRISPR-Cas targeting as a strong selection for 

microbial variants that have already lost those genomic islands. 

   

3.4 Discussion 

 

 In this study, native Type IIA systems harbored in S. thermophilus were repurposed 

for defining spontaneous deletions of large genomic islands. By independently targeting four 

islands in S. thermophilus, stable mutants collectively lacking a total of 7% of the genome 

were generated. Characterization of the deletion junctions suggested that an IS-dependent 

recombination mechanism contributes to population heterogeneity and revealed deletion 

events ranging from 8 to 102 kbp. Precise mapping of the chimeric IS elements indicated that 

natural recombination events are likely responsible for the large chromosomal deletions in S. 

thermophilus and could potentially be exploited for targeted genome editing. Recent 

landmark studies have highlighted the potential for CRISPR-Cas induced chromosomal 

deletions and rearrangements in bacteria (29, 30). Jiang and coworkers first reported that 

sequence-specific Cas9 cleavage selects for pre-existing variants lacking protospacer and 

PAM combinations necessary for targeting in Streptococcus pneumoniae. Similarly, Vercoe 

and coworkers demonstrated that chromosomal targeting by a Type-IF CRISPR-Cas system 
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caused elimination of a horizontally acquired pathogenicity island in Pectobacterium 

atrosepticum (30). The concept of sequence-based removal of specific genotypes was further 

developed as a tool for manipulation of microbial consortia via CRISPR-Cas targeting, 

resulting in directed genome evolution at the population level (15). In accordance with 

previous work, our results demonstrate that wild-type clones were removed from the 

population while mutants without CRISPR-Cas targeted features survived. Thus, adaptive 

islands were identified and validated, showing that precise targeting by an endogenous Cas9 

can be exploited for isolating large deletion variants in mixed populations.  

Genome evolution of bacteria occurs through horizontal gene transfer, intrinsic 

mutation, and genome restructuring. Genome sequencing and comparative analysis of S. 

thermophilus strains has revealed significant genome decay, but also indicates that adaptation 

to nutrient-rich food environments occurred through niche-specific gene acquisition (18; 35). 

The presence of MGEs including integrative and conjugative elements, prophages, and IS 

elements in S. thermophilus genomes is indicative of rapid evolution to a dairy environment 

(39-40). Mobile genetic features facilitate gene acquisition and conversely, inactivation or 

loss of non-essential sequences. Consequently, MGEs confer genomic plasticity as a means 

of increasing fitness or changing ecological lifestyles. Our results strongly indicate that 

CRISPR-Cas targeting of these elements may influence chromosomal rearrangements and 

homeostasis. This is in contrast to experiments targeting essential features, which resulted in 

selection of variants with inactivated CRISPR-Cas machinery (41). Mutation of essential 

ORFs is not a viable avenue for circumvention of CRISPR-Cas targeting, and thus only those 

clones with inactivated CRISPR-Cas systems remain. By design, targeting genetic elements 
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predicted to be hypervariable and expendable demonstrated that variants with altered loci 

were viable, maintaining active CRISPR-Cas systems during self-targeting events.  

Despite the near ubiquitous distribution of IS elements in bacterial genomes they 

remain an enigmatic genetic entity, largely due to their diversity and plasticity in function 

(34). Our results suggest it is possible to predict recombination between related IS elements 

by analyzing their location, orientation, and sequence conservation (Fig. S1-S2). CRISPR-

Cas targeting can then be employed to empirically validate population heterogeneity at each 

predicted locus, and simultaneously increase the recovery of low incidence mutants.  The 

high prevalence of MGEs in lactic acid bacteria, and especially S. thermophilus, is in 

accordance with their role in speciation of these hyper-adapted bacteria through genome 

evolution (39-40). Moreover, recovery of genomic deletion mutants using CRISPR-Cas 

targeting could facilitate phenotypic characterization of genes with unknown function. 

Mutants exhibiting the deletion of the 102 kb island encoding the lac operon had 

significantly increased generation times relative to the wild-type and achieved a lower final 

OD. With 102 predicted ORFs therein, it is likely that additional phenotypes are affected and 

many of the genes do not have annotated functions. Considering the industrial relevance of 

niche-specific genes such as prtS, this method allows for direct assessment of how island-

encoded genes contribute to adaption to grow in milk. Moreover, it is in the natural genomic 

and ecological context of these horizontally acquired traits, since they were likely acquired as 

discrete islands. These results establish new avenues for the application of self-targeting 

CRISPR-Cas9 systems in bacteria for investigation of transposition, DNA repair 

mechanisms, and genome plasticity.  
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  CRISPR-Cas systems generally limit genetic diversity through interference with 

genetic elements, but acquired MGEs can also provide adaptive advantages to host bacteria. 

Thus, the benefit of maintaining genomically integrated MGEs despite CRISPR-Cas 

targeting is an important driver of genome homeostasis. Collectively, our results establish 

that in silico prediction of GEIs can be coupled with CRISPR-Cas targeting to isolate clones 

exhibiting large genomic deletions. Chimeric insertion sequence footprints at each deletion 

junction indicated a common mechanism of deletion for all four islands. The high prevalence 

of self-targeting spacers exhibiting identity to genomic loci, combined with experimental 

demonstrations of genomic alterations, suggest that CRISPR-Cas self-targeting may 

contribute significantly to genome evolution of bacteria (28, 30). Collectively, studies on 

CRISPR-Cas induced large deletions substantiate this approach as a rapid and effective 

means to assess the essentiality and functionality of gene clusters devoid of annotation, and 

define minimal bacterial genomes based on chromosomal deletions occurring through 

transposable elements.  

 

 

3.5 Materials and Methods 

3.5.1 Bacterial Strains  

 

 All bacterial strains are listed in Table 3.3. Bacterial cultures were cryopreserved in 

an appropriate growth medium with 25% glycerol (vol/vol) and stored at -80˚C. S. 

thermophilus was propagated in Elliker media (Difco) supplemented with 1% beef extract 

(wt/vol) and 1.9% (wt/vol) β-glycerolphosphate (Sigma) broth under static aerobic conditions 
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at 37˚C, or on solid medium with 1.5% (wt/vol) agar (Difco), incubated anaerobically at 

37˚C for 48 hours. Concentrations of 2 µg/mL of erythromycin (Em) and 5 µg/mL of 

chloramphenicol (Cm) (Sigma) were used for plasmid selection in S. thermophilus, when 

appropriate. E. coli EC1000 was propagated aerobically in Luria-Bertani (Difco) broth at 

37˚C, or on brain-heart infusion (BHI) (Difco) solid medium supplemented with 1.5 % agar. 

Antibiotic selection of E. coli was maintained with 40 µg/mL kanamycin (Kn) and 150 

µg/mL of Em for recombinant E. coli, when appropriate. Screening of S. thermophilus 

derivatives for β-galactosidase activity was assessed qualitatively by supplementing a 

synthetic Elliker medium with 1% lactose, 1.5% agar, and 0.04% bromo-cresol purple as a 

pH indicator. 

 

3.5.2 DNA Isolation and Cloning  

 

 All kits, enzymes, and reagents were used according to the manufacturers' 

instructions. DNA purification and cloning were performed as described previously (42). 

