
ABSTRACT 

BAUGHER, JONATHAN LEWIS. Characterization of Two Prophages in Lactobacillus 

gasseri ADH and Their Roles in Horizontal Gene Transfer. (Under the direction of Professor 

T.R. Klaenhammer.)  

 

Lactobacillus gasseri is an endogenous species of the gastrointestinal tract and 

vagina.  With recent advances in microbial taxonomy, phylogenetics, and genomics, L. 

gasseri  is recognized as an important commensal lactobacilli and is increasingly being 

used  in probiotic formulations.  L. gasseri ADH (NCK 100) is a lysogen that harbors the 

inducible prophage φadh.  In this study,  phage φadh was found to spontaneously induce in 

broth  cultures of L. gasseri to reach populations  of  ~10
7
pfu/ml by stationary phase.   The 

φadh prophage cured derivative, NCK102, was found to harbor a new second inducible 

phage, φjlb1, which was sequenced and found highly similar (83%), but distinct from the 

closely-related phage LgaI which resides as two tandem prophages in the neotype strain, L. 

gasseri ATCC 33323.  The common occurrence of multiple prophages in L. 

gasseri genomes, their propensity for spontaneous induction, and the high degree of 

homology amongst phages within multiple species of Lactobacillus suggest that 

bacteriophages are likely to serve as a common mechanism for horizontal gene transfer 

(HGT) in commensal lactobacilli that are used as probiotics.  In this study, the host ranges of 

both the φadh and φjlb1 phages were determined against 16 L. gasseri strains.   The rate of 

phage-mediated transduction and rate of spontaneous transduction in co-culture experiments 

were investigated to ascertain the degree to which prophages can promote HGT among a 

variety of commensal and probiotic lactobacilli.  Both φadh and φjlb1 particles were 

confirmed to mediate plasmid transduction.  Growth of L. gasseri ADH in co-culture 



resulted in ~10
3
 spontaneous transductants/ml.  HGT by transducing phages in L. gasseri is 

likely to have a significant impact on the evolution of bacteria within the human microbiome. 

 

 



 
 

Characterization of Two Prophages in Lactobacillus gasseri ADH and Their Roles in 

Horizontal Gene Transfer 

 

 

 

by 

Jonathan Lewis Baugher 

 

 

 

A thesis submitted to the Graduate Faculty of 

North Carolina State University 

in partial fulfillment of the  

requirements for the degree of 

Master of Science 

 

 

Food Science 

 

 

 

 

 

Raleigh, North Carolina 

 

2011 

 

 

 

APPROVED BY: 

 

 

 

 

_______________________________  ______________________________ 

Dr. Todd Klaenhammer    Dr. Lee-Ann Jaykus 

Committee Chair 

 

 

________________________________ 

Dr. Trevor Phister 

 



 
 
 
 

ii 

BIOGRAPHY 

Jonathan Baugher is an avid outdoorsman from New Bern, North Carolina. In 2005, he 

graduated from high school at Arendell Parrott Academy in Kinston, North Carolina.  After 

high school, Jon enjoyed the Shenandoah Valley as he completed his Bachelor of Science in 

Biology at James Madison University.  After completing his BS in 2009, Jon started his 

Master's in Food Science at NC State under the direction of Dr. Todd Klaenhammer.  During 

his time at NC State, Jon has participated in intramural sports, taken an active leadership role 

as food science club president, and made many close friends.  He looks forward to continuing 

his education in the FBNS department as a Ph.D. student and being a life-long member of the 

Pack. 

 

 

 

 

 

 

 

 

 

 



 
 
 
 

iii 

ACKNOWLEDGMENTS 

I would like to thank my family, especially my mom and dad, who have always supported me 

in my every endeavor.  Whether it's been driving me across the state to play soccer or calling 

me and giving some advice, my parents have always taken an active role in my life.  I grew 

up wanting to be just like my dad.  Well almost like him, dad loves Chemistry but I prefer 

Microbiology.  I have a few close friends that shared so many good times with me; I know 

that they will be there for me in the future.   

 I would like to thank Dr. Klaenhammer for giving me the opportunity to study in his 

lab, challenging me to develop my critical thinking skills, and helping me become a better 

scientist.  I am so thankful to everyone in the Klaenhammer lab.  With my research, my lab 

helped with day to day questions, trouble-shooting when research was not working, and for 

helping me maintain a positive attitude.  In my personal life, my lab has helped me get 

through the difficult times and made it fun to go to work every day.  During the past two 

years at NC State, I have gained so much experience and knowledge from our exceptional 

faculty and staff of our department.  Despite long hours and busy lives, the FBNS department 

works hard and takes time to have fun as a family. 

 

 



 
 
 
 

iv 

TABLE OF CONTENTS 

LIST OF TABLES ................................................................................................................... vi 

LIST OF FIGURES ................................................................................................................ vii 

I. INVITED REVIEW: APPLICATION OF OMICS TOOLS TO UNDERSTANDING 

PROBIOTIC FUNCTIONALITY ............................................................................................ 1 

ABSTRACT .......................................................................................................................... 2 

INTRODUCTION ................................................................................................................. 3 

Metagenomic Sequencing of Gut Microbiota ................................................................... 5 

Antimicrobial Activity ....................................................................................................... 7 

Cell Surface Adherence Factors ........................................................................................ 9 

Stimulation of the Host Immune System ......................................................................... 13 

Influence of Dairy Environment on Gene Expression..................................................... 17 

Developing Novel Probiotic Functionality ...................................................................... 20 

CONCLUSIONS ................................................................................................................. 22 

ACKNOWLEDGMENTS ................................................................................................... 23 

REFERENCES .................................................................................................................... 24 

II. CHARACTERIZATION OF TWO PROPHAGES IN LACTOBACILLUS GASSERI 

ADH AND THEIR ROLES IN HORIZONTAL GENE TRANSFER ................................... 40 

INTRODUCTION ............................................................................................................... 41 

MATERIALS AND METHODS ........................................................................................ 43 

Bacteria, phage, and plasmids. ........................................................................................ 43 

Induction of prophages using MC. .................................................................................. 43 

Sequencing and Analysis. ................................................................................................ 44 

Phage susceptibility screening. ........................................................................................ 44 

Induction of Transducing Particles .................................................................................. 45 

Transduction assays ......................................................................................................... 45 

Plasmid Purification ........................................................................................................ 45 

PCR verification of pTRK 170 ........................................................................................ 46 

Phage purification ............................................................................................................ 46 

Electron microscopy of phage ......................................................................................... 46 

Monitoring spontaneous φadh production ....................................................................... 47 

Spontaneous phage-mediated transduction ..................................................................... 47 

RESULTS............................................................................................................................ 48 

Prophage induction of NCK 100 ..................................................................................... 48 

Host range of φadh .......................................................................................................... 48 

Prophage induction of NCK 102 ..................................................................................... 49 

Morphology of φjlb1 ....................................................................................................... 49 

Host range of φjlb1 .......................................................................................................... 50 

Sequence analysis of φadh and φjlb1 .............................................................................. 51 

Spontaneous induction of φadh ....................................................................................... 53 

Transduction of pTRK170 into lactobacilli by φadh ....................................................... 54 

Transduction of pTRK170 into lactobacilli by φjlb1 ...................................................... 56 



 
 
 
 

v 

Spontaneous phage-mediated transduction in co-culture ................................................ 56 

DISCUSSION ..................................................................................................................... 57 

CONCLUSIONS ................................................................................................................. 61 

ACKNOWLEDGEMENTS ................................................................................................ 62 

REFERENCES .................................................................................................................... 63 

 

 

 

 

 



 
 
 
 

vi 

LIST OF TABLES 

CHAPTER I.  

Table 1.  Role and benefits of probiotics in the GIT .............................................................. 34 

 

CHAPTER II. 

Table 1. Bacteria, phages, and plasmids used in this study .................................................... 76 

Table 2. Host Range of φadh .................................................................................................. 77 

Table 3. Host range of φjlb1 ................................................................................................... 78 

Table 4. Open reading frames and descriptions of the genes of bacteriophage φjlb1 ............ 79 

Table 5. Transduction of plasmid pTRK170 in lactobacilli via φadh .................................... 81 

 

 

 

 

 

 

 

 

 

  



 
 
 
 

vii 

LIST OF FIGURES 

CHAPTER I. 

Figure 1. The bacteriocin Abp-118 of L. salivarius UCC118 was shown to be the primary 

mediator of protection to mice challenged with L. monocytogenes L028 and EGDe by 

evaluating the protective effects of placebo, UCC118, and UCC118 (Bac
-
).  Reprinted from 

(14). ......................................................................................................................................... 35 

Figure 2. Transmission electron microscopy showing negatively stained immunogold labeled 

anti-SpaC pili subunits of L. rhamnosus GG.   Reprinted from (38). ..................................... 36 

Figure 3. Percentages of adhesion properties of L. acidophilus NCFM mutants, enumerated 

by microscopically. Error bars represent 1 standard deviation.  Reprinted from (11). ........... 37 

Figure 4. Intestinal samples collected from the experimental mice show the differences in the 

amelioration of DSS-induced colitis in the B) control (DSS-treated mice), C) NCFM-DSS-

treated mice, and D) NCK2025-DSS-treated mice.  Reprinted from (62). ............................. 38 

Figure 5. Experimental mice were fed L. gasseri (empty vector), L. gasseri (PA-Ctrlpep), and 

L. gasseri (PA-DCpep) for three weeks before Anthrax Stern challenge.  In the days 

following a lethal challenge of Stern, the percent survival for each group was monitored (59).

................................................................................................................................................. 39 

CHAPTER II. 

Figure 1.   Mitomycin C (μg/mL) induction of bacteriophage by monitoring the lysis of NCK 

100........................................................................................................................................... 66 

Figure 2. Mitomycin C (μg/mL) induction of bacteriophage by monitoring the lysis of NCK 

102 (φadh- cured derivative). .................................................................................................. 67 

Figure 3. Negatively stained TEM images of the temperate phages that reside in L. gasseri 

ADH, taken at 55,000 times magnification.  A) Siphoviridae phage φadh  B) Myoviridae 

phage φjlb1 ............................................................................................................................. 68 

Figure 4.  Map of the open reading frames and known features of φjlb1. .............................. 69 

Figure 5.  Global sequence alignment of L. gasseri phages φjlb1, LgaI, KC5a, φadh, and L. 

johnsonii phage Lj771 shown with 70% similarity significance value. ................................. 70 



 
 
 
 

viii 

Figure 6. Growth of NCK 100 in MRS broth under controlled pH and batch culture 

conditions. ............................................................................................................................... 71 

Figure 7.  Observing the spontaneous induction of φadh by determining the concentration 

(PFU/mL) of free (non-attached) φadh in media samples over time. ..................................... 72 

Figure 8.  Two BglII fragments (756bp and 1.4kb, respectively) of φadh were cloned into the 

BglII site of pGK12 to develop the high frequency transduction vector pTRK170.  A) The 

linear map of φadh, starting/ending at the the cos site, denotes the location of the two BglII 

fragments cloned in pGK12.  B)  Diagram of the high frequency transduction vector 

pTRK170 containing φadh fragment 1 (black), fragment 2 (red), and the chloramphenicol 

resistance gene. ....................................................................................................................... 73 

Figure 9.  Agarose gel showing the 861bp band amplifying the chloramphenicol resistance 

gene in pTRK170 and confirming transduction in the 12 L. gasseri strains. Lane 1: Invitrogen 

