
ABSTRACT 

DOUGLAS, GRACE LOUISE. Application of Integration Tools for Functional Genomic 
Analysis of Lactobacilli.  (Under the direction of Dr. Todd R. Klaenhammer). 

 The probiotic Lactobacillus acidophilus NCFM interacts with intestinal and immune 

cells, inducing beneficial immune profiles in its host.  In order to expand the benefits elicited 

from this strain, it is imperative to understand the factors involved in its association with host 

cells.  Multiple genes have previously been implicated in adherence of this strain to Caco-2 

cells and several proteins found in the extracellular matrix of intestinal cells, in vitro. 

In this study, genes encoding a fibronectin binding protein (fbpA) and three mucus 

binding proteins (muc) have been progressively deleted in order to determine the contribution 

of these factors to adherence.  The resulting single (NCK2046, ΔfbpA), double (NCK2104, 

ΔfbpAΔmub), triple (NCK2131, ΔfbpAΔΔmub), and quadruple (NCK2133, ΔfbpAΔΔΔmub) 

deletions did not consistently demonstrate altered adherence to Caco-2, HT29-5FU, or IPEC-

J2 intestinal epithelial cells, in vitro, in comparison to the parental reference strain.  Gene 

expression analysis revealed that multiple transport proteins and membrane-associated 

factors were upregulated in NCK2133 compared with the reference strain.  The upregulation 

of these surface-associated proteins indicates the complexity involved in adherence of L. 

acidophilus to host cells, and suggests that other proteins may compensate for the loss of the 

FbpA and Muc proteins.  In vivo studies are necessary to determine the impact of the 

deletions to gastrointestinal transit and retention under true physiological conditions. 

The potential to exploit the intimate association between L. acidophilus and the host immune 

system has been previously demonstrated by a derivative strain that harbored an expression 

plasmid encoding an antigen for vaccination.  However, plasmids are routinely genetically 

unstable and often require an antibiotic resistance marker for selection and maintenance,



restricting their potential use in human clinical settings.  Integration of antigen genes into the 

chromosome is expected to eliminate these issues.  In this study, a β-glucuronidase (gusA3) 

reporter gene was integrated into four intergenic locations throughout the L. acidophilus 

chromosome, where it was expressed from the native upstream promoter.  Integration 

downstream of two highly expressed constitutive genes, LBA0169 (slpA) and LBA0889 

(eno) resulted in GusA3 activity four logs and three logs higher than the gusA3 negative 

parent, respectively.  Expression of gusA3 downstream of slpA was also nearly a log higher 

than from a plasmid reference.  Integration downstream of an inducible β-galactosidase, 

LBA1462 (lacZ), resulted in GusA3 activity that was one log higher after growth in lactose 

than in glucose.  Integration into a low expression region, downstream of LBA0645, 

generated only a basal level of expression.  The range of expression levels observed 

demonstrated the importance of rational targeting of potential chromosomal integration sites.  

Additionally, chromosomal integration provided stability in the absence of antibiotics, when 

compared to the plasmid reference.  The expression levels observed, combined with the 

increased stability of the genetic cassettes provided by chromosomal integration, expand the 

potential for use of lactobacilli as an oral vaccine delivery vehicle in clinical applications.
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1.1 Abstract 
 
 Strains of lactic acid bacteria, yeast, and mold, have been selected over thousands of 

years based on the unique sensory attributes they provide to food fermentations.  Over the 

centuries they have evolved to their domesticated roles, leading to genome decay, loss of 

pathways, acquisition of genomic elements, and beneficial mutations that provided an 

advantage in their nutrient-rich food environments.  This review highlights the evolutionary 

traits influenced by the domestication process as these microbes adapted to nutrient-rich 

foods developed by humans.  

 

1.2 Introduction 
 

Originally, fermentation of food substrates occurred spontaneously from naturally 

contaminating microorganisms.  Humans repeated and controlled these processes in order to 

preserve and increase the sensory aspects of foods, resulting in established fermentation 

practices (81).  Over thousands of years, these practices essentially promoted the adaptation 

and domestication of microorganisms to various food systems.  Continued passage of 

dominating cultures via backslopping in vegetable, cereal, dairy and meat environments fits 

the definition of domestication, which is a “species bred in captivity and thereby modified 

from its wild ancestors in ways making it more useful to humans who control its 

reproduction and its food supply” (26, 58, 59, 64).  

After Louis Pasteur implicated microorganisms as the cause of fermentations in the 

mid-nineteenth century (55), individual species that had been passed down over the centuries 
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began to be identified with developing microbiological methods and linked to various 

fermentation traits.  Historically, fermentations were natural and contained a variety of 

yeasts, molds, and bacteria (83), which likely played a role in the evolution of domesticated 

microorganisms.  The domesticated strains, critical to satiety, texture, flavor, and aroma of an 

end product, include eukaryotic molds and yeasts important in ethanol production, 

prokaryotic homofermentative lactic acid bacteria (LAB) important in lactic acid 

fermentations, and heterofermentative LAB, able to produce CO2, acetic acid, lactic acid, and 

ethanol (47, 64, 81).  The widespread use and safe consumption of these microorganisms 

through human history has earned them a Generally Recognized as Safe, or GRAS, status 

from the FDA for consumption.   

Some bacterial strains, including LAB and bifidobacteria are found naturally in the 

gastrointestinal (GI) microbiota of healthy humans.  Although these particular strains have 

not been domesticated through centuries of selection for a particular fermentation trait, some 

are added to foods as probiotics, defined as “live microorganisms which when administered 

in adequate amounts confer a health benefit on the host” 

(http://www.mesanders.com/docs/probio_report.pdf).  The association of live 

microorganisms with health benefits was realized more than 100 years ago.  One notable 

example is Metchnikov’s correlation of the long lives of the Bulgarian people and their 

consumption of a Bulgarian bacillus cultured milk, (70) which contained Lactobacillus 

delbreuckii subsp. bulgaricus.  Compared with L. bulgaricus, probiotic strains isolated from 

oral, GI, and vaginal cavities have demonstrated significant potential for even greater health 

benefits.  These mucosa-associated species provide an important contrast with which to 
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compare the related, but genomically distinct, microorganisms associated with food 

fermentations.   

Recently, genome sequencing of many microbes used as probiotics or involved in 

food fermentations has identified genes that were maintained, lost, or gained by each species 

as they evolved to a specific domesticated niche.  Sequencing information has revealed high 

levels of horizontal gene transfer (HGT) in some LAB for specific fermentation and survival 

traits (64).  With the advent of genomics and molecular techniques, a new chapter has begun 

in our understanding of microbe evolution and domestication, enabling genetic intervention 

and manipulation to enhance the beneficial roles of these species. 

 

1.3 Fermented Foods and Associated Strains 
 

LAB, belonging to the Firmicutes phylum, Bacilli class, and Lactobacillales order, 

are Gram-positive, non-sporulating, microaerophilic bacteria that have been involved in 

fermentation of dairy foods, plants, and meats for thousands of years (64).  They are 

associated with flavor and aroma development because of unique amino acid and 

carbohydrate metabolic pathways that have been positively selected throughout their history 

with food fermentation and preservation (45, 47, 60).  Consequently, their evolution was 

influenced by domestication over multiple generations as humans intentionally selected the 

attributes that promoted desirable flavor, texture, quality, and safety. 

LAB genomes range in size, protein-coding capacity, and pseudogene content in a 

manner reflecting the continuous evolution in this phylogenetic group as they become more 

competitive in their respective domesticated niches.  The genomes are marked by species-
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specific gene loss in various metabolic pathways, sporulation, and oxidative stress responses 

(64).  However, HGT between the LAB and species from other orders such as Actinobacteria 

have enabled gene acquisitions that have benefited the adaptation of the LAB to their 

respective environments (64, 66).   

Although LAB species comprise a large portion of fermentation microorganisms, 

eukaryotes such as Saccharomyces cerevisiae and Aspergillus oryzae have also been 

domesticated through selection of desirable attributes over the centuries (58, 63).  The 

eukaryotes are marked by genome expansion and increases in a range of metabolic 

capabilities that underlie their beneficial use in several fermentation products (35, 63). 

The following sections review the genomic capabilities of fermentation 

microorganisms that have been domesticated for use in food substrates and products 

developed by humans.  Specific gene losses and gains will be reviewed, along with the 

functional traits that have enabled these organisms to thrive in the stressful conditions often 

associated with domestic food processing. 

 

1.3.1 Yogurt Cultures 
 
The cultures, Streptococcus thermophilus strains CNR1066 and LMG13811, isolated 

from yogurt in France and the United Kingdom, and Lactobacillus delbrueckii ssp. 

bulgaricus ATCC 11842T, isolated from Bulgarian yogurt, all showed significant genome 

decay and loss-of-function in pathways that are nonessential in a nutrient-rich dairy 

environment (12, 90).  S. thermophilus is a homofermentative dairy LAB that has diverged 

from the pathogenic Streptococcus species by the degradation and loss of virulence-



6 

 

associated traits.  The genome is almost 1.8 Mb, with a 39% guanine-cytosine (GC) content 

(12).  L. bulgaricus is an obligatory homofermentative LAB that also has a 1.8 Mb genome 

with a GC content of 49.7%, which is significantly higher than most other LAB.  The GC 

content is particularly high at codon position three, at 65% compared with the expected value 

of 54%, which suggests a more active and recent evolutionary process based on the faster 

rate of evolution generally associated with this codon position (90).   

S. thermophilus and L. bulgaricus developed a protocooperative state, where both 

species benefit from their interaction, which results from their history of cofermentation.  To 

the mutual benefit of both species, these yogurt cultures were domestically enriched together 

for traits of rapid acidification and coagulation of milk (12, 90).  S. thermophilus encodes 

enzymes for production of p-aminobenzoic acid (PABA), which L. bulgaricus is unable to 

produce.  PABA serves as a key precursor for biosynthesis of the metabolic cofactor, folate, 

which is essential in human cellular functions as well as in both of these LAB (90).  

Additionally, S. thermophilus encodes enzymes that are not present in L. bulgaricus but that 

are required for the production of the polyamine, putrescine.  Certain pathways in L. 

bulgaricus suggest polyamines may be involved in protecting the strain from oxygen toxicity 

(17, 90). 

L. bulgaricus also encodes proteins that benefit S. thermophilus.   PrtB is a protease 

encoded by L. bulgaricus that hydrolyzes casein to provide free amino acids and small 

peptides essential for growth in milk.  Although L. bulgaricus is deficient in amino acid 

biosynthetic pathways (11, 39, 90), S. thermophilus has retained most of them.  Nevertheless, 

the growth of both species in coculture is stimulated by the amino acids and peptides made 
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available by the L. bulgaricus protease (11, 43).   The mix of exopolysaccharides produced 

by both species in coculture can also contribute to yogurt texture (see below) (12, 90). 

 Compounds produced by S. thermophilus and L. bulgaricus that contribute to yogurt 

flavor include lactic acid, acetaldehyde, and the diketones 2,3-butanedione and 2,3-

pentanedione (78).  Acetaldehyde, which contributes significantly to flavor, can be produced 

by several pathways, including pyruvate decarboxylation during lactose metabolism, 

degradation of threonine by deoxyribose aldolase, or threonine transformation by threonine 

aldolase (18). 

 

1.3.2 Cheese Cultures 
 

The streptococci are closely related to the genus Lactococcus, which is commonly 

used in starter cultures for cheese and cultured dairy products.  Although lactococci are 

widely found in nature on plants, these dairy-related bacteria have evolved to rapidly acidify 

and coagulate milk, largely via the acquisition of extrachromosomal elements.  L. lactis 

strains can vary in their production of lactic acid, diacetyl, CO2, and their ability to impart 

other flavor and texture characteristics.  Two of the strains that have been sequenced are L. 

lactis subsp. lactis IL1403 and L. lactis subsp. cremoris MG1363.  They are similar in 

genome size of approximately 2.5 Mb, with a GC content at 35%, typical of species 

comprising the LAB (13, 93).   

The fermentation products of L. lactis IL1403 depend on the available carbon source 

in its environment.  L. lactis is able to undergo homolactic fermentation using carbon sources 

such as fructose and sucrose, which are imported with phosphoenolpyruvate-dependent 
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transport systems (PEP-PTS).  Most notable among these is the plasmid encoded PEP-PTS 

system used to translocate and metabolize lactose (13, 20, 24).  Heterofermentative 

metabolism, requiring an active pentose-phosphate pathway, occurs in L. lactis for carbon 

sources without a PTS, such as maltose and galactose, resulting in a mixed-acid fermentation 

and ethanol products (13).  L. cremoris MG1363 still retains metabolic pathways for a variety 

of carbon sources indicative of its plant-associated ancestry (93).   

L. lactis IL1403 encodes numerous peptidases and aminotransferases that participate 

in degradation and uptake of amino acids from casein, which promote cell growth and lead to 

cheese flavor development (13).  Branched-chain aminotransferase (BcAT), found in most 

lactococcal and streptococcal strains, transaminates isoleucine and valine, likely contributing 

to sweaty, sour, and sweet odors of some cheeses (6, 60, 95).  Aromatic and aspartate 

aminotransferases (ArAT and AspAT) are also present in L. lactis species, where they 

contribute to growth in milk and to cheese flavor through the transamination of aromatic 

amino acids (29, 84).  Other LAB species contain putative ArAT and AspAT genes (60), but 

their contributions in most other species have not been characterized.  The sulfur-containing 

amino acid methionine may also be processed in L. lactis via transamination by BcAT or 

ArAT, or by elimination through lyases, leading to aroma products such as dimethyldisulfide 

(DMDS) (96).   A variety of enzymes associated with flavor formation from sulfur-

containing amino acids were found in most sequenced LAB genomes, with the dairy 

fermentation species containing a greater number than the GI tract-associated species (60), 

supporting the idea that these strains have evolved toward dairy fermentation roles.   



9 

 

EstA, an esterase involved in formation of short-chain fatty acid esters that can lead 

to fruity flavors in cheese, was encoded in Lactococcus lactis (74) and L. helveticus cheese 

starter cultures (32).  A similar esterase, EstB, develops fruity flavor in cheese made with L. 

casei (33).  This flavor producing esterase was not found in the strains Lactobacillus 

acidophilus, Lactobacillus johnsonii, and Lactobacillus salivarius (60), which are naturally 

associated with the GI tract and are not considered as domesticated members of the LAB in 

this review because these species are not typically used as starter cultures. 

The diacetyl flavor desired in dairy products such as cottage cheese, cream cheese, 

and cultured buttermilk is a product of citrate utilization by a L. lactis ssp. lactis biovar 

diacetylactis.  This biovar encodes the pathway to transport and metabolize citrate to 

pyruvate, which then converts to diacetyl through the chemical decarboxylation of the 

intermediate, α-acetolactate, in the presence of oxygen (42, 46).   