Plasmids with lacZ targeting arrays were constructed with each consisting sequentially of the 

(1) native leader sequence specific to CRISPR1 or CRISPR3 (2) native repeats specific to 

CRISPR 1 or CRISPR 3 (3) spacer sequence specific to the 5’ end of lacZ (4) another native 

repeat. In order to engineer each plasmid, the sequence features listed above were ordered as 

extended oligomers (Table 3.1), combined using splicing by overlap extension PCR (42) and 

cloned into pORI28 (Table 3.1).  
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3.5.3 Selection and design of CRISPR spacers  

 

Putative protospacers were constrained by first defining the location of all putative 

PAM sequences in the sense and antisense strands of lacZ. Within the 3,081 nt gene, there 

were 22 CRISPR1 (AGAAW) and 39 CRISPR3 (GGNG) PAM sites that were identical to 

their bioinformatically derived consensus sequences (21). After potential spacers were 

identified, the complete proto-spacer, seed, and PAM sequence were subjected to BLAST 

analysis against the genome of S. thermophilus LMD-9 to prevent additional targeting of 

non-specific loci. The spacers for CRISPR1 and CRISPR3 were disparate in sequence and 

corresponding PAM sites, but were designed to target the 5’ end of lacZ, resulting in 

predicted cleavage sites residing 6 nt apart. The leader sequences, repeats, and spacers on 

each plasmid represented orthogonal features unique to CRISPR1 or CRISPR3, respectively. 

To assess target locus-dependent mutations, an additional CRISPR3 plasmid was created 

with a spacer to the metal cation-binding residue essential for β-galactosidase activity. A 

CRISPR1 array plasmid containing a non-self-spacer was used as a control to quantify 

lethality of self-targeting.  

 

3.5.4 Transformation  

 

Plasmids were electroporated into competent S. thermophilus containing the 

temperature-sensitive helper plasmid pTRK669. an overnight culture of S. thermophilus was 

inoculated at 1% (vol/vol) into 50 mL of Elliker medium supplemented with 1% beef extract, 

1.9% β-glycerophosphate and Cm selection. When the culture achieved an OD600 nm of 0.3, 

penicillin G was added to achieve a final concentration of 10 µg/mL. Cells were harvested by 
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centrifugation and washed 3x in 10 mL cold electroporation buffer (1 M sucrose and 3.5 mM 

MgCl2). The cells were concentrated 100-fold in electroporation buffer and 40 µL of the 

suspension was aliquoted into 0.1 mm electroporation cuvettes. Each suspension was 

combined with 700 ng of plasmid. Electroporation conditions were set at 2,500 V, 25 µFd 

capacitance, and 200 Ohms resistance. Time constants were recorded and ranged from 4.4 to 

4.6 ms. The suspensions were immediately combined with 950 µL of recovery medium and 

incubated for 8 hours at 37˚C. Cell suspensions were plated on selective medium and 

electroporation cuvettes were washed with medium to ensure recovery of cells.  

 

3.5.5 Growth and activity assessment 

 

Cultures were preconditioned for growth assays by subculturing for 12 generations in 

a semi-synthethic Elliker medium with glucose as the sole carbohydrate source. Fresh 

medium was inoculated with an overnight culture at 1% (vol/vol) and incubated at 37˚C 

statically. OD600 monitored hourly until the cultures achieved stationary phase. Acidification 

of milk was assessed by inoculating skim milk with an overnight culture to a level of 108 

cfu/mL and incubating at 42˚C. The pH was subsequently monitored using a Mettler Toledo 

Seven Easy pH meter and Accumet probe. Skim milk was acquired from the NCSU Dairy 

plant and Pasteurized for 30 min at 80˚C.  
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Table 3.1. Primers and oligomers used in this study. 

 
Primer 

Name 

Sequence Function 

C1_N-

term_F 

CAAGAACAGTTATTGATTTTATAATCACTATGTGGGTATGAAAATCTCAAAAATCATTTGAGGTTTTTGTA

CTCTCAAGATTTAAGTAACTGTACAACATTAAGAGATTGTCTTAACTT 

Template for 

SOE-PCR 

C3_N-

term 

AGCGGATAACAATTTCACGTTTTGGAACCATTCGAAACAACACAGCTCTAAAACTCAGAAAATTCTTCAAG

AGATTCAAAATACTGTTTTGGAACCATTCGAAACAACACAGCTCTAAAACCTCGTAGGATATCTTTTCTAC 

Template for 

SOE-PCR 

C1_N-

term_R 

AGCGGATAACAATTTCACGTTGTACAGTTACTTAAATCTTGAGAGTACAAAAACAGGGGAGATGAAGTTAA

GACAATCTCTTAATGT 

Template for 

SOE-PCR 

C3_A-

site 

AGCGGATAACAATTTCACGTTTTGGAACCATTCGAAACAACACAGCTCTAAAACGAAGTCTTGGTCTTCCA

ACCAGCTTGCTGTAGTTTTGGAACCATTCGAAACAACACAGCTCTAAAACCTCGTAGGATATCTTTTCTAC 

Template for 

SOE-PCR 

C3_ABC 
AGCGGATAACAATTTCACGTTTTGGAACCATTCGAAACAACACAGCTCTAAAACGATAACACGAGATAAAAC

ATCCAGCCCACCGTTTTGGAACCATTCGAAACAACACAGCTCTAAAACctcgtaggatatcttttctac 
 

C3_prtS 
AGCGGATAACAATTTCACGTTTTGGAACCATTCGAAACAACACAGCTCTAAAACGTTGTAGCTTTGAGGTCT

GAGAATACACGCGTTTTGGAACCATTCGAAACAACACAGCTCTAAAACctcgtaggatatcttttctac 
 

C3_Cu 
AGCGGATAACAATTTCACGTTTTGGAACCATTCGAAACAACACAGCTCTAAAACGATTGCTCAATCAATCG

TTTCAGCTGCTAAGTTTTGGAACCATTCGAAACAACACAGCTCTAAAACctcgtaggatatcttttctac 
 

C3LF AGCAGGGATCCTGGTAATAAGTATAGATAGTCTTG 

Amplify Sth3 

Leader from 

gDNA 

C3LR CTCGTAGGATATCTTTTCTAC 

Amplify Sth3 

Leader from 

gDNA 

C1F AGCAGGGATCCCAAGAACAGTTATTGATTTTATAATC 
CRISPR1 SOE-

PCR Forward 

C3F AGCAGGGATCCTGGTAATAAGTATAGATAGTCTTG 
CRISPR3 SOE-

PCR Foward 

C1C3R TGCTGGAGCTCGTGAAATTGTTATCCGCT 

CRISPR1 and 

CRISPR3 SOE-

PCR Reverse 

1193F TTGAACACTAGGAACCTCATA 

Deletion 

junction 

amplification 

1193R CGTAAGGTTTTGATGACTCAAG 

Deletion 

junction 

amplification 

pORI28F TTGGTTGATAATGAACTGTGCTG 
Sequencing 

MCS of pORI28 

pORI28R TTGTTGTTTTTATGATTACAAAGTGA 
Sequencing 

MCS of pORI28 
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Table 3.2. Genomic island characteristics and CRISPR targets. 

 
GEI ORF region Length IS 

family 

Target gene CRISPR 

system/PAM 

Spacer PAM 

1 STER_139-

STER_148 

8,490 IS6 Oligopeptide 

transporters 

3 (NGGNG) GGTGGGCTGGATGTTTTATCTCGTGTTATC TGGGG 

2 STER_840-

STER_848 

11,932 ISSth1/ 

IS1167 

Proteinase 

prtS 

3 (NGGNG) GCGTGTATTCTCAGACCTCAAAGCTACAAC AGGCG 

3 STER_881-

STER_888 

9,891 IS1191 Copper efflux 3 (NGGNG) TTAGCAGCTGAAACGATTGATTGAGCAATC GGGTG 

4 STER_1277-

STER_1380 

102,087 IS1193 lac operon;  

102 ORFs 

1 

(NNAGAAW) 

3 (NGGNG) 

3 (NGGNG) 

ATTAAGAGATTGTCTTAACTTCATCTCCCCT 

TACAGCAAGCTGGTTGGAAGACCAAGACTTC 

AGTATTTTGAATCTCTTGAAGAATTTTCTGA 

TCAGAAA 

TGGAG 

AGGGG 
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Table 3.3 Bacterial Strains and Plasmids used in this study. 

