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         The genome of the obligate intracellular pathogen Coxiella burnetii contains a large 

number of mobile genetic elements including two group I introns and an intervening 

sequence (IVS) that interrupt the 23S rRNA gene; an intein within dnaB (encoding 

replicative DNA helicase) and a homing endonuclease. The introns are self-splicing 

ribozymes and able to inhibit ribosome function and retard bacterial growth through 

internal guide sequence (IGS)-dependent and –independent mechanisms. The introns 

were found to be highly conserved in all eight genomic groups of C. burnetii, suggesting 

a role in C. burnetii’s biology. It is not clear whether the introns are being positively 

selected because they promote bacterial persistence or whether they are slightly 

deleterious but were fixed in the population due to genetic drift.  

         The intein is able to self-splice, leaving the host protein intact and presumably 

functional. Similar inteins were found in two extremophilic bacteria (Alkalilimnicola 

ehrlichei and Halorhodospira halophila) that were found to be distantly related to 

Coxiella. Intein splicing appears to be a slow process, making it possible that before the 

intein is excised the DnaB precursor is non-functional, thereby reducing the pool of 

mature DnaB, thus creating a lag in replication and slowing growth. 

         The IVS is found inserted into helix 45 of C. burnetii’s 23S rRNA. Unlike introns 

and inteins, the flanking regions are not spliced back together after the IVS is excised, 

resulting in a fragmented 23S rRNA. The IVS encodes a hypothetical protein that is 

conserved between IVSs in a wide variety of bacteria. Phylogenetic analyses revealed 

that a similar ORF is present on an IVS inserted at the same locus in many Leptospira 

species, suggesting horizontal gene transfer as the mode of spread of this genetic element. 

It is possible that the dramatic drop in ribosome quantities that occurs when Coxiella 

transitions from LCV to SCV is aided by RNA fragmentation caused by the IVS. Another 

mobile genetic element found in C. burnetii is a homing endonuclease encoded within an 

intron. Here, we have characterized four “selfish” genetic elements in C. burnetii and 

show that they share an intimate relationship with their host.  
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CHAPTER ONE  

 

Introduction to Coxiella burnetii and parasitic genetic elements 

 

I. Coxiella burnetii 

 

     A. INTRODUCTION 

            Coxiella burnetii is a gram-negative, obligate intracellular γ-Proteobacterium. 

This category B select agent has a biphasic developmental cycle that alternates between a 

fragile, metabolically-active large-cell variant (LCV) and a durable, dormant small-cell 

variant (SCV). C. burnetii is distributed almost worldwide and has a broad range of 

susceptible hosts (86). Human infections are acquired through inhalation of aerosols of 

animal origin and can cause a wide array of conditions ranging from asymptomatic 

infection to an acute self-limiting febrile illness (Q fever) or severe, chronic diseases like 

endocarditis and hepatitis (26). Due to the lack of genetic systems, molecular details 

about the pathogenic mechanisms used by this highly infectious agent are not well 

understood. Consequently, safe and effective vaccines and therapeutic regimens are not 

widely available (99). Recently the entire genomes of several strains of C. burnetii were 

sequenced and the information gleaned from them has led to a deeper understanding of 

the pathogen’s physiology and evolutionary history (117). Coxiella’s genome is thought 

to be undergoing reductive evolution but, interestingly, contains a large number of selfish 

genetic elements and ‘young’ pseudogenes, suggesting a recent shift from the 

extracellular environment to its current intracellular niche.  

 

     B. HISTORIC BACKGROUND 
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             In 1937, Derrick proposed the name “Q fever” (Q for query) to describe a febrile 

illness of unknown etiology in Australian slaughterhouse workers (29). At about the same 

time, independent of Derrick’s work, Davis and Cox at the Rocky Mountain Laboratory 

in Hamilton, Montana identified a filterable “Nine Mile agent” from ticks, which caused 

a febrile illness in guinea pigs (28). In a remarkable mix of serendipity and science, the Q 

fever agent and the Nine Mile isolate were demonstrated to be identical by cross-

immunity (128). Since the pathogen was isolated from ticks, was filterable and did not 

grow in axenic media, it was initially named Rickettsia burnetii (30). Although the name 

was later changed to Coxiella burnetii, the bacterium continued to be classified as a α-

Proteobacterium in the Rickettsiales order along with genera Rickettsia and Rochalimae 

until recently, when it was moved to the gamma subdivision of Proteobacteria (131).  

 

     C. DEVELOPMENTAL CYCLE 

             C. burnetii replicates only within eukaryotic cells. However, unlike most obligate 

intracellular pathogens, C. burnetii can survive for months in the extracellular 

environment, where it is notoriously resistant to high temperature, ultraviolet light, 

various disinfectants and desiccation (87, 133). The durable qualities of Coxiella was 

mistakenly thought to be due an endospore by some earlier investigators (88). However, 

these traits are actually conferred by a biphasic developmental cycle that alternates 

between a durable and dormant SCV and a fragile, metabolically-active LCV. Although 

both forms can cause infections in vitro (132), most infections undoubtedly arise through 

contact with the SCV in nature. Once taken up by a host cell (e.g., an alveolar 

macrophage), the Coxiella-containing phagosome transits through the endocytic pathway 
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to finally fuse with the lysosomal compartment. SCV is activated by the acid pH of the 

developing vacuole (pH ~4.5), termed a parasitophorous vacuole (PV), which is 

indistinguishable from a secondary lysosome (127). Even though Coxiella prospers in the 

lysosomal environment, which is normally toxic, it causes autophagy-mediated delay of 

phagosome maturation. This phagosome stalling might allow the delivery of nutrients and 

other factors needed for SCV to develop into LCV over the course 1-2 days (22). The 

LCV is metabolically active, contains an extended chromosome, and replicates every 10-

12 h to form additional LCVs. Following a 4-d exponential phase, LCVs subsequently 

convert to SCVs by condensing their chromosome and becoming metabolically quiescent 

(22). The PV content eventually converts to an SCV-dominated population and can 

enlarge to occupy nearly the entire cytoplasm pushing organelles to the cell’s periphery, 

ultimately causing lysis. Once released, SCV’s repeat the infection cycle. Bacterial 

factors that contribute to development, dormancy and slow growth rate are poorly 

characterized, in spite of the essential roles that these processes play in virulence, host 

chronicity and environmental persistence of C. burnetii (113).  