1kb plus ladder; Lane 2: NCK374 (positive control); Lane 3: NCK 100 (negative control); 

Lanes 4-15 isolated transductants of NCK 100, NCK 102, AJ02, AJ10, NCK 1338, NCK 

1340, NCK 1342, NCK 1343, NCK 1346, NCK 1347, NCK 1349, NCK 1557 .................... 74 

Figure 10. Co-culture experiment using L. gasseri NCK 374 Cm
r
 (containing pTRK170) and 

transduction recipient L. gasseri NCK 110 (Rifamycin and  Gentamicin resistant at 25μg/mL 

and 200 μg/mL, respectively) .  Every 2 hours, samples monitored PFU/mL of φadh, total 

cell count, and spontaneous transductants (L. gasseri Rif
r
 Gent

r 
Cm

r
) ................................... 75 



 
 
 
 

1 

 

 

 

 

 

I. INVITED REVIEW: APPLICATION OF OMICS TOOLS TO 

UNDERSTANDING PROBIOTIC FUNCTIONALITY 

J. L. Baugher and T. R. Klaenhammer 

Department of Food, Bioprocessing & Nutrition Sciences 

North Carolina State University, Raleigh 

In Press, Journal of Dairy Science 

 

 

 

 

 



 
 
 
 

2 

ABSTRACT 

 The composition of the human gut microbiota is comprised of autochthonous species 

that colonize and reside at high levels permanently, and allochthonous species that originate 

from another source and are transient residents of humans. The interactions between bacteria 

and the human host can be classified as a continuum from symbiosis and commensalism 

(mutualism) to pathogenesis. Probiotics are live microorganisms, which when administered 

in adequate amounts confer a health benefit on the host.  Recent advances in omics tools and 

sequencing techniques have furthered the understanding of probiotic functionality and the 

specific interactions between probiotics and their human hosts.  While it is known that not all 

probiotics employ the same mechanisms to confer benefits on hosts, some specific 

mechanisms of action have been revealed through omic investigations. These include 

competitive exclusion,  bacteriocin-mediated protection against intestinal pathogens, intimate 

interactions with mucin and the intestinal epithelium, and modulation of the immune system.  

The ability to examine fully sequenced and annotated genomes has greatly accelerated the 

application of genetic approaches to elucidate many important functional roles of probiotic 

microbes. 
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INTRODUCTION 

 Humans and their collective microbiomes have been termed "superorganisms" 

because of their close symbiotic relationships (22).  The human microbiome contains an 

estimated 100 trillion microbes, ten times as many cells as the human body, and may contain 

up to 100-fold more unique genes than the human complement (48).  With the vast majority 

of the bacteria residing within the gastrointestinal tract, the composition of the human gut 

microbiota is comprised of autochthonous species that colonize and reside in high levels 

permanently; normal species that can vary greatly in number and may be sporadically absent; 

pathogenic species that are periodically acquired from the environment; and allochthonous 

species that originate from another source and are transient residents of humans (7).  The 

interactions between bacteria and the human host involves a diverse microbiota that occupy 

varied environments and represent a continuum from symbiosis and commensalism 

(mutualism) to pathogenesis. 

 Among the variable microbial components of the human gut microbiota are health-

promoting, mucosa-adherent species.  Probiotics are "live microorganisms, which when 

administered in adequate amounts confer a health benefit on the host" (20).   Because of the 

their health benefits, probiotic bacteria are now a vital component to the multi-billion dollar 

dairy and functional foods industry.  Added as commercial probiotic starter cultures or 

selected in naturally fermented foods, the best studied and most widely used commercial 

probiotic species belong to the genera Bifidobacterium and Lactobacillus (18, 44).  While it 

is known that not all probiotic cultures confer identical benefits on hosts, the potential 
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mechanisms of action include competitive exclusion, maintenance of barrier function, 

metabolic and antimicrobial effects, enhancement of a balanced microbial flora, modulation 

of signal transduction, and immunomodulation of innate/adaptive immunity (86).  Specific 

roles and benefits of probiotics in the gastrointestinal tract (GIT) (Table 1) include protection 

against infection (14), lowered cold and influenza-like symptoms in children (49), lowering 

of blood cholesterol levels (4), and suppression of allergic asthma (5).  Despite strong 

evidence for the functional claims of probiotics, the poor characterization of the specific 

molecular mechanisms by which these probiotic microbes elicit health benefits underlies 

skepticism of the validity of these findings to the biomedical community.   

  Recent advances in omics and integrated functional genomic analyses involving 

transcriptomics, proteomics, sercretomics, metabolomics, and interactomics have accelerated 

the research into deciphering specific mechanisms for commensal and probiotic functionality 

within the GIT.  Since the first sequenced bacterial genome (Haemophilus influenzae) was 

completed in 1995, sequencing technology has experienced an exponential increase in 

processing speed, at significantly lowered costs, yielding more than 1300 completed bacterial 

genome sequences (NCBI).  With increasing interest in the benefits and the applications of 

lactic acid bacteria and probiotic microbes,  the Lactic Acid Bacteria Genome Consortium 

(LABGC) and numerous food and pharmaceutical companies have sequenced a broad range 

of health-promoting and industrially relevant strains (50).  The first probiotic microbe to be 

sequenced was Bifidobacterium longum NCC2705 (83), followed shortly by a procession of 

important lactic acid bacterial strains including Lactobacillus plantarum WCSF1 (43), 
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Streptococcus thermophilus CNRZ1066 (9), Lactobacillus acidophilus NCFM (3), 

Lactobacillus casei ATCC334 (53), Lactobacillus gasseri ATCC33323 (53), Lactobacillus 

salivarius UCC118 (13), and Lactobacillus rhamnosus GG (38).  The availability of rapid, 

cost-effective sequencing technology has fostered a new area termed probiogenomics, which 

has significantly expanded our knowledge about the evolution of commensal and probiotic 

bacteria, their genetic diversity, and in some cases elucidated the molecular basis for health-

promoting functions.  Understanding intimate microbe-microbe and host-microbe 

interactions within the GIT has been facilitated by the integration of probiogenomics and 

functional genomic analyses of human gene expression within the gut (99). These new omics 

technologies allow simultaneous analysis of great numbers of genes and proteins from both 

host and microbe (36).  

 The focus of this review is to highlight landmark studies that have applied integrated 

omics tools to further the understanding of probiotic functionality and the specific 

interactions between probiotics and their human hosts.   

Metagenomic Sequencing of Gut Microbiota 

 Fecal samples of 124 individuals of European (Nordic and Mediterranean) origin 

were collected to establish a catalogue of nonredundant human intestinal microbial genes 

(71).  Utilizing Illumina (formerly Solexa) GA short-read, metagenomic-based sequencing,  

the gene set was found to be 150 times larger than the human gene complement.  With over 

99% of the genes in the set being bacterial, the cohort of the study included between 1,000 

and 1,150 prevalent bacterial species, with each individual containing at least 160 of such 



 
 
 
 

6 

bacterial species.  By developing an extensive non-redundant catalogue of the bacterial 

genes, vital functions for a bacterium to thrive in a gut context were identified ("minimal gut 

genome").  Within the minimal gut genome, two major gene types were identified: 

"housekeeping" genes, required for carbon metabolism, amino acid synthesis, and protein 

complexes; and genes specific to life within the GIT (71).  The most commonly shared gut-

specific functions of members of the microbiome community were functions promoting 

interactions with the host epithelium such as adherence to collagen, fibrinogen, and 

fibronectin, and sugar metabolism (71).  

 Interestingly, within the fecal samples of the cohort, the sequences for the lactic acid 

bacterium Streptococcus thermophilus were among the 57 most frequent species found in the 

human microbiome.  S. thermophilus, used in yogurt and cheese manufacturing, is considered 

the second most widely used starter culture in the manufacturing of dairy products (29).  

Beneficial functions that are performed by S. thermophilus include efficiently breaking down 

lactose and activating host CD4+ and CD8+ lymphocytes that stimulate IFN-γ production in 

tissue cultured cells (1).  Thermophilin 9, a class II bacteriocin produced by S. thermophilus 

LMD-9, displays an inhibitory spectrum that is effective against related gram-positive 

bacteria including pathogens such as Listeria monocytogenes (21).       

 It has been reported previously that there is a significant difference between the 

microbiota of inflammatory bowel disease (IBD) patients and healthy individuals (55).  The 

link between individuals' health status (healthy, Crohn's diseased, and ulcerative colitis) and 

species abundance was tested, using an Illumina-based bacterial profiling.  A clear 
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differentiation between patients of each health status confirmed the hypothesis that there is a 

significant difference in the microbiota of IBD patients and healthy individuals.  A major 

Firmicute representative of the gut microbiota, Faecalibacterium prausnitzii (member of the 

Clostridium leptum group) was abundantly found in each individual of the cohort who was 

absent of IBD symptoms (71).  The presence of F. prausnitzii could be crucial to the 

homeostasis of the gut because a species reduction was consistently associated with increased 

susceptibility of the gut mucosa in patients suffering from IBD and infectious colitis (89).  

Orally administering either F. prausnitzii cells or supernatant reduced the severity of TBNS-

induced colitis in mice and stabilized the overall dysbiosis of the gut.  Secreted metabolites 

found in the supernatant effectively blocked NF-κB activation and other inflammatory 

cytokines (88).           

 The following are specific examples of omics applications that have revealed 

important mechanisms underlying activities elicited by probiotic microbes, allowing for the 

validation and enhancement of conferred host benefits. 

Antimicrobial Activity 

 Probiotic cultures have long been considered to exert protective effects against 

pathogens via direct antagonism and/or competitive exclusion.  Lactobacillus salivarius has 

been isolated from the intestinal mucosa of 9% of all humans sampled (63).  L. salivarius 

UCC118 was originally isolated from a sample of the terminal ileum (distal part of the small 

intestine) of a healthy participant.  Studied for its probiotic benefits in humans and animal 

models (15, 84), L. salivarius UCC118 has been shown to alleviate gastrointestinal infections 
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such Heliobacter pylori, Citrobacter rodentium, and Salmonella typhimurium (77, 35, 66).  

Despite the health benefits of L. salivarius UCC118 being well established, the precise 

mechanisms by which this microbe confers these benefits to its host remain greatly 

unresolved (14). 

 The genomic sequence of L. salivarius UCC118 revealed a 1.83Mb chromosome, a 

242-kb megaplasmid (pMP118), and two smaller plasmids.  The 242-kb megaplasmid is the 

largest plasmid extracted from a lactobacilli, but no genes encoded on this plasmid were 

deemed essential for the viability of the bacterium.  The megaplasmid did encode a lactate 

dehydrogenase for D-lactate (cell wall precursor), a bifunctional acetaldehyde/alcohol 

adehydrogenase (only enzyme present to catalzye ethanol from acetyl-CoA), a 

choloylglycine hydrolase (bile-salt hydrolase) and a two-component Class IIb bacteriocin, 

Abp118. (13, 19).  

