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Abstract of the Dissertation 

 

Combined Experimental Attenuation and Pan-genomic Analysis  

Allow for Inference of Novel Virulence Genes in Leptospira interrogans 

by 

Jason Steven Lehmann 

Doctor of Philosophy in Biomedical Sciences 

University of California, San Diego, 2014 

Professor Victor Nizet, Chair 

 

 Leptospirosis, caused by pathogenic spirochetes of the genus 

Leptospira, is a zoonotic infection that is a significant cause of worldwide 

morbidity and mortality for both humans and animals. Despite its global 

prevalence, the disease remains understudied, and the molecular 

mechanisms underlying its pathogenesis remain poor understood. Research 

has been hindered due to the slow growth of infectious isolates and their 

recalcitrance to genetic manipulation. This dissertation presents a 

pathogenomics-based approach for identifying novel virulence associated 
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genes that couples deep sequencing analysis of experimentally attenuated 

highly pathogenic Leptospira interrogans serovar Lai with comparative 

analysis of the pan-genome of the entire Leptospira genus. 

 In Chapter 2, this approach is used identify non-synonymous mutations 

in pathogen specific genes of L. interrogans that accumulated during the 

course of experimental attenuation. 11 genes were identified, and 10 of them 

are demonstrated to have profound in vivo transcriptional upregulation by wild-

type virulent L. interrogans serovar Lai in an animal model of acute 

leptospirosis.  

 Among these genes is a putative soluble adenylate cyclase, found in 

cell-free culture supernatant, that is shown to elevated cyclic-AMP levels in 

human monocytes in vitro. 2 genes were found to belong to a previously 

unstudied 15 member paralogous gene family shared among pathogenic 

Leptospira and two species of the alpha-proteobacterial genus Bartonella. 

How these distant species came to share this gene family remains an 

evolutionary mystery; however, Leptospira paralogs are shown to have unique 

tissue specific upregulation in vivo, suggesting a direct role in virulence.  

 Chapter 3 demonstrates that a recombinant form of the adenylate 

cyclase protein recapitulates the host cyclic-AMP elevation observed in 

Leptospira culture supernatant. 

 Chapter 4 presents analysis from a second experimentally attenuated 

L. interrogans serovar Lai strain. Improved bioinformatic and sequencing 

technology allow for a more in depth and comprehensive evaluation of mixed 



 

 xx 

allele populations. This revealed that subpopulations of mutant non-

synonymous alleles increased in frequency during the attenuation and were 

located in genes related to signal transduction mechanisms employed by the 

bacteria. 

 The combined interpretation of the attenuation experiments and future 

directions for research are summarized in Chapter 5. 
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Introduction: Leptospira and Leptospirosis 
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1.1 Introduction  

 Leptospirosis, caused by pathogenic species of the genus Leptospira, 

is one of the most widespread zoonotic diseases both in terms of geographical 

range and the number of animal species susceptible to infection. It causes 

significant worldwide impact on human and animal health [1]. Exact global 

estimates of disease burden remain unknown; however, recent estimates by 

the Leptospirosis Burden Epidemiology Reference Group (LERG) at the World 

Health Organization have set the number of human cases of severe 

leptospirosis to over 500,000 per year [2]. This number is almost certainly an 

underestimate, due to difficult diagnosis and poor surveillance and reporting 

mechanisms in areas of endemic disease [3]. Clinical symptoms of 

leptospirosis can range from a self-resolving acute, undifferentiated febrile 

illness to more severe and sometimes fatal forms of disease that include renal 

failure, jaundice, and hemorrhage. Despite the global prevalence and severity 

of the disease, the molecular aspects of leptospiral pathogenesis remain 

poorly understood [4]. 

 The goal of this dissertation therefore, is to use a pathogenomics 

approach, by coupling of pan-genomic analysis of multiple isolates with 

sequencing of experimentally attenuated isolates of highly pathogenic 

Leptospira interrogans serovar Lai, towards the goal of functional inference of 

novel virulence factors. The first chapter of this dissertation will present an 

overview of leptospriosis, and what is already known about the virulence factor 

repertoire of pathogenic Leptospira. The second chapter will detail the use of a 
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pathogenomics-based approach to infer and characterize novel virulence 

candidate genes in L. interrogans serovar Lai. The third chapter will present 

initial work characterizing a recombinant protein form of one of the candidate 

virulence genes identified in Chapter 2. The fourth chapter will evaluate a 

second attenuated isolate using improved bioinformatic tools, which allow 

further resolution of the genomic changes of attenuation. Lastly, in the final 

chapter of this dissertation concluding perspectives of the research will be 

presented. 

  

1.2 Historical Perspective of Leptospirosis 

 Human beings have described leptospirosis-like syndromes since the 

time of ancient civilizations [5]; however, the first modern description of clinical 

symptoms was published in 1886 by Adolf Weil [6]. This study presented the 

clinical features of four patients with fever, jaundice, and kidney failure 

describing a syndrome that would come to be known as Weil’s disease. In 

1916 Japanese physician Ryukichi Inada published his research group’s 

discovery that a spirochete bacterium (termed Spirochæta 

icterohæmorrhagiæ) was the aetiological agent of leptospirosis. This study 

successfully replicated the disease in guinea pigs by inoculating them with 

blood from infected human patients [7]. This same group, lead by Inada’s 

protégé Yutaka Ido, was also the first to identify the role of rats in the 

transmission cycle of the disease [8] 
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 The disease became a concern for soldiers fighting in the trenches of 

World War I, and it was at this time that a second Japanese physician, Hideyo 

Noguchi, discovered that organisms associated with Weil’s disease in the 

United States and Belgium shared morphological characteristics with those 

described by Inada. He further concluded that the organisms were likely 

identical based on serum cross reactivity studies in guinea pigs. Noguchi also 

found evidence supporting the role of wild rats in the transmission of the 

disease, and suggested a new genus name, Leptospira from the Latin 

meaning thin coil, for the bacteria [9]. 

 

1.3 Leptospira Biology 

 The genus Leptospira belongs to the Spirochaetes phylum [10], and 

contains several species of thin, helical, motile bacteria that vary from 6-20 µm 

in length. The hooked ends of the cell give these bacteria their distinctive 

question marked morphology, and serve as attachment points for two 

periplasmic endoflagella that provide motility [11]. All genus members are 

obligate aerobes whose major carbon and energy source is long-chain fatty 

acids, which are metabolized via beta-oxidation [12, 13]. The cell surface of 

leptospires shares characteristics of both gram-negative and gram-positive 

bacteria. While the presence of a double membrane and LPS is reminiscent of 

gram-negative species, the close association of the cytoplasmic membrane 

with the peptidoglycan is more evocative of gram-positive cell architecture [5, 

14].  
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 The Leptospira genus is comprised of at least 21 species, based on 

DNA-DNA hybridization and 16s rRNA phylogenetic analysis (Figure 1.1), 

although this number is likely to expand with further scientific inquiry as 

evidence for a subgroup of species of unknown pathogenicity (designated 

clade C) has been detected in the Peruvian Amazon [15]. Roughly, the genus 

can be divided into non-infectious and infectious clades. The non-infectious, or 

saprophytic, clade forms the deepest branch in the genus and is made up of 

free-living environmental microorganisms [16]. With the recent discovery of the 

non-infectious L. idonii [17], there are now seven species that are part of this 

group. The infectious clade is comprised of fourteen species from both the 

Group I and Group II pathogens. The Group I pathogens [16, 18] (formerly 

referred to as “pathogens”) are comprised of 9 species which are pathogenic 

to humans, with severity that ranges from asymptomatic infection to severe 

disease and death, with most cases of severe disease caused by the trio of 

closely related species L. interrogans, L. kirschneri, and L. noguchii. The five 

species of the Group II pathogens (formerly “intermediates”), in contrast cause 

only mild, self-limiting infections [19-23]. 

 In addition to classification based on genetic similarities, Leptospira 

species are also classified into serovars defined by agglutination after cross 

absorption with homologous antigen. The molecular basis for differences in 

serovars is owed to structural heterogeneity in O-antigen polysaccharides of 

leptospiral LPS. There are nearly 300 recognized serovars to date, but many 

more have been isolated and have yet to be validly published. Serovars are 
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unrelated to any molecular classifications of the genus, which suggests that 

the genes determining serotypes may be laterally transferred between 

species. Although serovars have no taxonomic standing, they do provide 

useful information in epidemiologic context as they can provide clues about 

reservoir host preferences and pathogen transmission [4, 14]. 

 

1.4 Transmission Cycle  

 The transmission cycle of leptospirosis requires continuous enzootic 

maintenance of the pathogen in reservoir hosts. Host animals transmit 

Leptospira to other animals through contact with infected urine, sexual contact 

[24], vertical transmission from infected mother to offspring [25, 26], and 

through contact with contaminated soil and water [27, 28].  

 Many mammalian species and amphibians act as reservoirs for 

Leptospira [29, 30]. Rats were the first reservoirs identified for the bacteria [8], 

but other important carriers include domesticated cattle, horses, pigs, and 

dogs [5]. Potentially any vertebrate species can be considered susceptible to 

infection (acute and chronic), and thus capable of shedding leptospires into 

the environment [14]. Indeed, the more exotic species demonstrated to carry 

Leptospira includes bats [31], mongooses [32, 33], kangaroos [34], and 

pinnipeds  [35-37]. Leptospira serovars demonstrate specific, although not 

exclusive, host preferences. House mice serve as the main reservoir for the 

Ballum serogroup, while rats are the reservoir for the Icterohaemorragiae 

serogroup [14, 38]. Further, serovars often don’t cause severe disease in the 
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hosts to which they are adapted, and some reservoir species can maintain 

multiple serovars [20]. 

 The bacteria colonize the renal tubules of chronically infected animals 

and are shed via urine, at high concentrations (up to 107 leptospires/ml in rats 

[39]), into the environment. The bacteria persist for weeks or even months in 

moist soil or water after being excreted in the urine, where cell aggregation 

and biofilm formation are thought to contribute to the survival of leptospires 

outside of the host [40, 41]. 

 

1.5 Human Epidemiology 

 The epidemiology of human leptospirosis can be broadly divided into 

three categories: endemic, epidemic, and sporadic cases. 

 Studies examining the prevalence of anti-leptospiral antibodies have 

established the endemicity of leptospirosis in many tropical regions across the 

globe. These areas include Central and South America [42, 43], Africa [44, 

45], and Southeast Asia [46-48]. Socioeconomic factors as well as geographic 

and climatic ones contribute to the prevalence of disease in these regions. 

Slum environments without proper sanitation and water services in tropical 

climates with frequent rainfall create ideal conditions for the persistence of 

Leptospira. Bacterial isolates from patients, water, and reservoir animals 

demonstrate the presence of a diverse group of leptospiral serovars in areas 

of endemic disease [15]. Data show that asymptomatic infection is common in 

these regions with rates as high as 70% reported in one study [49], indicating 
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that the number of people exposed to Leptospira may be much higher than 

official estimates of global disease burden. 

 Epidemic leptospirosis is usually associated with excessive rainfall, 

flooding, or natural disasters [50-53]. As with endemic disease, risk factors for 

infection center on exposure to contaminated water, particularly domestic 

activities such as bathing or laundering clothes. Outbreaks are also 

increasingly associated with not only recreational exposure such as triathlons 

and white-water rafting, but also military related activity and farming [54-57]. 

 Sporadic cases of leptospirosis are found in homeless and other 

disadvantaged urban populations in metropolitan areas of developed nations 

where poverty conditions increase the likelihood of exposure to peridomestic 

reservoir animals [58-60]. 

 

1.6 Disease Pathogenesis and Manifestations 

 Leptospires penetrate abraded skin or mucus membranes and quickly 

disseminate hematogenously to establish systemic infection. The bacteria can 

be detected in the blood minutes after inoculation and in target organs by the 

third day post infection [5, 29, 61-63]. Infection causes a prolonged 

leptospiraemia until the host mounts an effective immune response [61], and 

during this time the concentration of leptospires can reach 106-107 per ml or 

gram of infected blood or tissue [63, 64].  

 Pathogenic Leptospira evade host innate immune responses during the 

initial stages of infection.  They are resistant to the alternate pathway of 
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complement activated killing through the binding of complement factor H to 

their cell surface via the leptospiral protein LfhA [65-67], and have also been 

demonstrated to bind the classical pathway regulator C4BP via the LcpA 

protein [68, 69]. In addition pathogenic Leptospira have been experimentally 

shown to express sialic acids [70], which may further aid in complement and 

immune cell evasion. While not traditionally thought of as facultative 

intracellular organisms, there is also growing evidence that infectious 

leptospires are able to persist within, and potentially kill macrophages once 

phagocytosed in vivo during the course of infection [71-73]. 

 The hallmark of infectious leptospires is their ability to establish 

persistent carriage in the kidneys of reservoir hosts. The earlier systemic 

infection is cleared from all organs except the proximal renal tubules, and once 

colonized the tubules are populated with dense populations of bacteria that 

aggregate into biofilm-like structures. In rats this phase of the life cycle is 

punctuated by changes in the O-antigen portion of LPS, which are presumed 

to facilitate the transition from acute to chronic infection [39]. Once 

established, leptospiral persistence is aided by the immunoprivileged location 

of the renal tubules. 

 In humans, after an incubation period of 5-14 days post exposure, 

leptospirosis causes an undifferentiated febrile illness that in most patients 

resolves after the first week of symptoms [5]; however, a subset of 5-15% of 

patients go on to experience severe late phase disease manifestations [4]. 

These manifestations usually occur within 4-6 days from the onset of 
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symptoms, but are influenced by both the infecting inoculum as well as other 

determinants of disease. 

 Weil’s disease describes the classic severe disease manifestations of 

jaundice, bleeding, and renal failure. Leptospirosis has gained recent 

worldwide attention due to the emergence of a fatal leptospirosis-associated 

pulmonary hemorrhage syndrome that presents without renal failure or 

jaundice. Originally identified during an epidemic in Nicaragua, the case 

fatality rates of patients with this form of the disease reach 50% [53, 74, 75]. 

Vascular endothelial damage is another hallmark of severe leptospirosis and is 

responsible for capillary leakage and hemorrhage [76]. Severe leptospirosis 

also activates the coagulation cascade and has been reported to cause 

disseminated intravascular coagulation in up to 50% of patients with the 

disease [77]. This complication may be further exacerbated clinically by the 

high percentage of leptospirosis patients that experience thrombocytopenia 

during infection [78, 79]. Other symptoms can include meningitis, uveitis, 

myocarditis, and less frequently skin rashes [4, 80]. 

 Ultimately, the development of severe leptospirosis and the progression 

of the disease are influenced by both the dose and virulence characteristics of 

the infecting Leptospira strain, as well as host susceptibility factors such as 

age, health, and immune status.  
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1.7 Virulence Factors 

 The molecular underpinnings of the pathogenesis of leptospirosis 

remain poorly understood at this time. However, there have been several 

candidate virulence factors that have been identified, including hemolysins 

and sphingomyelinases, surface proteins and outermembrane proteins that 

function as adhesins, and a limited number of proteins identified using genetic 

approaches. 

 Several putative leptospiral hemolysins have been identified in the 

infectious clades of the genus, that are conspicuously absent in the 

saprophytic strains [81]. One such candidate protein is TlyC in L. interrogans. 