 

     D. TAXONOMY AND GENETIC DIVERSITY 

                It is of considerable importance to identify other bacteria closely related to C. 

burnetii due to its unique characteristics: it is the only bacterium known to thrive in the 

acidic phagolysosomal vacuoles of host cells; it has an unusual biphasic life cycle that 

involves a distinctive spore-like SCV; it is the only bacterium known to contain multiple 

introns within a gene and even though it is dependent on host cells for replication and 

growth, it can survive for a long period outside the cell. Earlier evolutionary studies 
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based on morphological characteristics grouped C. burnetii with Rickettsia, but recent 

phylogenetic analyses using 16S rRNA sequences have placed it within gamma 

proteobacteria (130). Currently, C. burnetii belongs to the order Legionellales with 

Legionella and Rickettsiella as its closest known relatives (111). C. burnetii is the only 

recognized species of its genus even though a number of bacteria with similar 16S 

sequences have been isolated from ticks and crustaceans (65). C. burnetii isolated from 

disparate geographic sources and various hosts show considerable genetic diversity. 

Using restriction fragment-length polymorphism and whole-genome microarray-based 

comparison, C. burnetii has been categorized into eight distinct genomic groups (I to 

VIII) (Table 1, Chapter 2), (10,56). Interestingly, the type of human disease caused by 

isolates in each group is similar; e.g. groups I, II and III contain only isolates from acute 

disease patients whereas group IV and group V isolates were all derived from chronic 

disease patients (62). Most isolates contain one of four large, low-copy plasmids called 

QpH1, QpRS, QpDG and QpDV. In some isolates (e.g. C. burnetii Scurry Q217, 

genomic group V) QpRS-like plasmid sequences are integrated into the chromosome 

(114).  Even though plasmid functions have not yet been elucidated, the absolute 

conservation of plasmid sequences in all isolates suggests a critical role for the plasmid in 

some facet of C. burnetii’s biology. C. burnetii also displays genetic diversity in the 

production of lipoploysaccharide (LPS), the only defined virulence factor (50). C. 

burnetii isolates from natural sources with full length LPS are defined as “phase I”. It is 

highly infectious and corresponds to the smooth colony variant observed in 

Enterobacteriaceae. Serial in vitro passage of phase I Coxiella in embryonated eggs and 

tissue culture results in phase II, avirulent bacteria with truncated LPS. Phase II LPS has 



 5 

intact lipid A and some core sugars but O-antigen sugars are absent (51). The genetic 

basis for this phase variation is the lack of genes involved in biosynthesis of O-antigen 

sugars, including the rare sugar virenose (124). Recently, multispacer sequence typing 

has been used to place 173 isolates into 30 different genotypic groups (44).    

 

 

     E. EPIDEMIOLOGY AND DISEASE 

            Q fever is a zoonosis that has been reported in almost all countries except New 

Zealand (57). Reservoirs include many wild and domestic animals, birds and arthropods 

such as ticks (8). Animals are often chronically infected but asymptomatic, and shed C. 

burnetii into environment mainly during parturition. Human infection occurs mainly by 

breathing infectious aerosols or dust contaminated with birth fluids of domestic 

ruminants (8). Ingestion of raw milk is probably a minor route for the transmission of C. 

burnetii. Infrequently, sporadic cases of human Q fever have occurred after contact with 

an infected patient or by tick bite (34).  

           The infectious dose is estimated to be ten bacteria or fewer (123). Incubation 

periods can vary from a few days to several weeks, depending on the inoculating dose. C. 

burnetii infection remains asymptomatic in a majority of cases (107). Acute Q fever 

usually presents as an influenza-like illness with varying degrees of pneumonia, hepatitis, 

cough, nausea, vomiting, myalgia and arthralgia. Fatalities are rare with less than 1% 

resulting in death (99). Although the acute disease is self-limiting and recovery 

uneventful, C. burnetii persist in the body for a prolonged period of time and some 

patients (~9%) can develop a chronic debilitating disease (128). Patients with prior 
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coronary disease or immunocompromised state are more at risk for developing chronic Q 

fever. Endocarditis is the most severe manifestation of chronic Q fever and accounts for 

60-70% of cases (99). Chronic endocarditis presents with intermittent fever, cardiac 

failure, hepatomegaly and splenomegaly. Even with timely antibiotic treatment, Q fever 

endocarditis has a very high mortality rate of up to 60% (107).  Q fever fatigue syndrome 

is a non-fatal but debilitating complication seen in around 10% of people recovering from 

acute Q fever. It is characterized by fatigue and body and joint pain and is thought to be 

caused by high levels of cytokines including IL-6 and IL-10 (84). Q fever, if contracted 

during pregnancy, can be asymptomatic but may lead to low birth weight, premature 

birth, miscarriage or neonatal death (99).  

 

     F. DIAGNOSIS, TREATMENT AND PREVENTION 

           The non-specific, often flu-like symptoms make it difficult to suspect and 

diagnose Q fever. Moreover, the disease is endemic in much of the world thereby making 

serological titers difficult to interpret. Thus, it is very important to detect IgM antibodies 

and to demonstrate seroconversion using paired samples. The reference method for 

serological diagnosis is indirect immunofluorescence (IF) (40). In acute Q fever, IgM 

titers in excess of 1:50 against phase II antigen are diagnostic, whereas high titers against 

both phase I and phase II antigens are seen during chronic disease (40). Complement 

fixation (CF) and enzyme immunoassay (EIA) are also routinely used to diagnose C. 

burnetii infections (39).  

                Acute Q fever is usually self-limiting, but doxycycline (100 mg twice daily for 

14 days) helps to reduce the duration and severity of symptoms (33). Chronic Q fever is 
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very difficult to treat and needs prolonged antibiotic therapy (86). Doxycycline, 100 mg 

twice daily and hydroxychloroquine (which raises the pH in the PVs), 200 mg, thrice 

daily for eighteen months, is the recommended therapeutic regimen (106).  

                   Since Q fever is a zoonotic disease, control of the disease in animals will 

influence its prevalence in humans. Occupationally at-risk individuals like abattoir 

workers and researchers should ideally be vaccinated but no universally approved, safe 

vaccines are available. In Australia, a formalin-inactivated whole-cell vaccine (Q-Vax,) is 

available (70). Although highly immunogenic, this vaccine may induce adverse reactions 

in pre-sensitized individuals, so it is very important to perform pre-vaccination screening 

that includes history, skin test and serology. Other available vaccines include an acellular 

trichloroacetic acid extracted vaccine from the former Czechoslovakia (19), a 

chloroform-methanol residue vaccine from USA (129), and a live attenuated vaccine 

from the former USSR (42). 