 Abp-118 is small, heat-stable, class IIb bacteriocin, whose activity depend on the 

complementary activity of both peptides (19, 40).  Genetic characterization of the two-

component bacteriocin found that Abp-118 is composed of Abp118α that shows 

antimicrobial activity against L. monocytogenes and Abp118β which enhances that activity 

(19).  In a landmark study, the ability of  L. salivarius UCC118, fed orally, to protect mice 

from infection by L. monocytogenes was evaluated.  A three-day pretreatment of mice with 

L. salivarius UCC118 conferred significant protection against listerial infection of the liver 

and spleen.  A luciferase-based reporter system was integrated into the chromosome of  L. 
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monocytogenes EGDe, and luciferase expression was used to follow organ-specific 

colonization of the pathogen in murine livers and spleens (14) 

 To investigate if the bacteriocin Abp-118 was the primary mediator of protection, a 

stable mutant of L. salivarius UCC118  unable to produce the bacteriocin was created.  The 

mutant failed to provide protection to the mice when challenged with L. monocytogenes L028 

and EGDe (Fig. 1).  This confirmed that protection against listerial infection was the result of 

bacteriocin production that directly antagonized L. monocytogenes, in vivo (14). 

Cell Surface Adherence Factors 

 Probiotic bacterial surface proteins have been implicated in the adherence to 

gastrointestinal epithelial cells (26), mucin (76), and extracellular matrix (ECM) proteins 

such as fibrinogen, fibronectin, and fetuin (91).  Functional analyses of S-layers have not yet 

definitively determined their significance in adherence and retention of probiotics within the 

GIT.  While the genetic characterization of the adherence of enteropathogens has been well 

defined, the genetic mechanisms underlying the adherence of probiotic microbes remain to 

be elucidated (41). 

  Bacterial adherence structures are comprised of proteins or polysaccharides on the 

cell surface.  Mucin binding proteins (Mub) selectively adhere to the intestinal mucin 

glycoprotein. Originally isolated from an infant fecal sample in 1900 (42), Lactobacillus 

acidophilus is a probiotic strain that is used extensively throughout the food industry in 

dietary supplements and cultured yogurt products (80).     Genomic analysis of L. acidophilus 

NCFM revealed thirteen putative proteins that contain one or more mucin binding domains, 



 
 
 
 

10 

three of which contain necessary components for a complete Mub protein: a signal peptide 

sequence and a LPxTG cell surface anchor (39).  Encoded by LBA1392, a 4,326 residue Mub 

protein is the largest encoded protein within the L. acidophilus NCFM genome (3).  A 

conserved putative fibronectin (dimeric EMC glycoprotein) binding protein has been found 

in all Lactobacillus genomes (25) and L. acidophilus NCFM was shown to contain FbpA (3).  

Three putative S-layer proteins, proteinaceous subunits that abundantly coat cell surfaces of 

many eubacteria and archea, were identified and characterized in the L. acidophilus NCFM 

genome (SlpA, SlpB, and SlpX) (23). 

 To determine the importance of genes that are potentially vital for NCFM adherence 

to the human GIT, predicted adherence factors were individually inactivated to determine the 

impact of single gene products on NCFM adherence.  Insertionally inactivated mutants 

included the fibronectin-binding protein (FbpA), a mucin-binding protein (encoded by 

LBA1392), and the dominant surface layer protein (SlpA) (11).  Each knockout mutant was 

tested for its abilities to adhere in vitro to Caco-2 intestinal epithelial cells (Figure 2).  A 

significant reduction in adherence was observed in the fibronectin-binding protein mutant 

(76%), mucin-binding protein mutant (65%), and in the surface layer protein mutant (84%).  

Functional genomic studies of the L. acidophilus NCFM adherence factors demonstrated that 

the organism's ability to adhere to intestinal epithelial cells can be attributed to multiple cell 

surface structures and no one individual protein is likely responsible for the adherence 

properties of the cell (11, 41). 
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 Highly homologous surface proteins and adherence factors are found throughout 

Lactobacillus and probiotic species.  Lactobacillus reuteri 100-23, a persistent resident of the 

nonsecretory epithelium of the forestomach and gut in mice, encodes an ~185 kDa large 

surface protein (Lsp) vital for adherence to the host epithelium (101).  Mutational phenotypic 

analysis showed that Lsp has a vital role in initiating adherence to the epithelium. Sequence 

analysis of Lsp revealed a high degree of similarity to L. johnsonii NCC 533 and L. gasseri 

ATCC 33323 adherence proteins, as well as a sequence similarity to other gram-positive 

genes associated with epithelial adherence, and biofilm production (101).          

 Genomic sequencing of Lactobacillus rhamnosus GG revealed a pilus as a major cell 

surface component potentially involved in mucin adherence.  Originally isolated from a 

healthy human intestinal sample, L. rhamnosus GG has been extensively studied and used as 

a probiotic strain in a variety of functional foods (8, 28).  When incubated together, L. 

rhamnosus and Lactobacillus casei Shirota have been shown to competitively exclude and 

displace eight strains of Escherichia coli and Salmonella spp. from adhering to human 

intestinal mucus glycoproteins and Caco-2 cells (47).  Pretreatment with probiotic L. 

rhamnosus GG, has shown a significant reduction in the ability of  E. coli (EHEC) 0157:H7 

to change cell morphology, lower electrical resistance, increase dextran permeability, and 

manipulate the distribution and expression of tight junction proteins claudin-1 and ZO-1 of 

the mucosal epithelial cell barrier that comprises the GIT (34).   

 Several studies have compared the adhesion properties of L. rhamnosus GG (a 

probiotic microbe) and L. rhamnosus LC705 (an adjunct starter culture in dairy products (92) 
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and concluded that L. rhamnosus GG was more adherent than L. rhamnosus LC705 to human 

cells (95, 32).  To investigate the molecular mechanisms possibly involved in adherence to 

intestinal cells and mucin, the complete sequences of L. rhamnosus GG and L. rhamnosus 

LC705 were compared.  Within the L. rhamnosus GG genome, genes encoding two different 

pilus fibers (spaCBA) and (spaFED) were identified, whereas the spaCBA operon was not 

found in L. rhamnosus LC705. The genes for spaCBA were found on an island of genes that 

secrete three LPXTG-like pilins and a pilin-dedicated sortase (38).  The pilus was predicted 

to be a heterotrimer composed of the major pilin or the pilus backbone, the minor pilin that 

covers the pilus backbone, and another minor pilin that contains adherence properties (54, 

70).   

 Using immunoblotting with anti-SpaC antibodies, the physical presence of the pili 

were confirmed (Fig. 2).   Immunogold electron micrograph shows an average of 10-50 pili 

per cell located predominately at the poles, with a pilus length of up to 1 μm.  SpaC was 

located primarily at the tip of the pilus, as well as sporadically throughout the pilus structure.   

When L. rhamnosus GG cells pretreated with anti-serum to SpaC, a 10-fold reduction in the 

overall adherence of the cells to mucus was observed.  An insertional mutant of L rhamnosus 

GG-ΩspaC further confirmed that expression of the SpaC protein was required for mucus-

binding by pili (38).   

 Interestingly, the Spa-encoded proteins showed considerable similarity to pili from 

Enterococcus faecium, also a commensal resident of the GIT that binds mucin (38).  The 

mucin-binding predisposition of L. rhamnosus GG pilus fibers provided support for a 
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probiotic mechanism of competitive exclusion and the potential for steric hindrance of 

pathogen adherence to the mucin that lines the epithelial cells of the host GIT (12, 31, 47, 

73). 

Stimulation of the Host Immune System 

 It is now well known that probiotic and commensal microbes can modulate host 

immune responses.  However, the specific mechanisms by which probiotic and commensal 

bacteria modulate the immune responses of human epithelial cells had not been defined.  

Dendritic cells (DCs), professional antigen-presenting cells, line the epithelium of the human 

GIT regulating the host immune system in response to mucosally encountered antigens of the 

microbiota and viruses.  DCs are responsible for recognizing exogenous and endogenous 

stimuli and responding to these signals by eliciting the correct innate and adaptive response 

or tolerance (98, 87).  Immature dendritic cells migrate from the bloodstream to specific 

compartments within the GIT to directly interact with structures of pathogenic and 

nonpathogenic bacteria and viruses that protrude through the mucosal barrier (87).  DCs 

mature phenotypically and functionally in response to the external stimuli of the 

gastrointestinal environment by upregulating expression of a pattern recognition receptors 

(PRRs) on the cell surface, producing inflammatory chemokines and cytokines, and 

differentiating naive Helper T cells into Th1 and Th2 cells (61, 37).   

 Toll-like receptors (TLRs) and C-type lectins (CLRs) are examples of PRRs that 

recognize specific microbial molecular patterns of interacting compounds such as 

carbohydrates, lipids, nucleic acids and proteins (102).  TLRs communicate information from 
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interacting microbial compounds to DCs through signaling cascades, eliciting cellular 

processes such as DC maturation and/or inducing proinflammatory cytokines (IL-12, IFNγ) 

(96). Unlike TLRs, CLRs are formed without the induction of DC maturation and bind to 

mannose and fucose-containing gylcan ligands in a calcium-dependent manner (17).   

 Strains of Lactobacillus plantarum contain  carbohydrate-protein surface structures 

such as mannose-specific adhesins that have been shown to bind to human colonic cells (2).  

Candidate mannose-specific adhesion genes of L. plantarum WCFS1 were investigated by 

gene-specific deletion and overexpression systems.  The sortase-dependent cell surface 

protein Msa (Mannose-specific adhesion) was identified as having carbohydrate-binding 

domains and is likely involved in the interaction of L. plantarum with the host GIT (69). 

 By studying the adherence of L. acidophilus NCFM cell surface components to DCs, 

using a functional genomic approach, the interaction between the receptor and ligand were 

shown to induce a concentration dependent production of IL-10 and low IL-12p70.  

Receptor/ligand interactions were studied to determine the specific molecular mechanisms 

that influence the cytokine production and sequestering of differentiated helper T cells.  

Using an ELISA, the bacterium was shown to bind to a DC-specific ICAM-3-grabbing 

nonintegrin (DC-SIGN), a CLR that recognizes mannose and fructose containing glycans on 

microbial and viral surfaces.  A knockout mutant in NCFM of the major surface (S) layer A 

protein (SlpA) showed a significant reduction in DC-SIGN binding (45).  The SlpA mutant 

incurred a chromosomal inversion causing the slpB gene (the normally silent gene located 
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downstream and in the opposite orientation of the slpA gene) to invert directly behind the S-

promoter and begin expression of S-layer B protein (10).  

 Binding of the SlpB dominant strain (SlpA knockout) with DCs elicited a different 

response from the SlpA dominant parent: increased production of proinflammatory cytokines 

IL-12p70, TNFα, and IL-1β.  The parent NCFM strain was shown to stimulate T cells to 

produce more IL-4 than the SlpA-knockout mutant.  A direct ligation of purified SlpA 

protein and DC-SIGN confirmed that the SlpA of L. acidophilus NCFM was the first 

probiotic DC-SIGN ligand identified and is directly involved in the immunomodulation of 

DCs and helper T cells (45). Probiotic stimulation of intestinal epithelium to produce 

cytokine TNFα has been shown to promote gut health by restoring epithelial barrier functions 

in vivo (67). 