 The cheese culture, Lactobacillus helveticus DPC 4571, isolated from swiss cheese, 

contains high peptidolytic activity, enabling rapid lysis in the cheese matrix and promoting 

flavor development in certain cheese varieties.  L. helveticus has a 2.08 Mb genome with a 

37.7% GC content, similar to other dairy bacteria, but contains a far greater number of IS 

elements (~200) than any other species sequenced thus far.  The proteolytic system and 24 

peptidases encoded in L. helveticus provide the ability to hydrolyze casein and decrease bitter 

peptides, making this culture ideal for cheese fermentation and as an adjunct for accelerated 

ripening (14). 
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1.3.3 Vegetable cultures 
 

Lactobacillus plantarum WCFS1 is a facultative heterofermentative LAB with a 3.3 

Mb genome that encodes pathways for the metabolism of a wide variety of carbon sources.  

L. plantarum likely retained this metabolic capacity owing to its natural presence in a range 

of environments, including the GI tract and oral mucosa of humans, and dairy, meat and 

plant-fermented foods (2, 52).  Use of L. plantarum in a range of fermentations is enabled by 

the presence of both the Embden-Meyerhoff-Parnas pathway and the phosphoketolase 

pathway, yielding both homo- and heterofermentative products from hexoses or pentoses.  

Pyruvate can also act as a substrate for various other pathways, leading to formate, 2,3 

butanediol, and acetoin production (52). 

Although L. plantarum does not contain a gene encoding a cell wall-associated Prt 

proteinase, it does encode 19 genes for intracellular peptidases.  In addition, an opp-encoded 

oligopeptide transport system is present, as well as pathways for amino acid biosynthesis (52, 

93).  The branched chain amino acids valine, leucine, and isoleucine are not synthesized but 

are obtained through specific transporters (52). 

Leuconostoc mesenteroides subsp. mesenteroides is a heterofermentative LAB that 

initiates sauerkraut fermentations by lowering the pH with lactic and acetic acid production, 

and reducing the oxygen level through production of CO2.  After three days of domination by 

L. mesenteroides, the pH decreases and bacteriophages appear and eliminate the Leuconostoc 

population, which is succeeded by L. plantarum and other LAB to complete the fermentation 

(62).   The genome sequencing of ATCC 8293 (2.0 Mb) revealed a phosphoketolase pathway 

and the genetic pathway to produce diacetyl, which can contribute flavor in both vegetable 
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and dairy fermentations (64).  The related L. mesenteroides subsp. cremoris is found in 

mixed species dairy starter cultures used for cultured milk and cheese fermentations.  These 

L and DL type cultures have been transferred repeatedly in milk for hundreds of years and 

are used primarily for diacetyl and CO2 production (21). 

 

1.3.4 Meat cultures 
 
 Lactobacillus sakei 23K, a meat-associated LAB, has evolved to include metabolic 

pathways and stress response mechanisms specific to the fresh and fermented meat 

environments.  The 1.88 Mb genome with a 41.25% GC content encodes pathways to utilize 

several sugars, although glucose is preferred.  However, unlike dairy-associated LAB, L. 

sakei cannot metabolize lactose (16).  The ability of L. sakei strains to compete with other 

bacteria for nutrients, tolerate low temperatures and salt, and produce bacteriocins and other 

antimicrobial agents reflects the adaptation of this organism to fresh and refrigerated meats.  

These properties have generated interest in this species as a natural biocontrol agent for raw 

meat (16, 28).  L. sakei does not possess the aminotransferases and sulfur-associated enzymes 

involved in flavor development by many LAB cultures associated with cheese fermentations 

(60). 

 

1.3.5 Soy, rice, and wine cultures 
 

Besides prokaryotic LAB species, some molds and yeasts have also been 

domesticated to food fermentation environments, including Aspergillus oryzae and 
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Saccharomyces cerevisiae.  The genomes of these species have been sequenced, revealing 

features that reflect an active domestic evolution process. 

Although many prokaryotic LAB strains demonstrated genome decay and size 

reduction during domestication to a specific fermentation niche, the eukaryotic mold 

Aspergillus oryzae demonstrated genome expansion by 7-9 Mb when compared with related 

Aspergillus strains (63).  A. oryzae harbors a 37 Mb genome with eight chromosomes and 

shows gene expansion in metabolic pathways and transporter genes.  A. oryzae is used to 

ferment soy or rice, which are then used in traditional Asian products such as sake and soy 

sauce.  A. oryzae highly expresses alcohol dehydrogenase and pyruvate decarboxylase 

enzymes, contributing to the ethanol content of final products.  Similarly to S. thermophilus, 

A. oryzae was suggested to have evolved to a fermentation environment after diverging from 

a pathogen, in this case an Aspergillus species that produces aflatoxin.  A. oryzae lost 

functions within the aflatoxin synthetic pathway as it evolved to a food fermentation niche 

(12, 63).   

 Saccharomyces cerevisiae, a yeast associated with the fermentation of some breads 

and alcoholic beverages, contains 16 chromosomes as a result of a whole genome duplication 

event that took place 150 million years ago (57).  The genome encodes more than 6000 

ORFs, including genes for amino acid and protein synthesis, growth on various carbon 

sources, and survival in a variety of stressful growth conditions (35, 38), providing an 

advantage for use in several types of fermentations.  Another advantage is the production of 

sulfite, a metabolite in the reductive sulfate assimilation pathway that may have been selected 

as a desired trait in fermentations owing to its preservation abilities (58, 79).   
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S. cerevisiae’s evolution to specific domestic niches occurred over hundreds of 

generations in varying environments (34).  The strains associated with bread, beer, wine, and 

sake demonstrate genomic traits based on human-driven migration of yeast in Europe, Asia, 

and the Americas, generating the diversity of strains represented in different regions today.  It 

has been suggested that a beer and a wine strain underwent tetraploidization to produce the 

bread strains, which were then selected and domesticated based on their fermentation 

products (58).  Tetraploidization may alter gene expression in these strains owing to 

epigenetic remodeling and provide advantages such as protection from deleterious mutations 

through gene redundancy (22). 

  In wine fermentations, the growth of S. cerevisiae must balance with the growth of 

Oenococcus oeni, as the yeast produces metabolites, such as ethanol and yeast autolysates, 

that may respectively inhibit or stimulate growth of this LAB strain (3).  O. oeni, which has a 

1.8 Mb genome, is used for malolactic fermentation of wine, resulting in deacidification of 

the wine after alcohol fermentation (3, 64).  O. oeni is one of the most acid- and alcohol-

tolerant LAB and is exclusively associated with wine and cider habitats (36).  O. oeni 

diverged from the Leuconostoc species and adapted to wine fermentations with the loss of 

mismatch repair (MMR) genes, mutS and mutL, resulting in an increased rate of mutation and 

evolutionary capacity (67).  The flavor compound, diacetyl, is also produced by O. oeni, 

utilizing similar genetic pathways to those described for L. lactis ssp. lactis biovar 

diacetylactis (10, 45). 
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1.4 Genome decay and evolution related to niche adaptation 
 

Although the evolution of many LAB species has been intimately affected by their 

associations with food, another group of LAB is routinely associated with oral, 

gastrointestinal and vaginal cavities.  Although properties such as genome size and GC 

content do not vary to a great extent from the fermentation bacteria (Table 1.1), some 

metabolic and surface-associated proteins demonstrate specialization to niche-related roles as 

these groups of LAB diverged (76).  The following sections will point out some of the 

similarities and differences between the fermentation-associated and the mucosal surface-

associated LAB by examining evolutionary traits that have been selected in fermentation 

environments.  Similar traits selected for in S. cerevisiae and A. oryzae will also be 

distinguished. 

 

1.4.1 Loss of gene functions related to strain domestication 
 
The number of inactive genes (pseudogenes) due to mutation in fermentation strains 

is typically higher than in GI tract-associated strains (76) and demonstrates loss of function in 

nonessential genes during adaptation to fermentation environments (64) (Table 1.1). S. 

thermophilus CNRZ1066 and LMG18311 demonstrated lost function in transport protein and 

metabolism genes, including four of seven sugar PTS transporters that are unnecessary for 

growth in milk.  Several of these genes appear to have retained function in the related oral-

associated nondomesticated strain, Streptococcus salivarius (12).  The probiotic strains L. 

johnsonii, L. gasseri, and L. acidophilus retained 16, 21, and 20 PTS transporters, 
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respectively, and 3-5 ABC transporters, enabling utilization of a variety of sugars in the GI 

tract, including oligosaccharides that are largely undigested by humans (5, 7, 82).  Therefore, 

the highly domesticated S. thermophilus species has clearly evolved to preferentially ferment 

lactose and has lost its capacity to ferment a wide range of other carbohydrates. 

  L. helveticus DPC 4571 is a dairy-associated LAB that contains a similar number of 

pseudogenes to S. thermophilus (~10%) and, similarly, the greatest number are related to 

transport proteins and energy metabolism (12, 14).  L. helveticus is phylogenically most 

closely related to L. acidophilus NCFM, and their genomes share ~75% identical open 

reading frames and show considerable synteny (Figure 1.1) (14).  Although L. helveticus 

shares nearly 99% 16S ribosomal RNA sequence identity with L. acidophilus, the probiotic 

culture contains only a few pseudogenes (76), indicating that the high number of 

pseudogenes in L. helveticus reflects gene losses and genome decay that accompanied its 

domestication to milk as its natural habitat (14).  Interestingly, L. helveticus has lost many 

properties important to L. acidophilus for survival and activity in the GI tract, such as mucus 

binding proteins, sugar metabolism genes, and bile salt hydrolases (14, 76).  As many as 36% 

of the pseudogenes in L. helveticus were proposed to be inactivated by IS elements in this 

genome encoding ~200 IS elements (14).  The loss of many of these pathways in 

fermentation strains compared with GI tract-associated strains provides strong evidence for 

the evolutionary divergence of domesticated strains by genome reduction and degradation. 

Despite evolutionary divergence between fermentation LAB and GI tract-associated 

LAB, they often share an inability to synthesize many amino acids, vitamins, and cofactors, 

albeit this inability to synthesize required metabolites varies.  For example, L. plantarum is 
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able to synthesize all but three amino acids, whereas L. johnsonii can synthesize none (52, 

82).  Basic gene loss and mutation patterns have also been established for Leuconostoc 

mesenteroides, associated with vegetable fermentations and some dairy fermentations (77, 

87), Oenococcus oeni, associated with wine fermentations, and Pediococcus pentosaceus, 

associated with meat fermentations (64).  In most of these species, this dramatic gene decay 

resulted in increased nutritional requirements during growth (41).  To compensate for the loss 

of biosynthetic ability, the LAB acquired multiple transporters in order to scavenge important 

growth factors from their nutrient-rich environments (5, 14, 19, 61, 82).   

The citric acid cycle is often present but incomplete in LAB fermentation strains, 

including L. cremoris MG1363, L. lactis IL1403, and L. plantarum WCFS1 (13, 52, 93).  

Probiotic strains may also encode an incomplete citric acid cycle, including L. gasseri ATCC 

33323 and L. acidophilus NCFM (5, 7).  In these microorganisms, the partial citric acid cycle 

may generate key intermediates for amino acid biosynthesis (7).   Alternatively, eukaryotic 

fermentation strains A. oryzae and S. cerevisiae encode complete and active citric acid cycles 

for aerobic respiration (1, 15).  The citric acid cycle is also active in a reductive role during 

anaerobic fermentation in S. cerevisiae, leading to the production of organic acids that 

contribute to the sensory properties of wine (15). 

As mentioned previously, virulence factors have been lost from the fermentation 

strains S. thermophilus and A. oryzae, which both diverged from pathogenic strains.  While 

A. oryzae lost function in the pathway that encoded aflatoxin production, S. thermophilus lost 

a variety of virulence-related genes (VRGs), including genes encoding pathways to 
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metabolize a variety of carbon sources and to modify and provide resistance to antibiotics 

(12, 63).   

 

1.4.2 Gain of gene functions related to strain domestication 
 
Optimal growth in nutritionally rich fermentation environments promoted the 

selection of genes encoding transporters for amino acids and carbohydrates, which can 

constitute up to 13-18% of the genomes of LAB (61).  Many genes appear to have been 

acquired by HGT, resulting in regions with a different GC content than the rest of the 

genome (76).  This was observed for L. plantarum, S. thermophilus, L. bulgaricus, and L. 

helveticus (12, 14, 52, 90).  For example, S. thermophilus, which was domesticated in the 

dairy environment, gained a lactose symporter (12). 

Genetic mutations can lead to functional optimization in pathways that provide the 

ability to thrive in an environment.  L. bulgaricus ATCC 11842T contains an inactive lacR 

repressor, which promotes constitutive lactose uptake and utilization.  Combined with the 

presence of prtB, a protease gene required for casein metabolism, L. bulgaricus has been 

genetically adapted for fast fermentation in a milk environment (37).  It is suggested that the 

prtB gene in L. bulgaricus was gained by HGT because of its lower GC content relative to 

the rest of the L. bulgaricus genome (37).  These genetic adaptations in L. bulgaricus for fast 

fermentation of milk become more obvious when similar genes are considered in other L. 

delbrueckii strains.  Lactose and protein metabolism (prtB) are both regulated in L. 

delbrueckii subsp. lactis (37, 40).  Additionally, Lac and Prt encoding genes are absent from 
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L. delbrueckii subsp. delbrueckii ATCC 9649T and NCFB, which were selected from 

vegetable rather than dairy habitats (37). 

L. bulgaricus shows high sequence homology to two gut symbionts, L. acidophilus 

NCFM and L. johnsonii NCC533 (5, 90).  Although L. acidophilus and L. johnsonii are 

naturally found in the GI tract, they also encode a Prt protease associated with casein 

degradation, usually conserved in dairy-associated LAB (5, 82).  Considering the importance 

of milk as a nutritional source in mammals, it is not unexpected that commensal lactobacilli 

in the small intestine would retain their ability to hydrolyze milk casein.  The GI tract-

associated L. salivarius UCC118 also contains a PrtP homolog encoded on its megaplasmid, 

but as a pseudogene inactivated by a frameshift mutation (19).  Possibly, the genetic integrity 

of Prt-encoding genes is highly variable, and they are retained or lost in the gut microbiota 

based on the level of milk consumption by the host.  Additionally, Prt-encoding genes may 

function in gut microbiota to degrade polypeptides from host food substrates or to cleave 

mucus layer glycoproteins, which may influence host interactions (82). 

Genome analysis of L. sakei 23K did not reveal proteolytic pathways, but rather an 

array of amino acid and peptide transporters that can scavenge free amino acids in meat.  

Metabolism of the meat abundant amino acid, arginine, via the arginine deiminase (ADI) 

pathway improves L. sakei survival in anaerobic conditions and during stationary phase.  

Additionally, L. sakei contains catabolic genes for metabolism of the nucleosides inosine and 

adenosine as an alternative energy source (16, 97).   

L. plantarum contains genomic regions that are conserved in other LAB present in 

mixed fermentations, suggesting acquisition via HGT.  Genes associated with the citric acid 
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cycle, sucrose metabolism, and the lactose operon showed sequence conservation with L. 

mesenteroides, P. pentosaceus, and Leuconostoc lactis, respectively (52, 92).  One region of 

several hundred kilobases in L. plantarum was likely acquired by HGT based on a lower GC 

content (41.5%) relative to the rest of the genome (44.5%).   This region encodes a 

potentially highly expressed (PHX) locus that contains numerous genes necessary for use of 

multiple carbon sources and growth in diverse environments, which varies in different 

isolates (52, 71). 