Strain designation Description 

Original 

Reference 

E. coli EC1000  Host for pORI plasmids,  

chromosomal repA
+
 (pWVO1), Km

R
, Host for pTRK935 

Hanahan, 1985 

  

S. thermophilus 

LMD-9 

S thermophilus 

LMD-9 with pTRK669 

Wild-type 

Wild-type, RepA
+
 and Cm

R
 conferred by pTRK669 

Makarova et 

al., 2009 

This study 

Plasmids     

pORI28 Broad range non-replicative vector, Em
R
 Kok et al., 

1984 

pTRK669 Ts-helper plasmid repA
+
, Cm

R
 Russell and 

Klaenhammer, 

2001 

pCRISPR1::lacZ pORI28::CRISPR1-Leader-RSR-lacZ N-terminus 

spacer 

This study 

pCRISPR3::lacZ pORI28::CRISPR1-Leader-RSR-lacZ  active site 

spacer 

This study 

pCRISPR3::ABC pORI28::CRISPR1-Leader-RSR-ABC spacer This study 

pCRISPR3::Cu pORI28::CRISPR1-Leader-RSR-Cu efflux spacer This study 

pCRISPR3::prts pORI28::CRISPR1-Leader-RSR-prts spacer This study 

pCRISPR3::lacZ 

pCRISPR1::Non-self 

pORI28::CRISPR3-Leader-RSR-lacZ N-terminus 

spacer 

pORI28::CRISPR1-Leader-RSR-non self spacer 

This study 

This study 
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Figure 3.1. Map of essential genes, insertion sequences, and genomic islands in 

Streptococcus thermophilus. 
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Figure 3.2. Dendrogram of transposon coding sequences distributed throughout the genome 

of S. thermophilus LMD-9.  
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Figure 3.3. Geneious alignments of transposon coding sequences. 
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Figure 3.4. Organization of genomic islands and corresponding CRISPR targets. 

.  
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Figure 3.5. Transformants recovered after electroporation of control and self-targeting 

plasmids.  
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Figure 3.6. Genome sequencing and phenotypic analysis of Lac− clones.  
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Figure 3.7. Depiction of recombination events between ISs. 

  



 

86 

 

CHAPTER IV 

 

Removal of lipoteichoic acid impacts the transcriptome and cell surface protein 

composition of Lactobacillus acidophilus 
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4.1 Abstract  

 

 Lactobacillus acidophilus NCFM is a well-characterized probiotic microorganism, 

supported by a decade of genomic and functional phenotypic investigations. L. acidophilus 

deficient in lipoteichoic acid (LTA), a major immunostimulant in Gram-positive bacteria, has 

been shown to shift immune system responses in animal disease models. However, the 

pleiotropic effects of removing LTA from the cell surface in lactobacilli are unknown. In this 

study, we assessed two strains of L. acidophilus deficient in LTA for phenotypes associated 

with LTA function and surveyed their global transcriptional and exoproteome profiles. L. 

acidophilus strains lacking LTA exhibited an elongated cellular morphology and their growth 

was severely inhibited by elevated manganese concentrations. Differentially expressed genes 

(24) specific to the LTA-deficient strains included a predicted heavy metal resistance operon 

and several putative peptidoglycan hydrolases. Cell surface-associated protein surveys 

revealed distinct changes in the composition and relative abundances of several extracellular 

proteins and showed a bias of intracellular proteins in LTA-deficient strains of L. 

acidophilus. Taken together, these results elucidate the pleiotropic effects of LTA removal on 

the transcriptome and cell surface exoproteome of L. acidophilus and suggests roles of LTA 

in cell morphology and ion homeostasis as a structural component of the Gram positive cell 

wall.  

 

4.2 Introduction 

 

Lactobacillus acidophilus NCFM is a widely consumed probiotic strain that has been 

at the forefront of genomic characterization of probiotic functionality (1, 2). Probiotics are 
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live microorganisms, which when administered in adequate amounts, confer a health benefit 

to the host (3). Recently, emphasis has been placed on elucidating the molecular mechanisms 

and regulatory networks responsible for probiotic activity (4). Unraveling probiotic 

mechanisms has been greatly enabled by genome sequencing (5) development of genetic 

tools (6-8), transcriptomics (9), and increasingly, proteomics (10, 11). Many of these 

approaches have been extensively applied to investigate cell-surface constituents, as they are 

highly strain-specific and are uniquely positioned to effect host-microbe crosstalk (12, 13). 

Predictive and functional genomics studies of L. acidophilus NCFM have revealed that 

surface layer (Slps) and surface layer associated proteins (SLAPs)(10, 12), sortase-dependent 

proteins (14), and adhesion exoproteins mediate adhesion and immunomodulatory activities 

of L. acidophilus (12). L. acidophilus encodes three Slps, the dominant SlpA and minor 

components SlpB and SlpX (8). As the major component of the S-layer in L. acidophilus, 

SlpA contributes to interaction with intestinal epithelial cells and to modulation of immune 

responses (12, 15, 16). 

 Development of functional genomic tools in L. acidophilus also facilitated creation 

of lipoteichoic acid (LTA) deficient strains (17). LTA is a large amphiphilic interfacial 

polymer consisting of a poly-glycerol or ribitol-phosphate backbone attached to a glycolipid 

moiety with a hydrocarbon tail embedded in the cell membrane (18). LTA serves pleiotropic 

roles in Gram-positive physiology and is a major immunomodulatory cell surface component 

that elicits an inflammatory response from antigen-presenting cells (19). Genetic 

modification or removal of LTA from probiotic microbes abrogates the expression of pro-

inflammatory cytokines and elicits increased levels of regulatory cytokines, conferring an 
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increased capacity to alleviate mucosal inflammation (17, 20). Indeed, disruption of the gene 

encoding lipoteichoic acid synthase (ltaS) causes a shift in the immune system interaction of 

L. acidophilus towards an IL-10 dependent regulatory phenotype, which has been 

characterized using murine disease models of colitis and colonic polyposis in vivo (17, 21). 

To assign immunomodulatory properties specific to SlpA, we created an L. acidophilus 

derivative deficient in LTA and minor S-layer components SlpB and SlpX (16). 

Administration of live cells of this strain mitigated colitis in a murine model and restored 

epithelial barrier integrity. Of note, purified SlpA from this strain was also sufficient for 

ameliorating colitis and restoration of epithelial barrier integrity (16). 

Due to ltaS pleiotropy, generation of knockout mutants may prove lethal depending 

on the organism (22). Consequently, few studies detail successful creation and 

characterization of LTA-deficient strains in either pathogenic or beneficial Gram-positive 

bacteria (23, 24). These foundational studies established localization and interaction of LTA 

with cell division machinery, providing important insights into the functions of LTA in the 

cell wall. Despite the creation and immunological characterization of LTA-deficient strains 

of L. acidophilus, very little is known concerning the overlap and potential redundancy of 

cell-surface molecules contributing toward fundamental bacterial physiology. We 

investigated L. acidophilus mutants deficient in LTA and minor S-layer components SlpB 

and SlpX to characterize the impact of LTA on cell division and cell morphology 

phenotypes, as well as the compensatory transcriptional and exoproteomic changes caused by 

deletion of LTA.  
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4.3 Materials and Methods 

 

4.3.1 Bacterial Strains 

 

 All bacterial strains and plasmids are listed in Table 4.2. Bacterial cultures were 

cryopreserved in their respective media with a 15% glycerol concentration (vol/vol) and 

stored at -80˚C. L. acidophilus was propagated in de Mann, Rogosa and Sharpe (MRS) 

(Difco Laboratories, Inc., Detroit, MI) broth under static aerobic conditions at 37˚C, or on 

MRS agar (1.5% wt/vol agar, Difco) incubated anaerobically at 37˚C for 48 hours. 