 

     G. A POTENTIAL BIOWEAPON IN OUR BACKYARD 

                       People all over the world, especially farming communities like Montana, 

are at risk for exposure to C. burnetii. Despite its apparent mild clinical symptoms, C. 

burnetii fulfills all requirements for a biological weapon: it is extremely infectious; it can 

be manufactured on a large scale and remains stable under production, storage and 

transportation conditions; it can be disseminated effectively as an aerosol and remains 

viable for a long time after dissemination (83). The Centers for Disease Control and 

Prevention (CDC) has classified C. burnetii as a category B select agent and it was listed 

among agents that can be used as weapons by the US government during its offensive 
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biological program during the 1940s (110). Even though Coxiella lacks the capacity to 

cause massive fatalities potentially caused by category A agents like small pox, anthrax, 

plague and viral hemorrhagic fevers, the degree of infectivity can rival that of anthrax 

and can lead to extensive acute and chronic morbidity (14). 

 

     H. GENOME AND EVOLUTION 

                   The sequencing of the whole genome of C. burnetii (RSA493) in 2003 (117) 

was an important step in our understanding of this recalcitrant pathogen. The circular 

chromosome was found to be 1,995,275 bp in length with a G+C content of 42.6%. Of 

the 2095 open reading frames (ORFs) annotated, 693 (~33%) encode hypothetical 

proteins with no significant matches to other sequenced genes. 83 pseudogenes (genes 

disrupted by point mutations, frameshifts or truncations) and 29 insertion sequences (ISs) 

were also identified. The genomes of four other C. burnetii strains (Dugway, RSA331, 

RSA334 and MSU Goat) are being sequenced in the hope of identifying genetic markers 

characteristic of each strain (9, 118). 

                        The availability of whole genome sequences has facilitated greater 

insights into the evolutionary history of C. burnetii. Many factors suggest that an ancestor 

of C. burnetii recently moved from the extracellular environment to the intracellular 

niche. Reductive evolution is a trait shared by all host-associated bacteria (93). The 

genome-reduction process seems to have just begun in C. burnetii as suggested by the 

high coding frequency (89%) when compared to that of other obligate intracellular 

bacteria, like R. prowazekii and Mycobacterium leprae (both 76%) (117). Genome size 

reduces in intracellular bacteria by the conversion of functional genes into pseudogenes 
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and later loss of these pseudogenes due to lack of selection (47). In Coxiella, most of the 

identified pseudogenes are ‘young’ (disrupted by a single frameshift), again suggesting 

that the process has just started. Another intriguing aspect of Coxiella’s biology 

uncovered by whole-genome sequencing is the large number of selfish/parasitic genetic 

elements found strewn across the genome. The high number of IS elements is a hallmark 

of bacteria that have recently shifted to a host-associated life style (93). In addition to the 

ISs, the sole 23S rRNA gene is interrupted by two group I introns and an intervening 

sequence (IVS), and the C-terminal region of the vital replicative DNA helicase gene 

(dnaB) contains an intein. Since these genetic elements gain access to a genome through 

horizontal gene transfer (HGT), it was surprising to find them in C. burnetii, whose 

intracellular location would likely preclude HGT. These selfish genes may have invaded 

Coxiella’s genome from co-infecting bacteria or more likely they may be relics from C. 

burnetii’s past as an environmental bacterium with greater opportunities for HGT (104).  

 

 

II. PARASITIC GENETIC ELEMENTS 

 

     A. INTRODUCTION 

                     Genomes of most organisms harbor DNA of alien origin that serve no 

known function; in fact most of the human genome consists of such ‘junk’ or ‘selfish’ 

DNA (77, 125). Even compact bacterial genomes that are packed with functional genes 

contain such selfish genetic elements underlining their universality. Since these elements 

do not contribute to host’s fitness but at the same time utilize host resources for their 



 10 

perpetuation, it is appropriate to consider them as molecular parasites (7). A variety of 

parasitic genetic elements have been observed in all three domains of life (Eukarya, 

Bacteria and Archaea). Here I will focus on group I introns, inteins, intervening 

sequences (IVSs) and homing endonucleases (HEs) found in C. burnetii.  

 

     B. GROUP I INTRONS 

                    Introns are non-coding, intragenic regions that are removed before the 

mature RNA is formed by splicing the exons (coding regions that flank introns) together. 

They are much more common in eukaryotes than in bacteria (60). Based on splicing 

mechanism, introns are classified into four classes: group I, group II/group III, 

spliceosomal and tRNA/archaeal introns (55). Spliceosomal introns are seen in 

eukaryotes and utilize spliceosomes (large protein-RNA complexes) for splicing (79), 

whereas tRNA introns splice with the help of specialized enzymes (82). Group I and 

group II introns are able to self-splice without the aid of any proteins (ribozymes) (121).  

                        Group I introns are small RNAs (~ 250 to 500 nt in size) that have invaded 

protein, rRNA and tRNA coding genes in a variety of organisms, including algae, fungi, 

lichens, some lower eukaryotes and a few bacteria (55). In 1982, Thomas Cech and 

colleagues demonstrated the self-splicing ability of a group I intron from Tetrahymena 

thermophila, the first ribozyme to be described (74). Ribozymes are considered legacies 

of a primordial RNA world, where RNA possessed both information-encoding and 

catalytic properties, before the advent of DNA and protein-based life forms (43). All 

group I introns share a conserved secondary structure, which consists of paired elements 

(P) that assist in self-splicing by using a guanosine molecule as a cofactor (126). P4-P5-
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P6 and P3-P7-P9 form two separately folding helices within the core (Figure 4, Chapter 

2). Helix P3-P7-P9 contains the binding site for the guanosine molecule (G-binding site, 

GBS) and is the minimal catalytic domain required for splicing (61). P1 and P10 are 

complementary to 5’ and 3’ exons, respectively, and are together called the internal guide 

sequence (IGS) (136). In the first step of splicing, the 3’-OH group of the guanosine (or 

GMP or GTP) bound to GBS attacks the 5’ splice site which is marked by a conserved 

G•U wobble pair formed when P1 binds to 5’ exon. After the first step, this guanosine is 

covalently bound to the free 5’ end of the intron and leaves the GBS. All known group I 

introns have a conserved terminal guanine called omega (Ω) G (See Chapter 2 for 

exception), which now occupies the GBS. In the second splicing step, the 3’-OH group of 

the free 5’ exon attacks the 3’ splice site (ΩG, now in GBS). This is a reaction that is 

chemically equivalent to the reverse of step 1, which results in the ligation of 5’ and 3’ 

and the release of the intron (120). The excised introns have been observed to circularize, 

but the significance of this property is not clearly understood (96). Also, reversal of the 

splicing process has been noted, which has led to the hypothesis that intron mobility can 

occur via reverse splicing (109).  