A. oryzae, the mold used in fermentation of several Japanese foods, encodes a higher 

number of enzymes for hydrolysis and metabolism of animo acid and complex sugars 

compared with related Aspergillus strains.  These enzymes can promote growth on the 

surface of foods that initially provide few free nutrients and generate nutrients for succeeding 

fermentation.  The presence of these additional metabolic capabilities provides evidence for 

the adaptation of A. oryzae to a number of specific fermentation environments (63).    

 

1.4.3 Proteins associated with biofilms and exopolysaccharides (EPS) 
 

Exopolysaccharides (EPS) produced by several dairy LAB have contributed to the 

textural aspects of fermented foods to which they have adapted.  Two basic phenotypes, ropy 

and mucoid, have been described, each providing unique textural qualities to a number of 

fermented dairy foods (85).  Homologs of cps or eps genes, encoding proteins involved in 

EPS synthesis, have been found in most LAB including varying species of Lactococcus and 

Lactobacillus, and in S. thermophilus (12, 13, 90, 91). 
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Putative EPS genes have been found in the meat-associated L. sakei genome (16).  

These include unique genes predicted to enable aggregation and biofilm formation on the 

surface of meat.  One putative gene involved in biofilm formation contains a Gram-positive 

cell wall anchoring motif (PF00746) conserved in cell surface binding proteins of several GI 

tract-associated LAB (5, 16, 82). 

Although EPS production has been selected for fermentation strains as a beneficial 

texture attribute, many GI tract-associated strains also encode EPS systems, which may be 

secreted or cell surface attached (48, 82).  Putative EPS encoding genes are relatively 

conserved among the GI tract-associated probiotics L. acidophilus, L. gasseri, and L. 

johnsonii, with an active system demonstrated only in L. johnsonii (5, 7, 51, 82).  L. 

salivarius contains two clusters of EPS-encoded genes, one of which is conserved in L. 

plantarum (19).  Other than these textural and biofilm properties, it is not clear whether or 

not EPS production affords any advantage to domesticated LAB. 

 

1.4.4 Prophages, Clustered Regularly Interspersed Short Palindromic Repeats 
(CRISPR), and bacteriophage resistance 
 
Bacteriophage are a harmful but ubiquitous presence in industrial fermentation 

operations (80).  However, in the case of sauerkraut fermentations, phages have been 

implicated in proper succession of LAB species, leading to a desirable final product (62).  

Most LAB genomes harbor one or more complete prophages or prophage remnants (Table 

1.1).   Bacteriophage have provided important vehicles for HGT and acquisition via 

lysogenic conversion through prophages.  Prophage decay leads to remnants that may 
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occasionally encode the genes that contribute to host survival, such as superinfection 

exclusion genes that may prevent phage infection (25). 

  Evidence now exists for a bacteriophage resistance mechanism in many bacteria and 

archaea, encoded in sequences of palindromic repeats with nonrepetitive spacer regions in 

between, called clustered regularly interspaced short palindromic repeats (CRISPR), and 

adjacent cas genes (89).  CRISPR sequences have been documented in many LAB, including 

the yogurt cultures S. thermophilus and L. bulgaricus (12, 44, 90).  In S. thermophilus strains, 

which can harbor up to two CRISPR sequences (12), a protective response to phage infection 

was demonstrated in the CRISPR1 sequence.  Typically, one to four additional spacers of 

phage-derived sequences were observed in strains that became phage resistant.  The added 

spacers are proposed to dictate phage specificity, whereas associated cas genes are expected 

to be necessary for spacer insertion and resulting resistance (9).  Specifically, the cas genes 

have been proposed to encode analogs to proteins required for processing of interference 

RNA (siRNAs).  The phage-derived spacers exhibit sequence complementarity to invading 

phages and thereby target them for degradation by cas-encoded proteins (65).  From a 

fermentation technology viewpoint, CRISPR sequences are unique and can be used as a 

strain-specific DNA signature. 

 

1.4.5 Plasmids: roles in evolution and adaptation to domesticated niches 
 
 Plasmids are considered to be genetic agents of rapid evolution and adaptation; they 

are found in many LAB fermentation strains.  L. lactis typically harbors numerous plasmids, 

ranging from 2-11 per strain, with many encoding essential traits for milk fermentation and 
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survival (69).  Plasmid linkages include lactose metabolism (PEP-PTS transport and 

phospho-β-galactosidase), proteolytic activity (proteinase activities and oligopeptide 

transporters), bacteriocin production, citrate permease for diacetyl production, and multiple 

phage defense mechanisms (69, 94).  Phage defenses consist of reducing phage adsorption, 

restriction and modification systems, disrupting phage development after infection (abortive 

systems), or causing premature lysis of phage-infected cells (4, 30, 75).  Additionally, 

Lactococcus is genetically promiscuous, harboring conjugal episomes that allow high 

frequency mating and plasmid transmissions.  Moreover, the widespread distribution of 

prophages in lactococci provides avenues for plasmid gene transfer via transduction (69). 

One of the more thorough studies of Lactococcus plasmids was the sequencing of the 

plasmid complement of Lactococcus lactis subsp. cremoris SK11.  Four plasmids were 

annotated in detail, confirming the presence of genetic determinants for lactose utilization 

and oligopeptide transport related to growth, activity, and survival of dairy cultures in the 

milk fermentation environment (88).   

In addition to basic fermentation traits, lactococcal plasmids have been linked to cold 

shock proteins (Csp), which can increase survival of starter cultures in cold storage (75, 88).  

Additionally, the PABA synthase complex proteins PabA and PabB, required for folate 

synthesis, are encoded on pSK11P in L. cremoris.  Folate is a necessary cofactor for single-

carbon metabolism (88).  The common presence of plasmids in lactococci and their 

contribution to key fermentation properties is strong evidence for evolutionary domestication 

of the LAB to the dairy environment (69). 
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1.4.6 Genes associated with survival in stressful environments 
 

Fermentation microorganisms often must tolerate a range of changing growth and 

environmental conditions during bioprocessing.  Changes in pH are typical of fermentations 

and can result in changes to strain balance because of the acid tolerance of the cultures 

involved.  L. plantarum is the dominant strain in the later stages of sauerkraut fermentation 

because of its inherent acid tolerance and active F0F1-ATPase that regulates internal pH (52).  

A. oryzae encodes acid-tolerant proteinases that are absent in nonfermentation-associated 

Aspergillus strains (63).  

Strains associated with the GI tract also require mechanisms for acid tolerance in 

order to survive passage through the stomach, and some are conserved within fermentation 

organisms.  As with L. plantarum NCFS1, L. acidophilus NCFM contains an F0F1-ATPase 

system (56).   Both L. bulgaricus ATCC11842T and L. acidophilus contain ornithine 

decarboxylases and proton pumps associated with pH stabilization and acid tolerance (5, 8, 

90).  These acid tolerance mechanisms can benefit GI strains that are now intentionally added 

to low pH food products as probiotics.   

Genes associated with survival in high osmolarity conditions are encoded in cultures 

associated with high salt fermentations, such as L. sakei and L. plantarum (16, 52).  

Similarly, the mold A. oryzae, associated with high solute environments, exhibits a gene 

duplication of the Nik-1 gene associated with tolerance of high osmotic pressure (63).  S. 

cerevisiae also encodes genes that respond to osmotic stress (38). 

Besides its ability to tolerate pH changes and salt environments, L. plantarum 

possesses multiple heat shock response mechanisms (GroES, GroEL, and Hsp), enabling 
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survival during cheese pasteurization for later ripening (23), and Csp that may be beneficial 

to the food industry during cold storage of starter cultures and final products (50, 68).  

Conserved Csp sequences were found in several LAB species, where they may also be 

beneficial during cold storage, including the GI tract-associated strain L. acidophilus (5) and 

the fermentation strains L. sakei 23K (16) and L. bulgaricus (86).  Heat shock proteins are 

present in other LAB and can be expressed in stress situations other than elevated 

temperature.  This was observed with L. cremoris MG1363, which expressed the DnaK, 

GroEL, and GroES heat shock chaperones under high salt conditions that are used to harden 

cheese surfaces (49). 

Mechanisms to prevent oxygen damage are also found in both fermentation and GI 

tract-associated strains.  L. bulgaricus and L. acidophilus both encode a potABCD operon, 

which is an ABC transporter for the polyamines spermidine and putrescine, suggested to 

protect against oxygen toxicity (17, 90).  L. sakei 23K contains several genes to respond to 

changes in oxygen conditions (16).  Many lactobacilli do not encode a superoxide dismutase 

gene for oxidative stress protection.  An example of an alternate oxidative stress protection 

strategy can be found in L. plantarum, which encodes peroxidases as well as transport 

mechanisms to accumulate the oxygen radical scavenger, Mn2+, from the vegetable 

environments that are rich in these ions (52).   

 S. cerevisiae cultures used in winemaking encode Ssu1, a plasma membrane protein 

necessary for sulfite efflux.  This mechanism allows S. cerevisiae to tolerate sulfite, used to 

control wild yeasts and preserve wine (58, 79).   
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In addition to their tolerance to environmental conditions found in fermented foods, 

LAB are also widely noted for their ability to produce bacteriocins that inhibit the growth of 

closely related LAB and Gram-positive bacteria in general.  These bacteriocins are generally 

considered to be agents that can promote competition of LAB in nutritionally rich 

environments and as quorum sensing signals that direct high cell density population behavior 

and activities (27, 31, 54, 82).   

 

1.4.7 Use of molecular biology to expand fermentation capabilities and metabolite 
production in domesticated microorganisms 
 

The advent of genomic information has enabled the discovery of the genes directing 

pathways responsible for many desirable activities of fermentation microbes.  Moreover, the 

explosion of biotechnological tools now enables improved control of bioprocessing behavior 

and engineering of strains to enhance their beneficial attributes.  For example, L. lactis has 

been modified for increased production of diacetyl by inactivating AldB and decarboxylating 

α-acetolactate in the presence of oxygen (46).  S. thermophilus, which produces acetaldehyde 

mainly through the threonine aldolase activity of serine hydroxymethyltransferase, encoded 

by the glyA gene, has demonstrated increased acetaldehyde production when glyA was 

overexpressed (18).  Engineering of LAB to increase the production of specific metabolites 

beneficial to humans, such as folate, is also being investigated to enhance the nutraceutical 

benefit of fermented products (53).  The multitude of opportunities for genetic engineering of 

LAB strains is exploding, with genetic improvements possible from flavor- and texture-
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producing genes to phage-related CRISPR sequences (9, 72).  As more genomes are 

sequenced, the possibilities will only increase. 

 

1.5 Summary 
 

 Domesticated microbes that have evolved to food environments created by humans 

show remarkable patterns of adaptation.  Predominant among these are: (a) genome decay 

and loss of biosynthetic capacity consistent with their evolution to nutritionally complex food 

environments; (b) acquisition of new competitive traits, such as nutrient transporters, by 

HGT or through the acquisition of extrachromosomal elements; and (c) specialization to 

unique food environments through adaptive mutations that promote key fermentation 

activities such as inactivation of the LacR repressor in the milk-adapted L. bulgaricus (Figure 

1.2).  Overall, this genomic evolution has revealed the ability of fermentation microbes to 

evolve and specialize to food as their natural habitat.  In this process, our food supply has 

benefited dramatically in the variety of safe fermented foods and the diversity of their 

textures, flavors, and nutritional values. 
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Table 1.1. Features of representative sequenced fermentation and epithelial-associated 
strains. 

Fermentation associated 
LAB 

Common 
Niche 

Genome size 
(protein 

coding genes) 

% GC 
content 

Pseudogene 
content 

Prophage 
(Complete) 

IS elements/ 
transposase 

Reference 

Lactobacillus delbrueckii 
ssp. bulgaricus ATCC 

11842T 
Dairy, yogurt 

1.8 Mb 
(1562) 

49.7 227 0 43 (90) 

Streptococcus 
thermophilus CNRZ1066 

and LMG13811 
Dairy, yogurt 

1.8 Mb 
(~1900) 

39.0 ~180 0-1 ~55 (12) 

Lactococcus lactis subsp. 
lactis IL1403 Dairy foods 

2.4 Mb 
(2321) 35.4 30 6 43 (13) 

Lactococcus lactis subsp. 
cremoris MG1363 

Dairy foods 2.5 Mb 
(2434) 

35.8 81 2 71 (93) 

Lactobacillus helveticus 
DPC 4571 

Dairy, cheese 
2.1 Mb 
(1610) 

37.7 217 0 213 (14) 

Lactobacillus sakei 23K Meat 
1.9 Mb      
(1879) 41.3 30 0 12 (16) 

Lactobacillus plantarum 
WCFS1 

Dairy, meat, 
vegetables 

3.3 Mb 
(3007) 

44.5 39 2 2 (52) 

Oenococcus oeni PSU-1 Wine 
1.8 Mb      
(1691) 37.9 120 0 NA (64) 

Leuconostoc 
mesenteroides subsp. 
mesenteroides ATCC 

8293 

Dairy, 
Vegetables 

2.0 Mb    
(1970) 37.7 17 1 NA (64) 

Pediococcus pentosaceus 
ATCC 25745 Meat 

1.8 Mb      
(1755) 37.4 19 Possibly 2 NA (64) 

Lactobacillus casei 
ATCC 334 

Dairy, cheese 2.9 Mb      
(2751) 

46.6 82 2 NA (64) 

Mucosal- associated 
LAB 

       

Lactobacillus acidophilus 
NCFM GI Tract 

2.0 Mb 1862 
ORFS 34.7 NA 0 17 (5) 

Lactobacillus salivarius 
subsp. salivarius UCC118 

GI Tract, Oral 1.8 Mb      
(1717) 33.0 73 2 37 (19) 

Lactobacillus johnsonii 
NCC 533 GI Tract 

2.0 Mb     
(1821) 34.6 NA 2 14 (76, 82) 

Lactobacillus gasseri 
ATCC 33323 

GI Tract 
1.9 Mb    
(1755) 

35.3 43 1 13 (7, 64) 

Lactobacillus reuteri 
JCM 1112 

GI Tract 2.0 Mb   (1820) 38.9 NA NA 55 (73, 76) 

NA, Not available 
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Figure 1.1. DNA similarities (BlastN matches) between L. acidophilus NCFM and L. 
helveticus DPC 4571.  Similarities are represented by the lines.  Modified from Callanan et 
al. (2008) (14).
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Figure 1.2. Genomic traits of domesticated microorganisms.  These traits were driven by 
evolution in nutrient rich environments. 
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CHAPTER II 
 

Functional analysis of genes encoding fibronectin and mucus binding proteins in  
L. acidophilus NCFM 
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2.1 Abstract 
 

Ingestion of probiotic cultures has been associated with several health benefits, but 

the mechanisms underlying strain-dependent effects remain largely undefined.  Surface 

proteins on probiotic microbes are known to intimately interact with the intestinal epithelium 

and enable immune cells to signal host responses.  Lactobacillus acidophilus NCFM is a 

probiotic bacterium that encodes a fibronectin binding protein (LBA1148; FbpA) and three 

mucus binding proteins (LBA1392, LBA1019, LBA1709; Mub).  In this study, the fbpA and 

all three mub genes were progressively deleted from the NCFM genome.  The resulting 

single (NCK2046, ΔfbpA), double (NCK2104, ΔfbpAΔmub), triple (NCK2131, 

ΔfbpAΔΔmub), and quadruple (NCK2133, ΔfbpAΔΔΔmub) deletions did not consistently 

demonstrate altered adherence to Caco-2, HT29-5FU, or IPEC-J2 intestinal epithelial cells, in 

vitro, in comparison to the parental reference strain.  Gene expression analysis revealed that 

multiple transporters and several membrane associated proteins were upregulated in 

NCK2133 compared to NCK1909.  It is suggested that adherence interactions provided by 

other surface associated proteins compensates for the loss of the FbpA and Mub proteins.  In 

vivo studies are required to assess the impact of these deletions on gastrointestinal transit and 

retention. 