 Lactobacillus plantarum is commonly found on plants and is widely used in 

vegetable fermentations.  With the entire genome sequenced, L. plantarum WCFS1 is 

accessible to genetic modifications and allows for specific bacterial compounds to be studied 

for possible interactions with the host immune system (43).  Components of the cell wall of 

gram positive bacteria such as teichoic acids (TA) and especially lipoteichoic acids (LTA) 

have been shown to induce the production of cytokines within host cells (64).  LTAs have 

been shown to stimulate TNFα in human macrophages and have been proposed to function in 

the adhesion of lactobacilli to epithelial cells (85, 26).  Utilizing comparative genomic 

hybridization of L. plantarum strains, specific gene loci within L. plantarum WCFS1 were 

identified as candidate genes for the modulation of host immune system.  Subsequent gene 
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deletions of the candidate genes confirmed that three bacteriocin and one transcriptional 

regulator loci have an immunomodulatory effect on the DC (56).  To further elucidate the 

bioactive components of the probiotic cell surface that have  immunomodulatory functions, 

the importance of the specific TA composition and the importance of LTA in probiotic 

functionality were studied in Lactobacillus plantarum WCFS1 (27). 

 Using a suicide knockout vector, a single-step homologous recombination that 

disrupted the dlt operon (genes responsible for the D-alanylation of TAs) was performed to 

produce a mutant strain with LTAs deficient in D-alanine (Dlt- mutant). After peripheral 

blood mononuclear cells and monocytes were exposed to the Dlt- mutant and the parent 

strain, comparisons of the cytokine profiles showed that the Dlt- mutant caused a significant 

reduction in the secretion of proinflammatory cytokine IL-12 and greatly induced the 

secretion of the anti-inflammatory cytokine IL-10 (27).  The proinflammatory ability of L. 

plantarum LTA was determined to be dependent on Toll-like receptor 2 (27), TLR2 has been 

shown to stimulate the secretion of IL-12 in response to interactions with double stranded 

RNA and a potential viral attack (103).  This functional genomics study showed that the 

specific changes to the composition of L. plantarum LTA can vary cytokine secretion and 

modulate the overall immune response (27). 

 To study the involvement of LTA in the induction and repression of intestinal 

inflammation, the phosphoglycerol transferase (key enzyme in LTA biosynthesis) of L. 

acidophilus NCFM was deleted.  When exposed to the LTA- negative cells (NCK 2025), 

DCs of mice showed a reduction in the release of cytokines IL-12 and TNFα, an increase in 
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IL-10 secretion, and an overall reduction in the immune response within the cells.  The 

overall reduction in immune response was evident by the DCs inability to sequester and 

activate CD4
+
 T cells (62).  When  comparing the efficacy of the NCK 2025 and NCFM to 

alleviate dextran sulfate sodium (DSS) and pathogenic CD4
+
CD45RB

high 
T cell-induced 

colitis, NCK 2025 was shown to significantly reduce the severity of colitis and effectively 

alleviated DSS-induced colitis via elicited IL-10 and CD4
+
FoxP3

+
 regulatory T cells to 

lessen the exacerbated inflammation of the epithelium.  Intestinal samples collected from the 

experimental mice show the differences in the amelioration of DSS-induced colitis in the 

control (DSS-treated mice), NCFM-DSS-treated mice, and NCK2025-DSS-treated mice (Fig. 

4).  These studies established that directed alterations and engineering of probiotic cell 

surface structures is a potential strategy for therapeutic treatment of colitis and other 

inflammatory gastrointestinal disorders (62, 27). 

Influence of Dairy Environment on Gene Expression 

 Despite the need for scientific understanding to provide regulatory substantiation of 

the benefits of probiotics utilized in foods, the impacts of the food matrix and product 

formulation on the viability and functionality of probiotic microbes are relatively unknown 

(81).  To investigate the differences in gene expression and probiotic attributes of L. 

acidophilus NCFM when propagated in milk (the most common platform of probiotic 

delivery), whole genome microarrays of the temporal gene expression of NCFM cells were 

performed.  The L. acidophilus NCFM cells were propagated in 11% milk during the early, 
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mid, and late logarithmic phases, and the stationary phase, to determine potential impact of a 

dairy environment on probiotics (6).   

 After analyzing the differences in gene expression during growth in milk, 21% of the 

1864 open reading frames were differentially expressed in at least one time point.  The 

expression of genes involved in carbohydrate utilization are rapidly induced at early stages of 

growth and decreased over time as the main carbohydrate sources become depleted.  The 

decreased expression of carbohydrate utilization genes tend to coincide with increased 

expression of key components of carbon catabolite repression systems that control the 

transcription of genes involved in the transport and catabolism of carbohydrates.  Expression 

patterns of proteolytic genes consistently increased over time, while the two oligopeptide 

transporter genes, opp1 and opp2, showed two different maximum expression levels, one at 

early logarithmic and the other at stationary phases, respectively (6).  L. acidophilus NCFM 

showed temporal expression patterns peaking at 12 hours (early stationary phase) for sixteen 

peptidases.  Peptidases such as PepF, that are able to hydrolyze large peptides, were shown to 

have a high early expression, then reduced expression as other peptidases that hydrolyze 

smaller peptides began to increase in expression levels.  Expression of stress-related (LacL) 

and quorum sensing (luxS) genes were shown to increase as the growth progressed, the 

number of cells increased, and lactic acid accumulated.  Using NCFM mutants that contain 

insertionally inactivated genes, adherence assays were able to determine the possible 

importance of two NCFM genes (LBA1690 and LBA1524HPK) to promote mucosal and cell 

adherence during NCFM growth in milk.   
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 A gene that was overexpressed during growth in milk was an aggregation-promoting 

factor (Apf) (6).  Sequence analysis of L. acidophilus NCFM identified LBA0493 as a 696-

bp apf gene that encodes a putative 21-kDa Apf protein (3).  Transcriptional studies 

determined the apf gene to be one of the most differentially upregulated (five times the 

normalized value) genes in milk (6).  Apf and the genes that encode these factors have been 

characterized for several Lactobacillus species; some of these proteins have been shown to 

be major aggregation factors while others are not directly involved in aggregation of bacteria.  

Apf has been reported to influence coaggregation with specific pathogens (82), enhance 

conjugation efficiency (74), and maintain cell shape similarly to S-layer proteins (33).    

 Reverse transcriptase-quantitative PCR (RT-QPCR) analysis was used to determine 

that the apf gene was most highly induced during the stationary phase.  Mutational analysis 

of the apf gene was used to study the functional roles of Apf in L. acidophilus NCFM (24).  

A Δapf mutant was constructed using an upp-based counterselective gene replacement 

system, utilizing the upp-encoded uracil phosphoribosyltransferase (UPRTase) as a 

counterselection marker to positively select for single cross-over plasmid integrants without 

the use of antibiotics for selective pressure (23).  A comparison of the cell morphologies of 

the L. acidophilus NCFM with and without the apf gene showed no detectable differences.  

The Δapf mutant also showed no effect on the sedimentation and autoaggregation of NCFM, 

compared to the wild-type strain.  However, inactivation of apf locus increased susceptibility 

of NCFM to 2.5 % oxgall (bile salt reduced survival), and 0.02% sodium dodecyl sulfate 

(reduced survival and altered cell morphology).  The Δapf mutant was shown to be more 
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susceptible to simulated small-intestinal juice (4 log reduction after 3 hour incubation) and to 

simulated gastric juice (1 log reduction after 1 hour incubation).  The adherence ability of 

Δapf mutant was examined on Caco-2 epithelial cells, mucin, and the ECM components 

collagen IV, laminin, and fibronectin.  A reduction in adherence was observed for Caco-2 

cells (30%), mucin (36.5%), and fibronectin (40%). Although the study did not show Apf to 

be an important factor in cell aggregation, the apf gene was demonstrated to be highly 

expressed in the dairy environment and play an important role in promoting bile tolerance, 

survival in the GIT, and interactions with the mucus layer, epithelial cells, and fibronectin 

(24).   

Developing Novel Probiotic Functionality 

 With increased knowledge of mechanisms of action and gene expression, probiotic 

cellular structures can be modified to potentially increase their protective functionality in the 

host.  Effective vaccines confer protection to recipients against pathogenic microbes by 

potentiating antibody avidity and boosting the longevity and number of T cells.  Although 

live attenuated pathogens such as Salmonella, Bortedella, and Listeria have been 

successfully used as vaccine vectors, the potential for virulent reversion within these strains 

limits their practical application (75, 90, 79).  Once inside a host, Bacillus anthracis produces 

the anthrax toxin that causes systemic infections with 100% mortality (30, 94).  Multiple 

subcutaneous injections of aluminum hydroxide (alhydrogel) is currently used as the 

vaccination against B. anthracis infection, however this vaccine regiment causes significant 

transient side effects (68).  LAB have been studied as possible vaccine vectors because they 
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are GRAS organisms that can survive passage through the GIT, induce regulated 

inflammatory responses against infections, increase IgA production, and activate monocytic 

lineages (60) .  A novel oral vaccine strategy was developed utilizing L. acidophilus to 

deliver expressed B. anthracis protective antigen (PA) via dendritic cell-targeting peptides 

(PA-DCpep fusion proteins) to DCs residing in the submucosal layers of the GIT (58). 

 The L. acidophilus PA-DCpep vaccine efficiency was evaluated in mice challenged 

with B. anthracis Sterne.  Compared to the mice vaccinated with L. acidophilus expressing 

PA-control peptide or an empty vector, the L. acidophilus PA-DCpep induced robust 

protective immunity, and comparable anti-PA titers and levels of IgA-expressing cells to that 

of the aluminum hydroxide vaccine.  After monitoring for 40 days, the survival rates of the 

experimental groups were 80% for aluminum hydroxide vaccine, 75% for L. acidophilus PA-

DCpep vaccine, 25% for L. acidophilus PA-Ctrlpep vaccine, and no survival for L. 

acidophilus (empty vector) and control groups (58). 

 To improve the efficacy of the oral probiotic-based vaccine, PA-DCpep was inserted 

into a stable, high copy θ-replicating plasmid (pTRKH2) and expressed in Lactobacillus 

gasseri.  The genetically accessible L. gasseri has been sequenced and extensively studied 

for its use as a human probiotic and commensal of the human GIT and vagina (59).  After 

orally administering L. gasseri expressing PA-DCpep, the fusion proteins elicited an 

effective PA-neutralizing and T-cell mediated immune response that resulted in 100% 

survival to anthrax Sterne infections (Fig. 5). An orally administered Lactobacillus-based 
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vaccine offers many advantages to recipients such as reduced transient side effects and no 

need for potentially harmful chemical coupling agents (59).   

 The advancements in omics tools were responsible for the ability to direct genetic 

modifications in these probiotic lactobacilli.  The development of probiotic-based vaccines 

shows promise as a means of delivering safe and effective protective immunity to human 

pathogens.   

CONCLUSIONS 

 The recent advancements in sequencing technology and functional omics techniques 

have now provided greater insights into the specific mechanisms underlying probiotic 

functionality.  The developing comprehension of the human gut microbiome will allow 

proper characterization of probiotic effects on the commensal microbiota of humans in vivo.  