Concentrations of 2 µg/mL of erythromycin (Em) (Sigma-Aldrich, St. Louis, MO) and 2-5 

µg/mL of chloramphenicol (Cm) (Sigma) were used for plasmid selection in L. acidophilus 

NCFM, when appropriate. Selection for 5-fluorouracil resistant L. acidophilus was 

performed by supplementing glucose semi-defined (GSDM) (25) agar with a final 

concentration of 100 µg/mL of 5- fluorouracil (Sigma) (8). Escherichia coli EC1000 was 

propagated aerobically in Luria-Bertani (Difco) broth at 37˚C, or on brain-heart infusion 

(Difco) solid medium supplemented with 1.5 % agar. Antibiotic selection of E. coli was 

maintained with 40 µg/mL kanamycin (Kn) and 150 µg/mL of Em for recombinant E. coli, 

when appropriate.  

 

4.3.2 DNA Isolation, Manipulation, and Transformation 

 

 All kits, enzymes, and reagents were used according to the manufacturers' 

instructions. DNA purification and cloning were performed as previously described (8). 

Purification of genomic DNA from L. acidophilus employed a ZR Fungal/Bacterial MiniPrep 
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kit (Zymo Research Corp., Orange, CA). Plasmid DNA was isolated from E. coli using 

Qiagen Spin miniprep kit (Qiagen Inc., Valencia, CA). High fidelity PCR amplification of 

DNA was performed with PFU HS II DNA polymerase (Stratagene Corp., La Jolla, CA). 

Routine PCRs were conducted with Choice-Taq Blue polymerase (Denville Scientific Inc., 

Meutchen, NJ). Primers for PCR amplification were purchased from Integrated DNA 

Technologies (Coralville, IA). DNA amplicons were separated using 0.8 % agarose gel 

electrophoresis and stained with ethidium bromide for visualization. DNA extraction from 

agarose gels was performed with a Zymoclean DNA gel recovery kit. Restriction 

endonucleases were acquired from Roche Molecular Biochemicals (Indianapolis, IN). 

Ligations were performed with New England Biolabs (Beverly, MA) quick T4 ligase. 

Sequencing was performed by Davis Sequencing Inc. (Davis, CA). Rubidium chloride 

competent E. coli cells were prepared as previously described and frozen at -80˚C (26). Heat 

shock transformants of the ligation mixture were subsequently screened by PCR for inserts 

using primers flanking the multiple cloning site. Plasmids putatively containing inserts were 

sequenced to ensure fidelity. Newly constructed integration plasmids were electroporated 

into competent cells containing the temperature-sensitive helper plasmid, pTRK669, 

according to methods described previously (7).  Penicillin G at a concentration of 10 µg/mL 

was employed in the preparation of the competent cells to promote electroporation efficiency 

(27).  
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4.3.3. Construction of an L. acidophilus NCFM ΔslpB ΔslpX ΔltaS deletion mutant 

(NCK2187) 

 

To generate an L. acidophilus NCFM isogenic mutant deficient in SlpB, SlpX and 

LTA, the slpB (LBA0175), slpX (LBA0512) and ltaS (LBA0447) genes were sequentially 

deleted in an NCFMupp background host (NCK1909) using the upp-based counterselective 

gene replacement system (8). For in-frame deletion of slpX, the integration plasmid 

pTRK956 previously constructed was used (8); the integration plasmids for slpB and ltaS 

were constructed as follows: a 1,170-bp in-frame deletion within the 1,374 bp slpB gene 

(85% of the gene eliminated) was constructed by first amplifying a 743-bp and a 757-bp 

DNA segment flanking the region upstream and downstream of the deletion target, 

respectively, using slpB1U-F/slpB2U-R and slpB3D-F/slpB4D-R primer pairs (Table 4.1).  

For ltaS deletion, a 2022-bp in-frame deletion within the 2061 bp ltaS gene (98% of the gene 

eliminated) was generated by first amplifying a 772-bp and a 758-bp DNA segment flanking 

the region upstream and downstream of the deletion target, respectively, using ltaS1U-

F/lta2U-R and ltaS3D-F/ltaS4D-R primer pairs.  Purified PCR products representing the 

upstream and downstream regions flanking each deletion target of slpB or ltaS were fused 

and amplified to generate copies of ΔslpB or ΔltaS alleles via splicing by overlap extension 

PCR (SOE-PCR) (28), using 10 ng of each PCR product as amplification templates in 50-µl 

PCR reactions with slpB1U-F/slpB4D-R or ltaS1U-F/ltaS4D-R primer pair.  The purified 

SOE-PCR products were digested with BamHI and SacI, and ligated into the pTRK935 

counterselectable integration vector digested with compatible ends.  The ligation mixture was 

transformed into E.coli EC1000 (Table 4.2) with selection on Brain Heart Infusion agar 
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containing kanamycin (40 µg/ml), erythromycin (Em; 150 µg/ml), 5-bromo-4-chloro-3-

indolyl--D-galactopyranoside (X-gal) and isopropyl--D-thiogalactopyranoside (IPTG).  

The resulting recombinant integration plasmids carrying the ΔslpB (pTRK957) or ΔltaS 

allele (pTRK1052) were subjected to DNA sequencing to ensure sequence integrity.     

    

 For initial construction of the ΔslpB mutant, pTRK957 was electroporated into 

NCK1909 harboring the pTRK669 helper plasmid (NCK1910; Table 4.2). One EmR and 

CmR transformant carrying both plasmids were grown overnight in MRS broth containing 2 

µg/ml each of Em and Cm and transferred three times (1% inoculum) in MRS broth with Em 

(ca. 30 generations) in a 42°C water bath. Chromosomal integrants were selected by replica 

plating onto MRS agar supplemented with 2 µg/ml of Em or 5 µg/ml of Cm. One EmR and 

Cm-sensitive (CmS) pTRK957 integrant was selected and transferred two to three times (1% 

inoculum) in MRS broth without Em (ca. 20-30 generations). To isolate plasmid-free double 

recombinants, the culture was diluted and plated on GSDM (25) supplemented with 100 

µg/ml of 5-fluorouracil (5-FU) and incubated at 37°C anaerobically for 48  to 72 h until 

colonies were visible. Double recombinants with ΔslpB allele were screened by colony PCR 

using the slpB-up/slpB-dw primer pair (Table 4.1) that specifically anneals to the flanking 

region of the slpB gene.  One ΔslpB mutant was selected and designated as NCK1964, and 

in-frame deletion and sequence integrity were confirmed by DNA sequencing using the slpB-

up/slpB-dw primer pair.   

 Subsequently, to generate a ΔslpB ΔslpX double mutant, pTRK956 (ΔslpX deletion 

construct) was electroporated into NCK1964 previously transformed with pTRK669 helper 
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plasmid. Chromosomal integration and isolation of double recombinants were performed as 

previously described. PCR screening of ΔslpX double recombinant was performed using 

slpX-up/slpX-dw primer pair (8). One ΔslpB ΔslpX deletion mutant (NCK2030) was 

confirmed by DNA sequencing for the in-frame deletion using the slpX-up/slpX-dw primer 

pair. Finally, to construct the ΔslpB ΔslpX ΔltaS mutant, pTRK1052 was transformed into 

NCK2030 harboring pTRK669. Chromosomal integration and recovery of double 

recombinants were performed as previously described. Screening of ΔltaS double 

recombinant was performed using ltaS-up/ltaS-dw primer pair (Table 4.1). One ΔslpB ΔslpX 

ΔltaS triple deletion mutant was selected and designated as NCK2187.  Confirmation of the 

in-frame deletion was performed by DNA sequencing using the ltaS-up/ltaS-dw primer pair.  