 

2.2 Introduction 

Lactic acid bacteria have been an indigenous part of the human food supply for 

thousands of years, and several species have become beneficial inhabitants of the human 

gastrointestinal (GI) tract.  The ability to adhere to host intestinal epithelial cells is an 
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essential attribute for these beneficial, or probiotic bacteria, enabling communication with the 

host immune system and competitive exclusion of pathogenic microorganisms (24).  In order 

to promote positive probiotic-host interactions it is essential to understand the mechanisms 

involved in probiotic adhesion to human intestinal epithelial cells.  The development of gene 

inactivation systems and the growing availability of genome sequences have facilitated the 

identification of potential adherence factors in several probiotic species (1, 33). 

Many potential adherence proteins have been characterized using in vitro models of 

human and animal intestinal cells or protein matrices immobilized on a solid surface due to 

the difficulties associated with quantifying adherence properties of potential probiotics in 

vivo (43).  The Caco-2 and HT29 cell lines, originally derived from human colon carcinomas, 

have both been used as model systems to measure adherence of lactobacilli (5, 10, 27, 32, 42, 

44).  A recently developed porcine small intestinal cell line (IPEC-J2) has also been used to 

determine adherence of pathogens, commensal, and probiotic strains (21, 28, 38).   

Lactobacillus acidophilus NCFM has previously demonstrated adherence to Caco-2 

intestinal epithelial cells and to urogenital cells (15, 34).  L. acidophilus strains have 

demonstrated antagonism and competitive exclusion towards pathogenic organisms such as 

enteropathogenic Escherichia coli and Salmonella typhimurium on Caco-2 epithelial cells, 

and E. coli Hu734 and Pseudomonas aeruginosa AK1 on uroepithelial cells (5, 34).  

Additionally, L. acidophilus NCFM, and derivatives thereof, have demonstrated the ability to 

interact with immune cells and induce specific T-cell differentiation profiles and cytokine 

expression patterns (22, 30).  While NCFM has been able to confer benefits to its hosts, the 
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surface proteins involved in interactions with host intestinal cells remain largely 

uncharacterized. 

The availability of the L. acidophilus NCFM genome sequence enabled identification 

of multiple genes encoding proteins that have recently been implicated in adherence to Caco-

2 cells and proteins, such as mucin, associated with the extracellular matrix of human 

intestinal cells (1, 9, 13, 31, 43).  Three of these genes (LBA1019, 1392, and 1709) encode 

mucus binding proteins (Mub) with N-terminal signal peptides for translocation across the 

cell membrane, and sortase dependent C-terminal LPXTG motifs for covalent anchorage to 

the peptidoglycan layer (9, 39) (Appendix I).  Previously, insertional inactivation of 

LBA1392 (mub) and the fibronectin binding protein LBA1148 (fbpA), have demonstrated 

decreased ability to adhere to Caco-2 cells (9).  Additionally, deletion of any of the three mub 

genes individually has previously shown a decrease in adherence to both Caco-2 cells and 

porcine mucin (39).  

In this work, the genes encoding LBA1148 (fbpA) and the mucus binding proteins 

LBA1392, 1019, and 1709 (mub) were successively deleted from the L. acidophilus NCFM 

genome using a previously described upp-counterselectable gene replacement system (12).  

The progressive mutants were tested for changes in their ability to adhere to Caco-2, HT29-

5FU, and IPEC-J2 cells in order to determine the contribution of these genes to the 

interaction of L. acidophilus NCFM with epithelial cells, in vitro.   
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2.3 Materials and Methods. 
 
2.3.1 Bacterial strains and propagation conditions. Bacterial strains and plasmids used in 

this work are listed in Table 2.1. L. acidophilus NCFM derived strains were propagated in de 

Man, Rogosa and Sharpe (MRS) (Becton, Dickinson and Company [BD], Franklin Lakes, 

NJ) broth at 37°C under static conditions, or on MRS agar (1.5% agar wt/vol) (Fisher 

Scientific, Pittsburg, PA) under anaerobic conditions.  For specific assays, L. acidophilus 

NCFM derived strains were grown in scratch MRS made according to the BD formula with 

1% of either glucose, lactose, galactose, sucrose, or raffinose.  Escherichia coli derived 

strains were propagated in Brain Heart Infusion (BHI) (BD) broth at 37°C with aeration or on 

BHI agar aerobically.  Erythromycin (Em), kanamycin (Kn), and chloramphenicol (Cm), all 

from Fisher, and Penicillin G (Sigma) were added as necessary. 

 

2.3.2 DNA cloning techniques.  Chromosomal DNA was isolated with the ZR Bacterial 

Fungal DNA Miniprep Kit (Zymo Research Corporation, Orange, CA) and plasmids were 

isolated from E. coli with the Qiagen QIAprep Spin Miniprep Kit (Qiagen Inc., Valencia, 

CA).  Primers were designed with Clone Manager Professional 9 (Sci-Ed Software, Cary, 

NC) and synthesized by Integrated DNA Technologies (IDT, Coralville, IA).  Restriction 

enzymes were from Roche Molecular Biochemicals (Indianapolis, IN).  The 1 kb Plus DNA 

ladder was from Invitrogen (Carlsbad, CA).  DNA was isolated from agarose gels after 

electrophoresis with the Zymo Gel DNA Recovery Kit and purified if necessary with the 

Zymo Clean and Concentrator-5 (Zymo Research Corporation).  High Fidelity DNA 

Polymerase (Roche Molecular Biochemicals) was used for cloning, and Choice-Taq Blue 
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DNA polymerase (Denville Scientific Inc., Metuchen, NJ) was used for screening.  T4 DNA 

ligase (New England Biolabs, Berverly, MA) or the Fast-Link DNA ligation kit (Epicentre 

Biotechnologies, Madison, WI) were used for ligations per manufacturer’s instructions. 

E. coli competent cell production and subsequent transformation were performed as 

described by Hanahan, with modifications (16).  E. coli NCK1831 cells (100 mL) were 

grown to OD540nm = 0.4.  The cells were held on ice for 15 minutes, pelleted at 4°C at 1717 x 

g, and resuspended in 40 mL of modified ice-cold RF1 buffer (10 mM potassium acetate, 50 

mM magnesium chloride, 100 mM rubidium chloride, 10 mM calcium chloride, 15% (w/v) 

glycerol, pH 8.0).  The cells were held on ice again for 15 minutes, pelleted at 4°C at 1717 x 

g, and resuspended in three mL of modified ice-cold RF2 buffer (10 mM MOPS, 75 mM 

calcium chloride, 10 mM rubidium chloride, 15%  (w/v) glycerol, pH 6.5).  Competent cells 

were stored in 100 µL aliquots at -80°C.  Following ligations, 5 µL of a ligation mixture was 

added to 100 µL of NCK1831 competent cells, held on ice for 20-30 minutes, and 

transformed at 42°C for two minutes.  Cells were recovered in BHI for 1-2 hours at 37°C 

with aeration and then plated on BHI containing 150 µg/ml Em and 40 µg/ml Kn and grown 

for 24-48 hours at 37°C. 

Lactobacillus competent cell production and subsequent transformation was 

performed as previously described (26, 46, 47) with modifications.  Briefly, a 100 mL culture 

of NCK1910 cells was grown in MRS at 37°C containing 5 µg/ml Cm for three hours and 

then 100 µg/ml of penicillin G was added.  The culture continued to grow for another two 

hours.  The cells were pelleted at 4°C at 1717 x g and resuspended in 40 mL of ice-cold 3.5X 

SMEB buffer (1 M sucrose and 3.5 mM magnesium chloride, pH 7).  The cells were pelleted 
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and washed in 3.5X SMEB buffer two more times and then resuspended in 1 mL of 3.5X 

SMEB buffer, resulting in competent cells.  Approximately 500 ng of plasmid DNA 

(derivatives of pTRK935) was added to a 200 µL aliquot of competent cells on ice and 

transformed by electroporation in a cold 0.2 cm cuvette at 2.5 kV, 25 µFD, and 400 Ω.  Cells 

were recovered in MRS overnight and then plated on MRS containing 2 µg/ml of both Em 

and Cm. 

 

2.3.3 Construction of internal deletions with upp-counterselective gene replacement 

system.  The upp-based counterselective gene replacement system (12) was used to produce 

in-frame deletions of a fibronectin binding gene (fbpA) and three mucin binding genes (mub) 

in L. acidophilus NCFM.  Briefly, for each deletion two homologous sequences, one 

upstream and one downstream of the sequence to be deleted, were obtained with PCR using 

the primers listed in Table 2.2.  The primer sets for each deletion correspond to the number 

of the gene targeted for deletion.  The sequences were triple ligated directionally into the 

multiple cloning site of the integration plasmid pTRK935.  The ligation mixtures were 

transformed into NCK1831, and successful ligations were selected by blue-white screening 

on plates each spread with 0.8 mg X-gal and 4 mg IPTG.  Transformants were screened with 

primers pTRK935up and dn (Table 2.2).  Positive clones were sequenced, confirmed, and 

then transformed into L. acidophilus NCK1910. 

Successful transformants were transferred (1% inoculum) three times, and grown to 

stationary phase (~24 hours) each time, in a 42°C water bath to select for loss of the 

pTRK669 helper plasmid.  Loss of pTRK669 and single crossover integrants of the targeting 



49 

 

plasmid rendered the transformants Em-resistant (EmR), 5-flouro-uracil (5-FU) sensitive, and 

Cm-sensitive (CmS).  EmR and CmS colonies were transferred one to three times in MRS at 

37°C (~24 hours each time).  Clones that had lost the plasmid through a second homologous 

crossover event were rendered 5-FU resistant and were selected by plating on semi-defined 

medium with glucose (GSDM) (20) and 100 µg/ml 5-FU (12).  Colonies were screened for a 

deletion with primers upstream and downstream to the crossover event, using the primers 

corresponding to the number of the deleted gene (Table 2.2).  All deletions were confirmed 

with sequencing, and the absence of wild type cultures was confirmed with primers internal 

to the deletion, where necessary. 

 

2.3.4 RNA Isolation. NCK1909, grown in MRS for 24 hours at 37°C under static conditions, 

was transferred (1% inoculum) once in MRS, grown to stationary phase, and then transferred 

into scratch MRS with either 1% glucose, sucrose, raffinose, galactose, or lactose.  The 

cultures were grown to stationary phase (33 hours for raffinose, 16 hours for other 

carbohydrate sources), and the cells were collected by centrifugation at 1717 x g for 10 min.  

The cells were resuspended in scratch MRS with 1% of the same carbohydrate source in 

which they were grown, either with or without 0.3% mucin for one or three hours (20 total 

treatments).   

The cells were collected again by centrifugation, and the cell pellets were flash frozen 

in ethanol and dry ice and stored at -80°C.  Two independent biological samples were 

collected for each treatment. 
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 Cell pellets were resuspended in 1 mL of TRIzol Reagent (Invitrogen Corporation, 

Carlsbad, CA), and RNA was isolated per manufacturer’s instructions, with modifications.  

Briefly, cells were homogenized in TRIzol with glass beads in three 1-minute cycles with a 

Mini-Beadbeater-8 (BioSpec Products, Inc., Bartlesville, OK), with 1-minute on ice between 

cycles.  After treatment with chloroform, RNA was extracted from the aqueous phase using 

the RNeasy mini Kit (Qiagen, Inc.) per the manufacturer’s instructions and visualized with 

agarose gel electrophoresis.  The RNA was treated with TURBO DNase (Ambion, Austin, 

TX) and purified with the RNeasy mini Kit.  The absence of DNA was verified by PCR with 

primers specific to NCK1909 and visualization with agarose gel electrophoresis. 

 

2.3.5 Reverse transcriptase-quantitative PCR (RT-QPCR).  The primer sets used to 

amplify cDNA generated during reverse transcription from RNA transcripts are listed in 

Table 2.2.  Standard curves were generated using the same primer sets.  The iScript one step 

RT-PCR kit with SYBR green (Bio-Rad Laboratories, Hercules, CA) was used per 

manufacturer’s instructions, scaled to 20 uL reactions containing 50 or 5 ng of RNA.  

Samples were loaded into a 96-well plate and RT-QPCR was performed with the iCycler 

MyiQ single-color detection system (Bio-Rad) per the manufacturer’s instructions.  The data 

were analyzed with the iCycler MyiQ software v1.0 (Bio-Rad).  Fold changes between 

treatments were calculated. 

 

2.3.6 Microarray gene expression studies.  RNA was isolated, treated with DNase, and 

purified, as described above, from L. acidophilus NCK1909 (parental reference) and 
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NCK2133 (ΔfbpA,ΔΔΔmub) after growth to stationary phase in scratch MRS with 1% 

raffinose.  Samples were concentrated with Microcon centrifugal filters YM-30 (Millipore, 

Billerica, MA).  Flourescent labeled cDNA was prepared using the SuperScript indirect 

cDNA labeling system (Invitrogen) according to the manufacturer’s protocol, with 

modifications described previously, and dried in a Vacufuge speed vacuum system 

(Eppendorf, Hauppauge, NY) (12).  The Cy3 (NCK1909, reference) and Cy5 (NCK2133, 

ΔfbpA,ΔΔΔmub) labeled cDNA samples were co-hybridized onto a previously described 

microarray platform (accession number GPL7426 at the Gene Expression Omnibus, 

http://www.ncbi.nlm.nih.gov/geo), modified to have four spots per oligonucleotide instead of 

six (12).  The microarray and labeled samples were prepared for hybridization as described 

previously (12).  Briefly, microarray slides were held for 1 hour at 42°C in pre-warmed 

prehybridization buffer (0.1% sodium dodecyl sulfate (SDS) (wt/vol) (Invitrogen), 0.1% 

bovine serum albumin (BSA) (wt/vol) (Invitrogen), and 5X SSC (Invitrogen)).  Slides were 

washed five times in distilled water and twice in isopropanol at room temperature and dried 

in a slide spinner.  Cy-3 and Cy-5 labeled cDNA samples were resuspended in a total of 48 

µl of hybridization buffer (5X SSC, 5X Denhardts solution (Invitrogen), 30% (vol/vol) 

formamide, 0.1% SDS, and 200 µg/ml salmon sperm) and heated at 95°C for 2 min.  The 

resulting probe mixtures were hybridized onto the microarray slides at 42°C for 18 hours in 

the dark.  After hybridization, slides were washed in a series of four buffers, 5 minutes each, 

with agitation.  First, slides were washed in pre-warmed (42°C) low-stringency buffer (1X 

SSC and 0.03% SDS).  The following three washes in (1) high stringency buffer (0.5X SSC 

and 0.03% SDS), (2) 0.2X SSC, and (3) 0.05X SSC were performed at room temperature. 
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2.3.7 Array scanning and analysis. Fluorescence intensities were scanned using a GenePix 

4000B (Molecular Devices, Sunnyvale, CA) at a resolution of 10 µm.  The data were 

analyzed using the GenePix Pro 7 software (Molecular Devices).  After normalization, the 

ratio of medians for Cy5/Cy3 was determined for each gene using the eight replicate spots 

from microarrays of both biological replicate samples.  P-values were calculated using a two-

sample t-test.  Fold changes greater than 2.0 or less than 0.5, with a p-value ≤ 0.05, were 

considered significant. 