Identification of genes vital to probiotic functionality are providing researchers the ability to 

genetically tailor probiotics to meet the needs for specific applications.  Recent studies have 

shown the effective use of probiotics in preventive medicine, maintaining the microbiota and 

host physiology of a healthy GIT, the remediation of inflammatory bowel diseases, and 

potential use of probiotic-based vaccine delivery systems.  Future clinical trials are required 

to more fully elucidate the therapeutic potential of probiotics in humans. 
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Table 1.  Role and benefits of probiotics in the GIT 
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Benefits of Probiotic Bacteria Reference 

Protection against infection (14) 

Lowered incidence of diarrhea  (51) 

Lowered levels of cold and influenza-like symptom 

in children and reduction in missed school days 

(49) 

Antimicrobial activity (78) 

Competitive exclusion of pathogens (47) 

Immune tolerance (97) 

Suppression of Allergic Asthma and Autoimmune 

Diabetes 

(5) 

Reduction in colorectal cancer biomarkers (72) 

Return to pre-antibiotic baseline flora (16) 

Epithelial barrier function  (57) 

Increased cellular immunity (e.g. increased natural 

killer cell activity) 

(93) 

Increased humoral response (e.g. IgA secretion) (100) 

Lowering of blood cholesterol levels (4) 

Reduction in irritable bowel disease symptoms (52) 

Suppression of inflammatory autoimmune disorders (46)  

Delivery of therapeutics (104) 
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Figure 1. The bacteriocin Abp-118 of L. salivarius UCC118 was shown to be the primary 

mediator of protection to mice challenged with L. monocytogenes L028 and EGDe by 

evaluating the protective effects of placebo, UCC118, and UCC118 (Bac
-
).  Reprinted from 

(14). 
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Figure 2. Transmission electron microscopy showing negatively stained immunogold labeled 

anti-SpaC pili subunits of L. rhamnosus GG.   Reprinted from (38). 
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Figure 3. Percentages of adhesion properties of L. acidophilus NCFM mutants, enumerated 

by microscopically. Error bars represent 1 standard deviation.  Reprinted from (11). 
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Figure 4. Intestinal samples collected from the experimental mice show the differences in the 

amelioration of DSS-induced colitis in the B) control (DSS-treated mice), C) NCFM-DSS-

treated mice, and D) NCK2025-DSS-treated mice.  Reprinted from (62). 

 



 
 
 
 

39 

 
 

Figure 5. Experimental mice were fed L. gasseri (empty vector), L. gasseri (PA-Ctrlpep), and 

L. gasseri (PA-DCpep) for three weeks before Anthrax Stern challenge.  In the days 

following a lethal challenge of Stern, the percent survival for each group was monitored (59).  
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INTRODUCTION 

 Lactic acid bacteria (LAB) are used extensively in foods because they are generally 

recognized as safe (GRAS) organisms that produce natural preservatives such as lactic acid 

and other fermentation byproducts.  Species of LAB are utilized by humans as starter 

cultures in dairy, vegetable, wine, and meat fermentations, and as important probiotic and 

commensal bacteria of the gastrointestinal and vaginal tracts.  Probiotics are "live 

microorganisms, which when administered in adequate amounts confer a health benefit on 

the host" (10).  Potential mechanisms of action include competitive exclusion, maintenance 

of barrier function, metabolic and antimicrobial effects, enhancement of a balanced microbial 

flora, modulation of signal transduction, and immunomodulation of innate/adaptive 

immunity (25). 

 With recent advances in sequencing technology, the genomes of industrially relevant 

probiotic strains have been sequenced to identify important genes associated with unique or 

enhanced functionalities.  Genomic sequences of several lactic acid bacteria revealed 

multiple temperate phages and phage remnants residing within the genomes (16).  The 

sequence of Lactobacillus gasseri ATCC 33323 (5), an autochthonous bacteria of the GIT 

and a  dominant Lactobacillus species of the mouth, GIT, and vaginal microbiota, revealed 

two adjacent tandem LgaI prophages and other non-functional phage remnants (6).  The 

potential actions of phage transduction in L. gasseri could significantly impact horizontal 

gene transfer (HGT) in mucosal populations. 
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 Few transduction systems have been discussed in Lactobacillus species (18, 20, 26).  

The first high frequency plasmid transduction system in lactobacilli was developed utilizing 

L. gasseri bacteriophage φadh, increasing the transduction efficiency by inserting specific 

φadh genomic fragments into the tranducing plasmid (19).  Integrating the φadh cos fragment 

in a plasmid transduction system, HIV coreceptor antagonists (CC chemokines) were highly 

expressed in L. gasseri ADH (9). A high frequency transduction system using phage LL-H of 

Lactobacillus delbrueckii established an effective tool for genetically engineering industrial 

strains of L. delbrueckii subsp. lactis and L. delbrueckii subsp. bulgaricus strains (18).        

 Although numerous bacteriophages have been well characterized in LAB and 

probiotic microbes, the spontaneous induction,  lytic host range, and range of transduction of 

temperate phages are poorly understood.  In this study, it was discovered that L. gasseri ADH 

harbored two distinct temperate phages residing within its genome; the previously 

characterized linear 43.8 kb cos-type phage φadh (1, 3, 19, 20) and a newly discovered linear 

38.3 kb pac-type phage φjlb1, closely related to the previously identified phage LgaI (5, 11).  

The two temperate phages were characterized and functionally investigated for inducible 

properties and transduction capability.  This study presents the first observed spontaneous 

transduction events within lactobacilli. The results suggest that bacteriophages are likely to 

serve as a common mechanism for HGT in commensal lactobacilli that are also commonly 

used as probiotics.   
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MATERIALS AND METHODS 

Bacteria, phage, and plasmids. Bacteria, phage, and plasmids used in this study are listed in 

Table 1.  Frozen stock cultures were maintained at -20°C in MRS (Difco Laboratories, 

Sparks, MD) broth with 12.5% glycerol.  Lactobacillus broth cultures were grown statically 

at 37°C in MRS (pH 6.5).  In agar plates,  1.5% BBL agar was used, while soft-overlays 

contained 0.5% agar.  Agar media used were MRS (pH 6.8) and Lactobacillus selection 

(LBS, pH 5.5) supplemented with 10 mM CaCl2.  For all agars, a sterile solution of 1M 

CaCl2 (10 ml in 1 liter of media) was added once presterilized media was tempered at 55°C.  

Phage dilutions were performed in 0.1% MRS.  Bacterial strains containing pTRK170 were 

grown anaerobically for 48 hours at 37°C in broth or agar supplemented with 7 μg/ml 

chloramphenicol (Cm).  The transduction recipient (NCK 110) was propagated in media with 

200 μg/ml gentamycin (Gen), and 25 μg/mL rifamycin (Rif).  Spontaneous transductants 

were selected on MRS plates supplemented with 7 μg/ml Cm, 200 μg/ml Gen, and 25 μg/ml 

Rif and grown anaerobically for 48 hours at 37°C.   

 Induction of prophages using MC.  

(i) φadh induction.  L. gasseri ADH (NCK 100) was propagated in 10 ml MRS broth to an 

optical density at 590 nm (OD590) of 0.35 to 0.50.  The cells were collected by centrifugation 

(10,000 x g, for 10 minutes), resuspended in10 ml of fresh MRS, and 100 μl were used to 

inoculate in 10 ml of fresh MRS broth.  Once the culture reached an OD590 of 0.1,  0.5 μg/ml 

of mitomycin C (MC, Sigma) was added, and aerobic incubation continued at 37°C in the 
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dark.  After 18 hours, the culture/phage lysates were centrifuged (7,000 x g, for 8 minutes) 

and the supernatants filter sterilized using a 0.45μm filter, and stored at 4°C.  

(ii) φjlb1 induction.  L. gasseri NCK 102 (φadh-cured derivative) was propagated and used 

to inoculate fresh MRS broth as previously stated above.  At OD590 of 0.1, the cells were 

treated with 0.5 μg/ml of MC.  Incubation and collection of sterilized phage lysate was 

performed as stated above.   

Sequencing and Analysis.  Genomic DNA was extracted using a ZR Fungal/Bacterial DNA 

Kit (Zymo Research Corporation, Irvine, CA) according to the manufacturer's protocol and 

sequenced in the Genome Sciences Laboratory at North Carolina State University 

(http://gsl.cals.ncsu.edu/). A library was prepared according to the manufacturer’s 

instructions, and sequenced with the Genome Sequencer FLX (Roche Applied Science, 

Indianapolis, IN) using 454 sequencing with the GS FLX Titanium chemistry.  Contigs 

containing phage sequences were annotated using GAMOLA (2).  Additional sequence 

analysis was performed with BlastX and BlastN (http://blast.ncbi.nlm.nih.gov/Blast.cgi).  

Phage susceptibility screening.  

(i) Spot plating.  The susceptibility of 16 L. gasseri strains (Table 1) to phages φadh and 

φjlb1 were initially screened by spot plating filter sterilized, induced phage lysates onto cell 

lawns on MRS and LBS plates, at pH 6.8 and pH 5.5, respectively.  For each strain, 200 μl of 

L. gasseri cells at OD590  of 0.5 were mixed with 3 ml of soft overlay and poured over base 

agar plates supplemented with 10 mM CaCl2.  Once the seeded top overlay solidified, 5 μl of 

http://gsl.cals.ncsu.edu/
http://blast.ncbi.nlm.nih.gov/Blast.cgi
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phage suspensions (phage dilutions at 10
0
, 10

-1
, 10

-2
) were applied directly to the overlay.  

Plates were incubated both aerobically and anaerobically at 37°C for 24 hours. 

(ii) Plaque formation assays.  Plaque assays were performed on strains showing zones of 

clearing.  Plaque assays were performed as described previously (20).  

Induction of Transducing Particles.  NCK 374 (L. gasseri ADH containing pTRK 170) and 

NCK 102 (containing pTRK 170) were propagated and prophages induced as stated above 

with the following modifications: NCK 374 was induced using 3 μg/mL and NCK 102 

(containing pTRK 170) was induced using 5 μg/mL.  After MC induction, 18 hour cultures 

were centrifuged (7,000 x g, for 8 minutes) and filter sterilized using a 0.45μm filter, and 

stored at 4°C.   

Transduction assays. Transduction of pTRK 170 to NCK 110 (recipient cells) was carried 

out as described previously by Raya and Klaenhammer (19).  Experimental controls included 

plating the following: recipient cells without phage, phage without cells, and cells plus phage 

with DNase (70 μg/ml) to rule out transformation.  

Plasmid Purification.  Extraction of pTRK 170 from overnight cells was performed using 

Qiagen QIAprep Spin Miniprep Kit with the following modifications: 1 ml of L. gasseri cells 

were pelleted for plasmid extraction; 3 μl (10 units/ml) mutanolysin and 30 mg/ml lysozyme 

in 250 μl of Buffer P1 was added to the pelleted cells, vortexed, and incubated at 37°C for 15 

minutes before continuing the protocol.  
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PCR verification of pTRK 170.  An 861 bp fragment flanking the chloramphenicol gene of 

pTRK 170 was amplified with cmF primer (5'-GCGGCCGCAACTAAAGCACCCATTAGT 

TC-3') and cmR primer (5'- ACTAGTAGTACAGTCGGCATTATC-3') using standard 

protocols of Choice Taq Blue DNA polymerase PCR kit (Denville Scientific Inc.).  Gel 

electrophoresis was performed using 1% agarose (USB Corp) in TAE (Fisher Scientific) and 

run at 100 volts for 1 hour, followed by 15 minute staining in ethidium bromide.  Gel 

visualization was performed using AlphaImager. 

Phage purification.  A 2-liter portion of phage lysate was treated with 1 μg of DNase I 

(Sigma) and 1 μg of RNase A (Sigma) per ml for 30 min at 37°C. Cell debris was removed 

by centrifugation (7,000 x g, 10 min at 4°C).  Phage were concentrated with 10% 

polyethylene glycol 8000 (Fisher Scientific) and 0.5 M NaCl as described by Yamamoto et 

al. (28). Phage particles were purified through CsCl discontinuous density gradients (1.3, 1.5, 

and 1.7 g/cm
3
) by ultracentrifugation for 3.5 hours at 35,000 rpm in a Beckman SW40 rotor.  