 

4.3.4 Microscopy and growth curves 

 

 Cultures were propagated from frozen stocks and subcultured twice at a 1% (vol/vol) 

inoculum in MRS under standard conditions and harvested after 16 hr incubation (stationary 

phase). Cell morphology and chain length was visualized using a Nikon Eclipse E600 phase 

contrast microscope with a Q-Imaging Micropublisher Camera attachment. At least 40 cells 

from each of three biological replicates were measured using Image Pro Insight software 

(Media Cybernetics, Inc., Rockville, MD). Chain lengths were averaged and means were 

compared using a two-tailed t-test with unequal variance, at a significance threshold of p < 

0.05. 
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 For comparing the growth profiles of each L. acidophilus derivative, cultures were 

propagated from frozen stocks in MRS and subcultured twice at a 1% (vol/vol) inoculum in 

GSDM under standard conditions. The growth of each strain in both standard and high Mn 

medium was monitored in triplicate using a Spec-20 spectrophotometer at 600 nm and 

reported as an average.  

  

4.3.5 Transcriptional analysis 

 

RNA was extracted from log phase cultures (optical density of 0.6-0.8) grown in 

MRS medium under static conditions at 37˚C. Cells were harvested by centrifugation 4000 x 

g for 10 min and then flash frozen using in an ethanol-dry ice bath and stored at -80˚C. For 

RNA isolation, each frozen pellet was resuspended in 1 mL of Tri-reagent (Zymo Direct-zol 

RNA MiniPrep Kit -Zymo Research, Irvine, CA) and cell lysis was performed using a Mini 

bead beater set to homogenize for 5 cycles of 1 min beating alternated with 1 min incubation 

on ice. Total RNA was isolated according to protocols from TRI-reagent and the Direct-zol 

RNA MiniPrep Kit. Each RNA preparation was quantified with NanoDrop and analyzed for 

quality using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). 

Preparation of each mRNA library and RNA-sequencing were performed at the High-

Throughput Sequencing and Genotyping Unit of the Roy J. Carver Biotechnology Center, 

University of Illinois at Urbana-Champaign. For each sample, ribosomal RNA was removed 

with the Ribozero Bacteria Kit (Illumina, San Diego, CA) followed by library preparation 

with the TruSeq Stranded RNA Sample Prep Kit (Illumina, San Diego, CA). Single-read 

RNA-sequencing was performed using an Illumina HiSeq 2500 Ultra-High-Throughput 
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Sequencing system (Illumina, San Diego, CA) with a read length of 180 nucleotides. Raw 

sequencing reads were quality assessed using FastQC Version 0.11.3 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and processed using Geneious 

8.0.5 (29). Briefly, after adaptor sequences were removed, raw reads were quality trimmed to 

remove bases with an error probability limit of 0.001 (Phred score of 30) and filtered to 

remove reads shorter than 20 nt. These quality trimmed and filtered sequences were then 

mapped to the reference genomes using Bowtie 2 (30) with default settings within Geneious 

8.1.7 (29). Two different approaches were employed to assess the RNA-seq data; differential 

expresion (DE)-seq, which uses median of gene expression ratios normalization, and 2-way 

hierarchical clustering using the trimmed mean of M-values normalization method. 

Expression was calculated in Geneious and compared using the median of gene expression 

ratios method, also known as DE-Seq (31). The cutoff thresholds for differential expression 

of genes were a minimum of a 2-fold change and a p-value < 1.36 x 10-5, adjusted by the 

Bonferroni correction for multiple testing, treating each ORF as an independent test. LTA 

positive strains were compared with LTA negative strains in a pairwise fashion. JMP 

genomics (Statistical Analysis Software, Cary, NC) was used to construct 2-way hierarchical 

clustering heat maps with centered rows under the fast-ward algorithm using the log2 

transformed trimmed mean of M-values normalization method.   
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4.3.6 Extraction and identification of extracellular, non-covalently bound cell surface 

proteins 

 

Non-covalently bound cell surface proteins, including S-layer proteins (SLPs) and S-

layer associated proteins (SLAPs) were extracted from the Lactobacillus strains using LiCl 

denaturing salt, as described previously (10). SLP and SLAP pellets were resuspended in 

10 % (w/v) SDS (Fisher). Proteins were quantified via bicinchoninic acid assay kit (Thermo 

Scientific) and visualized via SDS-PAGE using precast 4–20 % Precise Tris-HEPES protein 

gels (Thermo Scientific). Gels were stained using AcquaStain (Bulldog Bio) according to the 

instructions from the manufacturer. 

SLAPs extracted from the various L. acidophilus strains were identified using LC-

MS/MS from the Genome Center Proteomics Core at the University of California, Davis, as 

described previously (10). For all analyses, total spectral counts were utilized as a semi-

quantitative indicator of protein abundance (32). Two-way clustering of total spectral counts 

was performed using JMP Genomics (version 5, SAS). Protein domains were identified for 

analysis using the Pfam protein family database (33). 

 

4.4 Results 

 

4.4.1 LTA maintains cell shape and provides resistance to Manganese  

A defective cell division phenotype is characteristic of ltaS mutants in diverse 

organisms including Staphylococcus aureus (22), Bacillus subtilis (23), Listeria 

monocytogenes (24) and Lactobacillus gasseri (34). To determine the impact of an ltaS 
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deletion on cellular morphology in L. acidophilus, 40 cells from stationary phase cultures 

were measured and their average length compared in triplicate (Figure 4.1). L. acidophilus 

strains lacking ltaS (NCK2025 and NCK2187) exhibited an elongated cellular morphology, 

exhibiting an increased length of 106-125% compared to the LTA+ strains (p < 0.05). 

Qualitatively, many cells of the NCK2025 culture exhibited bending or curving, but this was 

less apparent in the NCK2187 culture (Figure 4.1).These results add to the growing body of 

evidence LTA that influences cell morphology and that LTA removal in rod-shaped bacteria 

promotes cell elongation.  

The proposed role of LTA in maintenance of ion homeostasis has previously led to 

observation of growth conditions toxic to an ΔltaS B. subtilis mutant via increased sensitivity 

to Mn2+ (23). To assess whether LTA plays a similar role in ion homeostasis in L. 

acidophilus, growth profiles in semi-defined medium with standard Mn2+ concentrations (0.3 

mM) and with elevated Mn2+ concentrations (3 mM) were compared (Figure 4.2). Under 

standard Mn2+ concentration, minimal difference in growth between the LTA+ and LTA- 

strains was observed. By contrast, both LTA- strains displayed severe growth inhibition in 

the high Mn2+ concentration when compared to LTA+ strains, irrespective of deletion of SlpB 

or SlpX. Thus, high concentrations of Mn2+ leads to an LTA-dependent bacteriostatic effect. 

These results confirm a similar role for LTA in establishing proper ion barrier function in L. 

acidophilus as in B. subtilis, even though the standard Mn2+ growth requirements are 

considerably different for the two species (0.3 mM for L. acidophilus; > 0.05 mM for B. 

subtilis). While there is generally a paucity of data on LTA knockouts in bacteria, these 
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results highlight a conserved function of LTA in diverse firmicutes, even when the ion 

homeostasis pathways of the two species may be incongruent.  

 

4.4.2 LTA-deficiency elicits compensatory transcriptional changes in L. acidophilus 

 

In order determine whether loss of LTA caused compensatory transcriptional 

changes, and to identify genes relevant to the function of LTA in L. acidophilus, we used 

RNA-seq to characterize the global transcriptional profile of LTA mutants. Differentially 

expressed genes specific to LTA deletion were identified by pairwise comparison of each 

LTA+ strain (NCK1909 and NCK2030) with each LTA- strain (NCK2025 and NCK2187). 