 

2.3.8 Caco-2, HT29-5FU, and IPEC-J2 cell culture and adherence assays. The Caco-2 

cells (ATCC HTB-37) were obtained from the American Type Culture Collection (Manassas, 

VA).  The cells were propagated as previously described, with modifications, in minimal 

essential medium (MEM) (Invitrogen) supplemented with 0.1 mM non-essential amino acids 

(Invitrogen), 1 mM sodium pyruvate (Invitrogen), and antibiotic/antimycotic solution (100 

units/ml penicillin G, 100 µg/ml streptomycin sulfate, and 0.25 µg/ml of amphotericin B) 

(Invitrogen) (9, 12).  Fetal bovine serum (FBS) (Invitrogen) was heat-inactivated at 56°C for 

30 minutes and added to the medium at 20% of the MEM volume.   

 The HT29-5FU cells were obtained from Thecla Lesuffleur, INSERM, Institut 

Biomedical des Cordeliers, Paris, France.  The cells were propagated as previously described, 

with modifications, in Dulbecco’s modified eagle medium (DMEM) high glucose with L-

glutamine and sodium pyruvate (Invitrogen) supplemented with antibiotic/antimycotic 

solution (100 units/ml penicillin G, 100 µg/ml streptomycin sulfate, and 0.25 µg/ml of 
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amphotericin B) (25).  Heat-inactivated FBS was added to the medium at 10% of the DMEM 

volume. 

The IPEC-J2 cells were a gift from the Odle Laboratory (North Carolina State 

University, Raleigh, NC).  The cells were propagated as previously described, with 

modifications, in DMEM/Ham’s F-12 Nutrient Mixture (DMEM/F12) (Sigma) supplemented 

with insulin-transferrin-sodium selenite media supplement (ITS) (5 µg/ml insulin, 5 µg/ml 

transferrin, 5 ng/ml selenium) (Fisher), 5 µg/ml epidermal growth factor (EGF) (Fisher), and 

antibiotic/antimycotic solution (100 units/ml penicillin G, 100 µg/ml streptomycin sulfate, 

and 0.25 µg/ml of amphotericin B) (21, 38).  Heat-inactivated FBS was added to the medium 

at 5% of the DMEM/F12 volume. 

Cells were grown in a 95% air – 5% CO2 atmosphere at 37°C.  Cells were removed 

from working stocks with 0.05% (Caco-2) or 0.25% (HT29-5FU and IPEC-J2) 

Trypsin/EDTA (Invitrogen), counted with a hemocytometer, and seeded onto a Cellstar 12-

well cell culture plate (Greiner Bio-One, Monroe, NC).  Caco-2 cells were seeded at 6.5E4 

cells per well, HT29-5FU at 3.5E4 cells per well and IPEC-J2 at 1E5 cells per well.  Each 

type of cell was grown in 2 mL of medium per well, changed every 2 days.  Cells were 

grown to confluence over 21 days (Caco-2) or 14 days (HT29-5FU and IPEC-J2) and used 

between passage 22 and 45 (Caco-2), 14 and 16 (HT29-5FU), and 49 and 53 (IPEC-J2).  

Before the addition of bacterial cells for adherence, Caco-2 and HT29-5FU wells were 

washed twice with 1 mL phosphate buffered saline (PBS) (pH 7.4) (Invitrogen) and sustained 

in 1 mL of medium without antibiotics.  IPEC-J2 wells required 2 mL of PBS and medium 

due to cell growth on well sides. 
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The adherence assays were performed as previously described (12) with 

modifications.  Briefly, cells were grown to stationary phase in five mL of scratch MRS with 

1% raffinose (33 hours) and collected by centrifugation at 1717 x g for eight minutes.  The 

cell pellets were washed once with five mL of PBS (pH 7.4) and then resuspended in PBS to 

a final concentration of 1 x 108 CFU/ml (OD600nm = 0.6).  Each culture was added to the 

monolayer (1 mL per well) with two technical replicates, which enabled all L. acidophilus 

NCFM deletion strains to be represented on each 12-well plate with the NCK1909 control.  

One mL of medium was removed from each IPEC-J2 well before the addition of bacterial 

cells.  The cells were incubated at 37°C for one hour on the monolayer.  The monolayer was 

washed five times with one mL of PBS (2 mL for IPEC-J2), removing unbound cells, and 

then treated with either one mL of 0.05% Triton X-100 for 20 minutes with agitation (Caco-2 

cells) or one mL Trypsin at 37°C for ten minutes followed by agitation for ten minutes 

(HT29-5FU and IPEC-J2 cells), allowing the monolayer with attached cells to be removed 

from the well.  The monolayer was serially diluted in a dilute solution of MRS (0.1 

concentration) and plated on MRS agar.  A minimum of four independent biological 

replicates was tested for each adherence assay.  

 

2.4 Results 
 
2.4.1 Progressive deletion mutants 
 
 Four in-frame deletion mutants were constructed, progressively eliminating LBA1148 

(FbpA), LBA1392 (Mub), LBA1019 (Mub), and LBA1709 (Mub), which had all been 
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previously analyzed as single insertion or deletion mutants that reduced adherence of L. 

acidophilus NCFM to epithelial cells (9, 39).  Interproscan confirmed the presence of the 

motifs previously identified in the fibronectin and mucus binding proteins (9, 17, 39).  

LBA1148 (fbpA), encoding an N-terminal fibronectin-binding A domain, was eliminated 

through a 1590 bp internal deletion (ΔfbpA, NCK2046) (Figure 2.1).  The Mub encoding 

genes LBA1392, LBA1019, and LBA1709 are the only three of ten predicted Mub proteins 

encoded in L. acidophilus that contain a YSIRK Gram-positive signal peptide, multiple 

MucBP domains (17, 7, and 3 respectively), and an LPXTG-type gram positive cell wall 

anchoring domain, indicating their role as surface proteins (4, 45) (Appendix I).  Previously, 

a single deletion mutant of the largest Mub protein, LBA1392, had resulted in the highest 

reduction in adherence (~50%) to Caco-2 cells and mucin of the Mub proteins tested (39).  

An internal deletion of 12,759 bp that eliminated LBA1392 from NCK2046 (ΔfbpA) resulted 

in the double deletion mutant NCK2104 (ΔfbpA,Δmub) (Figure 2.1).  LBA1019 and 

LBA1709 single deletion mutants had demonstrated similar reductions in adherence (~30%) 

to Caco-2 cells and mucin (39).  An internal deletion of 7,479 bp eliminated LBA1019 from 

NCK2104 to create the triple mutant NCK2131 (ΔfbpA,ΔΔmub).  An internal 3,528 bp 

deletion similarly eliminated LBA1709 from NCK2131 to create the quadruple mutant 

NCK2133 (ΔfbpA,ΔΔΔmub) (Figure 2.1).  

 

2.4.2 Growth conditions for induction of fbpA and mub genes (RTQ) 
 
 Preliminary experiments in MRS (glucose) did not demonstrate consistent reductions 

or trends in adherence of the four mutants to Caco-2 or HT29-5FU epithelial cells (data not 
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shown).  Therefore, growth conditions were investigated to determine the effects on 

expression of the fbpA and mub genes.  LBA1019 (mub) and LBA1709 (mub) were 

upregulated more than 10-fold when L. acidophilus was grown in raffinose compared to 

glucose (Table 2.3).  The addition of 0.3% mucin did not induce fbpA or the three mub genes.  

LBA1019 (mub) was upregulated 6-fold after growth in galactose compared to growth in 

glucose (Table 2.3).  Growth in sucrose or lactose did not upregulate fbpA or the mub genes 

in comparison to glucose.  Growth in raffinose demonstrated the greatest induction of genes 

of interest.  Most subsequent experiments were performed with L. acidophilus cells grown in 

scratch MRS with 1% raffinose to stationary phase. 

 

2.4.3 Adherence to Caco-2, HT29-5FU, and IPEC-J2 cells lines 
 
 The four progressive deletion mutants did not show consistent reduced adherence to 

Caco-2, HT29-5FU, and IPEC-J2 cells in comparison to the NCK1909 reference strain, 

following growth in scratch MRS with 1% raffinose to stationary phase (Figures 2.2-2.4).  

Adherence between assays varied by as much as 60% for some deletion mutants.  Only the 

quadruple mutant, NCK2133 (ΔfbpAΔΔΔmub), trends towards slightly reduced adherence 

(~20%) to Caco-2 epithelial cells (Figure 2.2) and IPEC-J2 (Figure 2.4) small intestinal cells.  

NCK2046 (ΔfbpA) was the only other mutant that appeared to trend towards slightly reduced 

adherence (~20%) to IPEC-J2 cells (Figure 2.4).  Under these in vitro assay conditions, the 

fbpA and mub genes studied here did not appear to be substantial contributors to adherence of 

L. acidophilus NCFM. 
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2.4.4 Differential expression between NCK1909 (reference) and NCK2133 
(ΔfbpAΔΔΔmub) 
 
 In order to determine if proteins could be identified that were compensating for the 

loss of these genes, a microarray was used to compare gene expression between NCK1909 

(reference) and NCK2133 (ΔfbpAΔΔΔmub).  Thirty-nine genes were found to be 

differentially expressed between NCK1909 and NCK2133, many of which likely have a 

surface layer function (Table 2.4).  The majority of these genes were upregulated in 

NCK2133 in comparison to NCK1909.  Fifteen of the genes that were upregulated in 

NCK2133 were involved with transport functions, including ten ABC transporters, three 

multidrug transporters, and two amino acid permeases.  Other potentially surface-associated 

proteins found to be upregulated in NCK2133 included four putative membrane proteins, a 

putative surface layer protein, and two antibiotic resistance proteins.  RT-QPCR did not 

detect the differential expression of the surface layer protein (LBA1029) and an ABC 

transporter permease protein (LBA0920) between NCK1909 and NCK2133 that was 

indicated by microarray analysis.  However, RT-QPCR was able to confirm upregulation of 

the β-galactosidase large subunit (LBA1467).  

 

2.5 Discussion 

L. acidophilus NCFM encodes multiple surface proteins that contain domains 

associated with adherence to proteins present in the host intestinal epithelial layer.  FbpA 

(LBA1148) and three Mub proteins (LBA1392, 1019, and 1709) were progressively deleted 

from NCFM to determine the contribution of each protein to adherence.   The environmental 
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conditions of the GI tract are physiologically different from conditions available with in vitro 

intestinal cell lines, and in vitro cell surface adherence factors may not be representative of 

those found in vivo (43).  Identifying conditions that induce expression of adherence factors 

in Lactobacillus species may increase the significance of in vitro results.  It was previously 

shown that the addition of mucin to the growth media induced the ability of several 

Lactobacillus reuteri strains to bind to mucus (18).  Additionally, the fbpA and mub genes 

have been shown to be differentially expressed when L. acidophilus NCFM was grown in 

different carbohydrate sources (2).  The expression of the fbpA and mub genes was 

determined in NCK1909 (reference) after growth in different carbohydrate sources and 

exposure to mucin to identify conditions in which the genes were induced. 

Growth of L. acidophilus NCFM in raffinose was shown to induce the mub encoding 

genes, LBA1019 and LBA1709, more than 10-fold over glucose.  Raffinose is a non-

digestible oligosaccharide composed of fructose, galactose, and glucose that passes intact to 

the colon, where it acts as a prebiotic, promoting the growth of probiotic bacteria (6, 41).  L. 

acidophilus NCFM encodes an operon for the utilization of raffinose (2).  The reference 

strain, NCK1909, and the four deletion strains were grown to stationary phase in scratch 

MRS with 1% raffinose as the carbohydrate source for adherence assays.   

FbpA and the Mub proteins did not substantially contribute to adherence of L. 

acidophilus NCFM to Caco-2, HT29-5FU, or IPEC-J2 intestinal cells under the assay 

conditions described here.  Previous work has demonstrated decreased adherence to Caco-2 

cells and mucin for each of these genes when single insertion or deletion mutants were tested 



59 

 

(9, 39).  However, some previous mutants were insertionally inactivated and maintained with 

antibiotic selection, which may have contributed unknown effects (9). 

Cell line models have different cell surface properties, and bacteria have different 

affinities for each surface (10, 21).  The multitude of possible in vitro test conditions 

complicates the quantification of individual protein contributions to adherence.  In an attempt 

to account for the varying physiological properties that may be encountered by bacteria in 

vivo, adherence of the fbpA and mub mutants was tested using multiple cell models.  The 

highest concentrations of lactobacilli are found in the small intestine, but the unavailability of 

small intestinal cell lines, until recently, has led to the use of colon cell lines as model 

systems (29).  The Caco-2 and HT29-5FU cell lines used here are derived from human colon 

cells, and the IPEC-J2 cell line is a recently characterized line derived from jejuna epithelial 

cells of neonatal pigs (25, 32, 38).  Each cell line offers advantageous properties to test 

microbial adherence.  The Caco-2 cell line shows characteristics of mature enterocytes, 

similar to those found throughout the intestinal tract (32).  HT29 cells that have been adapted 

to 5-fluoro-uracil (HT29-5FU) have demonstrated greater expression of mucus and the 

MUC2 small intestinal mucin, which is expected to promote adherence of probiotic bacteria 

with Mub domains (25, 40).  Lactobacillus strains have previously been shown to induce 

MUC2 in HT29 cells (27).    However, the use of these different models did not establish a 

contribution of the fbpA or the three mub genes to adherence of L. acidophilus NCFM.   

Blast analysis revealed FbpA proteins in other LAB with high identity to FbpA in L. 

acidophilus NCFM, including Lactobacillus helveticus DPC 4571 (89% identity), and 

Lactobacillus gasseri ATCC 33323 (70% identity).  However, proteins with FbpA domains 
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have mostly been characterized in pathogens.  The lack of a secretion signal and anchoring 

domain on FbpA does not exclude this protein from cell surface expression.  Listeria 

monocytogenes also encodes an FbpA with no secretion signal or anchoring peptide, which 

was found on the cell surface and able to bind to fibronectin.  It was proposed that the FbpA 

exited the cell through a secA pathway used by other peptides that lacked secretion signals 

(11).  Additionally, both the elongation factor EF-TU and a GroEL heat shock protein 

encoded by Lactobacillus johnsonii NCC533 have been found to associate with the cell 

surface, bind to epithelial cells or mucus components, and stimulate specific immune 

profiles, despite the lack of a signal sequence or anchor domain (3, 14).  