Phage bands were extracted and dialyzed twice (6,000-8,000 Da membrane; Spectrum 

Laboratories Inc) against 2 liters of phage buffer (20 mM NaCl, 10 mM MgCl2, 20 mM Tris 

hydrochloride, pH 8.0) at 4°C. 

Electron microscopy of phage.  Negative staining of bacteriophage was performed using 

400-mesh Ladd formvar/carbon grids.  Grids were treated with 10 μl Bacitracin (50 mg/ml) 

for 1 minute.  Bacitracin was removed by blotting with filter paper and rinsing with one drop 

of distilled/ deionized H2O.  Ten μl of purified phage sample was applied to the grid for 1 

minute and the sample was removed using a filter paper.  The grid was stained with 10 μl 2% 
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aqueous uranyl acetate (pH 4.5).  Photographs were taken with JEOL JEM 1200EX 

Transmission Electron Microscope at 55,000 times magnification at 80kV.   

Monitoring spontaneous φadh production.  Overnight cultures (10 ml) of NCK 100 were 

centrifuged (7,000 x g for 8 minutes), resuspended in 10 ml of fresh MRS, and then used to 

inoculate 800 ml of MRS in a controlled fermentor to an OD590 of ~0.01.  Fermentations 

were performed under anaerobic gas sparging at 37°C with controlled pH (5.5, 6.5, 6.75, and 

7.0).  Uncontrolled pH fermentations were performed in batch cultures of 40 ml MRS 

anaerobic fermentations at 37°C.  Fermentation samples were taken every hour, and the 

OD590 and PFU/ml determined.     

Spontaneous phage-mediated transduction.  Overnight cultures (10 ml) of NCK 110 

(containing pTRK170) and NCK 374 (recipient) was centrifuged (7,000 x g for 8 minutes), 

resuspended in 10 ml of fresh MRS, and both used to evenly co-inoculate 800 mL of MRS in 

a controlled pH (5.5) anaerobic fermentor at 37°C to an OD590 of ~0.01.  Fermentation 

samples were collected every 2 hours.  The OD590 of the co-culture, φadh plaque forming 

units (PFU)/ml, total cfu/ml (MRS plates), and cfu/ml spontaneous transductants (Cm
R
, Gen

r
, 

Rif
r
) were determined for each sample.   
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RESULTS 

Prophage induction of NCK 100.  Figure 1 shows the lysis of L. gasseri ADH (NCK 100) 

cells following the addition of 0.1 μg, 0.2 μg, and 0.3 μg of MC per ml to a log-phase culture.  

The most consistent inductive cell lysis occurred with 0.2 μg/ml MC added to OD590 of 0.1 of 

early log phase cultures.  Within 4-5 hours after the addition of MC to the cultures, the 

increase in cell density stopped and a continuous decrease in OD590 was observed until nearly 

complete lysis of the culture after 22 hours.  The concentration of φadh (PFU/mL) in a filter 

sterilized phage lysate of NCK 100 was determined on the phage sensitive indicator strain 

NCK 102 (φadh-cured derivative) on LBS agar (pH 5.5) (20).  Titers of φadh ranged from 

~10
8
-10

10
 PFU/ml with the highest φadh concentration observed to be 3.4x10

10
 PFU/ml.  The 

addition of 0.2 μg/ml MC consistently caused complete lysis of the culture and was used for 

all subsequent prophage inductions of NCK 100. 

Host range of φadh.  Table 1 shows the 16 L. gasseri strains used to determine the host 

range of φadh.  Initial susceptibility screening was performed by spot plating φadh dilutions 

onto L. gasseri lawns on MRS and LBS agars incubated both aerobically and anaerobically 

to investigate conditions for individual strain susceptibility.  As expected, strain NCK102 

(φadh-cured derivative) showed complete cell lysis and clearing where the φadh lysates had 

been applied.  No other strains exhibited clear zones, except NCK 1349 which showed some 

clearing (Table 2).  Plaque assays were performed using each of the 16 L. gasseri strains on 

MRS and LBS agars under both aerobic and anaerobic conditions.  Optimal conditions for 

plaque formation on NCK 102 were on LBS (pH 5.5) overlay and plates, as described 
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previously (20).  In contrast, NCK1349 indicator cells showed plaque formation on MRS 

overlay (pH 5.5) and base agar (pH 6.8) under anaerobic conditions.  The highest PFU/ml for 

φadh on NCK 1349 was significantly reduced at 4.8x10
3
 PFU/mL (Table 2).  The efficiency 

of plaquing (EOP) of φadh on NCK 1349 was 2.0x10
-5

, relative to NCK 102 (EOP= 1.0).  

The host range of φadh on the 16 L. gasseri strains was narrow, with only two strains 

showing susceptibility.   

Prophage induction of NCK 102.  NCK 102 was previously reported as a lysogen 

containing the non-inducible bacteriophage LgaI (11).  Figure 2 shows the lysis of L. gasseri 

(NCK 102) (φadh-cured derivative) following the addition of 0.1 μg, 0.2 μg, and 0.5 μg of 

MC per ml to a log-phase culture.  The maximum induced cell lysis occurred with 0.5 μg/ml 

MC added to OD590 of 0.1 of early log phase cultures.  Within 4 hours after the addition of 

MC, the increase in cell density ceased and a continuous decrease in OD590 was observed 

until nearly complete lysis of the culture after 22 hours.  These results indicated the presence 

of a remaining inducible prophage in NCK 102, designated φjlb1.  Efforts to isolate a 

prophage-cured derivative of NCK 102, via previous strategies (20), were unsuccessful (data 

not shown).  

Morphology of φjlb1.  When examined by transmission electron microscopy, φjlb1and φadh 

samples purified from NCK 102 and NCK 100 MC-induced lysates, respectively, showed 

intact phage particles, empty heads, broken tails, and sheaths.  The dimensions of LgaI (11) 

and its identical phage φgaY (30) have separately been reported as containing a isometric 

head with a diameter of 62.5 nm, and a contractible tail length of 178 nm with a diameter of 
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19.8 nm.  In this study, the dimensions of φjlb1 match the previous findings (Figure 3).  Tail 

fibers are shown, attached to the distal end of the tail sheath.  The sheath of φjlb1 does not 

extend up to the head, resulting in a phage "neck" clearly present between the head and the 

tail sheath.  This observation was consistent with Yokoi et al. (30) as they determined the 

neck structure to be 10.0 nm long and 10.9 nm wide.  However, in the morphological 

characterization of LgaI, it was reported that two distinct morphologies were present: intact 

phage, and sheath contracted phage particles (11).  In this study, we observed only φjlb1 

phages that appeared to have a contracted tail sheath with an average of 62 nm long between 

the sheath and the phage head.  Almost twice the length of φjlb1, the overall length of φadh 

has been described as 460 nm, consisting of a long ~400nm tail, no sheath, and few tail fibers 

(20).  The TEM photographs show the extreme morphological differences between the 

Siphoviridae φadh and the Myoviridae φjlb1 that reside within the genome L. gasseri ADH 

phages (Figure 3).   

Host range of φjlb1.  With the clear demonstration of intact and distinct phage particles 

induced from NCK 102, the potential host range of φjlb1was determined against the 16 L. 

gasseri strains.  Spot plating filter sterilized NCK 102 lysates showed varying degrees of 

susceptibility by 7 L. gasseri strains: NCK 1341, NCK 1342, NCK 1343, NCK 1345, NCK 

1347, NCK 1348, NCK 1349 (Table 3).  The pH of the φjlb1 lysates (pH range of 5.2-6.1) 

was adjusted to 6.5, and verified that the susceptibility of the L. gasseri strains was not due to 

an acidified lysate inhibiting the growth of the indicator strains.  Plaque assays using each of 

the 16 L. gasseri strains were performed with φjlb1, resulting in no definitive plaque 
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formation.  NCK 1344 and NCK 1349 formed fuzzy non-enumerable plaques on aerobically 

incubated MRS (pH 5.5) overlay and base agar (pH 6.8).  The potential host range of φjlb1 

was determined to be much broader than φadh, albeit that φjlb1 failed to form defined, 

enumerable plaques.  In the absence of a sensitive indicator strain, the concentration of φjlb1 

in NCK 102 lysates could not be determined.      

Sequence analysis of φadh and φjlb1.  The complete nucleotide sequence of L. gasseri 

ADH (NCK 100) was shotgun sequenced by Roche 454 sequencing with the GS FLX Titanium 

chemistry.  Within the constructed sequence contigs, the complete sequence of φjlb1 (38,269 

bp) was determined.  The initial sequence annotation of φjlb1 and identification of open 

reading frames (ORFs) were performed using GAMOLA (2), followed by a NCBI BlastN 

analysis. Fifty-three ORFs were identified covering 87% of the sequence (Table 4).  A 

schematic map of the positions of the ORFs and identified genetic features is shown in 

Figure 4.  The sequence of φjlb1 was found to have a G-C content of 37.4% and to be a 

mosaic sequence largely comprised of a mixture of genes found in several other L. gasseri 

and L. johnsonni temperate phages.  The sequence of φjlb1 is most closely related to the L. 

gasseri ATCC 33323 (NCK 334) phage LgaI (83%), L. gasseri phage KC5a (78%), L. 

johnsonni phage Lj771 (72%), and shared only moderate sequence homology with φadh 

(43%). Importantly, φjlb1 is distinct from LgaI (5) and represents a new temperate phage 

discovered from L. gasseri.  

 Global DNA sequence alignment of known phage genomes highlighted areas of high 

sequence similarity within φjlb1, φadh, LgaI, KC5a, and Lj771 (Figure 5).  The ORFs 31, 32, 
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39, and 40 are the main structural genes (LGAS 0610, LGAS 0609, LGAS 0617, and LGAS 

0618, respectively) encoding the major capsid, minor capsid, sheath tail, and core tail of 

φjlb1, respectively, sharing at or near 100% amino acid sequence identity with phages LgaI, 

KC5a, and Lj771.  ORF41 (gene LGAS 0619) encodes the minor tail protein and is identical 

in sequence to the other phages except that it contains a large 848 bp sequence inversion in 

the middle of the ORF (Table 4).  This abnormality in the sequence of the minor tail protein 

could alter structural morphology and potentially the host range of φjlb1 compared to LgaI.  

 The genes with the highest degree of similarity between φjlb1 and φadh are ORF18 

(gene Lj771_017) (94% sequence homology) encoding a phage related protein, and the hol 

(47% sequence homology) and lys (71% sequence homology) genes encoding with the cell 

lysis proteins holin and lysin.  Genes associated with the integration and retention of φjlb1 

into host bacterial DNA include ORF1 (gene LGAS 0572) encoding the integrase, ORF29 

(gene LGAS 0606) encoding a phage mu protein (F-like protein), and ORF12 (LGAS 0584) 

encoding the toxin-antitoxin system were 100% identical to the nucleotide sequences of 

phage LgaI, while sharing much less homology to the other related phages.   