Genes meeting the cutoffs for differential expression in all four comparisons were considered 

differentially expressed due to absence of LTA. Each pairwise comparison was visualized as 

an XY plot of log2 transformed normalized transcripts per million, with differentially 

expressed genes marked with enlarged circles (Figure 4.3). Using this conservative approach, 

a total number of 24 genes were found to be differentially expressed across all pairwise 

comparisons (Table 4.3), 9 of which were encoded in putative operons. Overall, for 

differentially expressed genes encoded in putative operons, co-encoded genes followed the 

same trend despite not being significantly differentially expressed (Table 4.4). In contrast, 

ltaS (LBA0447) was significantly downregulated due to the in-frame DNA deletion, but 

expression for the rest of the LTA biosynthetic operon was unaffected. Two-way hierarchical 

clustering was also used to correlate expression patterns with the LTA genotypes (Figure 

4.4). Selected portions of the heat map display the genes for which expression most closely 
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correlated with LTA genotype, with differentially expressed genes identified again being 

denoted with circles. 

Interestingly, LBA0541 and LBA0542, encoded in a putative heavy metal resistance 

operon, were significantly downregulated (Table 4.3). These genes have predicted functions 

as ATPase efflux proteins with a broad substrate specificity for metal ions. Moreover, 

LBA1220 is a putative pyridine mercuric reductase whose function also relates to heavy 

metal resistance via reduction of Hg2+. The differential expression of genes with predicted 

functions in heavy metal resistance pathways is striking, given the increased sensitivity of 

LTA-deficient mutants to elevated Mn2+ concentrations. However, the relationship between 

LTA removal and the differentially expressed genes is currently unclear and only two of the 

putative transcriptional regulators related to differentially expressed genes were identified; 

FlpA and lysine (Table 4.4) (35). FlpA is a repressor predicted to regulate the putative 

LBA0541-LBA0544 operon through oxygen sensing, and as a transcriptional regulator, 

lysine influences the diaminopimelic acid biosynthesis pathway, which has implications for 

cell wall turnover as a peptidoglycan precursor.  

Three of the upregulated genes corresponded to N-acetylmuramidases (LBA1140 and 

LBA1918) and an endopeptidase (LBA1883), which are predicted to function in 

peptidoglycan turnover (Table 4.3). To survey whether LTA removal impacted collective 

expression of peptidoglycan hydrolases, we compared expression values across each 

predicted peptidoglycan hydrolase gene in L. acidophilus (Figure 4.5). Interestingly, an 

endopeptidase (LBA1743), a N-acetylglucosiminidase (LBA0176), and an L-alanine amidase 
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(LBA0177) exhibited trends of increased expression, although they did not meet the 

threshold for differential expression. These results suggest general upregulation of genes 

related to cell wall turnover, but the specific profile of differential expression reveals insights 

into which peptidoglycan hydrolases may be directly influenced by the absence of LTA 

among potentially redundant enzymes in the L. acidophilus genome. Also striking was the 

lack predicted function for 10 of the 24 differentially expressed genes, which are putative 

hypothetical proteins (Table 4.3).  

4.4.3 LTA mutants exhibit altered cell surface protein profiles 

 

To examine the role of LTA in the presentation of non-covalently attached cell 

surface proteins, screenings of Slps and SLAPs were performed on each L. acidophilus 

strain. Non-covalently bound extracellular proteins, including Slps and SLAPs were isolated 

from these strains and visualized (Figure 4.6). The SDS-PAGE image reflects the Slp profile 

expected for each of the strains; specifically that NCK1909 and NCK2025 are SlpA+SlpB+ 

SlpX+ whereas NCK2030 and NCK2187 are SlpA+SlpB- SlpX-, although SlpA and SlpB are 

indistinguishable via SDS-PAGE. Proteins in the SLAP fraction were identified using LC-

MS/MS and analyzed compared using two-way clustering based on the similarity of the 

identified proteins (Figure 4.6). It is clear that the SLAP fraction of NCK2025 is distinct 

from those found in the other strains, including NCK2187. Notably, although both LTA-

deficient strains NCK2025 and NCK2187 cluster together, NCK2025 exhibits a distinctly 

unique profile in both the SDS-PAGE image and the heat map. These data suggest that the 

absence of LTA alters non-covalently bound extracellular proteins but also that SlpB and 

SlpX contribute to the distinction between NCK2025 and NCK2187 in their composition. 
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However, although NCK2030 is also deficient in SlpB and SlpX, it did not exhibit changes in 

proteome composition as observed in NCK2187 compared to the NCK1909 parent, strongly 

implying that the combination of LTA and SlpB SlpX deficiencies are responsible for the 

unique profile of NCK2187. 

To assess differences in intracellular and extracellular protein abundance, the 

distribution of spectral counts corresponding to proteins with and without a putative secretion 

signal were compared (Figure 4.7). The LTA- strains exhibited significantly higher 

distributions of intracellular protein counts relative to the LTA+ strains (p < 0.05). Moreover, 

the distribution of intracellular protein counts were significantly higher in NCK2025 than in 

NCK2187 (p < 0.05). As shown previously, detection of intracellular proteins in LiCl protein 

extracts from LTA+ strains of L. acidophilus is negligible save for non-classically secreted 

proteins (10, 11). The higher distribution of spectra assigned to intracellular proteins in LTA-

deficient strains implies either an increased permeability of the cells, or an increased rate of 

autolysis that released these proteins outside the cell. We then compared spectral counts for 

selected proteins with secretion signals (Figure 4.8). Spectral counts for each SLAP protein 

were considered a semi-quantitative measure of relative protein abundance and were 

compared across the LTA+ and LTA- strains. Five SLAP proteins were present at decreased 

levels in the LTA-deficient strains, including putative fibronectin-binding protein FbpB 

(LBA0191), a penicillin-binding protein (LBA0858), and two glycerol-3-phsophate ABC 

transporters (LBA0585 and LBA1641). Three extracellular proteins were observed at 

increased levels in LTA-deficient strains, including a protein of unknown function 

(LBA1497), LysA muramidase (LBA1918), and SlpA (LBA0169). SlpA spectra were 
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overrepresented in the SLAP fractions of both NCK2025 and NCK2187, but especially in the 

latter. These results show that removal of LTA from the cell surface increases the presence of 

intracellular proteins in extracellular preparations, and impacts extracellular protein levels in 

L. acidophilus NCFM. 

 

4.5 Discussion 

 

Genetic tools for functional genomics combined with high-throughput data 

technologies have contributed to 10 years of unraveling host-microbe crosstalk in L. 

acidophilus NCFM (2). These approaches have led to discovery and characterization of 

genes involved in probiotic activity and identified cell-surface constituents that positively 

impact human health. LTA is a classical molecule in host-microbe interactions, the deletion 

of which has proven to shift immunomodulatory responses toward ameliorating inflammation 

in models of immunological diseases (36). However, comprehensive characterization of LTA 

functions in firmicutes remains a challenge given the pleiotropy of the ltaS gene and 

difficulty in achieving knockouts. Foundational studies have reported phenotypic 

characteristics of LTA-deficient bacteria in B. subtilis, S. aureus and L. monocytogenes, and 

have provided insights into the intermolecular interactions of LTA in the cell wall (22-24). In 

order to elucidate effects of LTA removal has on bacterial physiology in L. acidophilus, we 

investigated NCK2025 and compared it with the NCK2187 strain deficient in LTA and 

minor S-layer components SlpB and SlpX.  