Mub proteins have been identified in other LAB (8).  A cell-surface protein with 

mucus binding domains was purified from Lactobacillus reuteri 1063 and demonstrated 

adherence to several mucus components (36).  Similarly, a protein with a mucus binding 

domain was purified from Lactobacillus rhamnosus GG, and was found to adhere to 

intestinal mucus (45).  L. rhamnosus GG also encodes surface pili with affinity for mucus 

(19, 45).  These studies focused directly on the mucus proteins and did not attempt to disrupt 

the coding sequence of the genes encoding these proteins.  Additionally, assay properties 

used to conduct adherence experiments are not consistent from study to study (7, 36, 45). 

It is possible that the presence of other cell surface factors may compensate for the 

loss of these proteins.  Recently, both an aggregation promoting factor (Apf) and a myosin 

cross-reactive antigen (MCRA) demonstrated a role in adherence to Caco-2 epithelial cells 

(13, 31).  In order to determine if other surface proteins were compensating for the loss of 

these genes, a microarray was used to compare gene expression between NCK1909 
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(reference) and NCK2133 (ΔfbpA,ΔΔΔmub).  Multiple genes involved in transport functions 

were upregulated in NCK2133.  The transport proteins may encode sequences that assist the 

cell in adherence to epithelial proteins.  Previously, a collagen binding protein was found in 

L. reuteri that shared sequence similarity to the solute binding component of ABC 

transporters (35).  Surface-associated proteins are the cells most intimate contact with the GI 

tract, so it is not unexpected that they may be involved in multiple functions that may include 

adherence, transport, or tolerance to environmental factors.  

In addition to surface-associated factors, LBA1467, encoding a β-galactosidase large 

subunit, was upregulated in NCK2133 (ΔfbpA,ΔΔΔmub).  The upregulation of this β-

galactosidase, along with the upregulation of transporters that may enable uptake of proteins 

or carbohydrates for metabolism, is possibly a response to an increased energy requirement 

in the quadruple deletion mutant.  However, the possible participation of these proteins in 

adherence or as a response to an increased energy requirement would need to be determined.  

In order to generate a more conclusive understanding of the role of FbpA and the Muc 

proteins in L. acidophilus, in vivo trials are necessary. 

The lack of conclusive adherence results with the progressive mutants presented here 

may be due to the multitude of physiological differences in these cell lines compared to in 

vivo conditions, as well as the presence of other surface proteins involved in adherence.  The 

work here was unable to quantify a contribution of these proteins to adherence of L. 

acidophilus NCFM to intestinal epithelial cells.  However, future work is underway to 

determine the ability of these deletion mutants to be maintained in vivo, eliminating many of 

the physiological concerns encountered with in vitro trials. 
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Table 2.1. Bacterial strains and plasmids used in this study. 
Host Background Description Reference
E. coli strains   

NCK1831 EC101 RepA+ host strain for pORI-based plasmids, Δ lacZ′,  
Knr 

(23)

NCK1911 EC101 host of pTRK935 (12)

L. acidophilus strains   

NCK1909 L. acidophilus NCFM Δupp (12)

NCK1910 NCK1909 host of pTRK669, strain used for gene 
replacement/deletion 

(12)

NCK2046 NCK1909 with an internal in-frame deletion in LBA1148 
(fbpA) 

This study

NCK2104 NCK1909 with an internal in-frame deletion in both LBA1148 
(fbpA)and LBA1392 (mub) 

This study

NCK2131 NCK1909 with an internal in-frame deletion in LBA1148 
(fbpA), LBA1392 (mub), and LBA1019 (mub) 

This study

NCK2133 NCK1909 with an internal in-frame deletion in LBA1148 
(fbpA), LBA1392 (mub), LBA1019 (mub), and LBA1709 
(mub) 

This study

Plasmids   

pTRK669 Temperature sensitive helper plasmid, RepA+, Cmr (37)

pTRK935 Counterselective gene replacement vector; upp, lacZ′, EmR (12)

pTRK988 pTRK935 recombinant plasmid for internal in-frame deletion 
in LBA1148, EmR 

This study

pTRK1007 pTRK935 recombinant plasmid for internal in-frame deletion 
in LBA1392, EmR 

This study

pTRK1017 pTRK935 recombinant plasmid for internal in-frame deletion 
in LBA1019, EmR 

This study

pTRK1018 pTRK935 recombinant plasmid for internal in-frame deletion 
in LBA1709, EmR 

This study
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Table 2.2. Primers used in plasmid construction, screening, and  RT-QPCR. 

Gene 

 Sequence (5′ - 3′) 

 For amplification of sequence upstream and downstream of deletion targets for ligation into pTRK935 

 Upstream Downstream 

LBA1148 
(fbpA) 

F GATCGGATCCCTCTGTCAATTGTCTAATG CAAGCTGCAGATCGAAGTTACACCTAAAG 

R CAAGCTGCAGGGTCAAATCTTGTAGTAAAC GATCGAGCTCAATTATACAAGCGGAAATAC 

LBA1392 
(mub) 

F CAAGTCTAGAGAAGCAGCACCAATCGTTAATTTAC  CAAGGGATCCTCAAACAGTTCAAGATGCAATCAAAG  

R CAAGGAGCTCTGTTTAAGTGCAAATTATCAAGGACAAG  CAAGTCTAGATAAATTGCCACAAACAGGCGATG  

LBA1019 
(mub) 

F CAAGGGATCCATATACTTCGTTATCTGACGCTTAC  CAAGTCTAGAAGCCGGAAGAACCAGACAGACC  

R CAAGTCTAGAGATCAGTTGAAGCGGATTCATTAC  CAAGGAGCTCGCTACCGCTTCCATCTTCTTATCG  

LBA1709 
(mub) 

F CAAGTCTAGAATACTGTCGCTAAGCCTGTG  CAAGGGATCCAAGACCATAACGATATTC  

R CAAGGAGCTCTTGGCGATAACCAATATG  CAAGTCTAGATAGTCTTTGCTACTGATAGG  

 
For deletion screening and sequencing 

 
 Forward Reverse 

LBA1148 
(fbpA) 

 ATCTCTGTCAATTGTCTAATG GAATTATACAAGCGGAAATAC 

LBA1392 
(mub) 

 TTCCAACTGCCAGCATCTTTATCTATATC AATTACTGGTGTTGAGCCAACTTATC 

LBA1019 
(mub) 

 TATACTTCGTTATCTGACGCTTAC GTCTTAGCATCACTGTCATTATTG 

LBA1709 
(mub) 

 CTTAGATCACCCAATTTAC GTATTACAACGGTTAAAGC 

 For RT-QPCR 

 Forward Reverse 

LBA1148 
(fbpA) 

 ATTACTGAACGCAATCTAAATG  TTTAACGTGGAACCAATAATC  

LBA1392 
(mub) 

 GCGGTACCTATAACTGGTCTC GCACCTGTACCATTGTCTACTG 

LBA1019 
(mub) 

 TGGGTAATGGAACAGTAAATATTAAAGG TATCATCGACATTAACAGTACTTGATTG 

LBA1709 
(mub) 

 GGATTTCACCAATTGCGGAATAATCACCAC TAATACCGGCGGTAGCAATGTCATTGTAG 

LBA0920 
(ABC tr.) 

 GAAACGACCGTGATCAATATG GAAACGTACTTGGTATGTTTC 

LBA1029 
(slp) 

 AAGCTGCCACTAGTAATAAG TGCCGATAACAGTTACATTG 

LBA1467 
(lactase) 

 AATCTTATGCCGGTAGTAATATC GATACATATGGCTTTCAATATC 

F, Forward; R, Reverse; restriction sites are underlined 
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Table 2.3. Growth conditions inducing transcription of mub genes. Values show fold 
changes of gene transcription following NCK1909 (reference) growth in raffinose over 
glucose or galactose over glucose +/- one standard deviation. 

ORF 
Raffinose over 
Glucose (1h) 

Raffinose 
over Glucose
 (1h mucin)

Raffinose over 
Glucose (3h)

Raffinose over 
Glucose (3h 

mucin) 
Galactose over 
Glucose (3h) 

LBA1148 
(fbpA) 0.9 (±0.4) 0.5 (±0.4) 2.8 (±2.0) 5.4 (±5.0) 1.3 (±0.2) 

LBA1392 
(mub) 3.4 (±2.0) 1.4 (±0.2) 2.2 (±1.3) 1.6 (±0.4) 1.5 (±0.5) 

LBA1019 
(mub) 17.5 (±9.8) 7.2 (±1.0) 12.4 (±7.5) 7.4 (±4.1) 6.4 (±0.4) 

LBA1709 
(mub) 23.5 (±13.7) 10.0 (±1.7) 24.3 (±15.6) 22.6 (±8.5) 3.1 (±1.1) 



70 

 

Table 2.4. L. acidophilus NCFM genes that are differentially transcribed between NCK1909 
(reference) and NCK2133 (ΔfbpA,ΔΔΔmub).  Fold changes are NCK2133 over NCK1909. 
Name Function Fold Change 
LBA0039 Hypothetical membrane protein 2.3 
LBA0120 Hypothetical catalytic enzyme 2.2 
LBA0134 Glutamine ABC transporter permease protein 2.4 
LBA0164 Multidrug resistance protein (efflux permease) 3.2 
LBA0238 Hypothetical integral membrane protein 2.3 
LBA0251 Multidrug resistance protein 2.3 
LBA0286 Prepilin peptidase 2.1 
LBA0566 Multidrug transporter 2.2 
LBA0575 ABC transporter ATP-binding and permease protein 0.5 
LBA0664 CDP-diacylglycerol-phosphate phosphatidyltransferase 2.1 
LBA0749 Oxidoreductase 0.4 
LBA0879 Cellobiose-specific PTS IIC 2.7 
LBA0891 Hypothetical phospholipid phosphatase 2.9 
LBA0920 ABC transporter permease protein 2.5 
LBA1029 Surface layer protein 2.1 
LBA1044 ABC transporter 2.9 
LBA1177 Iron-sulfur cofactor synthesis protein 0.3 
LBA1284 Cell division protein 2.0 
LBA1366 Beta-glucosidase 2.4 
LBA1376 Transmembrane protein 2.3 
LBA1392 Mucus binding protein 0.5 
LBA1443 Msm operon regulatory protein 0.5 
LBA1467 Β-galactosidase large subunit 3.8 
LBA1494 Lincomycin-resistance protein 2.6 
LBA1605 Penicillin-binding protein 2.3 
LBA1626 Seryl-tRNA synthetase 0.4 
LBA1636 Hypothetical membrane protein 2.1 
LBA1643 Sugar ABC transporter 2.3 
LBA1674 Amino acid ABC transporter permease protein 2.2 
LBA1679 ABC transporter permease protein 2.3 
LBA1771 ABC transporter permease protein 2.3 
LBA1814 Hypothetical protein 2.1 
LBA1854 Multidrug resistance efflux pump 2.5 
LBA1864 Maltose ABC transporter permease protein 3.1 
LBA1890 Hypothetical protein 2.1 
LBA1902 Amino acid permease 2.4 
LBA1905 Amino acid permease 3.9 
LBA1945 Sugar ABC transporter permease protein 2.3 
LBA1946 Sugar ABC transporter permease protein 2.3 
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Figure 2.2. Adherence of progressive deletion mutants to Caco-2 epithelial cells in 
comparison to the reference strain, NCK1909 (100% adherence).  The assay was conducted 
with five biological replicates. 
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Figure 2.3. Adherence of progressive deletion mutants to HT29-5FU cells in comparison to 
the reference strain, NCK1909 (100% adherence).  The assay was conducted with six 
biological replicates. 
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Figure 2.4. Adherence of progressive deletion mutants to IPEC-J2 porcine jejunal cells in 
comparison to the reference strain, NCK1909 (100% adherence).  The assay was conducted 
with four biological replicates. 
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3.1 Abstract 

Lactobacillus acidophilus NCFM is a probiotic microbe that survives passage through 

the human gastrointestinal tract and interacts with the host epithelium and mucosal immune 

cells. The potential for L. acidophilus to express antigens at mucosal surfaces has been 

investigated with plasmid expression vectors.  Plasmid instability and antibiotic selection 

complicate the possibility of testing these constructs in human clinical trials.  Integrating 

antigen encoding genes into the chromosome for expression is expected to eliminate 

selection requirements and provide genetic stability.  In this work, a reporter gene encoding a 

β-glucuronidase (GusA3) was integrated into four intergenic chromosomal locations.  The 

integrants were tested for genetic stability and GusA3 activity.  Two locations were selected 

for insertion downstream of constitutively highly expressed genes, one downstream of slpA 

(LBA0169), encoding a highly expressed surface-layer protein, and one downstream of 

phosphopyruvate hydratase (LBA0889), a highly expressed gene with homologs in other 

lactic acid bacteria.  An inducible location was selected downstream of lacZ (LBA1462), 

encoding a β-galactosidase.  A fourth location was selected in a low expression region.  The 

expression of gusA3 was evaluated from each location by measuring GusA3 activity on 4-

methyl-umbelliferyl-β-D-glucuronide (MUG).  GusA3 activity from both highly expressed 

loci was more than three logs higher than the gusA3-negative parent, L. acidophilus 

NCK1909.  GusA3 activity from the lacZ locus was one log higher in cells grown in lactose 

than in glucose.  The differences in expression levels between integration locations highlights 

the importance of rational targeting with gene cassettes intended for chromosomal 

expression. 
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3.2 Introduction 

Lactic acid bacteria (LAB) have demonstrated significant potential as vaccine 

delivery vehicles, mostly using plasmids, expressing bioactive compounds at mucosal 

surfaces where they may stimulate an appropriate immune response (4, 26, 35).  LAB offer 

several advantages over current systemic vaccination routes.  Several strains may act as 

natural adjuvants, possibly eliminating the use of toxic adjuvants common with systemic 

vaccines.  Strains have also been identified that offer protection against degradation during 

passage through the gastrointestinal tract to deliver vaccines to the mucosal surface, where 

they may induce both mucosal and systemic immunity (35).  

The ability of Lactobacillus acidophilus NCFM to survive passage through the 

gastrointestinal tract and interact with intestinal and immune cells indicates the potential of 

this probiotic strain to be used as a vaccine delivery vehicle (18, 30).  L. acidophilus NCFM 

has previously been used to express a protective antigen against anthrax from a plasmid, 

conferring protection to mice in a lethal anthrax challenge (23).  Bioactive compounds must 

be expressed at a level high enough to elicit a desired immune response (35).  While the 

multiple copy number of plasmids may seem advantageous for expression, plasmid 

instability and the selective pressure required for maintenance complicates use in human 

clinical applications (24, 27).  Integrating genes into the chromosome for expression is 

expected to eliminate selection requirements and provide genetic stability.  While higher 

levels of expression have been obtained from plasmids than from these single copy 

chromosomal integration cassettes (5, 22), few chromosomal locations have been 

investigated for integration and alternative sites may provide stable, high expression. 
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Several systems have previously been devised to integrate genes into the 

chromosomes of LAB.  Phage machinery has been used to integrate genes of interest into the 

attB site present in some lactic acid producing species.  Selective markers were flanked by 

six sites, enabling their removal with β-recombinase (21).  Several systems have 

demonstrated integration by two recombination events, the first integrating the entire 

plasmid, and the second removing the plasmid but leaving the gene of interest in place.  One 

demonstration of this was with Lactobacillus casei CECT 5276 (Lac-), a strain containing a 

frameshift mutation in lacF that enabled efficient selection of a second recombination event 

at this site that rendered the strain Lac+ (11).  Double recombination was also used to replace 

the thyA gene with IL10 in the chromosome of Lactococcus lactis, creating a strain that could 

be used in human clinical trials to treat inflammatory bowel disease (32).  Similar gene 

replacement strategies have been used to integrate a gene in both Lactobacillus gasseri and 

Lactobacillus plantarum (5, 13).  Additionally, double recombination methods have been 

used in L. acidophilus NCFM to inactivate genes with an internal deletion (25).  However, 

the use of double recombination is limited in efficiency by the extensive screening required 

to identify a double recombination event or the need for a screenable mutation at the site of 

integration.  Additionally, the current demonstrations of integration often disrupt native 

genes, which may be detrimental to the strain (5, 13). 