 Phage φjlb1shares considerable homology to LgaI, but the two temperate phages are 

distinct (Figure 5).  The sequence of φjlb1 shares a higher degree of homology with KC5a in 

genes associated with lysogeny: ORF5 encoding the cI repressor; ORF9 and ORF10 

hypothetical proteins; and ORF11 encoding a putative replication protein.  A number of 

phage Lj771 genes are dispersed throughout the genome of φjlb1: ORF13 (gene Lj771_012) 

encoding the antirepressor protein; ORF15, ORF17, ORF20, ORF22, and ORF43 encoding 
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hypothetical proteins; ORF19 encoding the Holliday junction resolvase; and ORF26 

encoding the small terminase subunit (usually the location of the major packaging signal, or 

pac site).  The DNA packaging region of φjlb1 and LgaI differed significantly in genes that 

encode the endonuclease, small subunit terminase, and large subunit terminase. 

Spontaneous induction of φadh.  Plaque assays on filter sterilized supernatants from NCK 

100 cultures sampled at different growth phases (early log, mid log, and stationary) showed 

that φadh was being spontaneously induced during normal growth from its lysogenic host at 

concentrations of ~10
6
-10

7
 PFU/ml at stationary phase.  To determine if pH conditions have 

an impact on the rate of spontaneous production of φadh, NCK 100 was grown in pH 

controlled and uncontrolled conditions and phage φadh production monitored (Figures 6 and 

7). 

 Changes in pH conditions had a significant impact on the growth rate of NCK 100 

(Figure 6).  At pH 5.5, NCK 100 had a long lag phase but began to grow quickly after it had 

acclimated to the low pH, with an OD590 of 1.47 after 10 h.  Although NCK 100 grew fastest 

at pH 6.5 (OD590 of 1.3 by 6 h), additional increases in pH caused a drastic reduction in 

growth.  At pH 6.75, the culture required 11 to reach an OD590 of 1.26.  The growth of NCK 

100 at pH 7.0 was stunted.  In the uncontrolled pH fermentation, NCK 100 encountered 

dynamic pH changes: pH 6.7 at 0 h, pH 6.2 at 4 h, pH 5.0 at 8 h, and pH 4.5 at 12 h.  During 

the uncontrolled pH, batch fermentation, the cells quickly began to clump and pellet by 9 h.  

It was concluded that NCK 100 grows well at pH 6.5, and reasonably well at pH 5.5, but 

NCK 100 is not well adapted for the growth at a neutral pH of 7.0.      



 
 
 
 

54 

 NCK 100 cells were harvested from broth cultures and resuspended in fresh media 

prior to inoculation of the fermentor, in order to reduce any background of phage that might 

be introduced by the initial inoculum.  Nevertheless, the initial φadh concentrations ranged 

from 6.0x10
1
-1.3 x 10

3
 PFU/ml.  The concentrations of φadh in an uncontrolled pH, batch 

fermentation continuously increased as NCK 100 grew (Figure 7).  At a controlled 

fermentation pH 5.5, φadh reached a concentration of 6.7 x 10
7
 PFU/ml, and phage 

production closely mirrored that of the uncontrolled batch culture (Figure 7).  During pH 6.5 

fermentation, a steady concentration of φadh was observed with phage concentrations 

between 1.2 x 10
3
 to 3.6 x 10

3
 PFU/ml from 4-9 h.  At 10 h and 11 h, the phage concentration 

significantly increased to as high as 1.9 x 10
7 

PFU/ml; however, the phage concentration by 

12 h plunged to 3.7 x 10
3
 PFU/ml.  Although less pronounced, this phenomenon of a φadh 

production spike at 10 h followed by a reduction in φadh concentration by 12 h was also 

observed at pH 6.75.  These results clearly indicated that φadh was spontaneously produced 

during normal growth of NCK 100.  Overall, low pH conditions at a controlled pH of 5.5, or 

in batch culture, stimulated φadh induction.  The cause for the spike in φadh production at 10 

h and 11 h under higher pH conditions is unknown but factors other than pH may have a 

significant impact on spontaneous phage induction in NCK 100.           

Transduction of pTRK170 into lactobacilli by φadh.  The ability of φadh to transduce the 

transduction plasmid pTRK170 (19), containing two BglII fragments of φadh and Cm
r
 gene 

(Figure 8), was evaluated against 16 L. gasseri strains.  Plasmid pTRK170 was successfully 

transduced via φadh into 12 strains: NCK 100, NCK 102, NCK 1338, NCK 1340, NCK 



 
 
 
 

55 

1342, NCK 1343, NCK 1346, NCK 1347, NCK 1349, NCK 1557, AJ02, AJ10.  Plasmid 

DNA extraction and PCR amplification of a 861 bp region flanking both sides of the 

chloramphenicol resistance gene within pTRK170 verified that transductants from each of 

the 12 L. gasseri strains did contain the plasmid (Figure 9), while recipient strains showed no 

amplicon (data not shown, but results illustrated in lane 3 for the model transduction 

recipient, NCK 100).  Transduction assays performed using DNase treated lysates did not 

impact the transduction frequencies.  Therefore, transformation events did not influence the 

transduction results. 

 The frequency of plasmid transduction differed greatly among the L. gasseri recipient 

strains, with NCK 100 having highest transduction frequency of 1.6 x 10
-3

 transductants/PFU 

(approximately 1.6 per 1000 PFU are transducing phages containing pTRK170).  The results 

of this study combined with that of Raya et al. (19) showed successful transduction of 

pTRK170 via φadh into 17 L. gasseri strains and 2 L. acidophilus strains (Table 5), despite 

the relatively narrow range of susceptible lytic hosts for φadh.  These results indicate that 

bacterial susceptibility to phage lysis was not in of itself an indicator of "transducibility" or 

the ability of a recipient strain to uptake and express horizontally transferred genes, via 

phage.  Although φadh has been established as a wide-range transducing phage within L. 

gasseri, Raya et al. (19) have previously shown that the overall transduction range of φadh is 

restricted to highly related bacterial strains of L. gasseri ADH and exhibits limited impact on 

less related species within the Lactobacillus acidophilus complex, such L. helveticus and 

most L. acidophilus strains.  Efforts to transduce pGK12 with φadh cos site fragment (9) 
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from induced lysates of L. gasseri ADH to known transduction recipients defined herein, and 

previously by Raya et al. (19) were unsuccessful, after numerous attempts (data not shown). 

Transduction of pTRK170 into lactobacilli by φjlb1.  The ability of φjlb1 to transduce 

genes to recipient L. gasseri strains was investigated by inducing φjlb1 from NCK 102 

(harboring pTRK170).  Transduction assays performed with an induced φjlb1 lysate against 

the 16 L. gasseri strains were used to determine the potential phage host range in this study.  

Plasmid pTRK170 contains two φadh fragments (fragment 1: phage portal protein; fragment 

2: conserved hypothetical protein 5) that are not homologous with φjlb1 (Figure 8).  

Nevertheless, low numbers of transductants were observed in recipients NCK 1342, NCK 

1347, and NCK1349 with 3.5 x 10
1
;
 
5.0 x 10

1
; 5.0 x 10

3
 transductants per ml, respectively.  

These results indicated that φjlb1 is a transducing phage capable of transferring genes to 

other L. gasseri strains. 

Spontaneous phage-mediated transduction in co-culture.   NCK 110 (Rif
r 
and Gen

r
) and 

NCK 374 (containing pTRK170) were grown in a co-culture fermentation in MRS (pH 5.5) 

to determine if spontaneous phage-mediated transduction occurs via φadh.  Fermentation 

samples were collected every two hours to monitor the total CFU/ml, PFU/ml of φadh, OD590 

(cell density not shown), and transductants (Cm
R
, Rif

r
, Gen

r
).  The spontaneous production of 

φadh increased quickly as the L. gasseri ADH population increased.  The concentration of 

φadh spontaneously induced from NCK 110 and NCK 374 reached its peak at 12 h at 1.1 x 

10
6
 PFU/ml.  This was a greater than 1 log reduction in free (unattached) φadh than was 
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observed previously for the parent L. gasseri NCK 100 (6.7 x 10
7
 PFU/ml) when grown in 

pure culture under the same pH controlled conditions.    

 The production of spontaneous transductants began slowly, with no Cm
R
, Rif

r
, Gen

r
 

transductants observed over the first 8 h.  Initial transductants were observed at 10 h at 4.0 x 

10
1
 transductants/ml, with the number of spontaneous transductants increasing to 3.9 x 10

2
 

transductants/ml by 12 h.  The peak concentration of 2.3 x 10
3
 spontaneous transductants/ml 

was observed at 14 h (Figure 10).  During the fermentation, 6.4 x 10
-6

 transductants/cfu (14 

h) was the highest observed frequency of spontaneous transductants observed.  Although 

spontaneous transduction was shown to occur at a relatively low frequency, these results 

demonstrated that φadh can spontaneously transduce pTRK170 to recipient  L. gasseri 

strains, in co-culture.  Therefore, temperate phages residing within probiotic cultures are 

spontaneously induced and can potentially transduce either advantageous or unsavory genes 

associated with other closely-related commensal species. 

DISCUSSION 

 In this study, we demonstrated that L. gasseri ADH (NCK 100) contains a second 

inducible temperate phage, φjlb1, that shares a high degree of sequence homology (83%) 

with LgaI found in L. gasseri ATCC 33323 (16).  Sequencing has shown that L. gasseri 

ATCC33323 and L. gasseri JCM1131 are identical strains (30), therefore, their resident 

phages φgaY (29) and LgaI (27) are identical.  The phage φjlb1 has been previously 

characterized incorrectly as a defective (non-inducible) LgaI phage by NheI restriction digest 

patterns and  Southern blotting with using phage LgaI DNA as a digoxigenin-labelled probe 
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(11).  In early log phase cells, we have shown that φjlb1 can be induced by a higher 

concentration of mitomycin C than required for chemical induction of φadh.  The annotated 

sequence of φjlb1 showed the majority of structural genes, like many other L. gasseri and L. 

johnsonii phages, are identical to LgaI, while the two phages have distinct differences in 

genes associated with lysogeny and head DNA packaging. 

 LgaI and φjlb1 have previously been shown to be in Myoviridae family of phages, 

despite their modular organization of a Sfi11-like pac-type Siphoviridae phage commonly 

found in Streptococcus thermophilus (27).  LgaI has been shown to exist as a mixed 

population of different morphological forms varying from an intact phage, to partial sheath 

contraction, and fully contracted sheath (11).  Electron micrographs of φjlb1 consistently 

show a single phage morphology that consists of a phage sheath that does not touch the 

phage head, but remains at the distal end of the phage particle near the tail fibers.  

Differences in purification techniques may impact the morphology of the φjlb1, however 

sequence analysis showed a significant sequence inversion in the open reading frame of the 

minor tail protein that may alter or truncate the minor phage tail proteins and result in a 

functional phage difference in attachment to the bacterial cell wall or injection efficiency. 

 The genome of L. gasseri ADH harbors two inducible, intact phages that have 

significant differences in genomic sequence and organization, morphological structure, and 

host range.  The cos-type Siphoviridae φadh has many genes that are unique and only 43% 

overall sequence homology to φjlb1.  Distinct differences were observed in the host 

susceptibility ranges of φjlb1 and φadh against the 16 L. gasseri strains exposed to the phage 
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lysates.  While φadh was able to completely lyse the φadh-cured strain (NCK 102) and to a 

lesser extent NCK 1349, φjlb1 was shown to affect the growth of (not necessarily the 

infective lysis of) eight L. gasseri strains.  The ability of φjlb1 to impact the growth of these 

strains does not indicate that the phage successfully infected and lysed the bacterium, 

however it does indicate that the phage was at least able to successfully attach to the bacterial 

cell walls, potentially causing lysis from without.    