                          The broad but sporadic distribution of group I introns suggests that they 

spread from one host to another through HGT. These parasitic elements move site-

specifically to an intronless allele of the same gene by a process termed homing, using an 

encoded homing endonuclease (HE) (21) (see below for a discussion on HEs and 

homing). Another possible mechanism of intron mobility is by reverse splicing. In this 

model, intron RNA invades the target RNA by reverse splicing and then becomes 

inserted into the corresponding gene through reverse transcription coupled with 
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recombination (109). Since group I introns splice out before the protein is synthesized, 

they are thought to be evolutionarily neutral. Once they are fixed in a population, they 

tend to accrue mutations in non-functional regions and ultimately become lost by deletion 

(66).  

                    In addition to the ability of group I introns to splice flanking exons together, 

it’s been shown that they can mediate the splicing of exons contained on different RNAs 

(trans-splicing) (71). This property has potential as a gene therapy tool. In fact, group I 

introns have been used to convert sickle β-globin transcripts into RNAs encoding γ-

globin in an effort to treat sickle cell disease (76). Another potential application of group 

I introns is as a genetic tool to knock-down expression of genes in bacteria like C. 

burnetii, in which disruption of genes has not yet been achieved. Here, group I introns 

that are tailored against a specific gene, could cleave and render the target mRNA 

nonfunctional (Raghavan and Battisti, unpublished results).  

     C. INTEINS 

                   Similar to introns, another dogma-breaking discovery was that of genes that 

contain internal regions that were removed at the protein level, rather than as RNA. These 

elements are called inteins (internal proteins). They are transcribed and translated 

together with the host protein, but self-excise leaving flanking sequences (exteins) spliced 

together. The first intein was discovered in yeast vacuolar ATPase genes in 1990 (69). 

Since then hundreds of inteins have been discovered in Eukaryotes, Archaea and 

Bacteria. An intein database, InBase has been set up, which provides information on all 

known inteins (100). Inteins have been described in a variety of genes and the ratio of 

intein size to host protein size varies widely with some inteins four times as large as the 
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host protein and others only one-tenth the size of the host protein (100). Although the 

exact origin of inteins is not clear, the available evidence seems to suggest that inteins are 

extremely ancient and that all inteins originated from a single source (102). The protein-

splicing domain of inteins is homologous to the C-terminal domain of the Hedgehog 

developmental proteins (Hog domain) found in all multicellular organisms; from 

nematodes to mammals (52).  

                    Inteins have a modular organization consisting of three functional domains 

(Fig. 1.) (103). The N-terminal domain is made up of four motifs, A, B, N2 and N4. The 

C-terminal domain contains two motifs, F and G. A central endonuclease domain consists 

of four motifs, C, D, E and H. The N- and C-terminal motifs are involved in protein 

splicing and are found conserved in all known inteins, whereas motifs C, D, E and H are 

found only in some inteins that encode a HE. The first and the last amino acids of the 

intein and the first amino acid of the N-terminal extein are involved in the splicing 

reaction (46). The first amino acid (motif A) in all inteins is cysteine (C) or serine (S); the 

terminal intein amino acid is a conserved asparagine (N), and the first amino acid that 

follows the intein is C, S or threonine (T). Intein splicing involves four successive 

nucleophilic displacements (100). The first step is an N-O or N-S acyl shift where the OH 

or SH side chain of the N-intein amino acid (S or C) attacks the carbonyl carbon of the 

preceding amino acid to generate an ester/thioester intermediate linking the N-terminal 

extein to the side chain of the first intein amino acid, thereby breaking the peptide bond 

between N-extein and the intein. The second step is a transesterification, where the OH or 

SH side chain of the first C-extein amino acid (S, T or C) attacks the N-terminal 

ester/thioester bond formed in step 1. This results in the transfer of the N-extein to the 
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side chain of the first C-extein amino acid (S, T or C), forming a branched intermediate. 

In the third step, the peptide bond between the intein and the C-extein is broken by 

cyclization of the conserved C-terminal asparagine to form a succinimide, thereby 

resulting in intein excision. The N-extein is now attached via an ester bond to the side 

chain of the first C-extein amino acid. In the final step, the ester bond rapidly undergoes 

an acyl rearrangement to the thermodynamically more stable, normal peptide bond. In 

most inteins, the amino acid preceding the terminal asparagine is a histidine (H), which is 

thought to assist in asparagine cyclization. Part or all of the remaining residues are also 

important for proper intein folding to generate the active site (24, 25).  

                No intein function beneficial to a host has been identified, so they are thought 

to be under constant threat of elimination through negative selection. Hosts apparently 

“tolerate” inteins because they have negligible impact; moreover, it is not easy to get rid 

of inteins because there is no specific host mechanism for their excision. Since inteins are 

seen in highly conserved genes, their excision should be precise, otherwise, a deletion or 

insertion could occur in the crucial host-protein and would be selected against. Although 

precise deletions are very rare, eventually they will occur and the intein will be lost from 

the population. To prevent this, most inteins encode a HE (motifs C, D, E and F). Similar 

to group I introns, inteins can invade a new susceptible population using a process termed 

homing (see below for more on HEs and homing).  

                    The protein splicing ability of inteins has been exploited as a biotechnology 

tool. Inteins can be used as tags to purify fusion proteins in place of traditional histidine 

tags. After purifying, the intein tag can be removed utilizing the self-cleaving property of 

the intein (135). This technique has been commercialized by New England Biolabs 
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(IMPACT
TM

). Other potential uses include the application of inteins to the semi-synthetic 

synthesis of cytotoxic proteins  (35) and for introducing nuclear magnetic resonance 

(NMR) labels into part of a large protein (98).  

 

     D. HOMING ENDONUCLEASES (HEs)  

                     The presence of a parasitic genetic element in a host represents a snapshot in 

the continuing struggle between the host’s ability to purge the element and the element’s 

ability to persist. One of the most successful parasitic genetic elements is the HE.  They 

are simple and elegant parasitic elements that consist of only a single gene that encodes a 

single protein (16). HEs are small (< 40 kDa) proteins that recognize and cleave highly 

specific DNA target sequences without being overly toxic to the host organism. Based on 

conserved sequence motifs, HEs have been classified into three families (75). (1) The 

LAGLIDADG family has one or two conserved motifs called the dodecapeptide motifs 

with a consensus LAGLIDADG sequence (27). Most HEs found to date belong to this 

family. (2) The ββα-Me family contains two sub-families. The His-Cys box sub-family 

contains a ~30 amino acid region with two histidines and three cysteines (67), whereas 

the H-N-H sub-family contains a ~30 amino acid region with conserved histidine and 

asparagine residues (119). (3) The GIY-YIG family contains conserved ‘GIY’ and ‘YIG’ 

tripeptides flanking a ~10 amino acid segment (73).  