TylC is an ortholog of a known hemolysins virulence factor in the spirochete 

Brachyspira hyodysteriae, and although experimental evidence has 

demonstrated that this leptospiral protein lacks hemolysin activity, it was 

shown to bind host extracellular matrix (ECM) components [82]. Experimental 

characterization of various hemolysin-like sphingomyelinases from pathogenic 

Leptospira has suggested that these proteins have cytotoxic and pore forming 

properties [83-85]. The functional activity of some of these proteins has been 

questioned by other researchers [86]; however, since they have been shown 

to be upregulated in vivo it has been suggested that their sublytic properties 

may benefit the bacteria during infection [87]. 

 The attachment to ECM components and host cells is necessary for 

leptospires to penetrate and disseminate throughout mammalian tissues, and 

L. interrogans is known to bind to fibroblasts, endothelial cells, monocytes, and 
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kidney epithelial cells, as well as ECM components in vitro [87, 88]. A number 

of leptospiral proteins have been demonstrated to bind Laminin. One such 

protein is the laminin-binding LenA, which was also shown to bind factor H, 

fibrinogen, and fibronectin [67, 89, 90]. Another group of proteins that bind 

ECM components are the bacterial immunoglobulin-like domain containing 

proteins LigA, LigB, and LigC. Proteins containing this domain aid adherence 

to host cells in other pathogens [91, 92], and in pathogenic Leptospira bind 

elastin, tropoelastin, collagen, and fibronectin [93, 94]. A genetic knockout of 

LigB did not attenuated virulence in animal models of leptospirosis [95], which 

suggests that other proteins may have similar interactions with the host, 

indicating that there may be a redundancy of overlapping functions in the 

proteins associated with leptospiral adherence to host cell ligands. 

 The OmpA-like lipoprotein Loa22 was the first genetically described 

virulence factor in Leptospira [96]. This protein is highly conserved among 

pathogenic species and is upregulated during the acute phase of leptospirosis 

[97], which supports its role in pathogenesis; however, the molecular function 

of this protein remains unknown. Other genetically defined virulence factors 

are limited but include LPS [98], flagellar components [99, 100], collagenase 

[101], and the mammalian cell entry protein MCE [102], LruA (which is 

targeted by host antibodies in leptospiral uveitis) [103], and the chaperone 

proteins ClpB and HtpG [104, 105]. 
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1.8 Genetic Tools for Leptospira 

 The virulence mechanisms of Leptospira and the biology that underlies 

them remains poorly understood [4, 80]. Leptospiral genetic manipulation 

techniques remain far behind those available for other bacterial species. 

Attempts at genetic manipulation using classical techniques have been 

unsuccessful due to an absence of naturally occurring plasmids in pathogenic 

species and their poor growth on solid media. 

 There have been sparse reports of targeted gene knockout in 

pathogenic leptospires [95, 100-102], but these instances are the exception 

rather than the norm. The reality is that site directed mutagenesis remains out 

of reach for most researchers. 

 Alternative approaches to identifying virulence related genes have 

included quantifying leptospiral transcriptome responses during exposure to 

“host-like” conditions using microarray approaches [106-111]; however, the 

global gene response to the combination of all external cues sensed by 

Leptospira in-vivo during the course of infection remain to be studied in detail. 

To date only one study has attempted to evaluate this through the use of 

RNA-seq to evaluate the transcriptome of Leptospira that had been cultured in 

dialysis chamber cassettes in the peritoneal cavity of rats [112]. These studies 

have demonstrated that Leptospira alter the transcriptional status of many 

genes during the transition from environmental to host conditions. 

 As targeted gene disruption remains difficult, transposon-based 

mutagenesis approaches have been used in two virulent L. interrogans 
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serovars, Lai [113] and Manilae [114]. Although pathogenic species of 

Leptospira remain much less easily transformable than saprophytic species, 

the libraries generated from these two experiments have allowed for the 

characterization of most of the virulence factors identified to date. This 

approach is of great value in determining the contribution of a single gene to 

pathogenesis; however, as currently designed cannot determine relative 

contributions of multiple genes towards an overall virulence phenotype. 

 A major advance in the understanding of Leptospira species and their 

pathogenesis has come from recent genome sequencing efforts. Currently 

there are published genomes for three strains of group I pathogens (L. 

interrogans serovars Lai [115] and Copenhagenii [116], L. borgpetersenii [81]), 

one group II pathogen (L. licerasiae [117]), and one saprophytic species (L. 

biflexa [118]). In addition, a global Leptospira genome project has recently 

collected and sequenced hundreds of strains representing twenty of current 

twenty one species in the genus (the newly described L. idonii remains to be 

sequenced), all of which are available at Genbank. Comparative analysis of 

these genomes has not only provided insight into the genetic determinants 

that underlie the lifestyles of different species [119], but also has revealed that 

pathogenic species have large genomes with a broad array of sensor and 

signal transduction mechanisms compared to saprophytic species [118], which 

allow the bacteria to respond to diverse environmental and host stimuli. 

 The L. interrogans serovar Lai genome is approximately 4.33 Mb and 

contains 3,741 predicted open reading frames. Comparative analysis has 
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suggested that approximately 1,550 of these genes constitute the core 

backbone of the genus [117]. As summarized in Figure 1.2, that same analysis 

concluded that there are well over 600 L. interrogans specific genes that could 

potentially contribute towards its pathogenesis. This is a large number of 

genes when compared to the list of known virulence factors, a perspective that 

underscores how incomplete our knowledge of these determinants really is. 

 

1.9 Pathogenomcis Overview 

 With advancements in high throughput sequencing technology and 

improved bioinformatic tools for analyzing the data generated by them it has 

become possible to compare dozens of bacterial genomes not only from same 

species, but also across multiple species. The discipline of pathogenomics 

arose in the decade following the first genomic sequencing projects in 

pathogenic bacteria, at the interface between genomic research and bacterial 

pathogenesis research. At its core, pathogenomics seeks to further the 

understanding of bacterial virulence, and its evolution through comparison of 

gene repertoires of pathogenic and non-pathogenic strains and species [120]. 

Pathogenomic approaches have been used to evaluate pathogenic 

characteristics of Listeria species [121], staphylococci [122], virulence 

plasmids of Escherichia coli [123], and by our research group to better 

understand leptospiral virulence evolution [124]. 
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Figure 1.1 Taxonomy of the Leptospira Genus 
A schematic representation of genus phylogeny based on 16s rRNA sequences of the 21 
recognized Leptospira species. The genus name has been omitted, with only the species 
listed. The outgroup is the closely related Leptonema illini. Bolded text indicates the availability 
of published and or draft genomes in Genbank. Adapted from [124]. 
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Chapter 2 

Pathogenomic Inference of Virulence-Associated  

Genes in Leptospira interrogans 
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2.1 Introduction 

 Leptospirosis, caused by spirochete bacteria of the genus Leptospira, is 

a zoonotic disease of high public health impact [125]. Globally, nearly 900,000 

people are infected annually through contact with contaminated water, 

infected tissue or urine of mammalian reservoir hosts [126]. Phylogenetic 

analyses have resolved the genus into 3 distinct lineages, which are the focus 

of a pan-Leptospira genome project supported by the NIAID Genome 

Sequencing Center: nine pathogenic species; five intermediate species (eg. L. 

fainei, L. licerasiae); and six non-infectious saprophytic species (i.e. L. biflexa) 

(Figure 2.1A) [16, 31, 127, 128]. The greatest burden of disease is caused by 

the pathogenic species, mainly affecting people living in poverty and with poor 

sanitation [3, 125, 126]. Epidemics of leptospirosis associated with floods, 

monsoons, or hurricanes have a high morbidity and mortality with case fatality 

rates ranging as high as 20-25% in hospitalized patients leading to refractory 

shock, jaundice, renal failure, and pulmonary hemorrhage [125].  

 Despite its severity and global importance, the molecular pathogenesis 

of leptospirosis remains poorly understood [4]. Leptospira penetrate mucosal 

epithelium and damaged integument then hematogenously disseminate to 

localize within multiple organs, including the liver and kidney, within 72 hours. 

Leptospiremia may continue for up to two weeks after onset of symptoms with 

blood bacterial concentrations reaching as high as 106-107 organisms/mL in 

infected patients [63, 129]. The only virulence factor genetically defined to 

date is the surface lipoprotein Loa22 [96], but mechanisms by which it 
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contributes to disease pathogenesis remain unknown. Other virulence-

associated genes include heme oxygenase [106], LPS [98], clpB [105], and 

flagellar components [99, 100]. Although random transposon mutagenesis has 

been used to identify a few putative leptospiral virulence-related genes [113] 

[114], further progress has been hindered by the lack of efficient gene-

targeted mutagenesis techniques in pathogenic Leptospira [4].  

 We used a functional systems biology (pathogenomic) approach to 

identify candidate virulence genes, by genomic comparison of a culture-

attenuated Leptospira interrogans serovar Lai strain 56601 (LD50>109)(Figure 

2.1B) with its virulent, isogenic parent (LD50<100) [115]. In vivo relevance of 

identified candidate genes was determined by quantification of expression of 

candidate genes on day 4 after hamster infection in blood, liver, and kidney 

compared to in vitro culture. 
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2.2 Methods 

 

Ethics Statement  

 This study was carried out in accordance with the recommendations in 

the Guide for the Care and Use of Laboratory Animals of the National 

Institutes of Health in AAALAC-approved facilities. The experimental animal 

work was approved by the Institutional Animal Care and Use Committee of the 

University of California San Diego under protocol S03128H.  

 

Bacterial Strain Maintenance and Attenuation of L. interrogans serovar 

Lai strain 56601  

 All strains were maintained in vitro in Ellinghausen-McCullough- 

Johnson -Harris (EMJH) media using standard protocols and are available 

from BEI Resources. L. interrogans serovar Lai strain 56601 was obtained 

from Dr. David Haake (UCLA). Virulence was selected for by serial passage 

through hamsters so that the P1 strain used in the present study had an LD50

 

of ~10 organisms. L. interrogans serovar Lai strain 56601_P1 was attenuated 

by 18 bi-weekly subcultures in vitro. Virulence was assessed every five to ten 

subcultures using three-week-old male Golden Syrian Hamsters. Following a 

final subculture, genomic DNA was prepared from this attenuated strain 

(designated P19) on which next generation sequencing was carried out.  
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Genome Assembly of Virulent P1 and Attenuated P19 L. interrogans 

serovar Lai strain 56601 and Non-synonymous SNV (nsSNV) Detection  

 We generated 4,379,515 and 5,340,095 unpaired shotgun reads from 

L. interrogans serovar Lai 56601_P1 and 56601_P19, respectively using next 

generation sequencing technology. All reads were 36 bases long. Both 

genomes were assembled using the comparative assembler AMOScmp. The 

AMOSCmp-shortReads- alignmentTrimmed pipeline that runs within 

AMOScmp, was used to look for exact matches of each read to the published 

L. interrogans serovar Lai 56601 genome of at least 20 bp, permitting a 

maximum consensus error rate of 0.06% (i.e. at most two mismatches in any 

read). This script runs a reference-based trimming of the 39-end of the reads 

prior to assembly. We found that trimming of at most 4 bases from the 39-end 

of the reads based on their matches to the reference produced better 

assemblies than un-trimmed reads. The P1 assembly used 3,919,609 reads, 

leaving 459,906 unassembled singletons, while the P19 assembly used 

4,915,295 leaving 424,800 singleton reads. The 56601_P1 genome was 

assembled into 167 contigs with an average length of 28,124 kb and an N50 

length of 105,604 kb and the P19 genome into 97 contigs, average length 

48,417 and N50 of 190,406. We checked the quality of both assemblies using 

the amosvalidate pipeline, which runs within AMOScmp. This pipeline 

identifies misassembly features such as increased read depth and correlated 

SNVs (i.e. one or more reads with the same SNV, which is unlikely to be due 

to sequencing error), both indicative of collapsed repeats. We found that both 
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assemblies were high quality with at most 5 potential misassembly features in 

longer contigs. These potential misassemblies were inspected manually using 

the Hawkeye viewer and reassembled if necessary using minimus, which 

employs a stricter assembly algorithm. The unfinished 56601_P1a and 

56601_P19 genomes were aligned and SNVs identified using the MUMmer 

v3.22 software package.  

 

RT-qPCR In Vivo Gene Expression Analysis 

 Three week old Golden Syrian Hamsters were infected via 

intraperitoneal injection with 108 low passage L. interrogans serovar Lai strain 

56601. 96 hours post infection total RNA was collected using TRIzol 

(Invitrogen) from blood, liver, and kidney tissue, as well as from a 96-hour 

EMJH culture of L. interrogans grown at 30°C. Total RNA was reverse 

transcribed using a QuantiTect reverse transcription kit (Qiagen). cDNA was 

amplified using a CFX96 thermal cycler (Bio-Rad) using PerfeCta SYBR 

Green FastMix (Quanta Biosciences). PCR was carried out at 95°C for 3 min, 

a touchdown gradient of 14 cycles of (94°C 10s, 80°C 45s) decreasing 

1°C/cycle, followed by 40 cycles of (94°C 30s, 65°C 45s). Ct values were 

normalized to the leptospiral 16S rRNA gene and expression fold change 

calculated using the Pfaffl method [130]. Primer sequences are listed in Table 

2.1. 
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Domain Architecture Analysis of LA_4008 and Other Related AGC 

Proteins 

 Domain architecture comparison of LA_4008 with orthologs of 

Myxococcus xanthus, Corallococcus coralloides, Stigmatella aurantiaca, and 

Mycobacterium tuberculosis using NCBI CD Search, SMART, and TPRPred. 

Protein homology analysis was carried out using BLAST using the following 

reference sequences: LA_4008 (NP_714188.1), MXAN_4545 (YP_632713.1), 

COCOR_04748 (YP_005370712.1), STAUR_4866 (YP_003954471.1), 

Rv0386 (CCP43116).  The coverage for the query sequence, statistical 

significance (E-value), and maximum amino acid identify (“Max Ident”) are 

indicated at right for each predicted primary sequence. Identified domains 

were then graphically represented using the DOG 1.0 program 

(http://dog.biocuckoo.org). 

 

Leptospira Concentrated Culture Supernatant (CCS) 

 L. interrogans Lai 56601 or L. licerasiae Varillal were grown in EMJH 

media + 10% heat inactivated rabbit serum at 37°C on a rotating shaker for 96 

hr. Culture was centrifuged for 30 min at 10,000 x g. Supernatant was 

decanted, filtered through a .22 µm syringe filter unit (Millipore), and 

concentrated 10x in an Amicon Ultra 10K MWCO centrifugal filter unit 

(Millipore). No leptospires were observed in the CCS after concentration using 

darkfield microscopy. 
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CCS cAMP Elevating Activity 

 CCS was incubated with monolayers of THP-1, a human 

monocyte/macrophage cell line. At 4, 6, and 20 hours cells were rinsed 3x in 

PBS and analyzed for cAMP (Direct cAMP EIA kit, Enzo Life Sciences). 

Secondly, CCS from L. interrogans Lai and L. licerasiae were incubated with 

THP-1 monolayers for 4 hours, and assayed for cAMP. 