Recently counterselectable systems have been devised that enable efficient selection 

of a second recombination event (9, 31).  The previously described upp-counterselectable 

gene replacement system is compatible with L. acidophilus NCFM, a fully sequenced 

probiotic bacterium with available global gene expression profiles (1, 3, 9).  The work 
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presented here demonstrates integration of a gusA3 reporter gene, encoding a β-

glucuronidase, into four intergenic locations throughout the NCFM chromosome using the 

upp-counterselectable gene replacement system, resulting in a range of potential expression 

levels (6).  This work elucidates the possibilities for integrating genes into multiple 

chromosomal locations with minimal to no deletion of native DNA, enabling selection of one 

or more integration sites that can provide maximum expression.  Comparison of gusA3 

expression from chromosomal locations with gusA3 expressed from a plasmid indicates that 

rational integration location targeting with gene cassettes has the potential to produce higher 

expression levels.   

 

3.3 Materials and Methods 
 
3.3.1 Bacterial strains and propagation conditions. All strains used in this work are listed 

in Table 3.1. Lactobacillus acidophilus NCFM derived strains were propagated in de Man 

Rogosa, and Sharpe (MRS) (Becton, Dickinson and Company [BD], Sparks, MD) broth at 

37°C under static conditions, or on MRS agar (1.5% wt/vol) (Fisher Scientific, Pittsburg, PA) 

under anaerobic conditions.  Escherichia coli derived strains were propagated in Brain Heart 

Infusion (BHI) (BD) broth at 37°C with aeration or on BHI agar aerobically.  Erythromycin 

(Em), kanamycin (Kn), and chloramphenicol (Cm), all from Fisher, and penicillin G (Sigma-

Aldrich, St. Louis, MO) were added to growth media as necessary. 

 

3.3.2 DNA cloning techniques. Chromosomal DNA was extracted with the ZR Bacterial 

Fungal DNA Miniprep Kit (Zymo Research Corporation, Orange, CA), and plasmids were 
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isolated from E. coli with the Qiagen QIAprep Spin Miniprep Kit (Qiagen Inc., Valencia, 

CA).  Primers were designed manually or with Clone Manager Professional 9 (Sci-Ed 

Software, Cary, NC) and synthesized by Integrated DNA Technologies (IDT, Coralville, IA).  

Restriction enzymes were from Roche Molecular Biochemicals (Indianapolis, IN).  The 1 Kb 

Plus DNA ladder was from Invitrogen (Carlsbad, CA).  Following electrophoresis, DNA was 

isolated from agarose gels with the Zymo Gel DNA Recovery Kit and purified, if necessary, 

with the Zymo Clean and Concentrator-5 (Zymo Research Corporation).  High Fidelity DNA 

Polymerase (Roche Molecular Biochemicals) was used for cloning, and Choice-Taq Blue 

DNA polymerase (Denville Scientific Inc., Metuchen, NJ) was used for screening.  T4 DNA 

ligase (New England Biolabs, Ipswich, MA) or the Fast-Link DNA ligation kit (Epicentre 

Biotechnologies, Madison, WI) were used for ligations per manufacturer’s instructions. 

NCK1831 E. coli competent cell production and subsequent transformation were 

performed as described by Hanahan, with modifications to the RF1 (10 mM potassium 

acetate, 50 mM magnesium chloride, 100 mM rubidium chloride, 10 mM calcium chloride, 

15% (w/v) glycerol, pH 8.0) and RF2 buffer (10 mM MOPS, 75 mM calcium chloride, 10 

mM rubidium chloride, 15%  (w/v) glycerol, pH 6.5) (12).   Following ligation, cells were 

recovered in BHI for 1-2 hours at 37°C with aeration and then plated on BHI containing 150 

µg/ml Em and 40 µg/ml Kn and grown for 24-48 hours at 37°C. 

Preparation of competent Lactobacillus cells and subsequent transformation was 

performed as previously described, with modifications (20, 33, 34).  Briefly, a 100 mL 

culture of NCK1910 cells was grown in MRS at 37°C containing 5 µg/ml Cm for three hours 

and then 100 µg/ml of penicillin G was added.  The culture continued to grow for another 
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two hours.  The cells were pelleted at 4°C at 1717 x g and resuspended in 40 mL of ice-cold 

3.5X SMEB buffer (1 M sucrose and 3.5 mM magnesium chloride, pH 7).  The cells were 

pelleted and washed in 3.5X SMEB buffer two more times and then resuspended in 1 mL of 

3.5X SMEB buffer, resulting in competent cells.  Approximately 500 ng of plasmid DNA 

(derivatives of pTRK935) was added to a 200 µL aliquot of competent cells on ice and 

transformed by electroporation in a cold 0.2 cm cuvette at 2.5 kV, 25 µFD, and 400 Ω.  Cells 

were recovered in MRS overnight and then plated on MRS containing 2 µg/ml of both Em 

and Cm. 

 

3.3.3 Selection of chromosomal locations for gusA3 integration. Chromosomal locations 

for integration of gusA3 were selected using a heat map depicting the expression of each 

gene in L. acidophilus NCFM in response to growth in eight carbohydrate sources (3).  

Intergenic sites were chosen to minimize interference with the native genetic code.  

TransTermHP was used to find Rho-independent transcription terminators (16).  Basic Local 

Alignment Search Tool (BLAST) was used when determining homology of integration 

locations in other lactic acid bacteria (14).   

 

3.3.4 Integration of gusA3 into the chromosome with the upp-counterselective gene 

replacement system. The upp-based counterselective gene replacement system, previously 

used to create gene deletions, was used with modifications to integrate gusA3 into four 

locations in the L. acidophilus NCFM chromosome (9). A plasmid was constructed for each 

integration, starting with the integration plasmid, pTRK935.  For integration downstream of 
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LBA0169, the upstream and downstream sequences flanking the chromosomal integration 

site in NCFM were obtained with PCR using the primers LBA169F1, R1, F2, and R2 (Table 

3.2) and triple ligated directionally into the multiple cloning site of pTRK935.  This was 

repeated for the locations downstream of LBA1462, LBA0889, and LBA0645, using the 

primer sets corresponding to each gene number (Table 3.2).  The ligation mixtures were 

transformed into NCK1831 and successful ligations were selected by blue-white screening 

on plates each spread with 0.8 mg X-gal and 4 mg IPTG. 

Each plasmid was then digested between the flanking sequences, with EcoRI or NotI 

as appropriate, and treated with SuperSAP-phosphatase (NEB) for ligation with the gusA3 

gene.  The gusA3 gene was obtained from pTRK892 by PCR using either p892_Gus primer 

set 1 (EcoRI restriction site) or 2 (NotI restriction site) (Table 3.2).  The gusA3 product from 

both primer sets contained 37 bp upstream of the start codon, including a ribosomal binding 

site, and 30 bp following the stop codon.  Successful ligations were screened with colony 

PCR using the p935mcs primer set with the p892_Gus primer sets (Table 3.2) to obtain 

clones with gusA3 in the correct directional orientation.  Plasmids with positive clones were 

extracted and confirmed with sequencing  prior to transformation into NCK1910.   

The NCK1910 transformants were screened with colony PCR using the p935mcs 

primer set (Table 3.2).  Successful transformants were integrated into the NCFM 

chromosome as previously described by Goh et al. (2009) (9).  Briefly, cultures were 

transferred (1% inoculum) three times  and grown to stationary phase each time (~24 hour 

incubations) in a 42°C water bath to select for loss of the pTRK669 helper plasmid.  Loss of 

pTRK669 and single crossover integrants of the targeting plasmid rendered the transformants 
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Em-resistant, 5-flouro-uracil (5-FU) sensitive, and Cm-sensitive.  Em-resistant and Cm-

sensitive colonies were transferred one to three times in MRS and grown to stationary phase 

each time (~24 hour incubations).  Clones that had lost the plasmid through a second 

homologous crossover event were rendered 5-FU resistant and were selected by plating on 

semi-defined medium with glucose (GSDM) (15) and 100 µg/ml 5-FU (9).  Colonies were 

screened for gusA3 integration with primers upstream and downstream to the crossover 

event, using the primers corresponding to the number of the upstream gene in each location.   

Integrants were confirmed by sequencing these amplicons (Table 3.2).   

 

3.3.5 Measurement of GusA3 activity. GusA3 activity was measured by the fluorescence 

produced upon hydrolysis of the substrate 4-methyl-umbelliferyl-β-D-glucuronide (MUG).  

Assays were performed as described previously (7, 29), with modifications.  Cells were 

grown (10 mL) to log phase (OD600nm = 0.6-0.8) and collected by centrifugation at 1,717 x g 

for 10 minutes at room temperature.  Cells were resuspended in SSM medium (2) with 1% 

lactose (wt/vol) or 1% glucose (wt/vol) for one hour at 37°C, then collected by centrifugation 

at 4°C, washed twice in 10 mL of ice-cold GUS buffer (100 mM sodium phosphate buffer 

with 2.5 mM EDTA, pH 6.0) and resuspended in 0.5 mL of ice-cold GUS buffer.  Cells were 

then homogenized with glass beads in three 1-minute cycles with a Mini-Beadbeater-8 

(BioSpec Products, Inc., Bartlesville, OK), with 1-minute on ice between cycles.  Cell free 

extracts (CFEs) were collected by centrifugation at 8,600 x g for two minutes and held on 

ice. 
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The Bradford (Sigma) assay was performed per manufacturer’s instructions using a 

96-well microtiter plate reader to determine protein concentrations of CFEs.  Bovine serum 

albumin (BSA) in GUS buffer was used to produce a standard curve (0-1 mg protein/ml). 

Samples were serially diluted from 0.1 to 0.00001 mg/ml protein and 100 µl of each 

dilution was incubated at 37 °C for 1 minute.  The samples were vortexed with 100 µl of 2 

mM MUG and incubated at 37°C for 5 minutes.  The reaction was stopped by vortexing with 

800 µl of 0.2 M Na2CO3 stop buffer.  Fluorescence was measured using a 96-well microtiter 

plate reader (excitation 355 nm, emission 460 nm).  4-Methylumbelliferone (4-MU) in 

GUS/stop buffer (1:4 ratio) was used to produce a standard curve (0-250 nM 4-MU).  GusA3 

activity was reported as nanomoles of 4-MU liberated per minute per mg protein. 

 

3.3.6 Stability of gusA3 integrants. The four strains containing gusA3 chromosomal 

integrations were analyzed for stability after transferring the cultures five times (~24 hour 

incubations) in MRS at 37°C (1% inoculum; ~ 35 generations).  The DNA was extracted and 

PCR was used to confirm the presence of a gusA3 integrant or a wild type band in each strain 

using primers upstream and downstream of the integration event (Table 3.2).  GusA3 activity 

in glucose was also measured to confirm stability. 

The NCK 1829 strain carrying the pTRK892 plasmid was also transferred five times 

(~24 hour incubations) in MRS without Em selection and plated on both MRS and MRS with 

2 µg/ml Em.  Stability of pTRK892 was calculated as the percentage of CFU resistant to Em. 
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3.4 Results 
 
3.4.1 Selection of integration sites 

The global gene expression profile of L. acidophilus NCFM enabled selection of sites 

for integration and expression of the reporter gene gusA3 (3).  Integration sites were selected 

based on several criteria.  First, gusA3 was not integrated with a promoter and polycistronic 

expression of gusA3 from the promoter of the upstream gene was necessary for expression.  

However, gusA3 was integrated with a ribosomal binding site for translation.  Second, 

integration sites were selected downstream of genes with different expression levels (high 

and low, constitutive and inducible) in order to investigate using gene expression profiles to 

select integration locations.  Finally, in order to limit gene disruption and regulatory effects 

on other genetic elements, insertion locations were intergenic, preferably between a stop 

codon and a terminator.   

Two locations were selected downstream of genes with high constitutive expression.  

The first location was downstream of slpA (LBA0169), encoding a surface-layer protein 

(Figure 3.1, NCK2136).   The second location was downstream of a phosphopyruvate 

hydratase, or enolase (eno) (LBA0889), which encodes a protein sharing > 93% identity with 

a phosphopyruvate hydratase in several other lactic acid bacteria, as well as some similarity 

in the arrangement of surrounding genes (Figure 3.1, NCK2171 and Figure 3.2).  

TransTermHP predicted a transcriptional terminator (100% confidence) downstream of both 

genes (16).  The gusA3 gene was inserted after the stop codon and before the terminator of 

both slpA (strain NCK2136) and eno (strain NCK2171) with minimal intergenic sequence 

deletion. 
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A third location was selected downstream of lacZ (LBA1462), encoding a β-

galactosidase inducible by lactose (Figure 3.1, NCK2139).  TransTerm HP predicted a 

transcriptional terminator (74% confidence) downstream of lacZ.  This terminator was 

disrupted in order to construct the integration plasmid.  However, the resulting strain 

(NCK2139 (lacZ)) grew at the same rate as NCK2136 (slpA), NCK2171 (eno), and 

NCK1909 W+ (data not shown). 

Selection of the fourth location (low expression) was more difficult due to high A/T 

intergenic regions in many potential integration sites.  The gusA3 gene was integrated 

downstream of LBA0645, a hypothetical protein with 75% identity to adenylate cyclase in 

Lactobacillus kefiranofaciens zw3 (strain NCK2190) (Figure 3.1, NCK2190).  The location 

downstream of LBA0645 is the only one of the four integration locations that did not encode 

a predicted terminator.  Additionally, the high A/T content in the intergenic region between 

LBA0645 and LBA0644 (another hypothetical protein with low expression) was not 

favorable to design primers for construction of the integration plasmid.  Primer design 

resulted in the deletion of 60 of the 66 intergenic base pairs.  A growth curve determined that 

NCK2190 grew at the same rate as NCK1909 W+ and the other integration mutants (data not 

shown) however, the pellet appeared to be less compact after growth.   

 

3.4.2 GusA3 activity 

The GusA3 activity of CFEs from the four gusA3 integration strains (NCK2136 

(slpA), NCK2139 (lacZ), NCK2171 (eno), and NCK2190 (low expression)) was assessed 

after one hour of exposure to either glucose or lactose.  Both NCK2136 (slpA) and NCK2171 
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(eno) produced high constitutive GusA3 activity in both carbohydrate sources.  GusA3 

activity was four logs higher in NCK2136 (slpA) and three logs higher in NCK2171 (eno) 

than the gusA3 negative parent (Figure 3.3). 