 

104 

Our results show ltaS deletion promotes cell elongation in L. acidophilus, which is 

likely mediated through aberrant cell division and that LTA-deficient L. acidophilus strains 

are highly sensitive to elevated Mn2+ concentrations. We also demonstrate that LTA mutants 

exhibit differential expression patterns compared to parent strains. Specifically, we observed 

24 genes whose expression significantly correlated with LTA genotypes, 10 of which were 

without any annotated function. Of those differentially expressed genes with predicted 

function, several were related to cell wall turnover and to heavy metal resistance. We 

postulate that differences in expression of these genes may be related to the cell morphology 

and Mn2+ toxicity phenotypes observed, although the direct mechanisms and regulatory 

networks must be further investigated. We hypothesized that removal of LTA would affect 

composition of the cell surface proteome due to its capacity to act as a scaffold for 

extracellular proteins, and were able to identify proteins whose levels were altered in the 

SLAP fraction of the LTA- strains. Importantly, the LTA- strains exhibited major differences 

in the levels of intracellular proteins identified from the SLAP fraction, indicating increased 

permeability or autolysis in the LTA-deficient strains causing liberation of intracellular 

components. 

The effect of LTA removal on cell division has been investigated in a few species, 

with varying effects depending on growth phase and cell morphology. This can partially be 

attributed to the role of LTA in regulating autolysins through maintenance of ion 

homeostasis, but it is also apparent that LTA facilitates assembly or localization of the FtsZ 

ring during cell division (23). An early report demonstrated that LTA binding of N-

acetylmuramoyl-L-alanine amidase inhibited its activity, while the addition of cations 
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restored activity (37). Additional studies reported that deletion of ltaS correlates with lower 

levels of peptidoglycan hydrolases in S. aureus (38) and substantiated direct association 

between LTA and autolysins in the cell wall (39). Collectively, these results indicate that 

LTA has the capacity to regulate autolysins directly through association or exclusion and 

indirectly through ion homeostasis.  It has long been proposed that LTA functions in cation 

homeostasis due to its negatively charged poly-glycerol/ribitol phosphate backbone (40). In 

particular, LTA may function in proton and divalent cation sequestration. Experimentally this 

was substantiated by growing B. subtilis and an LTA-deficient derivative under various 

concentrations of Mn2+, from which a sophisticated proposal of LTA-mediated ionic 

regulation emerged (23). We also observed that LTA-deficient L. acidophilus was sensitive 

to an elevated Mn2+ concentration. This result provides evidence that even in disparate Gram-

positive bacteria, LTA has a conserved role in maintaining the extracellular ionic milieu.  

To investigate the compensatory transcriptional responses in LTA-deficient L. 

acidophilus mutants, we used RNA-seq to analyze the transcriptional profiles of four strains. 

While the focus of our analysis was to identify differentially expressed genes correlated with 

LTA genotype, the vast majority were not significantly altered. We were able to identify 24 

genes expression of which was significantly different in the LTA-deficient strains. Although 

some of the genes identified were related to predicted functions of LTA, for many  their 

interrelation with LTA was unclear. Some putative peptidoglycan turnover genes in L. 

acidophilus were affected by LTA removal, especially LysA (LBA1918), a muramidase 

(LBA1140), and an endopeptidase (LBA1883). We postulate that changes in expression of 

these genes may be compensatory for the loss of autolysin activity at the cell surface. LTA 
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seems to play a role in facilitating the localization of the FtsZ ring and autolysins during cell 

division (23, 41). There is also evidence suggesting that LTA excludes autolysins from 

delocalized peptidoglycan substrates except for the cell septa (39). It may be possible that the 

delocalized activity of autolysins caused upregulation of peptidoglycan turnover genes to 

compensate for lack of specific endolysin activity at the cell septa.  Some of the genes 

downregulated in LTA-deficient strains were associated with heavy metal resistance 

pathways. LBA0541 encodes cadA, a non-specific ATPase efflux protein, LBA0542 also 

encodes an ATPase efflux protein, and LBA1220 encodes a pyridine mercuric reductase. It is 

unclear whether differential expression of these genes is related to or partially responsible for 

the loss of Mn2+ resistance in LTA- strains, but further investigation may reveal or define 

their intersection with LTA activity. 

Large scale proteomic methods are being increasingly applied to probiotic and  

fermentative lactic acid bacteria, with particular focus on Slp and SLAP profiling (10, 11). 

This is a promising approach to defining the molecular basis for probiotic activity since 

extracellular proteins appear to be strain-specific and are uniquely positioned to interact with 

the environment, whether it be a food or mucosal niche. Striking differences in the SLAP 

profiles of the LTA-deficient strains were apparent. Notably, the distribution of spectral 

counts for intracellular proteins without a predicted secretion signal was higher in both of the 

LTA-deficient strains, but was remarkable in NCK2025. It has been suggested that LTA acts 

as a barrier that reduces cell wall permeability, but it may also be possible that the 

upregulated peptidoglycan hydrolases can cause increased autolysis. Of note,  increased 

SlpA-specific spectral counts were observed in NCK2025 and with an even greater 
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magnitude in NCK2187. It is tempting to hypothesize that the upregulation of SlpA may 

have restored some barrier integrity in NCK2187, resulting in less prominence of 

intracellular proteins. However, since LTA acts as a scaffold for SlpA attachment to the cell 

wall in L. acidophilus, its absence may result in higher recovery of SlpA in the SLAP 

fraction due to increased dissociation from the cell wall. Until the interaction of LTA with 

the S-layer is further elucidated, the basis for increased SlpA in the SLAP fractions of LTA 

mutants remains unclear. Deletion of ltaS also impacted two glycerol-3-phosphate ABC 

transporters, which likely supply the phosphoglycerol transferase with glycerol3-phosphate  

necessary for polymerization of the polyglycerolphosphate LTA backbone.  

Our results indicate functions of LTA in cell division and cell morphology, and have 

underscored phenotypic results with compensatory transcriptional and extracellular protein 

changes. This approach has resulted in identification of genes that may be directly related to 

LTA activity on the cell surface. By determining the consequences of deleting a specific 

gene/subset of genes on global gene expression and cell surface proteome composition it is 

possible to uncover regulatory networks and cellular processes relevant to the genotype. 

These results underscore how deleting ltaS, a conserved pleiotropic gene, impacts the 

transcriptome and exoproteome of L. acidophilus, facilitating identification of genes 

influenced by LTA activity or relevant for its functions.  
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Table 4.1. Primers used in this study. 

 
Primers Sequence (5’ to 3’) 

Construction of ΔslpB and ΔltaS 

  slpB1U-F GAAATAGGATCCCAGCTATCATCAGCCTTCAT 

  slpB2U-R AGATACAGCAGAAGCAGCAA 

  slpB3D-F TTGCTGCTTCTGCTGTATCTTTGAAGAAGGGTGAAGTTGT 

  slpB4D-R TAAAGTAGAGCTCTGATAGGAAAGGTGCTCAAT 

  ltaS1U-F CAGCAGGGATCCAAGGTGGTCGATCGACTTCTAT 

  ltaS2U-R GGTACGTTCCATCGCTCTCT 

  ltaS3D-F AGAGAGCGATGGAACGTACCACTGATGCGCCTGAGTTGAAA 

  ltaS4D-R CTGCTGGAGCTCGCCCGCAGTAATCTTGACTT 

PCR analysis and DNA sequencing of deletion targets 

  slpB-up TTCGTTGCATCAGCATAAG 

  slpB-dw GTGTAGTATTGCCGATAACAG 

  ltaS-up GTTCATGGCTTAGTGTTAC 

  ltaS-dw CATCATCTGCTTCTTCATC 
a restriction enzyme sites, underlined 
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Table 4.2. Bacterial strains and Plasmids used in this study. 