 

CCS Immunodepletion Studies 

 Rabbits were used to generate anti-peptide antisera against LA_4008 

using a protein specific, sixteen amino acid fragment (SVEEDPLTREIDRKQK) 

conjugated to keyhole limpet hemocyanin as a carrier protein (Pacific 

Immunology, Ramona, CA). The IgG fractions from pre-immunization and 

production bleeds were purified using a Melon Gel IgG Purification kit (Thermo 

Scientific) and covalently linked to magnetic beads using a NanoLink 

BeadLink Kit (Solulink). Antibody linked beads were incubated with CCS 

overnight at 4°C on a rotating shaker. Beads were separated on a 

QuadroMACS separation unit (Miltenyi Biotec). Depleted CCS was applied to 

THP-1 monolayers and incubated for 4 hours. Cells were rinsed 3x in PBS and 

analyzed for total cAMP using the Direct cAMP EIA kit. 
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Phylogenetic Analysis of PF07598 Paralogous Protein Family  

 L. interrogans, L. borgpetersenii and B. bacilliformis full-length 

sequences were downloaded from the Uniprot database 

(http://www.uniprot.com) and aligned using MAFFT v7 

(http://mafft.cbrc.jp/alignment/software) with default parameters. The 

evolutionary history was inferred by using the Maximum Likelihood method 

based on the Whelan and Goldman frequency model [131]. Statistical support 

of the tree topology was obtained from 500 bootstrap replicates. A discrete 

Gamma distribution was used to model evolutionary rate differences among 

sites. The rate variation model allowed for some sites to be evolutionarily 

invariable. The tree is drawn to scale, with branch lengths measured in the 

number of substitutions per site. All positions containing gaps and missing 

data were eliminated. There were a total of 271 positions in the final dataset. 

Evolutionary analyses were conducted in MEGA5 [132]. 

Pan-genomic Analysis of Attenuated Genes and PF07598 Orthologs 

 The genomic data analyzed here are publically available and are from 

newly generated, unpublished Leptospira whole genome sequence data 

produced by the JCVI as part of the white paper “Leptospira Genomics and 

Human Health,” sponsored by the NIAID-funded Genome Sequencing 

Centers.  PanOCT [133] was run using default settings with the exception that 

a dynamically determined pairwise cutoff was implemented, not available in 
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the current release, but available upon request.  The following genomes, 

representing all 20 Leptospira spp. were used:  L. alexanderi sv. Manha 3 str. 

L 60T (Genbank:AHMT00000000), L. alstoni sv. Pingchang str. 80-412 

(Genbank:AOHD00000000), L. biflexa sv. Patoc str. Patoc I Paris 

(Genbank:CP000786), L. borgpetersenii sv. Javanica str. UI 09931 

(Genbank:AHNP00000000), L. broomii sv. undetermined str. 5399T 

(Genbank:AHMO00000000), L. fainei sv. Hurstbridge str. BUT 6T 

(Genbank:AKWZ00000000), L. inadai sv. Lyme str. 10T 

(Genbank:AHMM00000000), L. interrogans sv. Copenhageni str. Fiocruz L1-

130 (Genbank:AE016823), L. interrogans sv. Copenhageni str. M20 

(Genbank:AOGV00000000), L. interrogans sv. Lai str. 56601 

(Genbank:AE010300), L. kirschneri sv. Cynopteri str. 3522 CT 

(Genbank:AHMN00000000), L. kmetyi sv. undetermined str. Bejo-Iso9T 

(Genbank:AHMP00000000), L. licerasiae sv. Varillal str. VAR 010T 

(Genbank:AHOO00000000), L. meyeri sv. Hardjo str. Went 5 

(Genbank:AKXE00000000), L. noguchii sv. Panama str. CZ 214T (Genbank: 

AKWY00000000), L. santarosai sv. Shermani str. 1342KT (AOHB00000000), 

L. terpstrae sv. Hualin str. LT 11-33T (Genbank: AOGW00000000), L. 

vanthielii sv. Holland str. WaZ Holland (Genbank:AOGY00000000), L. weilii 

sv. Ranarum str. ICFT (Genbank:AOHC00000000), L. wolbachii sv. Codice str. 

CDC (Genbank:AOGZ00000000), L. wolffii sv. undetermined str. Khorat-H2T 

(Genbank:AKWX00000000), L. yanagawae sv. Saopaulo str. Sao PauloT 

(Genbank:AOGX00000000). 
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Statistics 

 Data were analyzed using GraphPad Prism 5.0. Significance was 

assessed using one-way ANOVA followed by Tukey’s HSD post hoc testing. 

P-values are reported as *** = p < 0.001, ** = p < 0.01, * = p <0.05. 
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2.3 Results 

Pathogenomic Identification of Protein Coding Genes in Leptospira 

interrogans serovar Lai and Patterns of Tissue-specific Up-regulation In 

Vivo 

 Comparison of the wild type and attenuated L. interrogans Lai 55601 

genomes identified 41 non-synonymous single nucleotide variants (nsSNVs) in 

a total of 35 protein-coding genes (Table 2.2). P19 sequence analysis 

revealed that all SNVs were homogeneous within the culture population; 

minority populations were not detected at the limit of detection of the Illumina 

sequencing platform (< 4%).  For the purposes of this study, therefore, the 

bacterial populations were considered clonal. Filtering to include CDS 

restricted to pathogenic Leptospira species identified 11 genes (Figure 2.2K).  

These CDS are highly conserved among pathogenic Leptospira species 

(Figure 2.2K). In vivo transcriptional analysis identified that of these 11 

pathogen-specific genes, 10 were up-regulated in vivo during acute hamster 

infection (Figure 2.2, normalized to the 16S rDNA gene, Figure 2.6). 

Transcriptional up-regulation of CDS was as high as several thousand-fold, 

with a much higher dynamic range than found with in vitro conditions used in 

previously reported systems biology analyses (summarized in Table 2.3). 
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Identification of a Putative Leptospiral Protein with Host cAMP Elevating 

Activity 

 Of particular interest is LA_4008, a putative adenylate/guanylate 

cyclase (AGC) that lacks transmembrane helices typical of integral membrane 

cyclases involved in signal transduction, suggesting that this protein may be 

soluble. While another adenylate/guanylate cyclase was found in our screen in 

pathogens and intermediates (Table 2.2), this protein is predicted to be a 

housekeeping gene, a membrane- bound and intracellular, and not likely to be 

found in the extracellular milieu. Orthologs of LA_4008 are found only in 

pathogenic Leptospira and the intermediately pathogenic strain L. fainei, 

Figure 2.2K. Other bacterial adenylate cyclases lacking transmembrane 

domains include the soluble cyclase class of toxins of the pathogens 

Mycobacterium tuberculosis, Bordetella pertussis, Bacillus anthracis, Yersinia 

pestis, and Pseudomonas aeruginosa which modulate host cellular responses 

to infection [134]. Sequence analysis by SMART, TPRPred, and NCBI 

conserved domain (CD) search revealed a unique domain architecture for 

LA_4008 consisting of two tandem N-terminal class III cyclase homology 

domains followed immediately by an AAA-ATPase domain, and finally a series 

of C-terminal tetratricopeptide (TPR) domains (Figure 2.3), that are known to 

mediate protein-protein interactions and have recently been recognized as 

components of bacterial virulence mechanisms [135, 136]. LA_4008 also 

shares striking homology to a toxin (NCBI protein cluster PCLA_814229) 

shared by predatory species of the δ-proteobacterial order Myxococcales 
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(Figure 2.3). The domain structure shared by this protein cluster is 

reminiscent of another pathogenesis-related adenylate cyclase, Rv0386 of 

Mycobacterium tuberculosis. This domain structure, with precedent in both 

pathogenic and environmental bacteria, has been experimentally shown to 

increase cyclic AMP levels in host macrophages and impair the innate immune 

response to infection (Figure 2.3), [137, 138]. To test whether LA_4008 has 

the potential to elevate cyclic AMP in host cells, concentrated L. interrogans 

serovar Lai strain 56601 EMJH culture supernatant (CCS) was added to in 

vitro monolayer cultures of macrophage-like THP-1 cells and the cells were 

washed and lysed at various times over 20 hr, and intracellular cyclic AMP 

levels were assayed. All CCS preparations were microscopically confirmed to 

be absent of visible leptospires prior to all experiments. We observed that a L. 

interrogans-derived soluble factor from culture supernatant stimulated a 

transient rise in intracellular macrophage cAMP levels, peaking at four hours 

(Figure 2.4A). Next, the cAMP elevating activity of CCS was compared 

between L. interrogans serovar Lai (which has LA_4008), and the intermediate 

L. licerasiae serovar Varillal (Figure 2.4B) (which does not have an ortholog of 

LA_4008). The results of this experiment was consistent with the hypothesis 

that cAMP elevating activity may be related to pathogenic Leptospira species 

containing the LA_4008 AGC but not by intermediate Leptospira (Figure 

2.1A), and therefore is not a general feature of all infectious leptospires. To 

further test if LA_4008 is responsible for the elevated target cell cAMP, CCS 

was digested with proteinase K prior to addition to THP-1 cells (important 
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because some bacterial LPS can also elevate cAMP levels in host cells [139]) 

and, more critically, immune-depleted with a specific anti-LA_4008 antibody 

before adding the CCS to THP-1 cells. As a control, CCS was also immune-

depleted with pre-immune serum of the host animal in which the anti-LA_4008 

antiserum was generated. Both protease treatment and specific 

immunodepletion, but not non-specific depletion blocked CCS-mediated 

increases in intracellular cAMP levels in THP-1 cells (Figure 2.4C), consistent 

with the hypothesis that LA_4008 from L. interrogans Lai is a cAMP-elevating 

factor in host cells. 

 

Identification of a Paralogous Gene Family Shared by Pathogenic 

Leptospira, Bartonella bacilliformis, and Bartonella australis with 

Profound, Tissue-specific Up-regulation In Vivo in an Acute 

Leptospirosis Infection Model in Hamsters 

 During our analysis of attenuation mutations we identified two members 

(LA_3490, LA_3388) of a newly discovered paralogous gene family that is 

shared between pathogenic Leptospira but conspicuously absent in the 

intermediate and saprophytic species. All full-length members of this family 

(PF07598/DUF1561) are predicted to have secretory signal peptides, although 

degenerate forms do occur. Past the signal peptide, Cys residues are invariant 

at twelve positions, and occur nowhere else, suggesting a conserved pattern 

of disulfide bond formation and implying extracellular function (Full alignment 

can be found in Figure 2S at: 
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http://www.plosntds.org/article/info%3Adoi%2F10.1371%2Fjournal.pntd.00024

68#s5). In a given genome, the most closely related paralogs are often 

tandem. Otherwise, gene neighborhood analysis provided no clue to protein 

function. Paralog counts in pathogenic Leptospira range from two in the 

leptospire L. santarosai to 12 in L. kirschneri serovar Cynopteri and L. 

interrogans (Figure 2.5A). Interestingly the PF07598 gene family has also 

been recently described in the unrelated α-proteobacteria species Bartonella 

bacilliformis and Bartonella australis. B. bacilliformis has 15 paralogs in its 

genome with B. australis having nearly the same (Figure. 2.5B) [140]. In 

addition single gene copies were found in three animal-infecting ε-

proteobacteria, Helicobacter hepaticus, H. mustelae, and H. cetorum. 

 There are great phylogenetic distances separating the genera that 

contain this gene family, but paralogs are restricted to select animal-infecting 

species within each lineage; suggesting that these proteins may be uniquely 

related to host adaptation. All 12 members of the leptospiral PF07598 gene 

family were analyzed for in vivo expression in hamsters acutely infected with 

virulent, wild type L. interrogans Lai 55601.  All members of this gene family 

were up-regulated in blood and liver to varying degrees, with LA_3490 and 

LA_3388, both containing secretory signal peptide sequences, being most 

highly up-regulated (more than ~1000-fold); all members of this gene family 

were up-regulated in the circulation and liver to varying degrees. In contrast, 

up-regulation of other members this gene family significantly varied among 

experimental animals in kidney (Figure. 2.5C-E). 
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Other Pathogenomically-identified Putative Virulence Genes in 

Leptospira Species 

 Other pathogenomically-associated virulence genes include the 

following: 

LA_1056: This gene has two predicted transmembrane helices and shares a 

conserved PHA00965 domain with tail proteins found in Gram-positive 

bacteriophages. This protein shows similarity to phage tape measure proteins 

after repeated rounds PSI-BLAST. Recent studies involving the phage-

encoded pblA in Streptococcus mitis have identified a sequence weakly 

reminiscent of a tape measure motif protein by PSI-BLAST as an adhesin-type 

molecule used for bacterial attachment to platelets [141-144]. 

LA_1765: This protein has similarity to spvB, a protein from a group of 

plasmid-encoded virulence genes that mediate lethal infection in nontyphoid 

Salmonella strains [145].  

LA_1533: a flavin-dependent thymidylate synthase. This unusual and newly 

described class of enzyme is expressed by many clinically relevant pathogens, 

including Bacillus anthracis, Borellia burgdorferi, Campylobacter jejuni, 

Clostridium difficile, Helicobacter pylori, Mycobacterium tuberculosis, and 

Treponema pallidum during infection as part of an alternative thymidine 

synthesis pathway [146-148]. 

LA_0202: a gene of unknown function previously reported to be 

transcriptionally up-regulated in virulent L. interrogans Lai 55601 when 

compared to another avirulent strain [149].  
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LA_1568: a putative lipoprotein with β-propeller repeats that has not been 

previously studied. Lipoproteins are important mediators of spirochete 

virulence, with the L. interrogans genome encoding over one hundred 

lipoproteins [150], the  function and localization of many remain unclear. 
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2.4 Discussion 

 Here we describe the use of pathogenomics to identify novel potential 

virulence genes in the pathogenic spirochete Leptospira interrogans.  Previous 

work to identify mechanisms of pathogenesis by gene knockouts and 

transposon mutagenesis has not yet yielded detailed mechanistic insights into 

the role of individual genes play in the pathogenesis of leptospirosis.  It has 

long been known in the leptospirosis field that serial in vitro passage of 

pathogenic Leptospira yielded attenuated organisms; the converse, serial 

passage of liver homogenates of infected animals selects for virulence. A 

previous study explored the genomic and proteomic differences between a 

pathogenic L. interrogans serovar Lai strain 56601, and an avirulent strain 

IPAV [151]. These data must be carefully considered because the analyzed 

strains are not isogenic (the IPAV strain is of unknown provenance since 

details of its original isolation are unavailable) nor do they provide any in vivo 

relevance for identified genes, focusing instead on proteomic differences 

between strains during in vitro EMJH culture. Our current study, which 

employed whole genome sequence comparison of an attenuated strain with its 

isogenic pathogenic parent, yielded a small set of protein coding genes (CDS) 

with point mutations.  While most of the 11 specific mutations found here 

cannot be quantitatively attributed to specific aspects of virulence or 

pathogenicity, our pathogenomic approach yielded the identification of a novel 

leptospiral AGC with cAMP elevating activity in host cells and a hitherto 
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unstudied large gene family that is broadly up-regulated, in a tissue-specific 

manner, in vivo during an animal model of acute leptospirosis.  

 The identification of a non-transmembrane bound AGC in pathogenic 

Leptospira is particularly important for two reasons. First, the primary structure 

implies a non-housekeeping function since the protein is not predicted to be 

membrane-associated, unlike the housekeeping AGC. Second, the host cell 

cAMP elevating activity of LA_4008 reported in this study is the first 

demonstrated evidence of a possible biological mechanism that could 

contribute to virulence for Leptospira. Although long established and accepted 

as a virulence mechanism in other pathogens, the evidence of elevation of 

host cAMP levels by L. interrogans suggests a previously unknown 

mechanism of pathogenesis and immune evasion for this bacterium, 

especially given recent evidence that pathogenic Leptospira may reside within 

macrophages in vivo [72, 73].  