                      In order to limit the negative impact on a host, and being negatively 

selected, HEs have associated themselves with other self-splicing elements like group I 

introns and inteins that are nearly neutral to selection (12). Together, HEs and 

introns/inteins have formed a successful, mutually beneficial partnership where the HE 
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provides mobility to the intron/intein and the intron/intein provides a “safe haven” for 

HE. The process by which the whole element moves from one site to another is called 

homing (68). The homing mechanism requires the protein to be translated. When an 

intron/intein-containing
 
allele comes together with an intron/intein-minus

 
allele, the HE 

protein binds to a homing site composed of the flanking exon/extein sequences and 

cleaves it. The host repairs this double-strand DNA break using homologous 

recombination between the alleles, which results in the insertion of the parasitic element 

into the new target. Now this site is “immune” to HE cleavage because the insertion 

element disrupts the target sequence. HEs have highly specific target sequences that span 

up to 40 bp of DNA that typically occur only once per host, thus minimizing potential 

negative impact on the host (92). They tolerate some variation in their recognition 

sequence, which helps them to move from one host to another (21). Another reason for 

their success is their adaptability to the new host, which conceivably resulted in the 

observed divergent DNA binding regions in similar HEs from different hosts (20, 81).   

             HEs go through a dynamic cycle that includes invasion, fixation, inactivation, 

elimination and eventual reinvasion (Fig.2) (45). Once an HE-containing parasitic 

element invades a new species, it spreads to all the individuals in that population until no 

HE-minus
 
alleles are available and becomes fixed in that population. Once it is fixed in a 

population, the HE becomes non-functional (since there are no available target 

sequences) and starts to degenerate and eventually becomes lost (17). In fact, a large 

number of group I introns and inteins, including one intron and the intein in C. burnetii, 

have lost their respective HE genes. The element itself will maintain its sequence because 

any change will affect its splicing ability, thus negatively impacting the host. Eventually 
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the whole element is lost from the population by a precise deletion event. The parasitic 

genetic element reappears in the population only through a new HGT event. Thus, HGT 

is critical for the long term maintenance of a parasitic genetic element in a population. To 

prevent being purged from a population, some HEs utilize an intriguing strategy: they 

have evolved a maturase function (115); maturases are enzymes that promote intron 

splicing by stabilizing RNA folding. These HEs have evolved an RNA binding site in 

addition to their DNA binding site to function as maturase, showing their adaptability 

(80). Some HEs even confer beneficial functions upon their hosts. VDE (also known as 

PI-SceI), a HE found inserted in a self-splicing intein in the VMA-1gene of 

Saccharomyces cerevisiae, is one of the main regulators of the high-affinity glutathione 

transporter (90). HO (F-SceII), a freestanding HE in S. cerevisiae mediates mating-type 

switching (18). Some HEs of the ββα-Me family act as colicins, which help 

Enterobacteriaceae to eliminate competition (63). Similarly, intron-encoded HEs help 

the archaea Sulfolobus acidocaldarius (1) and the Bacillus subtilis phage SP82  (49) to 

eliminate competition. 

         The ability to introduce specific double-strand DNA breaks makes HEs a very 

useful genetic tool. Some HEs are commercially available like I-Ceu I, I-Sce I and PI-Psp 

I (New England Bio Labs). HEs along with other rare-cutting restriction enzymes have 

been used to map a variety of bacterial genomes, especially to analyze chromosomal 

organization (78). HEs have been used to study double-strand break repair mechanisms in 

phages, yeasts, plants and mammalian cells and to study chromosomal repair systems in 

Drosophila (64), (48). Recently, artificial HEs have been engineered with the aim of 

using them in human gene therapy (23).  
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     E. INTERVENING SEQUENCES (IVS) 

                   Ribosomal RNA, when isolated from bacteria like Salmonella typhimurium, 

was observed to be fragmented (134). In 1990, it was shown that a novel genetic element 

called IVS, which was found inserted in the 23S rRNA, was responsible for this 

fragmentation (15). Since then, a large number of IVSs have been identified in a variety 

of bacterial species (37). IVSs are parasitic genetic elements that form a stem-loop 

structure due to the presence of complementary sequences at their ends (Fig. 5, Chapter 

4). RNase III, a double-strand specific endoribonuclease that processes the 30S rRNA 

precursor into pre16S and pre23S molecules, cleaves IVS post-transcriptionally (38). 

After IVS cleavage, the two flanking sequences are not religated, resulting in a 

fragmented rRNA. Since the RNase III processing site is found in the middle of the IVS 

stem-loop, the base of the helix holds the rRNA pieces together without affecting rRNA 

function (72). 

               IVSs are highly variable in length and sequence. The shortest one (55 nt) was 

reported in the 23S rRNA of Rhizobium capsulatus (38), whereas the longest known IVS 

(759 nt) is found in 23S rRNA of some Leptospira species (105). The Leptospira IVS 

contains an ORF that encodes a protein of unknown function. Intriguingly, an IVS with a 

similar ORF is present at the same position in the 23S rRNA of C. burnetii (2). Amino 

acid sequences are very well conserved between the ORFs in Leptospira and C. burnetii 

suggesting some important role, maybe in IVS mobility. We attempted to characterize 

this protein and found it to be lethal to E. coli. Only clones with the ORF out of frame or 

in opposite orientation to the promoter were obtained. Similar ORFs are found in a 
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number of IVSs from a variety of hosts. Figure 6 in Chapter 4 depicts a phylogenetic tree 

showing the evolutionary relationship between them. The closest relative to Coxiella’s 

ORF is found in Leptospira, a spirochete. This patchy distribution suggests HGT as the 

means of IVS spread, but the mechanism is not understood. The complementary ends of 

IVSs are similar to the DNA inverted repeats seen in mobile genetic elements, suggesting 

recombination as a means of IVS entry into host gene.  

                Since IVS is found in many bacteria and the resulting rRNA fragmentation 

does not affect ribosome function, several benefits of having IVS have been suggested. 

High abundance of IVS RNA found during exponential growth may sequester RNA 

binding enzymes or ribonucleases, thereby regulating their intracellular level (91). 