 
 Genotype or characteristics Source or 

reference 

Strains   

L. acidophilus   

  NCK1909 NCFM carrying a 315-bp in-frame deletion 

within the upp gene 

Goh et al., 2009 

  NCK1910 NCK1909 harboring pTRK669; host for pORI-

based counterselective integration vector 

Goh et al., 2009 

  NCK1964 NCK1909 carrying a 1,170-bp in-frame deletion 

in the slpB gene 

Goh, 

Klaenhammer, 

Unpublished 

  NCK2025 NCFM carrying a 2,022-bp in-frame deletion in 

the ltaS gene 

Mohamadzadeh et 

al., 2011 

  NCK2030 NCK1964 carrying a 1,356-bp in-frame deletion 

in the slpX gene 

Goh, 

Klaenhammer, 

Unpublished 

  NCK2187 NCK2030 carrying a 2,022-bp in-frame deletion 

in the ltaS gene 

Lightfoot et 

al., 2015 

   

E. coli   

  EC1000 RepA+ JM101; Kmr; repA from pWV01 integrated 

in chromosome; host for pORI-based plasmids 

Law et al., 1995 

   

Plasmids   

  pTRK935 3.0 kb; pORI28 with a upp expression cassette 

and the lacZ’ from pUC19 cloned into 

BglII/XbaI sites; serves as counterselective 

integration vector 

Goh et al., 2009 

  pTRK956 4.5 kb; pTRK935 with a mutated copy of slpX 

cloned into BamHI/SacI sites 

Goh et al., 2009 

  pTRK957 4.5 kb; pTRK935 with a mutated copy of slpB 

cloned into BamHI/SacI sites 

Goh, 

Klaenhammer, 

Unpublished 

  pTRK1052 4.5 kb; pTRK935 with a mutated copy of ltaS 

cloned into BamHI/SacI sites 

Lightfoot et 

al., 2015 
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Table 4.3. List of differentially expressed genes in LTA deficient strains. 

 

Gene Predicted function 

Range of log2 

change 

(LTA-/LTA+) 

Downregulated genes 

LBA0485 Hypothetical protein -1.5 to -2.0 

LBA0486 Hypothehical protein -1.9 to -2.2 

LBA0447 Lipoteichoic acid synthase -2.1 to -2.8 

LBA0541 cadA -1.3 to -1.8 

LBA0542 Heavy metal-transporting ATPase -1.7 to -2.6 

LBA0543 Hypothetical protein -1.7 to -2.5 

LBA0544 Transcriptional regulator -1.7 to -2.2 

LBA0853 N-acetyldiaminopimelate deacetylase -1.1 to -1.7 

LBA1220 Pyridine mercuric reductase -2.2 to -4.9 

LBA1801 Hypothetical protein -1.1 to -2.2 

Upregulated genes 

LBA0872 Hypothetical protein 1.1 to 1.7 

LBA0873 Hypothetical protein 1.3 to 1.8 

LBA1045 glutamine ABC transporter ATP-binding protein 1.1 to 2.0 

LBA1140 lysin 1.2 to 1.5 

LBA1184 Hypothetical protein 1.1 to 1.7 

LBA1497 Hypothetical protein 1.1 to 1.3 

LBA1665 oppA 2.1 to 3.4 

LBA1679 ABC transporter permease 1.7 to 2.4 

LBA1680 ABC transporter ATP-binding protein 1.7 to 2.8 

LBA1690 Hypothetical protein 1.0 to 1.2 

LBA1870 Maltose phosphorylase 1.4 to 3.9 

LBA1883 NLP-P60 secreted protein  1.1 to 1.5 

LBA1918 lysA 1.7 to 2.4 

LBA1928 Hypothetical protein 1.0 to 1.8 
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Table 4.4. Operons containing genes found to be differentially expressed in LTA-deficient 

strains. 

 

Operon Putative function 
Regulator- 

effector 
Gene 

Range of log2 

change 

LBA0444-

LBA0447 

Lipoteichoic acid 

biosynthesis 
 LBA0444 0.3 to 0.4 

   LBA0445 0.2 to 0.5 

   LBA0446 0.5 to 0.7 

   LBA0447* -2.1 to -2.8 

LBA0541-

LBA0544 
Heavy metal resistance FlpA-Oxygen LBA0541* -1.3 to -1.8 

   LBA0542* -1.7 to -2.6 

   LBA0543* -1.7 to -2.5 

   LBA0544* -1.7 to -2.2 

LBA0852-

LBA0857 
Lysine biosynthesis 

RNA-Lysine 

 
LBA0852 -0.8 to -1.9 

   LBA0853* -1.1 to -1.7 

   LBA0854 -0.9 to -1.5 

   LBA0855 -0.3 to -1.5 

   LBA0856 -1.4 to 0.0 

   LBA0857 -1.1 to 0.2 

LBA1042-

LBA1046 
Glutamine transport  LBA1042 0.2 to 1.2 

   LBA1044 0.8 to 1.8 

   LBA1045* 1.1 to 2.0 

   LBA1046 0.8 to 1.6 

LBA1184-

LBA1189 
Antimicrobial export YhcF LBA1184* 1.1 to 1.7 

   LBA1186 0.8 to 1.3 

   LBA1187 0.7 to 1.5 

   LBA1188 0.8 to 1.5 

   LBA1189 0.5 to 1.4 

LBA1679-

LBA1680 
Antimicrobial export YhcF LBA1679* 1.7 to 2.4 

   LBA1680* 1.7 to 2.8 
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Figure 4.1. Microscopy images of Lactobacillus acidophilus. 
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Figure 4.2. Growth profiles of Lactobacillus acidophilus NCFM derivatives. 
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Figure 4.3. Comparison of TPM values.  
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Figure 4.4. RNA-seq transcriptional profiles of Lactobacillus acidophilus derivatives. 
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Figure 4.5. RNA-seq transcriptional profiles of predicted peptidoglycan turnover proteins in 

Lactobacillus acidophilus. 
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Figure 4.6. Extracellular protein profiles of Lactobacillus acidophilus LTA derivatives.  
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Figure 4.7. Distribution of normalized spectral counts for proteins with and without secretion 

signals. 
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Figure 4.8. Comparison of normalized spectral counts of select extracellular proteins across 

Lactobacillus acidophilus derivatives. 
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Chapter V 

 

 

Conclusions and perspectives 
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5.1 Conclusions and perspectives 

 

Lactic acid bacteria are a highly diverse clade of bacteria that vary widely in genomic 

content and phenotypic functionality, necessitating the concert of high-throughput data 

technologies with reductionist biology to determine the mechanistic underpinning of 

commercially and medically relevant traits. In this study we employed functional genomic 

approaches to characterize traits in two highly relevant commerical strains; the starter culture 

S. thermophilus and the probiotic microbe L. acidophilus. In S. thermophilus we have 

established a framework for determining the fundamental outcomes of targeting bacterial 

genomes with CRISPR-Cas systems in the contexts of genetic tool development, sequence-

specific removal of population subsets, and genome homestasis. The ability to leverage 

CRISPR targeting-induced lethality of bacteria to engineer microbial populations offers a 

next-generation approach to developing sequence-specific programmable antimicrobials. Our 

results offer insights into the complexities arising from self-targeting by CRISPR-Cas 

systems and have established models for describing typical genetic outcomes. Moreover, this 

approach revealed the utility of genome-targeting CRISPR-Cas systems for synthetic biology 

applications and underscored the potential for repurposing endogenously active systems for 

genome editing in bacteria. Future research will need to address gaps in understanding of the 

interplay between genome homestasis, DNA repair pathways and CRISPR-Cas systems.  

In L. acidophilus we have defined cell morphology and Manganese resistance 

phenotypes associated with lipoteichoic acid function. Comparative transcriptomic and 

proteomics analysis of LTA+ and LTA- strains facilitated identification of gene candidates 

associated with the contribution of LTA to cell homeostasis and to cell-surface physiology. 
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High-throughput protemic investigations reveal cell-surface composition and potential 

interactions of proteins involved in cell wall homeostasis. These results open new avenues 

for determining LTA function in the cell surface and demonstrate how comparative 

transcriptomics of highly related strains can be used to uncover regulatory networks and key 

genetic determinants involved in the pleiotropy of conserved genes.  
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