 Manipulation of intracellular cAMP levels in immune cells may be an 

important means of attenuating host responses to infection [152], an enticing 

hypothesis given the up-regulation of this gene upon leptospiral entry into the 

bloodstream observed in this study. Many human pathogens exploit host cell 

cAMP signaling during infection, for example, the pore-forming toxin CyaA of 

the respiratory pathogen Bordetella pertussis penetrates host cells where it 

catalyzes the unregulated conversion of cellular ATP to cAMP, thereby 

impairing superoxide production, chemotaxis, cytokine production, and 

phagocytosis [153-155]. Similar effects are caused by the edema factor (EF) 
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of Bacillus anthracis, the ExoY toxin of Pseudomonas aeruginosa, and the 

AGC toxin of Yersinia pestis [134, 156-158].  

 Due to an unexpected loss of the cryogenically preserved stock 

cultures, we were unable to assess the cAMP elevating activity of the 

attenuated P19 strain. However, we would hypothesize that the attenuated 

SNV-containing variant could have either absolute elimination or quantitative 

reduction in cAMP elevating activity; this possibility will be addressed directly 

in ongoing experiments by quantifying the effect of recombinantly producing 

wild type and mutant LA_4008 on THP-1 and other target cells. We also 

believe that any observed reduction in activity would have been a quantitative 

not qualitative difference. Regardless, our findings demonstrate that LA_4008 

contributes to a transitory increase in cAMP levels in host cells, and that 

further experiments are certainly needed to assess the functional 

consequences of cAMP intoxication in host immune cells during leptospirosis. 

To formally determine the role of LA_4008 in Leptopira pathogenesis is the 

subject of ongoing experiments, including determining whether this protein 

modulates mechanisms of evading host defenses. 

 The identification of a paralogous protein family shared by pathogenic 

Leptospira spp., and two α-proteobacteria B. bacilliformis, and B. australis was 

particularly intriguing. The observation that this gene family expanded in 

pathogenic Leptospira and the two Bartonella spp. suggests that ancestors of 

these pathogens must have co-existed at some time and place in the past. 

Phylogenetic analysis suggests a common origin of this gene family, and 
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revealed a greater divergence in the Bartonella members, indicated by greater 

branch length differences (Fig. 2.5B). Regardless of the source of the primary 

ortholog, the founding gene was presumably transferred after the branching of 

pathogenic Leptospira from the other clades of Leptospira, although it is also 

possible that gene loss occurred in intermediates or saprophytes evolved from 

pathogens. Although we cannot speculate on the molecular mechanism of 

gene transfer, it is interesting to consider the conditions that would have been 

conducive to such an event. L. interrogans is a globally distributed bacterium 

that can infect many vertebrate hosts as well as live in the environment; it is 

considered an extracellular parasite, although evidence is mounting that 

Leptospira [71-73] are able to persist within macrophages and transverse 

epithelial cells [159]. B bacilliformis and B. australis are facultative intracellular 

pathogens found only in a specific region of South America [160] and Australia 

respectively. The PF07598 family shared between pathogenic Leptospira 

might be shared by other Bartonella species that have yet to be sequenced or 

even identified, such as those recently found in Thailand [161, 162].  The 

maintenance of multiple members of this paralogous gene family clearly must 

confer a selective advantage to these pathogens. We performed a meta-

analysis of 6 previous studies [106-109, 111, 163] that explored transcriptional 

responses of L. interrogans during exposure to host-like physiological 

conditions (Table 2.3), and discovered that the expression levels of several of 

these genes occurs in response to multiple stimuli. This implies that L 
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interrogans responds to signals from the host milieu that lead to the alteration 

of expression of these genes in a differential manner during its infection cycle.  

 The identification of leptospiral AGC and PF07598 gene family 

orthologs in specific species of evolutionary distant alpha and delta-

proteobacteria was an unexpected and exciting discovery. Given the broad 

host range of Leptospira as well as their environmental persistence, the 

horizontal gene transfers our findings imply emphasize how the soil context 

within the unique transmission cycle of Leptospira has likely shaped the 

evolution of pathogenic mechanisms for these bacteria. 

 Our investigation was not without limitations. The attenuation 

experiment was done only once.  While genes of pathogenetic interest were 

identified here, whether these mutations occurred stochastically or not remains 

to be determined. Accumulation of mutations during the attenuation process 

was not assessed so that step-wise accumulation of mutations could not be 

attributed to a level of virulence. Proteomic comparisons between ex-vivo-

isolated and EMJH cultured leptospires were not performed, as our study only 

focused on gene transcriptional levels, which do not necessarily correlate with 

protein expression levels. It would be interesting to undertake such ex-vivo 

proteomic investigations in Leptospira; especially given the vast transcriptional 

up-regulation of identified genes upon entry into host tissues. Further 

investigation remains to define the precise mechanisms of how the identified 

genes in our study relate to the virulence and pathogenesis of leptospirosis, as 

a majority of these genes have undiscovered functions.  
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 We show here that a systems biology-pathogenomic approach to infer 

virulence-related genes in Leptospira interrogans identified a notable set of 

hitherto unstudied genes with both pathogenetic and evolutionary significance, 

including a putative soluble adenylate/guanylate cyclase (AGC), and a 

paralogous gene family shared by pathogenic Leptospira and the distantly 

related pathogens B. bacilliformis, a human-specific pathogen geographically 

restricted to the Andes mountains of South America, and B. australis, a 

species currently known to only infect kangaroos. This pathogenomic 

approach is generalizable beyond prokaryotes and particularly relevant to 

novel virulence gene identification in any pathogen capable of in vitro 

attenuation. Given the recalcitrant nature of pathogenic leptospires to genetic 

manipulation, this approach represents an improved method to identify 

important virulence genes in pathogens whose pathogenesis remains poorly 

defined by current research strategies, and highlights the extraordinary 

insights into bacterial pathogenesis and evolutionary biology that large scale 

genomic sequencing can produce in the context of simple experimentation. 

These genes will hopefully spur much needed research into the pathogenesis 

of this neglected disease, but many may also represent rational choices for 

new vaccine studies.  

 

 

 

 



 

 

41 

2.5 Acknowledgments 

 We thank Dr. Douglas Berg (UC San Diego) for critical review of the 

manuscript and are grateful to Dr. David Haake (UCLA) for providing an 

isolate of Leptospira interrogans serovar Lai strain 55601. We are grateful to 

Professor Michael Minnick of the University of Montana for discussions about 

Bartonella and for his calling to our attention the recent availability of the 

complete genome sequence of Bartonella australis in GenBank. We thank 

Paula Maguina, Staff Research Associate, UC San Diego, for her important 

and key scientific and logistical contributions to the work reported here, and 

Jason Tanseco for contributions and early discussions of this project. 

 
 Chapter 2, in full, is a reprint of the material as it appears in PLoS 

Neglected Tropical Diseases, 2013 Oct 3;7(10):e2468. Jason S. Lehmann, 

Derrick E. Fouts, Daniel H. Haft, Anthony P. Cannella, Jessica N. Ricaldi, 

Lauren Brinkac, Derek Harkins, Scott Durkin, Ravi Sanka, Granger Sutton, 

Angelo Moreno, Joseph M. Vinetz, and Michael A. Matthias. The dissertation 

author was the primary investigator and author. 

 
 
 
 
 
 
 
 
 



 

 

42 

 

Figure 2.1 Pathogenomic Analysis of Leptospira interrogans serovar Lai strain 55601 to 
Identify Virulence Related Genes 
Schematic of phylogenetic relatedness of “Pathogenic” (P), “Intermediate” (I) and 
“Saprophytic” (S) members of the genus Leptospira. (B) Workflow to identify putative 
virulence-associated genes. Asterisk denotes a hypothetical position in which a SNV has been 
identified (C) Genomic Locations of SNPs and PF07598 paralogs in the reference genome of 
L. interrogans serovar Lai strain 56601. Each concentric circle represents genomic data and is 
numbered from the outermost to the innermost circle. The outermost circles represent the 
predicted CDS on the + and − strands, respectively, colored by functional role categories (see 
key). The following circle descriptions apply to chromosome I. The third circle notes the 
location of predicted prophage regions (olive) and the LPS region (slate). The fourth circle 
indicates those CDS found to have non-synonymous amino acid substitutions (black) as well 
as the location of CDS annotated as “transposase” in Genbank (salmon). The fifth circle 
represents the location of the 12 PF07598 family members (blue). The innermost circle 
denotes atypical regions (χ2 value). For chromosome II, the outermost and innermost circles 
are the same as for chromosome I; however, the third circle notes the location of 
transposases (salmon), while the fourth circle indicates the location of the CDS found to have 
non-synonymous amino acid substitutions (black).  
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Figure 2.2 In Vivo Transcriptional Analysis of Putative Virulence-associated Genes 
In vivo relevance of the identified virulence-related genes, mRNA transcript levels of the genes 
identified by the pathogenomics approach was assessed by real time, reverse transcriptase 
quantitative PCR of blood, liver and kidney 4 d after hamster infection, compared to log phase 
in vitro cultured Leptospira. Leptospiral gene expression levels in infected tissue vs. EMJH 
were expressed logarithmically as the log2 of the fold change between the two conditions (A–
J). 16S rRNA transcript levels (previously validated [164]) were used to normalize gene 
expression in tissues and under the different conditions (Figure 2.6). Expression of 10/11 
identified genes was detectable in vivo in all three tissues assayed; the exception was the 
hypothetical protein LA_0979. The remaining 10 genes were detected in all three tissues 
assayed. Expression varied between groups of animals, and interestingly, the highest levels of 
up-regulation were found in leptospires isolated from the blood of infected animals, with 
transcript levels also being up in bacteria from the liver. Virulence-associated genes were 
variably up-regulated in kidney. The data represented are the mean ± SEM of 3 independent 
experiments (n = 7 animals). (K) Leptospira species distribution of the 11 virulence-associated 
genes identified and associated single nucleotide variants found in coding sequences of the 
avirulent passage (P19) strain. Protein code is according to the annotated protein database; 
Accession is the GenBank code for the protein.  
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Figure 2.2 In Vivo Transcriptional Analysis of Putative Virulence-associated Genes 
(Continued) 
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Figure 2.3 Ortholog Sequence Analysis of Pathogenic Leptospira Adenylate/guanylate 
Cyclase Compared to Predatory Environmental Bacteria and the Pathogen, 
Mycobacterium tuberculosis 
Domain architecture comparison of LA_4008 with orthologs of Myxococcus xanthus, 
Corallococcus coralloides, Stigmatella aurantiaca, and Mycobacterium tuberculosis using 
NCBI CD Search, SMART, and TPRPred. Protein homology analysis was carried out using 
BLAST using the following reference sequences: LA_4008 (NP_714188.1), MXAN_4545 
(YP_632713.1), COCOR_04748 (YP_005370712.1), STAUR_4866 (YP_003954471.1), 
Rv0386 (CCP43116). The coverage for the query sequence, statistical significance (E-value), 
and maximum amino acid identify (“Max Ident”) are indicated at right for each predicted 
primary sequence.  
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Figure 2.4 Confirmation of cAMP Induction in Target Mammalian Cells by LA_4008 
Activity in Leptospiral Culture Supernatant 
(A) THP-1 cell monolayers were treated with leptospire-free concentrated culture supernatant 
(CCS) from L. interrogans Lai or EMJH negative control. (B) THP-1 monolayers were treated 
with CCS from L. interrogans Lai or L. licerasiae Varillal, NT = not treated. (C) THP-1 cell 
monolayers were treated with CCS, CCS that was immunoprecipitated (IP) with specific anti-
peptide antibody raised in rabbits and non-specific anti-LA 4008 antibody, and CCS that was 
digested with proteinase K. Values in all experiments are represented as the mean (n = 3) ± 
SD. 
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Figure 2.5 Phylogenetic and In Vivo Gene Expression Analysis of the PF07598 
Paralogous Gene Family Shared by Pathogenic Leptospira and Bartonella bacilliformis 
(A) Distribution of the paralogous gene family shared by Leptospira and Bartonella 
bacilliformis in the genus Leptospira. P, pathogen; I, intermediate; S, saprophyte. (B) An 
unrooted phylogenetic tree was constructed of protein sequences from all identifiable 
homologs of the DUF1561 protein family found in GenBank and the PATRIC databases, which 
included predicted sequences from the following bacteria (Helicobacter spp. and B. 
bacilliformis genome locus tags and protein sequences used for constructing the tree are 
listed in Table 2.4): L. interrogans Lai, L. borgpeterseni Hardjo; Helicobacter cetorum, H. 
hepaticus and H. mustelae; and B. bacilliformis full-length sequences were aligned using 
MAFFT. Node labels represent support from 500 bootstrap replicates. Tree drawn to scale, 
with branch lengths measured in the number of substitutions per site. All positions containing 
gaps and missing data were eliminated. Analyses were conducted in MEGA5. (C–E) In vivo 
relevance of the leptospiral paralogous gene family was assessed in the acute hamster 
infection model as described in Figure 2.1. Transcript levels of the genes were assessed by 
real time, reverse transcriptase quantitative PCR of blood, liver and kidney 4 days after 
hamster infection and compared to log phase in vitro cultured Leptospira. Leptospiral gene 
expression levels in infected tissue vs. EMJH medium alone were expressed logarithmically 
as the log2 of the fold change between the two conditions. Solid bars indicate proteins 
containing predicted signal peptides that suggest extracellular presence, i.e. secretion or cell-
surface, of the protein, consistent with bacterial interaction with the host. Data represented are 
the mean ± SEM of 3 independent experiments (n = 7 animals). 
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Figure 2.5 Phylogenetic and In Vivo Gene Expression Analysis of the PF07598 
Paralogous Gene Family Shared by Pathogenic Leptospira and Bartonella bacilliformis 
(Continued) 
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Figure 2.6 Validation of Leptospira 16s rRNA Gene as a Housekeeping Gene for Use in 
RT-qPCR Experiments 
Ct values estimating expression levels of the leptospiral16S rRNA gene were generated from 
RT-qPCR analysis of cDNA isolated from Hamster blood, liver, and kidney tissue infected with 
L. interrogans serovar Lai (n = 3 animals). The mean difference ± SEM of these values from 
the mean Ct values obtained from the same number of L. interrogans serovar Lai cultured in 
EMJH media (n = 3 cultures) were plotted. There was no statistically significant difference 
indicating the suitability of the 16S rRNA gene as a normalizer housekeeping gene.  
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Table 2.1 Primers Used for In Vivo RT-qPCR Analysis 
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Table 2.2 Leptospira Species Distribution of Pathogenomically Discovered Genes 
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Table 2.3 Differential Expression of Gene Family Members During Exposure of L. 
interrogans to Host-like Conditions 
Meta-analysis of 6 studies [106-109, 111, 163] investigating gene expression by L. interrogans 
during exposure to host-like physiological conditions. Arrows indicate up or down regulation of 
at least 2-fold as compared to EMJH medium controls. * = protein detected in the outer 
membrane fraction (59) indicating that it may be surface-expressed. 
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Table 2.4 Genome Locus Tags and GenBank Protein Sequence Accession Numbers for 
Bartonella bacilliformis and Helicobacter spp. PF07598 Family Homologs Used to 
Construct Figure 2.5B 
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Chapter 3 

 
Recombinant LA_4008 Adenylate Cyclase  
Elevates Monocyte cAMP-levels In-Vitro 
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3.1 Introduction 

 In chapter 2, we present our discovery that soluble LA_4008 adenylate 

cyclases in L. interrogans serovar Lai culture supernatant elevates cAMP 

levels in host innate immune cells. This is an exciting finding, as this is the first 

potential virulence factor in Leptospira to be defined in any biochemical 

context. As leptospiral culture supernatant is a complex mixture of secreted 

leptospiral proteins, dead cells, and media components, we generated an 

affinity-purified recombinant form of the LA_4008 adenylate cyclase and use it 

to recapitulate the effects seen in Chapter 2. The evidence presented in this 

chapter aims to provide preliminary data that should form the basis for further 

characterization of this protein, and its role in leptospiral virulence. 