Fragmentation of rRNA may create more targets for degrading ribonucleases and 

enhance the efficiency of rRNA decay. It has been shown that rRNA fragmentation due 

to IVS influences the rate of rRNA degradation in Salmonella typhimurium during the 

transition from log phase to stationary phase (58). Thus, rRNA fragmentation might 

provide some selective advantage to the bacteria by aiding in the regulation of ribosome 

concentration, especially when exposed to growth-limiting conditions. In C. burnetii the 

dramatic transition from metabolically active LCV to dormant SCV (116) involves rapid 

decay of ribosomes, which might be aided by IVS-mediated 23S rRNA fragmentation.  

 

III. RESEARCH SIGINIFANCE AND GOALS 

     A. RAISON D’ETRE  

            Publication of the whole genome sequence of C. burnetii (117) in 2003 was an 

import landmark because it provided a window into the biology of this intriguing 
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bacterium. Among the panoply of interesting characteristics that were revealed, the most 

remarkable (at least for me) was the presence of a large number of parasitic genetic 

elements in C. burnetii’s genome. This was fascinating because according to 

conventional wisdom, C. burnetii’s intracellular niche should have made it impervious to 

invasion by such parasitic genetic elements. Moreover, C. burnetii, an obligate 

intracellular bacterium, was found to be undergoing reductive evolution caused by the 

loss of apparently superfluous genes resulting in a compact ~2 MBP genome. C. burnetii 

is the only bacterium known to contain all three types of parasitic genetic elements, i.e. 

introns, inteins and intervening sequences. This rare abundance of parasitic genetic 

elements in an obligate intracellular bacterium hints at some unknown underlying 

biological phenomena that might have molded this pathogen’s biology. Following in the 

foot steps of Theodosius Dobzhansky, who famously claimed that “nothing makes sense 

in biology except in the light of evolution” (141), it has been my goal to illuminate some 

of the evolutionary forces that have caused the accumulation of these molecular parasites 

in a host-associated bacterium and to understand the impact these elements have on C. 

burnetii’s biology/life style.  

 

     B. SIGNIFICANCE 

                 Since we know very little about C. burnetii’s biology at the molecular level, 

even 70 years after its discovery, any information that adds to our understanding is very 

significant (99). Characterizing these parasitic genetic elements is important because they 

make good targets for antibiotic therapy since they are not found in human cells (89). 

Also, identification of factors that influence C. burnetii’s biology will help us combat this 
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potential bioterrorism agent more effectively. As there are no systems available for the 

genetic manipulation of C. burnetii, another benefit of studying these parasitic elements 

is their potential to be used as genetic tools. Studying the evolutionary history of these 

parasitic elements will undoubtedly shed light on the evolutionary history of the pathogen 

itself, which we know very little about. Finally, since parasitic genetic elements are not 

thought to affect the biology of the host, it will be significant if any of the elements are 

found to be influencing C. burnetii’s biology.  

 

     C. RESEARCH GOALS 

                   Although group I introns are abundant in mitochondria and chloroplasts of 

lower eukaryotes (55), they are relatively rare in bacteria, and until recently were 

unknown in bacterial structural RNAs. Recently, self-splicing group I introns have been 

reported in the genus Thermotoga (95) and a non-splicing group I intron was reported in 

the 23S rRNA of Simkania negevensis (36). A putative group I intron was detected in the 

23S rRNA gene of C. burnetii when the whole genome was sequenced (117). Preliminary 

analyses of this reported intron in our laboratory revealed that actually two group I 

introns (Cbu.L1917 and Cbu.L1951) interrupt the sole 23S rRNA gene of C. burnetii. 

The first goal was to investigate whether both Cbu.L1917 and Cbu.L1951 are able to 

splice out of Coxiella’s pre-23S rRNA in vivo. Most group I introns are ribozymes that 

are able to self-splice without the aid of proteins. The second goal was to analyze 

whether C. burnetii’s introns can self-splice in vitro. The third goal was to define the 

exact exon-intron boundaries and to infer the secondary structures of these introns so as 

to accurately identify the intron sub-types. Group I introns spread from one population to 
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another through horizontal gene transfer. The probable source of the introns found in C. 

burnetii’s 23S rDNA can be identified by phylogenetic analyses, which was the fourth 

goal. The 23S rRNA gene of all eight genotypes of C. burnetii was analyzed for sequence 

variation and presence or absence of these introns as the fifth goal. The introns should be 

conserved in all genotypes if they have a global effect on C. burnetii’s biology or they 

will be a patchy distribution with different strains having introns at various stages of 

degeneration as observed in red and green algae. In an earlier study, E. coli expressing 

Tetrahymena 26S rDNA group I self-splicing intron was found to grow slower than wild 

type (97). Our preliminary data also showed that when expressed in E. coli both 

Cbu.L1917 and Cbu.L1951 caused similar growth retardation. Since Coxiella also has a 

very slow growth rate, the sixth goal was to analyze the ribosomes of both C. burnetii 

and E. coli expressing the introns to check whether the introns can associate with 

ribosomes to potentially interfere with protein synthesis. The seventh goal was to 

analyze introns’ impact on E. coli ribosomes by using an E. coli S30 in vitro 

transcription/translation system in conjunction with pBESTluc (encoding luciferase) in 

the presence of ribozymes or control RNA followed by a Luciferase Assay. If the introns 

affect the growth rate of Coxiella, then their RNA quantities should inversely correlate to 

the rate of growth. My eighth goal was to quantify C. burnetii genomes and ribozymes 

over time in co-cultures using qPCR and qRT-PCR, respectively. The IGS of Cbu.L1917 

and Cbu.L1951 are complementary to helix 69 and helix 71 of the 23S rRNA, 

respectively. The ninth goal was to test whether introns use IGS to target ribosomes by 

transforming E. coli with introns that lack IGS and with IGSs that have a non-relevant 

RNA fused to it in place of the respective introns.  
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           In an earlier study, Afseth and Mallavia (2) had suggested that the 23S rRNA of C. 

burnetii is fragmented due to the presence of an IVS. The tenth goal was to confirm that 

C. burnetii’s 23S rRNA fragmentation is caused by the IVS cleavage in vivo but not in 

vitro. The eleventh goal was to construct the secondary structure of IVS to understand 

where it is inserted in the 23S rRNA and to predict the possible RNase III processing 

sites. The IVS encodes a protein (CBU_2096) with unknown function. Understanding the 

evolutionary history of this protein may aid in understanding its function. To this end, the 

twelfth goal was to reconstruct the phylogenetic history of this protein.  