The GusA3 activity of NCK2139 (lacZ) was induced by one log in lactose compared 

to glucose (Figure 3.3).  The basal level of GusA3 activity measured from NCK2139 (lacZ) 

in glucose was consistent with the activity measured from NCK2190 (low expression), which 

was expected to produce, at most, a low level of GusA3 activity. 

The GusA3 activity from the chromosomal integration strains was compared with 

activity from the pTRK892 plasmid (strain NCK1829), where gusA3 was under the control of 

a phosphoglycerate mutase (pgm) promoter, previously shown to have high, constitutive 

expression (3, 7).  The GusA3 activity of NCK2136 (slpA) was nearly ten-fold higher than 

the activity of NCK1829 (pTRK892) in both glucose and lactose (Figure 3.3).  GusA3 

activity was similar between NCK2171 (eno) and NCK1829. 

 

3.4.3 Stability of integrations 

PCR was used to determine the stability of the gusA3 integrants after 35 generations.  

The absence of a wild type band in each integration strain indicated that the gene was stable 

in all four chromosomal locations (Figure 3.4A).  Additionally, the GusA3 activity, measured 

to confirm stability results, was similar in NCK2136 (slpA), NCK2139 (lacZ), and NCK2171 

(eno) to the activity measured after only seven generations (Figure 3.4B).  Although no wild 

type band appeared in the NCK2190 (low expression) strain, the GusA3 activity was lower 

after 35 generations. 



88 

 

The pTRK892 plasmid was not stably maintained in NCK1829 when the strain was 

cultivated for 35 generations in antibiotic free media.  Only 38.5% of the cells maintained 

erythromycin resistance, indicating a 61.5% plasmid loss.  The GusA3 activity of NCK1829 

decreased similarly (Figure 3.4B).   

 

3.5 Discussion 

In clinical settings the amount of gene expression obtained is often critical to 

achieving the desired response.  The availability of the genome sequence of L. acidophilus 

NCFM and global gene expression data enabled selection of chromosomal locations with 

high, constitutive expression levels for integration of the reporter gene, gusA3 (1, 3).  

Additionally, the development of the upp-counterselection system for L. acidophilus NCFM 

enabled gusA3 integration into multiple chromosomal locations, followed by excision of the 

plasmid backbone and associated selection markers, with minimal screening (9).  This work 

demonstrated that the ability to select integration sites likely to produce high expression 

enabled achievement of integration cassettes with expression levels similar to or higher than 

that obtained from a plasmid. 

Plasmids have been used to express foreign genes in lactobacilli for decades.  Multi-

copy expression plasmids promote higher expression levels than can normally be achieved 

from single copy chromosomal loci.  However, previous groups have measured both higher 

(5, 22) and lower (13) expression from a plasmid than a chromosomal integrant.  It is 

possible that integrating a promoter along with a gene, instead of relying only on a native 

promoter, may further enhance expression levels.  Hols et al. (1994) attributed the higher 
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expression observed from a chromosomal integrant to simultaneous expression from both the 

upstream promoter and the promoter integrated with the gene (13). 

The pTRK892 plasmid used in this work is a low copy number plasmid that 

expressed gusA3 from the pgm promoter (7).  This promoter was previously shown through 

global transcriptional expression analysis of L. acidophilus to have high constitutive activity, 

similar to the promoters for slpA and eno (3).  The higher GusA3 activity obtained from the 

slpA promoter than from the pTRK892 plasmid demonstrated the high expression achievable 

with integration into rationally selected locations.   

 Plasmid pTRK892 is a derivative of pGK12 (7, 17), which replicates by the rolling 

circle mechanism (RCR) (8, 24).  These plasmids contain single stranded intermediates that 

are unstable and may generate internal deletions (8).  The addition of foreign DNA to such 

RCR plasmids can lead to stability issues due to their larger size.  Additionally, the 

requirement for erythromycin to maintain plasmid selection complicates the use of these 

constructs in clinical settings.  Without erythromycin selection, pTRK892 was not as stable 

as the chromosomal gusA3 integrations.  While other plasmids may be more stable, the work 

presented here suggests that not only does single copy chromosomal integration have the 

potential for high expression, it has the potential for greater stability than that obtained from 

plasmids. 

Both slpA and eno are highly expressed genes with upstream and downstream genes 

on the complement strand that have much lower expression.  Additionally, there is a 

terminator downstream of both of these genes.    The ability to integrate gusA3 downstream 

of highly expressed genes is not universal.  An attempt had been made to integrate gusA3 
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between two highly constitutively expressed ribosomal proteins (LBA0294 and LBA0295) to 

obtain high expression of gusA3.  This insertion site did not result in a stable gusA3 integrant 

and high expression over this region seemed to be unstable for the integration cassette.  This 

suggests that the low expression regions upstream and downstream of both slpA and eno, 

along with the downstream terminators, may have facilitated stable integration and 

expression of gusA3 in these locations, and that similar genomic positions may be optimal for 

integrant targeting. 

The surface layer protein encoded by slpA has previously demonstrated immunogenic 

properties, with the ability to bind to a dendritic cell specific receptor, DC-SIGN, and 

stimulate anti-inflammatory T-cell responses (18).  The ability of SlpA to interact with 

immune cells and stimulate T-cell responses suggests that the slpA promoter expresses at a 

level capable of producing immunogenic levels of protein.  The high activity of GusA3 at 

this location substantiates its potential for stable integration and expression of antigenic 

proteins. 

Phosphopyruvate hydratase, or enolase, is an enzyme in the glycolysis pathway that 

catalyzes the conversion of 2-phospho-glycerate to phosphoenolpyruvate.  While the eno 

promoter did not produce GusA3 activity at the level of the slpA promoter, it is comparable 

to activity from pTRK892.  The pTRK892 plasmid backbone was previously used to deliver 

a dendritic cell targeting anthrax protective antigen to mice (23).  The amount of protein 

delivered from pTRK892 was able to elicit protection against a lethal anthrax challenge, 

indicating that this amount of expression is adequate for clinical purposes.  Additionally, the 

delivery of multiple biotherapeutic proteins from the same strain would require multiple 
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integration sites to be available.  The high percent protein identity shared between this 

phosphopyruvate hydratase and similar proteins in other LAB suggests that this site has 

potential as an integration target in other strains. 

Lactose operons have been used for inducible expression previously, both to control 

expression of genes from plasmids and chromosomal locations (7, 11).  The use of an 

inducible operon is beneficial in situations where control of gene expression is required, or in 

specific environments, such as the use of the inducible lactose operon in dairy applications.  

Although the terminator was disrupted to construct NCK2139 (lacZ), no sequence 

downstream of the terminator was altered.  The absence of anomalies during growth of 

NCK2139 suggests that maintaining the integrity of the sequence downstream of the 

terminator may have prevented further regulatory effects on other genetic elements. 

The LBA0645 hypothetical protein is upstream of a second hypothetical protein 

(LBA0644).  In order to design constructs for integration of gusA3 into this intergenic region, 

60 of the 66 base pairs were deleted, and it is possible that translation of LBA0644 was 

disrupted.  The resulting strain, NCK2190 (low expression), grew at a similar rate to the 

other integration strains and NCK1909 W+.  L. acidophilus NCFM is a self-aggregating 

strain that results in a pellet at the bottom of a test tube after growth (10).  The NCK2190 

pellet was present, but less compact after growth in comparison to the other strains.  

LBA0644 has 74% identity to a dithiol-disulfide isomerase in Lactobacillus crispatus ST1, 

and does not encode domains indicating a role in aggregation.  This region was chosen to 

obtain only basal expression levels of GusA3 activity, to demonstrate: (i) the range of 

expression that may be obtained throughout the genome; and (ii) the possible consequences 
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of gene integration without careful location selection.  Low level expression was achieved by 

NCK2190, as expected.  This location will not likely be used to express bioactive compounds 

in future unless low expression is desirable.  The interference with cellular aggregation 

observed in this strain further confirms that locations between stop codons and terminators 

are more ideal sites for gene integration. 

This work demonstrates the integration of the reporter gene, gusA3, into four 

locations throughout the L. acidophilus NCFM chromosome using the upp-counterselectable 

gene replacement system.  Integration locations were selected based on global gene 

expression profiles.  The range of expression achieved correlated with the gene expression 

data, indicating that this is an acceptable method for selecting integration locations.  

Additionally, this work constructed chromosomal integration cassettes that achieve both 

higher expression than that obtained from a plasmid as well as a low, basal level, of 

expression, establishing the importance of rational targeting when selecting integration 

locations. 
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 Table 3.1. Bacterial strains and plasmids used in this study. 
Strains and 
Plasmids 

Genotype/Characteristics Reference 

E. coli strains    

NCK1831 EC101 RepA+ host strain for pORI-based plasmids, Knr (19) 

NCK1911 EC101 harboring pTRK935 (9) 

NCK1978 MC1061 harboring pTRK892 (7) 

L. acidophilus 
strains 

   

NCK56 L. acidophilus NCFM  

NCK1829 L. acidophilus NCFM harboring pTRK892 (7) 

NCK1909 L. acidophilus NCFM Δupp strain, W+ (9) 

NCK1910 NCK1909 harboring pTRK669, host for gene targeting insertion or replacement (9) 

NCK2136 NCK1909 with gusA3 chromosomal insertion downstream of LBA0169 (slpA) This study 

NCK2139 NCK1909 with gusA3 chromosomal insertion downstream of LBA1462 (lacZ) This study 

NCK2171 NCK1909 with gusA3 chromosomal insertion downstream of LBA0889 (eno) This study 

NCK2190 NCK1909 with gusA3 chromosomal insertion downstream of LBA0645 (low expression) This study 

Plasmids   

pTRK669 Temperature sensitive helper plasmid, RepA+, Cmr (28) 

pTRK892 Source of gusA3, Emr (7) 

pTRK935 Counterselective integration vector with upp expression cassette, lacZ´, Emr (9) 

pTRK1020 pTRK935 containing gusA3 between the upstream and downstream sequence flanking the LBA0169 
integration site. 

This study 

pTRK1022 pTRK935 containing gusA3 between the upstream and downstream sequence flanking the LBA1462 
integration site. 

This study 

pTRK1039 pTRK935 containing gusA3 between the upstream and downstream sequence flanking the LBA0889 
integration site. 

This study 

pTRK1045 pTRK935 containing gusA3 between the upstream and downstream sequence flanking the LBA0645 
integration site. 

This study 
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Table 3.2. Cloning and sequencing primers for L. acidophilus NCFM chromosomal gusA3 
integrations. 

 Primer Sequencea  5′ -3′  

Primer 
(ORF) 

Cloning Primers Size of 
Product 

(bp) Forward Reverse 

169up CAAG CGATCG ACCAAGGTCAAGTTAATG CAAG GAATTC TAGCGTTAGTGCTAC 692 

169dn CAAG GAATTC AGGCAGAGCGAAAGCTCTG CAAG GTCGAC GACCGACGGTACTATTTATC 603 

1462up CAAG GTCGAC TCTCGTCTGTATATTCTAAC CAAG GCGGCCGC CGAACGAAAATGTCCGGCCT 623 

1462dn CAAG GCGGCCGC ACCTTATTTATTTGATCTACGG CAAG CGATCG TCTATGAACGCAATATTCC 752 

889up CAAG CGATCG ATAGCGATTGTATTAGTAAC CAAG GCGGCCGC ACCGAGTACAATTTCAAC 616 

889dn CAAG GCGGCCGC  ATTAATCGTGGTCAACATC CAAG GTCGAC TTTACACGAATCAATCATC 626 

645up CAAG CGATCG GATGTTGCTCAGGTAGATAG CAAG GCGGCCGC TCACTAAAGAGGTCGAGAGTATG 624 

645dn CAAG GCGGCCGC CTATATGGTATTTTTATGTGCACTGGCA CAAG GTCGAC GAGTAAACATCGAGAAATTG 613 

p892_Gus1 CAAG GAATTC TAAGAAGGCTGAATTCTAC CAAG GAATTC TGAGCACGATTATTTG 1864 

p892_Gus2 CAAG GCGGCCGC -TAAGAAGGCTGAATTCTAC CAAG GCGGCCGC -TGAGCACGATTATTTG 1864 

 Screening Primers  

p935mcs TGAAATACCGCACAGATG ACACAGGAAACAGCTATG  

169 GTTGCTTCACTTACTAATG CTTATCCCTTTAGGATATTCAG  

1462 GAATCCATGAGTCGAAATATC TTTAGGGTCAAAGACTAAGG  

889 GTTGTTGTTCCTGTAGGTAAGATTG CCACACTTTGAAGAAGGTTCTTG  

645 AGGCTAAATATTAATGATTTACC GAAGAGAACGAAATTTAAC  

a enzyme restriction sites are underlined. 
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Figure 3.1. Intergenic locations selected for gusA3 integration into the L. acidophilus NCFM 
chromosome.  The symbol downstream of gusA3 in NCK2136, NCK2139, and NCK2171 
indicates a terminator.  Figure is drawn approximately to scale. 
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Figure 3.2. Similarity of genomic arrangement surrounding phosphopyruvate hydratase 
between L. acidophilus NCFM and several closely related lactic acid bacteria.  Genes shown 
in the same color have % protein identity, indicated in parenthesis, to the same color gene in 
L. acidophilus.  Genes in blue do not show % protein identity to the NCFM genes displayed 
here.  Figure is drawn approximately to scale. 
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Figure 3.3. Activity of GusA3 from chromosomal locations compared to plasmid expression 
in cells grown in glucose (white bars) or lactose (gray bars).  The results shown here are  the 
average of three independent assays ± one standard deviation. 
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Appendix I 

Mucus Binding Protein Domains in L. acidophilus NCFM 

 

The mub genes LBA1019, LBA1392, and LBA1709 each encode a signal peptide and an 

LPXTG anchoring domain, determined by Interproscan, indicating cell secretion and surface 

attachment of these three proteins.  These domains are not present on the remaining six 

putative Mub proteins in L. Acidophilus NCFM (Tallon, unpublished). 

  

 

 

 

Concanavalin A-like lectin Supfam SSF49899 

4326 aa 

643 aa 

1174 aa 

508 aa 

Mub (LBA1392) 

Mub (LBA1609) 

Mub (LBA1652) 

Mub (LBA0909) 

Mub (LBA1019) 

Mub (LBA1020) 

Mub (LBA1218) 

Mub (LBA1377) 

Mub (LBA1460) 

Mub (LBA1709) 

2650 aa 

2310 aa 

697 aa 

1017 aa 

339 aa 

1208 aa 

Mucus binding domain Pfam PF06458 

Signal peptide Pfam PF04650 LPXTG / Gram+ anchor Pfam PF00746 

Cell surface Antigen Prodom PD153432 

V-region of surface antigen I/II  

Pectin lyase-like domain SSF51126 
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Genomic Evolution of Domesticated Microorganisms 
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Appendix III 

Integrative Food Grade Expression System for Lactic Acid Bacteria 
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