 

3.2 Methods 

 

Gene Synthesis 

 The L. interrogans serovar Lai strain 56601 LA_4008 adenylate cyclase 

gene was synthetically synthesized, using E. coli optimized codons, in lieu of 

the native Leptospira codons, with the addition of a C-terminal 10X poly-

histidine tag and cloned into a rhamnose inducible expression vector, pD861, 

by DNA 2.0 (Menlo Park, CA). The resulting pD861/LA_4008 plasmid was 

delivered lyophilized to UCSD. See Figure 3.2 for plasmid map. The 

pD861/LA_4008 plasmid sequence is found in Table 3.1. 
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E. coli Transformation 

 The resulting pD861/4008 plasmid was transformed into chemical 

competent Origami 2 pLysS cells (EMD Millipore) following manufacturer’s 

instructions. Briefly, 100 ng of plasmid was incubated with cells on ice for 30 

minutes. Cells were heat shocked for 30 seconds, and then returned to ice for 

5 minutes. Cells were then outgrown in 1 ml S.O.C. on a 37 °C shaking 

incubator for one hour. Cells were then plated on LB agar containing 30 µg/ml 

kanamycin, 34 µg/ml chloramphenicol, and 10 µg/ml tetracycline.  

 

Recombinant Protein Expression 

 Recombinant adenylate cyclase was expressed from a single colony 

initially grown overnight in 10mls LB  + 1% glucose (30 µg/ml kanamycin, 34 

µg/ml chloramphenicol, and 10 µg/ml tetracycline) in a 250ml flask, 3000 rpm, 

37°C. The culture was scaled up to 50mls with LB/1% glucose/antibiotics until 

reaching logarithmic growth (OD600 of 0.8).  (same flask, 3000rpms, 37°C). 

The cells were centrifuged at 4000rpms for 10 minutes (50ml conical tube, 

15oC), resuspended in 50mls of LB containing antibiotics and 1mM L-

rhamnose (Sigma, St. Louis, MO), and expressed overnight at 30°C, >200 rpm 

in a 1L baffled flask.  
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Recombinant Protein Purification 

 The overnight culture was centrifuged (10,000 rpm, 20 min., 4°C), and 

inclusion bodies were purified from the resulting cell paste using 1ml cellytic B 

(Sigma, St. Louis, MO), complete proteinase inhibitors (Roche), and 10 µl 

benzonase (EMD/Millipore) for each 50ml of overnight culture in a 1.5ml 

eppendorf tube. This was then centrifuged at 20,000 x g, 15oC for 3 minutes.  

The supernatant containing soluble protein was decanted and resuspended in 

1ml of 1:10 cellytic B, complete proteinase inhibitors, and 10 µl benzonase, 

and then briefly vortexed before centrifugation.  This process was repeated 3 

more times, after which purified inclusion bodies were resuspended in 1ml of 

sterile MQ water and solubilized in 4mM Tris pH 6.8, 0.2% SDS 0.4% glycerol,  

0.1% βME, and 300mM NaCl.  This solution was then applied to a Ni-NTA 

affinity column (Qiagen, Chatsworth, CA). The column was washed in excess 

with 50 mM sodium phosphate, 300 mM NaCl, and 30mM imidazole (pH 8). 

The bound recombinant protein was then eluted with 50 mM sodium 

phosphate, 300mM NaCl, and 250 mM imidazole (pH 8).  

 

Gel Electrophoresis and Western Blotting 

 SDS-PAGE was performed on 30 µl of column eluate. First 6 µl of SDS 

sample buffer was added to sample and boiled for 5 min. This was then 

loaded onto a 4-12% Bis/Tris gel (Life technologies, Carlsbad, CA.) and run for 
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1 hour at 120V. Protein bands were visualized using InstantBlue staining 

reagent (Expedeon, San Diego, CA.). 

 For western blot analysis of affinity-purified protein, a second gel was 

run under the same conditions for SDS-PAGE. Proteins were transferred to a 

nitrocellulose membrane in a transfer apparatus overnight, 15V at 4oC. The 

membrane was blocked using 5% skim milk/TBS/0.025% Tween-20 for 1 hour 

on a shaker at room temperature. The membrane was cut in two, one for each 

antisera to be used. Primary antibody (anti-LA_4008 antibody described in 

chapter 2, or anti-his epitope tag) was diluted 1:10,000 in 10ml 2% skim 

milk/TBS/0.025% Tween-20 and incubated with membrane on a shaker at 

room temperature for 90 minutes. The blots were then washed 3 X 5 min in 10 

ml TBS/0.025% Tween-20. Alkaline phosphatase conjugated secondary 

antibodies were diluted 1:10,000 in 2% skim milk/TBS/0.025% Tween-20, and 

incubated with the membranes on a shaker at room temperature for 1 hour. 

The blots were then washed 3 X 5 min in 10 ml TBS/0.025% Tween-20, and 

developed with 10 ml BCIP/NBT alkaline phosphatase substrate. 

 

Cyclic AMP Elevation Assay 

 THP-1 cells, a human monocyte/macrophage cell line, were plated in 

12 well polystyrene tissue culture plates at a density of 7.5 x 105 cells per well 

in 1ml RPMP-1640 media +10% FBS +10,000 units/ml penicillin and 

streptomcycin. The cells were differentiated into a monolayer by adding 50 

nmoles phorbol 12-myristate 13-acetate to the wells and incubating the cells 
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36 hours in a 5% CO2 incubator at 37 oC. Monolayers were then washed 3x in 

PBS, and then incubated with 1ml of tissue culture media containing one of 

the following for 4 hours in a 5% CO2 incubator at 37 oC: 50ng recombinant 

LA_4008; 50ng recombinant LA_4008 that had been digested with proteinase 

K (15 min, 37 oC ) prior to addition to THP-1 cells; 50ng recombinant adenylate 

cyclases toxin from Bordetella pertussis (Sigma-Aldrich, St. Louis, MO.); tissue 

culture media alone. Each treatment group consisted of triplicate wells, and 

the entire experiment was repeated three times. After incubation monolayers 

were washed 3x in PBS and analyzed for cAMP (Direct cAMP EIA kit, Enzo 

Life Sciences) following manufacturer’s instructions. Statistical analysis was 

performed using one-way ANOVA analysis with a post-hoc Tukey HSD test at 

the online calculator available at VassarStats (http://vassarstats.net). 

 

3.3 Results 

 

Heterologous Expression of LA_4008 in E. coli 

 The construction of a plasmid containing a commercially synthesized 

LA_4008 adenylate cyclase gene with E. coli optimized codons and the 

inducible rhamnose promoter, rhaBAD [165, 166], allowed for tight induction 

control, and the expression of a recombinant form of the protein. SDS-PAGE 

analysis of affinity-purified protein revealed that the protein migrates slightly 

faster than its predicted molecular weight of 157 kDa. Western blot analysis 
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showed that this protein was recognized by both the anti-LA_4008 antisera 

described in chapter 2, and an anti-polyhistidine epitope tag antibody. 

 

Recombinant LA_4008 Adenylate Cyclase Elevates Monocyte cAMP 

Levels In-vitro 

 Treatment of THP-1 monolayers with 50ng/well of the affinity-purified 

LA_4008 resulted in a statistically significant 2-fold increase in cAMP levels in 

the monocytes. This was slightly less than, but not statistically different than 

treatment with 50ng/well of the Bordetella pertussis adenylate cyclase toxin. 

Predigesting the LA_4008 protein with proteinase K prior to incubation with the 

monolayer abolished the cAMP-elevating activity of the protein (Figure 3.1). 

 

3.4 Discussion 

 

 The heterologous expression of leptospiral proteins in E. coli can be a 

difficult and time-consuming endeavor [167]; however, by designing a 

synthetic gene for LA_4008 with E. coli optimized codons whose expression 

was under the tightly regulated rhamnose promoter we were able to purify 

enzymatically active recombinant protein. The fact that proteinase digest of 

recombinant LA_4008 abolishes cAMP-elevating activity is an important 

finding, as it demonstrates that the cAMP-elevating activity is directly a 

function of LA_4008, but also indicates that there was very low E. coli LPS 

carry over during purification. LPS has been demonstrated to elevate host cell 
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cAMP levels through COX2 signaling [139], and was considered a potential 

confounding variable. 

 

 The recombinant protein performed nearly as well as the B. pertussis 

adenylate cyclase toxin, a toxin that has been extensively demonstrated 

experimentally to modulate host immune responses [134, 153, 154]. The B. 

pertussis toxin strongly down-regulates antimicrobial responses of host innate 

immune cells through impairing inflammatory mediator generation, 

phagocytosis, and reactive oxygen species generation [153]. These data 

suggest that recombinant LA_4008 is suitable for further experiments to 

delineate the role this protein plays in the pathogenesis of leptospirosis. As 

just small increases in intracellular cAMP levels are sufficient to down-regulate 

the antimicrobial capacity of innate immune cells these experiments should be 

particularly interesting to conduct, particularly given recent evidence that 

leptospires may reside in macrophages in vivo during infection [72, 73].  
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Table 3.1 pD861/LA_4008 Plasmid Sequence
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Table 3.1 pD861/LA_4008 Plasmid Sequence (Continued) 
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Table 3.1 pD861/LA_4008 Plasmid Sequence (Continued) 
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Figure 3.1 Recombinant LA_4008 Adenylate Cyclase Elevates Intracellular cAMP Levels 
of Human Monocytes In Vitro 
The leptospiral adenylate cyclase LA_4008 was heterologously expressed in E. coli under the 
control of an L-rhamnose inducible promoter, such that expression of the protein could be 
titrated by varying concentrations of the sugar. Ni-NTA Affinity purified protein was recognized 
by both anti-polyhistadine antibody and anti-LA_4008 peptide antibody. (B) Incubation of 50 
ng of Purified recombinant LA_4008 with THP-1 monolayers for 4 hours was found to elevate 
intracellular host cAMP levels. This activity was ablated by proteinase K digest prior to THP-1 
incubation. Recombinant LA_4008 activity was statistically equal to the same amount of 
recombinant adenylate cyclase toxin from B. pertussis . Results are presented as the mean ± 
SEM of 3 independent experiments, *** = p-value < 0.01 one-way ANOVA with a post-hoc 
Tukey HSD test compared to no treatment (NT) and protease digest groups. 
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Figure 3.2 Plasmid Map of pD861/LA_4008 
Schematic diagram of the pD861/LA_4008 plasmid indicating synthetic gene insert in red, 
selectable kanamycin resistance gene in green, and the origin of replication for the plasmid. 
Unique restriction enzyme sites, the rhamnose inducible promoter, and T7 transcriptional 
termination site are also indicated. 
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Chapter 4 

Dynamic Deep Sequencing During Attenuation  

Shows Selection on Leptospira Regulatory Proteins  
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4.1 Introduction 

 Leptospirosis, caused by pathogenic species of the genus Leptospira, 

is an emerging zoonotic infection of global distribution [1].  Recent estimates 

by the World Health Organization Leptospirosis Burden Epidemiology 

Reference Group (LERG) have placed the number of hospitalized cases at 

over 500,000 per year [2]; although this, more than likely, is an underestimate 

of the true burden of disease due to difficulties surrounding diagnosis and poor 

surveillance [3]. Transmission to humans occurs via exposure to contaminated 

water, infected tissues, or urine from chronically colonized reservoir hosts; 

clinical symptoms range from self-resolving acute febrile illness to the more 

severe manifestations of renal failure, jaundice, pulmonary hemorrhage, and 

vascular dysfunction [168]. Phylogenetic analyses have resolved the genus 

into three distinct clades comprised of nine pathogenic species, five 

intermediate species, and six non-infectious saprophytic species [16, 31, 117]. 

Pathogenic species are responsible for the greatest burden of disease, mainly 

affecting humans living in poverty with poor sanitation, particularly during 

seasonal flooding, monsoons, and tropical cyclones [1, 3]. 

Of the pathogenic species of Leptospira, Leptospira interrogans is 

certainly the most widely studied. Although responsible for the majority of 

morbidity and mortality in human cases of leptospirosis [1, 2], the virulence 

mechanisms underlying L. interrogans pathogenesis remain largely unknown. 

There are over 600 unique L. interrogans specific genes [117], the vast 

majority (62%) of which have unknown functions [118]. 
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 Despite its severity and global impact, the molecular mechanisms 

underlying the pathogenesis of leptospirosis remain poorly understood. This is, 

in part, because pathogenic Leptospira are recalcitrant to targeted genetic 

manipulation [4].  Nevertheless, transposon-based mutagenesis approaches, 

first reported by Bourhy et al [113] and Murray et al [114], have  been 

successful and have been used to identify all of the limited number of known 

contributors to leptospiral virulence, except the three genes (FliY, collagenase, 

MCE) that were identified using targeted mutagenesis [100-102]  

 Given the challenges of direct genetic manipulation, systems based 

approaches, including transcriptome and genome sequence analyses, have 

been used to identify possible virulence candidates.  Microarrays have been 

employed to explore transcriptomic responses of pathogenic Leptospira to 

various “host-like” conditions including temperature [106, 110], serum [109], 

physiological osmolarity [108], iron depletion [107], and host immune cells 

[111]. In addition, RNA-seq experiments have recently further expanded our 

understanding of the Leptospira transcriptome to new levels of resolution [112, 

169]. Knowledge of the genomic organization of Leptospira species has also 

aided our understanding of leptospiral virulence, particularly since high quality 

draft genomes of representative species from each of the three clades of the 

genus have been obtained [115-118, 170, 171]. Despite these advances, 

there remains much that is not fully understood about the contributions of 

individual genes or combinations of genes to the overall virulence phenotype 

of pathogenic Leptospira.  
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 In an effort to identify novel virulence related genes in L. interrogans 

serovar Lai strain 56601 we attenuated a highly virulent isolate (P1, LD50 < 

100 leptospires) into a nearly avirulent derivative (P8, LD50 > 108 leptospires) 

through serial EMJH in vitro culture passage.  Here we report on the genomic 

dynamics of virulence loss during long term culture passage using 

comparative analysis of the molecular genetic differences between the virulent 

parent P1 isolate and its isogenic, attenuated derivative isolate, termed P8 

through the use of ultradeep next generation sequencing and a modified 

PLATYPUS sequence analysis and variant calling pipeline [172]. 
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4.2 Methods 

Ethics Statement 

 The experimental animal work was carried out in accordance with the 

recommendations in the Guide for the Care and Use of Laboratory Animals of 

the National Institutes of Health in AAALAC-approved facilities, and was 

approved by the Institutional Animal Care and Use Committee of the 

University of California San Diego under protocol S03128H. 