          When C. burnetii’s genome was sequenced, a putative intein was identified in the 

C-terminal region of the replicative DNA helicase (dnaB) gene. Since a non-functional 

intein could convert a functional gene into a pseudogene (47), and given the 

pseudogenization going on in C. burnetii (117), my thirteenth goal was to assess the 

intein’s functionality. The intein was expressed in E. coli and protein splicing analyzed 

by SDS-PAGE. The fourteenth goal was to build phylogenetic trees to understand the 

evolutionary history of C. burnetii’s intein.  
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FIG. 1-1. Intein modular structure. An intein with flanking exteins is shown. The N- 

and C-terminal splicing domains (in red) and the optional endonuclease domain with their 

conserved motifs are shown. Conserved amino acids C or S at the 5’ end of the intein, N 

at the 3’ end of the intein and C, S or T at the first position on the 3’ extein are also 

indicated.  
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FIG. 1-2. Cyclic model of HEG gain, degeneration and loss or retention within host 

lineages. An empty site in a genome is invaded by an intron- or intein-associated HE via 

HGT. Once it is fixed in a population, due to the non availability of target sites, the HE 

starts to degenerate resulting in HE-less elements or elements with non-functional HEs. A 

precise deletion of the intron or intein leads to an empty site and the cycle continues 

through a new HGT event.  
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CHAPTER TWO 

 

The unusual 23S rDNA of Coxiella burnetii: Two self-splicing group I introns flank 

a 34-bp exon and one element lacks the canonical omega G 

Rahul Raghavan, Scott R. Miller, Linda D. Hicks and Michael F. Minnick. 2007.  

J. Bacteriol. 189: 6572-6579 

 

 

A. ABSTRACT 

We describe here the presence and characteristics of two self-splicing group I introns in 

the sole 23S rDNA of Coxiella burnetii. The two group I introns, Cbu.L1917 and 

Cbu.L1951 are inserted at sites 1917 and 1951 (E. coli numbering), respectively, in the 

23S rDNA of C. burnetii. Both introns were found to be self-splicing in vivo and in vitro 

even though the terminal nucleotide of Cbu.L1917 is adenine and not the canonical 

conserved guanine, termed ΩG, as in Cbu.L1951 and all other group I introns described 

to date. Predicted secondary structures for both introns were constructed and revealed 

that Cbu.L1917 and Cbu.L1951 were group IB2 and group IA3 introns, respectively. We 

analyzed strains belonging to eight genomic groups of C. burnetii to determine sequence 

variation, presence or absence of the elements and found both introns to be highly 

conserved (>99%) amongst them. Although phylogenetic analysis didn’t identify the 

specific identities of donors, it indicates that the introns were likely acquired 

independently; Cbu.L1917 from other bacteria like Thermotoga subterranea and 

Cbu.L1951 from lower eukaryotes like Acanthamoeba castellanii.  We also confirmed 

the fragmented nature of mature 23S rRNA in C. burnetii due to the presence of an 

intervening sequence. The presence of three selfish elements in C. burnetii’s 23S rDNA 
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is very unusual for an obligate intracellular bacterium and suggests a recent shift to its 

current lifestyle from a previous niche with greater opportunities for lateral gene transfer.  

B. INTRODUCTION    

   Group I introns are a distinct class of catalytic RNAs (ribozymes) that are considered a 

legacy of a primordial RNA world (40). They are able to self-splice by means of a two-

step transesterification reaction using a guanosine molecule as a cofactor. The catalytic 

structure that is conserved among all group I introns consists of a specific arrangement of 

about 10 paired (P) elements that are capped by loops (L) and connected by junctions (J) 

(38).  The core of each intron is comprised of two separately-folding helical domains 

made up of P4-P5-P6 and P3-P7-P9 (See Figures 4A and 4B). The P4-P6 domain 

structurally supports the P3-P9 domain, which contains the active site (17). Splice sites 

are determined by helix P1, which pairs with the 5' substrate strand (5' exon) and by helix 

P10, which pairs with the 3' substrate strand (3' exon). A conserved G•U wobble pair 

contributes to recognition of the 5' splice site, whereas the 3' splice site is recognized in 

part by a conserved terminal guanine, termed ΩG (23). Based on conserved secondary 

structure characteristics, Group I introns are further classified into 13 subgroups (23, 34). 

These selfish genetic elements are distributed widely in nature, albeit with a bias towards 

fungi, plants and red or green algae (14). Although group I introns are abundant in 

mitochondria and chloroplasts of lower eukaryotes, they are relatively rare in bacteria, 

and until recently were unknown in bacterial structural RNAs. Group I introns in 23S 

rDNA have been reported in hyperthermophilic bacteria of the genus Thermotoga (26) 

and in Simkania negevensis, a Chlamydiales member (7). A putative group I intron was 

detected in the sole 23S rDNA of Coxiella burnetii (Nine Mile phase I ; RSA493) when 
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the entire genome was sequenced (31); in addition, an intervening sequence (IVS) that 

produces a fragmented 23S rRNA has earlier been reported by Afseth et al. (1).  

   C. burnetii, the etiological agent of human Q fever, is a gram-negative obligate 

intracellular bacterium. This category B select agent is distributed almost worldwide and 

has a broad range of susceptible hosts including arthropods, fish, birds and wild and 

domestic mammals (6). Human infection is mainly acquired through inhalation of 

aerosols of animal origin and can cause a wide array of conditions ranging from 

asymptomatic infection to an acute self-limiting febrile illness or severe, chronic diseases 

like endocarditis and hepatitis (21).  

   The aim of this study was to characterize the splicing properties of the intron reported 

by Seshadri et al. (31) in the  23S rDNA of C. burnetii since both non-splicing and self-

splicing introns are known to occur in bacterial 23S rRNA (7, 26). During our 

investigation, we discovered that contrary to the earlier report, two group I self-splicing 

introns flank a 34-bp exon and interrupt the 23S rDNA of C. burnetii. We also discovered 

that the terminal nucleotide of one of the introns was adenine and not the canonical 

conserved guanine, called ΩG. This is the first time that a group I intron without ΩG has 

been found in nature. This is significant because the ΩG is considered invariable and 

thought to play an essential role in RNA splicing (38, 40). This novel intron is also 

smaller than most group I introns as it does not encode a homing endonuclease, making it 

more difficult to identify in whole genome sequences than relatively larger introns that 

code for a LAGLIDADG homing endonuclease. Nevertheless, a nucleotide BLAST 

search against GenBank revealed a number of group I introns with conserved sequences. 

Secondary structures for both introns were also inferred by locating conserved sequences. 
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In addition to the Nine Mile strain, we sequenced the introns of eight other strains of C. 

burnetii representing seven additional genomic groups (3, 15) and found them to be 

highly conserved (Table 1), implying a possible role in C. burnetii’s biology.  