 The φadh-based transduction system using pTRK170 was found to effectively 

transduce pTRK170 into 12 of the 16 L. gasseri strains used in this study.  Combined with 

previous work using φadh to transduce pTRK170 (19), 17 L. gasseri strains and 2 L. 

acidophilus strains have been transduced using φadh.  Using pTRK170 (despite no sequence 

homology with the plasmid), φjlb1 was also shown to be a transducible phage that could 

transfer pTRK170 into 3 L. gasseri strains.  It must be noted, that because NCK 100 harbors 

both φadh and φjlb1, phage φjlb1 could also be contributing to the transduction range and 

frequency of induced phage spontaneously released from L. gasseri ADH (NCK 100). 

 The "leaky" temperate phage induction phenomenon or the ability of silent temperate 

phage to be spontaneously induced into the lytic cycle has previously been observed in 

Salmonella and E. coli (24) but not reported in Lactobacillus.  This study showed that φadh 

is spontaneously induced during normal growth conditions in NCK 100.  The spontaneous 

production of φadh was significantly impacted by the pH of the growth media.  Lower pH 

conditions were shown to consistently produce large concentrations of phage.  However, in 

more neutral conditions a drastic spike in φadh concentration was observed at 10-11 h during 
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the fermentations.  This spike in φadh induction could be explained by a loss of cI repressor 

dimerization.  The cI repressor, the main repressor protein that maintains the prophage as a 

lysogen, forms dimers on the phage genome to successfully block the expression of lytic 

phage genes.  If NCK 100 produces a chemical signal or chemical stressor that stimulates the 

production of RecA, RecA will function as a co-protease that activates the cryptic 

autoproteolysis of the cI repressor causing the loss of cI dimerization and initiation of the 

phage lytic cycle.  Further investigation may show that natural chemical cell stressors and 

possibly signaling molecules (quorum sensing) can impact the spontaneous production of 

phage.       

 This study demonstrated that spontaneous production of φadh can produce 

transducing particles able to transfer genes.  Despite the broad transduction host range of the 

φadh-pTRK170 transduction system within strains of L. gasseri species, the phage has not 

transferred the plasmid to less related bacterial strains (19).  Horizontal gene transfer is an 

important mechanism of evolutionary change, but recent analysis shows that prokaryotes 

were more likely to transfer genetic material to closely related species than distantly related 

species (4).  This biased gene transfer is supported by the fact that bacteriophages can only 

effectively transfer bacterial genes to other closely related strains, because phages are unable 

to attach to and infect distantly related strains.     

   When looking at the genetic exchange between bacteria in the environment, the 

majority of horizontal gene transfer studies have focused on conjugation and transformation 

of bacteria.  Environmental transduction studies have mainly focused on marine 
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environments and the evolution of bacteria as a result of bacteriophage within marine 

ecosystems (12, 17, 22, 23).  A recent study on the fecal microbiota of monozozygotic twins 

and their mothers showed that the viromes of the distal gut of individuals are dominated by a 

few temperate phages that exhibit tremendous genetic stability (21).  Unlike aquatic 

environments that are dominated by dynamic successions of mutated lytic phages, greater 

than 95% of the virotypes were retained in individuals throughout one year of fecal surveys 

(21).  A number of proteins identified as having viral origins have been shown to confer 

novel or advantageous functions for anaerobic bacteria such as proteins that utilize iron or 

sulphur, and some of the virus-associated proteins are evolving in ways that are 

distinguishable from homologs present in sequenced bacterial genomes (21).   

CONCLUSIONS 

 In order to gain better understanding of the human microbiome and the evolutionary 

changes occurring in the gastrointestinal tract (GIT), it is important to study temperate 

phages capable of high rates of spontaneous induction and able to acquire bacterial genes and 

transduce them to related strains.  In this study, L. gasseri ADH was shown to harbor two 

inducible temperate phages, Siphoviridae φadh and Myoviridae φjlb1.  Phage φadh was 

sponataneously induced during growth with pH and other factors significantly influencing 

phage induction.  The lytic host range of φjlb1 was shown to be much broader than φadh.  

Phage transduction occurs via both φadh and φjlb1 and was broadly observed among L. 

gasseri strains.  Spontaneous transduction does occur in L. gasseri in co-culture.  In this 
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study, it is clear that for L. gasseri species, temperate phages are common and likely serve as 

common vehicles for horizontal gene transfer among commensal lactobacilli. 
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Figure 1.   Mitomycin C (μg/mL) induction of bacteriophage by monitoring the lysis of NCK 

100. 
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Figure 2. Mitomycin C (μg/mL) induction of bacteriophage by monitoring the lysis of NCK 

102 (φadh- cured derivative). 
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Figure 3. Negatively stained TEM images of the temperate phages that reside in L. gasseri 

ADH, taken at 55,000 times magnification.  A) Siphoviridae phage φadh  B) Myoviridae 

phage φjlb1  
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Figure 4.  Map of the open reading frames and known features of φjlb1.  
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Figure 5.  Global sequence alignment of L. gasseri phages φjlb1, LgaI, KC5a, φadh, and L. 

johnsonii phage Lj771 shown with 70% similarity significance value. 
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Figure 6. Growth of NCK 100 in MRS broth under controlled pH and batch culture 

conditions. 
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Figure 7.  Observing the spontaneous induction of φadh by determining the concentration 

(PFU/mL) of free (non-attached) φadh in media samples over time.  
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Figure 8.  Two BglII fragments (756bp and 1.4kb, respectively) of φadh were cloned into the 

BglII site of pGK12 to develop the high frequency transduction vector pTRK170.  A) The 

linear map of φadh, starting/ending at the the cos site, denotes the location of the two BglII 

fragments cloned in pGK12.  B)  Diagram of the high frequency transduction vector 

pTRK170 containing φadh fragment 1 (black), fragment 2 (red), and the chloramphenicol 

resistance gene.  
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Figure 9.  Agarose gel showing the 861bp band amplifying the chloramphenicol resistance 

gene in pTRK170 and confirming transduction in the 12 L. gasseri strains. Lane 1: Invitrogen 

1kb plus ladder; Lane 2: NCK374 (positive control); Lane 3: NCK 100 (negative control); 

Lanes 4-15 isolated transductants of NCK 100, NCK 102, AJ02, AJ10, NCK 1338, NCK 

1340, NCK 1342, NCK 1343, NCK 1346, NCK 1347, NCK 1349, NCK 1557   
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Figure 10. Co-culture experiment using L. gasseri NCK 374 Cm
r
 (containing pTRK170) and 

transduction recipient L. gasseri NCK 110 (Rifamycin and  Gentamicin resistant at 25μg/mL 

and 200 μg/mL, respectively) .  Every 2 hours, samples monitored PFU/mL of φadh, total 

cell count, and spontaneous transductants (L. gasseri Rif
r
 Gent

r 
Cm

r
) 
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Table 1. Bacteria, phages, and plasmids used in this study 

Bacterial Strain
a
 

Relevant 

Characteristics
b
 Origin or Reference 

L. gasseri ADH φadh
+
, φjlb1

+
, pTRK15 (13, 15, 19, 20) 

 (NCK 100)   

NCK 102 φadh
-
, φjlb1

+
, pTRK15 (20) 

NCK 110 φadh
+
, φjlb1

+
, Rif

r
, Gen

r
 (15) 

NCK 374 pTRK170 (Cm
R
) (19) 

   

L. gasseri   

NCK 1338  (14) 

NCK 1340  (14) 

NCK 1341  (14) 

NCK 1342  (14) 

NCK 1343  (14) 

NCK 1344  (14) 

NCK 1345  (14) 

NCK 1346  (14) 

NCK 1347  (14) 

NCK 1348  (14) 

NCK 1349  (14) 

NCK 1557  (7) 

AJ02  (8) 

AJ10  (8) 
a
 NCK, Culture Collection of the Department of Food, Bioprocessing, and Nutrition 

Sciences, North Carolina State University, Raleigh. 
b
 φadh

+
, φadh lysogen; φjlb1

+
, φjlb1 lysogen; Rif

r
, Rifampicin resistance (25 μg/mL); Gen

r
, 

Gentamycin resistance (200 μg/mL) 
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Table 2. Host Range of φadh 

L. gasseri strains  Spot Test
a 

Plaque Forming Units per mL 

NCK 100 φadh+ - - 

NCK 102 φadh
- 

+++ 2.4 x 10
8
 

NCK 1338  - - 

NCK 1340  - - 

NCK 1341  - - 

NCK 1342  - - 

NCK 1343  - - 

NCK 1344  - - 

NCK 1345  - - 

NCK 1346  - - 

NCK 1347  - - 

NCK 1348  - - 

NCK 1349  + 4.8 x 10
3
 

NCK 1557  - - 

AJ02  - - 

AJ10  - - 
a
 (+) zone of lysis or inhibition in the bacterial cell lawn 

   (-) no apparent lysis or inhibition 
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Table 3. Host range of φjlb1 

L. gasseri strains  Spot Test
a
 Plaque Formation 

NCK 100 φjlb1+ - - 

NCK 102 φjlb1+  - - 

NCK 1338  - - 

NCK 1340  - - 

NCK 1341  + - 

NCK 1342  + - 

NCK 1343  + - 

NCK 1344  + Fuzzy 

NCK 1345  ++ - 

NCK 1346  - - 

NCK 1347  ++ - 

NCK 1348  ++ - 

NCK 1349  +++ Fuzzy 

NCK 1557  - - 

AJ02  - - 

AJ10  - - 
a
 (+) zone of lysis or inhibition in the bacterial cell lawn 

   (-) no apparent lysis or inhibition 
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Table 4. Open reading frames and descriptions of the genes of bacteriophage φjlb1 
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Table 4.  Orf table (Cont'd) 
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Table 5. Transduction of plasmid pTRK170 in lactobacilli via φadh 

Recipient Strain 

Cm
R 

transductants/PFU
a 

Study 

L. gasseri  This work 

NCK 100 1.6 x 10
-3

 This work 

NCK 102 4.4 x 10
-5

 This work 

NCK 1338 1.3 x 10
-6

 This work 

NCK 1340 1.6 x 10
-6

 This work 

NCK 1341 <1.5 x 10
-9

 This work 

NCK 1342 2.8 x 10
-5

 This work 

NCK 1343 1.9 x 10
-7

 This work 

NCK 1344 <1.5 x 10
-9

 This work 

NCK 1345 <1.5 x 10
-9

 This work 

NCK 1346 5.0 x 10
-5

 This work 

NCK 1347 2.1 x 10
-5

 This work 

NCK 1348 <1.5 x 10
-9

 This work 

NCK 1349 5.2 x 10
-5

 This work 

NCK 1557 2.2 x 10
-8

 This work 

AJ02 3.7 x 10
-6

 This work 

AJ10 1.4 x 10
-6

 This work 

NCK 334 (ATCC 33323) 4.7 x 10
-7

 (19) 

VPI 6033 (ATCC 19992) 3.8 x 10
-4

 (19) 

VPI 11089 4.6 x 10
-7

 (19) 

VPI 11759 3.6 x 10
-8

 (19) 

VPI 12601 8.6 x 10
-8

 (19) 

   

L. acidophilus   

MS01 1.4x10
-8

 (19) 

NCK 90 1.3x10
-7

 (19)  
a
 Strains not transducible by φadh are denoted in bold 
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