Attenuation of L. interrogans serovar Lai strain 56601 

 Generation of the P1 isolate of L. interrogans serovar Lai 56601 

 L. interrogans serovar Lai 56601 was kindly provided by Dr. David 

Haake (UCLA), and to ensure a virulent phenotype was passaged through a 

series of 3 week old golden Syrian hamsters (n = 3, Charles Rivers Labs). The 

initial 3 hamsters were each injected intraperitoneally with approximately 107 

leptospires in 1ml of Ellinghausen-McCullough-Johnson-Harris Leptospira 

culture media (EMJH, BD difco). Four days post inoculation the animals were 

sacrificed, the livers were harvested, macerated with a sterile scalpel blade, 

pooled in 5 ml sterile PBS, then made into a slurry by repeatedly passing the 

homogenate through a 22-gauge needle. 1 ml of this homogenate was then 

used to inject each of a second group (n = 3) of hamsters IP. The liver 

homogenizing procedure was repeated 4 days later, and a third group (n = 3) 
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of hamsters were injected. 4 days after the IP injection of liver homogenate 

into the third group the animals were sacrificed, and livers were harvested 

using sterile surgical technique. Small (< 10 mg) pieces of liver were then 

inoculated into EMJH semisolid media, as described in [5]. The semisolid 

culture was incubated at 20 °C and monitored for outgrowth of leptospires 

using standard dark field microscopic techniques. Once growth occurred, 100 

µl of this culture was used to inoculate 20 mls of sterile EMJH media. The 

culture was incubated at 28 °C on a rotating shaker, and was designated P1. 

 Genomic DNA isolation of P1 isolate 

 Approximately 107 leptospires from 1 ml of EMJH P1 isolate culture 

were spun down in a microcentrifuge (10,000 rpm, 5 min). Genomic DNA was 

then isolated from the resulting cell pellet using the DNEasy Blood and Tissue 

kit (Qiagen), according to manufacturer’s instructions. Elute DNA was stored 

at -20 °C for later sequencing. 

 LD50 determination of P1 isolate 

 The concentration of leptospires in the P1 isolate EMJH culture was 

determined using a Petroff-Hauser counting chamber observed under darkfield 

microscopy. Challenge doses of 102, 103, 104, 105, 106, 107, and 108 

leptospires/ml of sterile EMJH were then prepared based on observed counts. 

For each dilution group, 3 three-week old Golden Syrian hamsters (Charles 

Rivers Labs) were each injected IP with 1 ml of corresponding challenge dose. 
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Animals were monitored for 21 days and euthanized when moribund. The LD50 

was defined as the last dose in which 2/3 animals died after challenge. 

 In-vitro EMJH culture-passage attenuation of the virulent P1 

isolate into P8 isolate 

 The P1 isolate EMJH culture was sub-cultured by transferring 2 mls into 

18 mls of sterile EMJH media (thus becoming P2), and incubated at 28 °C on 

a rotating shaker for 14 days. This process was repeated iteratively a total of 7 

subcultures, with the final subculture being designated P8 (approximately 

400X generations from the P1 parent culture). Genomic DNA extraction and 

LD50 determination were then performed exactly as describe for the P1 isolate. 

Genomic Library Preparation and Assembly 

 Genomic DNA libraries were normalized to 0.2ng/µL and prepared for 

sequencing using the Illumina Nextera XT kit whole genome resequencing 

library according to manufacturer’s instructions, using the Illumina protocol of 

tagmentation followed by ligation (v. 2013, Illumina, Inc., San Diego). DNA 

libraries were clustered and run on an Illumina HiSeq 2500 platform with 

PE100 on a Rapid Run mode. Base calls were made using CASAVA v1.8+. 

 After sequencing, initial alignment was done using the platypus 

software [172], Reads were aligned to the reference L. interrogans serovar Lai 

strain 56601 genome (NC_004342 and NC_004343) using BWA [173], and 

unmapped reads were filtered using SAMTools [174]. SNVs were then initially 
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called using GATK [175, 176] and filtered using default filter values in the 

platypus in-house software. While the filters were initially designed for P. 

falciparum, they proved to result in high sensitivity (93.4%) and specificity 

(91.2%) for L. interrogans as well when screening for known SNVs between 

the 56601 and IPAV L. interrogans serovar Lai strains.  After alignment, read 

depth per nucleotide identity at every position was called using SAMTools 

mpileup, which were then converted into proportional nucleotide identities per 

base. These proportions were then compared using a custom script testing for 

multi-comparison significant changes in allelic proportion across the entire 

genome. For two proportions x1/n1 and x2/n2 reads, our comparison statistic 

was: 

 

 

 This statistic is an expansion of the simple two-proportional z-test for 

differences between two populations. This assumption is reasonable as each 

read serves as an independent random test of the nucleotide identity of the 

population, though significant error terms do exist. This number was then 

converted to a p-statistic using the total read depth and corrected using the 

Bonferroni method, as assumption about the independence of allelic 

frequency at multiple polymorphic sites may not hold. A list of sites than 
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underwent statistically significant change was then output and annotated using 

a custom script. 

 

COG Functional Category Analysis of nsSNV Containing Genes 

 Gene identified as harboring nsSNVs with increasing allele frequencies 

in P8 were assigned to COG categories using the NCBI conserved domain 

webpage (http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml) , and 

compared to the genome-wide predicted COG frequencies for L. interrogans 

serovar Lai strain 56601 obtained from the spirochete genome browser 

webpage (http://sgb.fli-leibniz.de/cgi/index.pl). Statistical significance was 

assessed via χ2-analysis using Fisher’s exact test with a Bonferroni correction 

to account for multiple comparisons in Graphpad Prism (GraphPad Software, 

Inc., La Jolla, CA.) 

 

Pan Leptospira Genus Analysis of Study Identified Genes 

 The following genomes, consisting of a representative grouping all 20 

Leptospira species, were used to analyze the presence of homologs of study-

identified genes in other Leptospira species: 

 L. alexanderi sv. Manha 3 str. L 60T (Genbank:AHMT00000000), L. alstoni sv. 
Pingchang str. 80-412 (Genbank:AOHD00000000), L. biflexa sv. Patoc str. 
Patoc I Paris (Genbank:CP000786), L. borgpetersenii sv. Javanica str. UI 
09931 (Genbank:AHNP00000000), L. broomii sv. undetermined str. 5399T 
(Genbank:AHMO00000000), L. fainei sv. Hurstbridge str. BUT 6T 
(Genbank:AKWZ00000000), L. inadai sv. Lyme str. 10T 
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(Genbank:AHMM00000000), L. interrogans sv. Copenhageni str. Fiocruz L1-
130 (Genbank:AE016823), L. interrogans sv. Copenhageni str. M20 
(Genbank:AOGV00000000), L. interrogans sv. Lai str. 56601 
(Genbank:AE010300), L. kirschneri sv. Cynopteri str. 3522 CT 
(Genbank:AHMN00000000), L. kmetyi sv. undetermined str. Bejo-Iso9T 
(Genbank:AHMP00000000), L. licerasiae sv. Varillal str. VAR 010T 
(Genbank:AHOO00000000), L. meyeri sv. Hardjo str. Went 5 
(Genbank:AKXE00000000), L. noguchii sv. Panama str. CZ 214T (Genbank: 
AKWY00000000), L. santarosai sv. Shermani str. 1342KT (AOHB00000000), 
L. terpstrae sv. Hualin str. LT 11-33T (Genbank: AOGW00000000), L. 
vanthielii sv. Holland str. WaZ Holland (Genbank:AOGY00000000), L. weilii 
sv. Ranarum str. ICFT (Genbank:AOHC00000000), L. wolbachii sv. Codice str. 
CDC (Genbank:AOGZ00000000), L. wolffii sv. undetermined str. Khorat-H2T 
(Genbank:AKWX00000000), L. yanagawae sv. Saopaulo str. Sao PauloT 
(Genbank:AOGX00000000). 

Genes were considered homologs if they were bidirectional best hits [177, 

178] using BLAST with cutoff values of 70% query coverage, e-values < 1e-3, 

and 30% identity. 

Amino Acid Residue Conservation Analysis of Study Identified nsSNV 

Positions 

 Domain architecture analysis was performed on the protein sequences 

for LA_2704 (NP_712885.1), LA_2930 (713110.1), LA_2950 (NP_713130.1), 

LA_3455 (NP_713635.1), LA_3725 (NP_713905.1), and LA_3834 

(NP_714014.1) using SMART [179] and PSIPRED [180, 181], and 

represented graphically at http://prosite.expasy.org/mydomains. 

 Multiple sequence alignments (MSAs) of the homologs (defined by 70% 

query coverage, e-values < 1e-3, and 30% identity BLAST cutoffs) of each of 
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these 6 genes were constructed by aligning sequences obtained from the 

Pathosystems Resource Integration Center database (http://patricbrc.org) 

using the CLUSTAL X alignment program freely available at 

http://www.clustal.org/clustal2/#Download. The accession numbers used in the 

alignments (Table 4.3) are a representative collection of homolog sequences 

from each of the 20 species in the Leptospira genus in which homolog 

sequences could be identified. The LA_2704 alignment contained 40 homolog 

sequences, the LA_2930 had 26 homologs, the LA_2950 had 41 homologs, 

the LA_3455 had 41 homologs, the LA_3725 had 19 homologs, and the 

LA_3834 had 45 homologs. 

 MSAs were then used to make a protein residue conservation 

prediction based on Jensen-Shannon Divergence, previously described in 

[182]. Conservation scores were then graphed using Microsoft Excel. 

 The proportion of sequencing reads from the P8 strain coding for the 

nsSNV amino acid was compared to the proportion of the same mutant 

residues in homolog MSAs from the entire pan-Leptospira genome using a 

Fisher’s exact test for each of the 6 genes. Results were considered 

statistically significant at p-values < 0.05. 

 

Identification of Potential ncRNAs in the L. interrogans serovar Lai 56601 

Genome 

 To identify novel ncRNA loci within the L. interrogans Lai genome, we 

first aligned the L. interrogans Lai (Genbank:AE010300), L. kirschneri 3522 C 
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(Genbank:AHMN00000000) and L. noguchii CZ214 (Genbank: 

AKWY00000000) genomes using the progressiveCactus algorithm [183, 184]. 

The whole genome alignment was then used as input for RNAz (with default 

settings: -w 120 and -s 120) for prediction of structural RNAs [185] and then 

putative ncRNA loci identified and annotated using the nocoRNAc pipeline 

[186]. Predicted loci that could not be annotated using the Rfam database 

were considered potentially novel ncRNA genes. 
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4.3 Results 

 

Culture Passage-based Attenuation of Leptospira interrogans serovar 

Lai strain 56601 

 L. interrogans serovar Lai strain 56601 was obtained from Dr. David 

Haake (UCLA), serially passaged 3x through hamsters to ensure a virulent 

phenotype, and re-isolated from the final set of moribund hamsters into EMJH 

Leptospira culture media. This isolate that grew out was designated P1, and 

had an LD50 < 100 leptospires in an intraperitoneal (IP) injection model of 

leptospirosis using 3 week-old golden Syrian hamsters. The P1 isolate was 

then passaged in vitro through serial bi-weekly subcultures in EMJH 

leptospiral culture media for approximately 400 generations (8 weeks) to 

become P8. The LD50 of the P8 subculture was > 108 leptospires when 

virulence was assessed using the IP leptospirosis model described above, 

indicating the near complete loss of the virulence phenotype of the isogenic 

parent isolate.  After assessing their LD50 genomic DNA was isolated from 

both the P1 and P8 EMJH cultures and saved for sequencing. 
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Identification of SNVs Within the Attenuated P8 L. interrogans serovar 

Lai Isolate Genome with Differing Allele Frequencies Compared to the 

Virulent P1 Parent Isolate 

 

 In order to study the process of genome evolution in the attenuation of 

virulence, genomic DNA from the P1 virulent parent non-clonal isolate of L. 

interrogans serovar Lai strain 56601, and from the attenuated isogenic 

derivative isolate P8 were sequenced on the Illumina platform using paired-

end 100bp reads to a mean coverage of greater than 250X. For the P1 

sequencing 15,492,436 reads covered 99.4% of the 4.689 Mb L. interrogans 

serovar Lai reference genome, and 15651273 reads covered 99.9% in the P8 

sequencing results. Sequencing statistics are given in Table 4.1, including the 

percentage of bases in the L. interrogans serovar Lai genome represented by 

a given sequencing coverage. Additionally, >99% of the reads from both the 

P1 and P8 samples aligned to the L. interrogans genome, indicating high 

sample purity. 

 

 Variants were then called and compared using a modified automated 

PLATYPUS genome analysis pipeline [172]. In this pipeline, the reads from 

each sequencing run (P1 and P8) were aligned to the reference Lai genome 

[115], and single nucleotide variants (relative to L. interrogans serovar Lai 

reference) were identified using the default list of filters in PLATYPUS, for 

each set of sequencing files.  Given that the bacterial populations were not 
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clonal, an allele frequency was calculated at each polymorphic site using the 

number aligned reads metric for the P1 and P8 isolate, we also sought to 

identify structural variants.  Although we did not detect any changes in 

genomic architecture, 102 single nucleotide variants were identified as having 

undergone a significant change, as determined by a two-proportional Z-test of 

sequencing reads, in allele frequency during the culture period from P1 to P8.  

Alternate nucleotides in these positions would result in 43 SNVs encoding 

synonymous amino acid substitutions, 34 encoding non-synonymous amino 

acid substitutions, and 25 intergenic SNVs (Figure 4.1).  

 

Analysis of nsSNVs with Allelic Frequencies that Increased During 

Attenuation 

  

 Since amino acid coding changes can alter overall functionality of the 

gene in which they reside, and potentially may contribute to the loss of 

virulence in the P8 strain we further examined the non-synonymous SNVs that 

were identified during our genomic comparisons. There were a total of 15 

genes that contained nsSNVs that increased in frequency during the course of 

the attenuation (Figure 4.2A). To determine if the genes containing these 

nsSNVs were biased toward any particular biological function they were 

organized by COG category (clusters of orthologous groups, [187]), and the 

observed proportions were compared to their genome-wide expected 

frequencies. This approach identified a strong enrichment for genes involved 
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in signal transduction mechanisms (Figure 4.2B).  233 of the 3683 genes in 

the genome are annotated as involved in signal transduction and they 

comprised 5 of the 15 in our set (p = 0.01). During our analyses we also noted 

that three genes, rbsK, mgtA, and mcm2 contained multiple SNVs. This is a 

higher number than would be expected due to chance alone, and since these 

genes all have functions related to core metabolic pathways and co-factors 

their allele frequency increase may be a result of bacterial adaptation to long 

term in vitro EMJH culture conditions. 

 

 In order to infer possible biological significance of these genes beyond 

that presented in our current study we performed a meta-analysis of prior data 

showing the transcriptional responses of L. interrogans to several in-vivo 

surrogate conditions including temperature, physiological osmolarity, iron 

depletion, exposure to host innate immune cells, and peritoneal culture of 

leptospires in dialysis membrane chambers [106-108, 110-112]. Of the 15 

genes that our current study identified as harboring nsSNVs of increasing 

allele frequency, 6 (LA_2704, LA_2930, LA_2950, LA_3455, LA_3725, and 

LA_3834) were previously reported to be up-regulated in at least one set of in 

vitro surrogate experimental conditions.  

 To gain further insight into how these genes might contribute to the 

pathogenicity of Leptospira and their overall prevalence in the genus, the 

subcellular locations of the proteins they encode were predicted using 

PSORTb [188], and the prevalence of gene homologs across all 20 species of 
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the Leptospira pan-genome was also determined. Genes in other Leptospira 

species were considered homologous to our study-identified genes if they 

were reciprocal best BLAST hits using filters of 70% query length, e-value < 

1e-3, and 30% identity match (Figure 4.3). This analysis revealed that five of 

the six genes (the subcellular location of LA_2950 could not be determined by 

the algorithm) were predicted to reside inside the bacterial cell, indicating that 

these proteins are likely not the ultimate effectors of leptospiral pathogenesis, 

like toxins or other secreted factors, but may contribute to upstream signaling 

processes or metabolic capability. The pan-genus conservation analysis 

showed that three genes (LA_2930, LA_3725, and LA_3834) are found only 

infectious Leptospira species and may have particularly relevant pathogenesis 

related functions. 

 

Pan-Leptospira Genomic Analysis of Amino Acid Residue Conservation 

at nsSNV Positions in Homologs of Attenuation-identified Genes 

 

 We conducted a three part analysis of the 6 genes described in Figure 

4.3 in order to determine if the nsSNVs contained in these genes caused 

amino acid changes in evolutionarily conserved residues. First, protein domain 

architecture was evaluated using SMART [179] and PSIPRED [180, 181]. 

Next, we generated multiple sequence alignments (MSAs) using homolog 

sequences from the 20 species pan-Leptospira genome for each of these 

genes. These MSAs were then used to generate amino acid conservation 
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scores for each residue in a respective gene based on Jensen-Shannon 

divergence (JSD, scores above 0.8 are considered highly conserved, those 

less than 0.4 are considered disordered) [182]. Finally, we compared the 

proportion of sequencing reads from the P8 strain coding for the nsSNV amino 

acid to the proportion of the same mutant residue in homologs from the entire 

pan-Leptospira genome using a Fisher’s exact test. We observed the following 

results:  

 

LA_2704: Diguanylate cyclases participate in the formation of the ubiquitous 

second messenger, cyclic-di-GMP, involved in bacterial virulence, biofilm 

formation, and persistence [189, 190]. Figure 4.4A, the non-synonymous 

C311F substitution in this GGDEF diguanylate cyclase, is C-terminal to the 

catalytic core of this protein by one amino acid residue [191]. The wild type 

cysteine residue is conserved in every single homolog evaluated in this study, 

which is reflected in the high conservation score obtained from JSD analysis. 

The proportion of phenylalanine substitutions observed in the P8 strain 

represents a highly significant divergence from the genus-wide residue 

conservation at this position (p < 0.001). 

 

LA_2930: Two component regulators are part of a widely employed stimulus-

response mechanism in prokaryotes, and are typically comprised of an 

environmental sensor module coupled to an effector module that regulates 

responses to extracellular cues [192]. Figure 4.4B, the Y94F substitution in 
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this PAS-GGDEF two-component signaling protein falls within the Per-ARNT-

Sim (PAS) sensor domain. PAS domains detect a large range of chemical and 

physical signals and then regulate the activity of their covalently linked effector 

domains, often by promoting the formation of dimers (a process required for 

proper GGDEF domain function). We could not deduce any insight into the 

particular ligands to which the PAS domain of this protein may bind, as the 

range of potential signals is diverse (ranging from oxygen tension, to small 

metabolites, to light itself) and on average the pairwise identity shared 

between PAS domains is less than 20% [193]. Nonetheless, conservation 

analysis revealed that this position is highly conserved in Leptospira, with 

significant divergence (p < 0.03) away from conservation status in the P8 

attenuated strain. 

 

LA_2950: PDZ serine proteases are a unique family of proteins that form 

higher order oligmeric structures and have been demonstrated to degrade 

misfolded proteins in the periplasm of bacteria [194]. Figure 4.4C, The P81R 

nsSNV in this PDZ serine protease was found to occur in an in-silico predicted 

coil to sheet transition indicating that the wild-type proline residue may serve a 

structural role. JSD Conservation analysis revealed the site to be moderately 

conserved within the Leptospira genus. The P8 arginine substitution at this 

residue was significant (p < 0.05), and was not observed in any of the protein 

homologs evaluated. Interestingly, domain architecture analysis revealed an 
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N-terminal signal peptide indicating that this protein potentially has 

extracellular function. 

 

LA_3455: This protein is a transmembrane nonselective transport channel 

found in the inner membrane of gram negative bacteria, that facilitates the 

diffusion of glycerol [195]. Figure 4.4D, the S56P substitution in this protein 

was a significant divergence from genus-wide expected residues (p < 0.01). 

The conserved residue position lies at the end of one of 8 alpha-helical 

regions of the aquaglyceroporin. The tight spatial arrangement of these helices 

to one another is essential for the proper function of the protein’s glycerol 

conducting channel [196], and the proline substitution in the P8 population of 

Leptospira could conceivably introduce a structural change that would alter its 

transport efficiency.  

 

LA_3725: Domain analysis of the large LA_3725 protein revealed a single N-

terminal transmembrane domain and a pre-toxin HINT domain (Pfam 07591) 

nearer the C-terminal end of the coding region. The HINT superfamily belongs 

to a system of proteases that in bacteria are usually found N-terminal to a 

toxin module in polymorphic toxin systems [197, 198], and are believed to 

release the toxin domain via autoproteolysis. Figure 4.4E, the L1624V nsSNV 

position lies at the in-silico predicted transition of an alpha-helix to a coiled 

secondary structure in a region of low sequence conservation. MSA analysis 
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revealed that the P8 proportion of nsSNV reads fell just short of statistical 

difference compared to genus wide expected ratios. 

 

LA_3834: Figure 4.4F, The nsSNV position identified in the attenuated P8 

strain codes for an L8F substitution in the N-terminal lipobox [150] of this 

protein. This amino acid substitution occurs at a moderately conserved residue 

according to JSD analysis that is 7 residues upstream of the cysteine residue 

that is lipidated during export through the bacterial inner membrane. All though 

there appeared to be some flexibility in the amino acid conservation at the 

SNV position, genus-wide analysis revealed that no homologs contained the 

mutant phenyalanine at this position, indicating a significant divergence from 

expected proportions (p < 0.03). 

 

Intergenic SNV Analysis and Novel Non-coding RNA Prediction 

  

 Our analysis of SNV allele frequency differences between the P1 and 

P8 L. interrogans serovar Lai strains revealed 25 intergenic SNVs, 22 on 

chromosome I and 3 on chromosome II (Figure 4.1). In previous whole 

genome surveys several ncRNA loci were detected in the L. interrogans 

genome [117], including three cobalamin riboswitches that are expressed both 

in vivo and in vitro [112]. Because these elements play vital roles in the 

regulation of gene expression, mutations within predicted ncRNAs could have 

functional implications potentially impacting the virulence phenotype. To 



 

 

88 

evaluate whether any of our study identified intergenic SNVs resided in 

predicted ncRNA loci we generated a list of predicted ncRNA in the L. 

interrogans serovar Lai strain 56601 genome using RNAz [185] and the 

nocoRNAc pipeline [186]. 

 Fifty candidate ncRNA loci were identified in chromosome (cI replicon), 

and five in the cII replicon, none of which contained study identified intergenic 

SNVs. Of the 55 candidate ncRNA loci identified 41 were antisense to protein 

coding genes and 14 were found in intergenic regions (Table 4.2). Of these 14 

ncRNA loci, none could be annotated using the Rfam database and could 

represent novel ncRNA genes. 
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4.4 Discussion 

 

 In this study we analyze the genomic changes in a polyclonal 

population of L. interrogans serovar Lai strain 56601 that occur during the 

culture based attenuation of a highly virulent parent strain into a nearly 

avirulent isogenic derivative through the use of a modified version of the 

PLATYPUS assembly pipeline. The genomic changes that occurred in the 

bacterial population during long-term EMJH culture passage attenuation of the 

virulent P1 L. interrogans serovar Lai strain 56601 into the nearly avirulent P8 

strain likely result from the dynamics of culture adaptation. After the isolation 

of the P1 strain from hamsters, the only selective pressure on the bacterial 

population became intra-population competition for growth in-vitro in EMJH 

media, and the process of natural selection would be expected to increase 

population-level allelic frequencies of mutations beneficial to in-vitro growth 

[199]. These changes are often accompanied by allele-frequency increases 

from mutations of no obvious in-vitro benefit. nsSNVs otherwise deleterious to 

virulence in vivo, which had previously been kept at low frequencies due to 

immune pressures of the host, would now be selectively neutral in-vitro. These 

mutations would then be free to synchronously move with alleles under 

positive selection for growth in EMJH media in a type of genetic hitchhiking 

[200]. 
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 Interestingly, all single nucleotide polymorphisms identified in our 

genomic analysis of the attenuated P8 isolate derived from extant low 

frequency sub-population alleles in the virulent P1 isolate. Our analysis 

demonstrated that no de novo mutations arose during the attenuation in vitro 

culture period, a phenomenon that was also noted in a similar study involving 

the parasite Babesia bovis [201]. The original process that generated these 

mutants appeared to have proceeded in a stochastic manner, SNVs appeared 

across the L. interrogans genome with a nucleotide transition to transversion 

ratio, Ts/Tv, of approximately 0.5 suggesting that at a given position a 

substitution of one nucleotide was just a likely as any other. All of the nsSNVs 

we identified existed as minor variants to wild type alleles in the P8 population 

(Fig. 4.2A). We were surprised to note that the nsSNVs that diverged from the 

reference sequence had an allele frequency of only 12% ± 4.97 (mean ± SD). 

It has been previously demonstrated in several other pathogens that microbial 

populations may harbor sub-populations that retain pathogenic capacity, 

despite being attenuated as a whole [202-205]. This phenomenon appears to 

have occurred within our attenuated Leptospira strain, as we were able to 

detect wild type alleles that directly matched the virulent L. interrogans serovar 

Lai strain 56601 reference genome in the majority of the sequencing reads of 

the P8 strain.  

 

 Two previous studies have examined genomic differences between 

virulent and avirulent strains of L. interrogans serovar Lai, in order to identify 
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mutations that accompany the loss of the virulence phenotype of the parent 

strain. The first, [151], compared genomic differences between the attenuated 

L. interrogans serovar Lai strain IPAV and an ancestral isolate of L. 

interrogans serovar Lai. This study identified several hundred SNVs in gene-

coding regions as well as dozens of insertions and deletions, and interestingly 

many were found in genes related to signal transduction.  The second study 

[206], recently reported from our group, identified a set of SNVs in 10 

pathogen-specific genes in the population of an attenuated isogenic derivative 

of L. interrogans serovar Lai strain 56601. There was no overlap in the genes 

identified in these earlier studies with those identified in our current work, 

which mirrors results from another Experimental evolution study in E. coli that 

found few of their 115 strain replicates shared similar mutations [199]. On the 

other hand, it should be noted that the sequencing coverage was 

approximately 2.5X higher in this study relative to our previous study, reads 

were substantially longer here (100 bases, versus 36), and paired ends were 

used. As a consequence, we were able to conduct a much more in-depth and 

comprehensive analysis of mixed alleles compared to our first study where 

only the dominant allele could be considered in the assembly. The pathogenic 

mechanisms employed by pathogenic Leptospira, and the genes behind them, 

are diverse and multifactorial. Since the combined results of these studies 

indicate that genomic analysis of separate attenuations of a given L. 

interrogans strain can yield differing sets of candidate virulence genes, this 
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approach may have utility in unraveling the multiple layers and complexities of 

leptospiral virulence. 

 

 Pathogenic Leptospira have evolved a vast array of signal transduction 

proteins in order to properly respond to environmental as well as in vivo host 

queues [171], in contrast to obligate parasitic organisms which have far fewer 

[207]. Due to the unique transmission cycle of pathogenic Leptospira in which 

they can infect relevant hosts from either environmental or biological sources, 

the bacteria must be able to rapidly detect changes in their surroundings and 

efficiently adapt their gene expression profiles. The divergence of signal 

transduction genes away from the virulent L. interrogans serovar Lai 56601 

reference sequence (i.e. increasing nsSNV allele frequency) during the course 

of attenuation raises the possibility of these mutations having deleterious 

consequences. 

 The identification of nsSNVs in two GGDEF di-guanylate cyclase (DGC) 

signal transduction genes (LA_2704 and LA_2930, both previously shown to 

be up-regulated during exposure to in-vitro-like conditions (Figure 4.3) in our 

study was particularly intriguing. GGDEF domains catalyze the formation of 

the ubiquitous secondary messenger di-cyclic-GMP [208] through a process of 

homodimerization of two GDC domains from separate proteins [191]. 

Intracellular concentrations of di-c-GMP have been demonstrated 

experimentally to regulate several pathogenesis-related bacterial processes 

related to biofilm formation, motility, and virulence [209-211]. The L. 
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interrogans genome codes for 14 separate GGDEF domain containing 

proteins [171], and the bacteria are known to produce biofilms both in vitro and 

in vivo [41, 212]. The physiological effects of di-c-GMP levels are expertly 

reviewed in [189], and the authors conclude that intracellular levels of di-c-

GMP seem to always promote biolfim formation, yet can either promote or 

inhibit the other phenotypes they regulate. While there currently are no 

experimental data regarding DGCs and di-cGMP in Leptospira, it is relevant to 

note that di-c-GMP levels appears to positively regulate motility and virulence 

in other spirochetes [213-215]. 

 In the model biofilm producing bacterium Pseudomonas aeruginosa, it 

has been demonstrated that increases in intracellular di-c-GMP levels, through 

the action of DCGs, lead to secretion of the exopolysaccharide components 

required for biofilm formation [216]. These polysaccharides then act as signals 

for DGCs in neighboring bacteria to increase their di-cGMP levels, 

encouraging further exopolysaccharide secretion in a positive feedback 

mechanism similar to paracrine signaling in eukaryotes. Whether or not 

impaired GGDEF signaling causes a similar non-autonomous trait in L. 

interrogans remains undetermined, but it is interesting to consider whether a 

small percentage of mutant cells (i.e. those harboring LA_2704 or LA_2930 

nsSNV mutations) would influence the in-vivo survival of the Leptospira 

population as a whole through impaired biofilm production. 
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 Lipoproteins have been implicated in many pathogenic processes 

including adhesion to host cells, immune modulation, and the translocation of 

virulence factors into host cells [96, 217], and there are several predicted in 

the genomes of spirochetes [150]. Thus the identification of the putative 

lipoprotein LA_3834 in our current study is intriguing. The function of this 

protein has yet to be demonstrated experimentally; however, several indirect 

lines of evidence point toward this protein being a part of the virulence profile 

of Leptospira. In addition to being transcriptionally up-regulated in several in 

vivo surrogate experiments [108, 111, 112], this gene was recently 

demonstrated to be under the control of a transcriptional regulator (lb139) that 

when knocked out, decreased expression of several genes (including 

LA_3834) and attenuated virulence in a hamster model of leptospirosis [169]. 

  

 The other two study identified genes (LA_2950 and LA_3455) with 

nsSNVs that diverged from the reference genome at conserved residues may 

also be important to leptospiral virulence and survival in-vivo. 

 The LA_2950 gene codes for a protein annotated as a PDZ serine 

protease. Studies in Salmonella typhimurium have established that other PDZ 

serine proteases are part of the in vivo stress response of the bacteria to host 

microbicidal pressures [218-220]. Bacteria with mutations in these genes were 

attenuated compared to wild type parent strains, with decreased tissue 

burdens (up to a 105 fold-decrease in one study [220]). 
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 LA_3455 encodes the leptospiral glpF glycerol uptake facilitator protein. 

L. interrogans cannot utilize sugars as carbon sources, instead synthesizing 

sugars with de novo gluconeogenesis from glycerol [115]. Since the non-

synonymous S56P SNV identified in the P8 strain of our study may introduce a 

strain in the secondary structure of a conserved helix essential for function, 

leptospires harboring this mutation could conceivably experience an impaired 

acquisition of glycerol in-vivo that may cause downstream biosynthetic 

consequences. 

  

 To the best of our knowledge, our generation of a complete list of 

bioinformatically predicted ncRNAs in L. interrogans is the first such endeavor 

of its kind. Although none of our study identified intergenic SNVs mapped to 

these regions, this list should be readily pertinent to the leptospirosis field. 

Small non-coding RNAs have been recently been demonstrated to regulate 

pathogenic mechanisms in bacteria [221-224], and it would be exciting to 

evaluate the existence of similar mechanisms in pathogenic Leptospira. 

 

 This study is not free of limitations, as there is much further work to be 

done to both qualitatively and quantitatively describe the individual contribution 

of the genes identified here to Leptospira pathogenesis. It is likely, that the 

genes identified in this study that are up-regulated by L. interrogans in-vivo 

may be part of a virulence-related transcriptional profile and that the increase 

in nsSNV alleles seen in our attenuation studies may dampen the pathogenic 
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capacity in the leptospires that harbor these mutations. The ultimate 

mechanism of the attenuation of the L. interrogans serovar Lai strain in this 

study appears to be the cumulative “death by a thousand cuts” effect of 

multiple mutant alleles, each subtracting from the overall virulence fitness 

compared to the wild-type parent strain. The individual contributions of each of 

these genes to the overall pathogenesis of leptospirosis will likely remain hazy 

until more reliable methods of target mutagenesis are established for this 

important pathogen, until then attenuation-based analyses may offer a 

reasonable alternative for probing the complex mechanisms by which these 

bacteria cause disease. 
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4.5 Conclusions 

 Our demonstration that the PLATYPUS pipeline can be readily and 

accurately adapted to multiple pathogen genomes is encouraging and 

provides validation of the original pipeline design. In addition, the application 

of this pipeline to the Leptospira genomes in question has shown to be 

incredibly powerful and its further adaptation to other pathogen genomes 

should be considered promising and readily attainable. We identify novel, 

pathogenesis related genes in this study through our analysis of SNV allele 

frequency changes that accompanied an in-vitro culture attenuation of L. 

interrogans serovar Lai. This encouraging preliminary evidence should serve 

as a starting point for future investigations into the role these genes play in 

leptospiral pathogenesis. 
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Figure 4.1 Genomic Locations of SNVs That Change Allelic Frequency from P1 to P8. 
Genomic location of study identified SNVs in the reference genome of L. interrogans serovar 
Lai strain 56601 that significantly changed in allelic proportionality during culture attenuation 
from a virulent P1 strain to an attenuated P8 strain. Individual hash marks represent the 
genomic location of genes harboring SNVs, and are color coded in concentric circles. Red: 
Non-synonymous; Blue: Synonymous; Green: Intergenic. The total number of genes harboring 
each type of SNV is represented by the pie chart in the center of each of the chromosome 
representations. 
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Figure 4.2 Clusters of Orthologous Groups Analysis of Genes Containing nsSNVs That 
Increased Allelic Frequency from P1 to P8. 
Non-synonymous SNVs that increased allelic frequency during the attenuation of the virulent 
P1 strain of L. interrogans serovar Lai strain 56601 into the nearly avirulent isogenic P8 strain 
are listed in (A). The nsSNV-containing genes in each group were then organized by COG 
category [187]. Asterisk denotes an enrichment of a particular COG category compared to 
genome-wide expected percentages of genes in each category (Fisher’s Exact Test with 
Bonferroni correction, p-value < 0.05) in (B). 
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Figure 4.3 Homolog Identification and Characterization of Potential Virulence-
associated Genes in Other Leptospira Species. 
Potential virulence-associated genes identified in the current study include LA_2704 
(NP_712885.1), LA_2930 (NP_713110.1), LA_2950 (NP_713130.1), LA_3455 
(NP_713635.1), LA_3725 (NP_713905.1), and LA_3834 (NP_714014.1). Previous studies 
have shown these genes to be up-regulated by L. interrogans during exposure to host-like 
conditions (a: [111], b: [108], c: [112]). The PSORTb predicted subcellular locations of each of 
these proteins are listed. The presence of orthologous genes (defined as bidirectional best 
BLAST hits with minimum 70% query coverage, e-values < 1e-3, and 30% identity) was also 
determined for each of the 20 species in the Leptospira genus. P = pathogenic species, I = 
intermediate pathogens, S = saprophytic species). A schematic representation of these 3 
clades of the genus was included for clarity. 
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Figure 4.4 Amino Acid Conservation Analysis at nsSNV Positions in Study Identified 
Gene Homologs Across the Leptospira Genus 
Protein domain analysis was conducted for all genes and results are represented as diagrams 
at the top of panels A-E that include the nsSNV position for each gene (TM = transmembrane 
domain, PAS = Per/ARNT/Sim domain, GGDEF = diguanylate cyclases domain, SP = signal 
peptide, PDZ = PDZ serine protease domain, CC = coiled-coil domain, HINT = hedgehog 
intein domain, LIPO = Leptospira lipobox, SBBP = seven bladed beta propellar domain). In 
addition a Jensen-Shannon Divergence estimate of amino acid residue conservation is 
represented graphically with the nsSNV residue highlighted as a red line with the conservation 
score indicated above it (scores above 0.8 indicate high conservation, those below 0.4 
indicate disorder). Lastly, at the bottom of each panel an alignment schematic with the nsSNV 
position highlighted by a red asterisk is presented with the probability from a Fisher’s exact 
test comparison of the number of P8 sequencing reads coding for the mutant amino acid to 
the genome-wide prevalence of that same residue in homologs of that particular gene. In (A) 
the red line above the alignment indicates the position of the catalytic residue of the protein. In 
(D) the purple line represents a conserved alpha helix. In (E) the purple line represents a 
predicted alpha helix, and the orange arrow represents a predicted beta-sheet secondary 
structure. In (F) the hash mark denotes the cysteine residue that is lipidated. 
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Table 4.1 Genome Alignment Statistics for P1 and P8 L. interrogans serovar Lai Isolates 
 

 

 

Table 4.2 Predicted ncRNAs in L. interrogans serovar Lai 
In-silico predicted ncRNAs in the L. interrogans serovar Lai genome. The 14 predicted 
ncRNAs are listed by chromosome, start/stop bp positions, as well as the DNA strand the site 
resides on. SIDD (stress-induced duplex destabilization) values near zero are highly 
destabilized states that promote helicase action and transcription. Terminator confidence is a 
percentage of certainty of transcription stop sites. 
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Table 4.3 Accession Numbers of Leptospira Homologs Used to Construct Figure 4.4 
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Chapter 5 

Conclusions and Future Perspectives 
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 The primary goal of the research presented in this dissertation was to 

identify novel virulence associated genes in L. interrogans serovar Lai. In 

Chapter 2 of this dissertation, we identify 10 previously unexamined candidate 

virulence genes through deep genome sequencing of an experimentally 

attenuated isolate of L. interrogans serovar Lai strain 55601 coupled with 

comparative pathogenomic analysis of the pan-genome of the Leptospira 

genus.  

 We show that each of these genes harbored non-synonymous SNVs 

that had become the dominant allele in the culture population at the end of a 

36-week attenuation period. Upon investigating the transcriptional status of 

these genes in a virulent wild type L. interrogans serovar Lai isolate during 

acute infection in a hamster model of leptospirosis, we found that these 

candidate genes were profoundly upregulated by the bacteria in the host 

compared to in-vitro culture. These data suggest that these genes are part of a 

transcriptional profile that is initiated in leptospires once they enter a host 

animal, further corroborating their contributions to the overall virulence 

phenotype of the bacteria in vivo.  

 Intriguingly, our results showed a much higher dynamic range of 

transcriptional upregulation than had previously been reported in other 

transcriptomic studies that exposed leptospires to “in vivo” like conditions in 

vitro [106-109, 111, 112, 163]. This suggests that the full context of gene 

utilization by L. interrogans in vivo cannot be fully modeled in vitro, and that 
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global gene regulation by Leptospira requires sensing the combination of all 

external host cues. 

 Another compelling discovery to come out of this study was the 

identification of two virulence-associated genes belonging to a paralogous 

(PF07598) gene family shared by Group I pathogenic Leptospira species. Why 

paralogs are absent in the Group II pathogens is uncertain; however, paralog 

counts range from 2 in L. santarosai to 12 in L. interrogans and L. kirschneri 

(Figure 5.1). Our results demonstrate that different paralogs are differentially 

expressed in leptospires isolated from different host tissues, and a gene 

knockout of one of the paralogs resulted in decreased renal colonization [225], 

a fact which further underscores their relevance in vivo. All members of this 

gene family have a signal peptide, which implies extracellular function. This 

may imply future relevance in vaccine studies.  

 To date there are no human approved leptospirosis vaccines, and 

veterinary approved vaccines offer only transient, serovar-specific protection. 

There has been a huge challenge in identifying leptospiral antigens that would 

broadly react across multiple species. PF07598 paralogs may potentially fill 

this role, and it will be of the utmost interest to investigate their immunogenicity 

and protective effects in future studies across multiple pathogenic species of 

Leptospira. 

 Pathogenomics, as a discipline, has brought to light several unexpected 

aspects of pathogen biology including the important role lateral gene transfer 

has played in the evolution of bacterial pathogens [120]. Curiously, our 
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pathogenomic analysis presented in Chapter 2 revealed the existence of 

PF07598 paralogs in two species of alpha-proteobacteria, Bartonella 

bacilliformis and Bartonella australis [140]. 15 paralogs were found in B. 

bacilliformis and nearly the same in B. australis. Further still, single copies 

were found in the genomes of the epsilon-proteobacterial species Helicobacter 

cetorum, H. mustelae, and H. hepaticus. Eons of time have passed since the 

last common ancestor existed between these three groups of bacteria. Even 

more curious is the fact these are the only species with sequenced genomes 

to contain PF07598 paralogs. The Bartonella species are geographically 

delimited with B. bacilliformis found only in South America and B. australis in 

Australia; H. cetorum is know to only infect ocean dwelling cetaceans. How 

these pathogens all came to possess members of this gene family then 

remains an evolutionary mystery, as does the reason for expansion in 

Leptospira and Bartonella species. Whether or not these processes are the 

result of host adaptation or aid in transmission cycles remains to be explored. 

 Another gene found in Leptospira Group I pathogens that appears to 

have been obtained via lateral gene transfer is the LA_4008 

adenylate/guanylate cyclases. This gene appears to have originated in the 

order of predatory soil bacteria Myxococcales. Our characterization of this 

protein as being found in L. interrogans serovar Lai culture supernatant and its 

capacity to elevate cAMP levels in human monocytes makes it one of the few 

leptospiral factors known to date which could impact host physiology during 

infection. The exploitation of host cAMP levels in immune cells, as a 
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mechanism of modulating the host response, is a common strategy shared by 

many bacterial pathogens [134]. The preliminary data presented in chapter 3 

demonstrating that a heterologously expressed recombinant form of LA_4008 

recapitulates the ability of the native protein to increase host cell cAMP levels 

is promising, and should encourage further studies to probe the 

immunomodulatory effects of this protein during leptospirosis. 

 Chapter 4 presented genomic analysis of a second experimentally 

attenuated isolate of L. interrogans serovar Lai. Improvements to sequencing 

techniques and modifications of the assembly pipeline [172] allowed for a 

much more comprehensive analysis of mixed alleles compared to the data 

presented in chapter 2, where only the dominant allele could be considered in 

the assembly. The data presented in this chapter support a subpopulation 

selection mechanism during attenuation, which has also been observed in 

experiments in other pathogens [201, 226]. 

 Non-synonymous changes were identified in conserved residues of 

genes that had previously been shown to be upregulated by pathogenic 

Leptospira in response to host cues. The set of genes with these mutations 

was enriched for genes related to signal transduction mechanisms. That 

mutations in conserved residues in these genes alter the pathogenic capacity 

of the leptospiral population in which they reside is not surprising. The genome 

of L. interrogans contains many two-component signal transduction genes 

[171], and given their complicated lifecycle leptospires must be able to 
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promptly detect changes in their environment and alter global gene expression 

appropriately.  

 The observation that none of the nsSNVs in potential virulence related 

genes ever reached an allele frequency over 20% is perhaps the most difficult 

result to reconcile with the large loss of virulence over the course of the 

attenuation. One potential explanation comes from the observation that two of 

the affected genes are GGDEF di-guanylate cyclases, which are known to be 

involved in pathogenesis-related processes related to biofilm formation, 

motility, and virulence in other spirochetes [213, 214] through the generation 

of the secondary messenger molecule di-cyclic GMP. Leptospires harboring 

these mutations would potentially produce far fewer quantities of virulence 

factors due to lack of upstream signaling, thus preventing the overall 

production of virulence factors from the entire Leptospira population from 

reaching critical threshold concentrations in vivo [227]. Alternatively, it is 

possible that aberrant levels of di-cyclic GMP in leptospires harboring nsSNV 

mutations could impair biofilm formation for not only that particular bacterium, 

but for the entire population in vivo as has been observed in Pseudomonas 

aeruginosa [216]. Intracellular levels of di-cyclic GMP were shown to promote 

secretion of exopolysaccharide biofilm components, which have a paracrine-

like effect on neighboring bacteria that results in futher component secretion. 

 The assessment of a virulent or attenuated phenotype for both of the 

isolates in chapter 2 and chapter 4 was their ability to cause death in an 

animal model. This is a complex process involving many pathogenic 
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processes including attachment, colonization, immune evasion, and virulence 

factor production, all of which may employ unique genes, and all of which may 

ultimately important in pathogenesis. It should not be surprising then that the 

genes identified in chapter 4 share no overlap with those identified in the 

attenuation study in chapter 2. L. interrogans has over 600 pathogen specific 

genes in its genome, and it is highly unlikely that two experimental 

attenuations would identify them all. 

 The fact that different attenuations accumulate mutations in different 

genes has been observed in other model systems [228], and perhaps should 

be viewed as a positive attribute of this approach. While it may seem initially 

attractive to have multiple attenuations converge on a finite set of virulence 

genes, this is unlikely. The ability to repeatedly use an approach that 

potentially yields different pieces to the overall virulence puzzle each time is of 

high utility in an organism with hundreds if not thousands of virulence related 

genes [117] that is recalcitrant to common genetic manipulation techniques. 

 Modifying existing experimental design could further optimize the 

approach to identifying candidate virulence genes utilized in this dissertation.  

Genomic changes in culture-attenuated pathogens could either be due to 

positive selection on minor alleles that optimize in vitro growth, or mutations 

that accumulate in virulence genes that are not expressed during culture and 

are therefore evolutionarily silent. Pathogenomic based approaches help 

researchers to delineate between the two, but these observations could be 

further corroborated. The attenuated isolate culture could be sequenced, and 
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then be used to inoculate susceptible animals. Results from chapter 4 indicate 

that there are surviving wild-type alleles in the attenuated population, and it 

has long been known that passaging an avirulent Leptospira culture through 

animals restores a virulent phenotype [229]. If organisms are re-isolated after 

animal passaging, sequencing of the re-isolate should further reveal which 

alleles were deleterious to the bacteria in vivo through analysis of allele 

frequency changes. If a particular allele is truly detrimental to the leptospires in 

a population that harbor it, their survival in a host will be impaired and the 

overall frequency of that allele in the population will decrease. 

 

 

Figure 5.1 PF07598 Gene Paralog Distribution in Pathogenic Leptospira 
All full length members of this genes family are predicted to have secretory signal peptides. 
Paralogs counts range from 2 in the L. santarosai genome to 12 in L. interrogans and L. 
kirschneri. Any given paralogs from and Leptospira species shares approximately 60% amino 
acid identity with all other members of this gene family. 
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