C. MATERIALS AND METHODS  

   C. burnetii strains and cultivation. The primary strain of C. burnetii used in this study 

was C. burnetii Nine Mile phase II (RSA 439; clone 4). Genomic DNA from strains 

belonging to seven other genomic groups used for determining the sequences of both the 

introns are listed in Table 1. C. burnetii Nine Mile phase II and genomic DNA of the 

other seven genotypes were generous gifts from Robert A. Heinzen and Paul A. Beare at 

Rocky Mountain Laboratories, Hamilton, Montana. C. burnetii Nine Mile phase II was 

propagated in African green monkey kidney (Vero) fibroblasts (CCL-81; American Type 

Culture Collection, Manassas, VA) grown in RPMI medium (Invitrogen, Carlsbad, CA) 

supplemented with 10% fetal bovine serum (HyClone, Logan, UT). Bacteria were 

purified from infected cells at 7 d post-infection by Renografin (Bracco Diagnostics, 

Princeton, NJ) gradient centrifugation as previously described (39). 

   Sequence analyses. All sequence data were obtained from plasmid DNA or PCR 

products with an automated DNA sequencer (ABI3130x1) and a BigDye Terminator 

Cycle Sequencing Ready Reaction kit (ABI, Foster City, CA). Sequence analysis was 

accomplished using the ‘BLAST 2 sequences’ tool at the NCBI website 

http://www.ncbi.nlm.nih.gov/blast/bl2seq/wblast2.cgi (36). 

   Intron secondary structure. Nucleotide BLAST searches 

(http://www.ncbi.nlm.nih.gov/BLAST/ ) were done to identify other introns with similar 

sequences (2). Secondary structures were inferred by manually locating conserved paired 
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helices (P1 – P10) using published intron secondary structures (20, 26) as a reference and 

were drawn using PowerPoint 2003 (Microsoft, Redmond, WA). 

   RNA and DNA preparations. RNA was isolated using a Ribopure Bacteria kit 

(Ambion, Austin, TX) and DNA was isolated using a High Pure PCR Template 

Preparation Kit (Roche Diagnostics, Basel, Switzerland) according to the manufacturers’ 

recommendations. 

   RT-PCR, cloning and in vitro transcription.  cDNA was made from RNA using an 

iScript cDNA Synthesis Kit (Bio-Rad) per instructions. PCR primers (Sigma-Aldrich, St. 

Louis, MO) for analyzing introns (intron F, GTGGCTGCGACTGTTTAC and intron R, 

ATTTCCGACCGTGCTGAG, and exon F, AACGGTCCTAAGGTAGCG, and exon R, 

TTCGCTACCTTAGGACCG ) and IVS (IVS F, CGTGGTGGAAAGGGAAAC and IVS 

R, TGTCAGCATTCGCACTTC) were designed using Beacon Designer 6 software 

(BIO-RAD, Hercules, CA). Intron F and R primer sites flank the reported (31) intron 

sequence 266 bp upstream and 274 bp downstream, respectively, and IVS F and R 

primers flank the reported IVS sequence (1) 199 bp upstream and 78 bp downstream, 

respectively (Fig.1). Exon F and R primers are located in the 34-bp exon separating the 

two introns (see Results) and were used in combination with intron F and R primers to 

clone each intron independently into pCR2.i-TOPO vector as described below. PCR was 

done in a Mastercycler (Eppendorf AG, Hamburg, Germany). The reaction conditions 

were 94º C for 5 min, 30 cycles of 94 º C for 1 min, 55 º C for 1 min and 72 º C for 1 

min, and a single cycle of 72 º C for 5 min. PCR products were cloned into pCR 2.1-

TOPO using a TOPO TA cloning kit (Invitrogen) and selected for proper insertional 

orientation to utilize the T7 promoter on the plasmid. In vitro transcription was done 
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using a MAXIscript In vitro Transcription Kit (Ambion) and the resulting RNA was 

purified using NucAway Spin Columns (Ambion) per the manufacturer’s instructions.  

   In vitro protein synthesis. The protein product from the gene coding for the homing 

endonuclease in Cbu.L1951 was produced in vitro from its endogenous promoter using 

an E. coli S30 Extract System for Circular DNA (Promega, Madison, WI) as per 

manufacturer’s instructions and analyzed using 0.1% SDS-PAGE and autoradiography as 

previously described (24). 

   Phylogenetic analyses.  Group IB introns (including Cbu.L1917) and Group IA3 

introns (including Cbu.L1951) were preliminarily aligned with CLUSTALW (37). Other 

Group IB introns included in the alignment were Thermotoga subterranea (AJ556793), 

Synechococcus Sp. C9 (DQ421380), Chlorosarcina brevispinosa (L49150), 

Chaetosphaeridium globosum (AF494279), Chlamydomonas zebra (L43356), 

Chlamydomonas humicola (L42989), Chlamydomonas monadina (L49149), 

Chlamydomonas frankii (L43352), Chlamydomonas komma (L43502), Mesostigma viride 

(AF353999), Oltmannsiellopsis viridis (DQ291132), Suillus luteus (L47586, intron 2), 

Chara vulgaris (AY267353, introns 4, 5 and 6); the other Group IA3 introns were 

Monomastix sp. M722 (L44124), Chlorella vulgaris (AY008338), Acanthamoeba 

castellanii (U12380), Chlorosarcina brevispinosa (L49150), Nephroselmis olivacea 

(AF110138), Stigeoclonium helveticum (DQ630521).  The alignments were next 

manually refined in BioEdit  (11) to explicitly incorporate conserved secondary structures 

(P1-P9) and subsequently removed variable regions that could not be reliably aligned, as 

in Haugen and Bhattacharya (12). Alignments used for phylogeny reconstruction had 170 

nucleotides (Group IB) and 237 nucleotides (Group IA3), respectively. Phylogenies were 
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reconstructed for both data sets by distance, maximum parsimony and maximum 

likelihood methods implemented in PAUP* version 4.0b10 (35). Phylogenies for Group 

IB introns were outgroup rooted with the distantly related cox1 intron of Catalpa fargesii 

(AJ223411; (12)); Group IA3 phylogenies were unrooted.  The models of sequence 

evolution used in the distance and likelihood methods for both data sets were selected by 

the Akaike Information Criterion, as implemented in Modeltest (28).  For the Group IB 

data set, the model selected was the general time reversible model with among nucleotide 

site rate heterogeneity estimated by a discrete (4 rate categories) approximation of a 

gamma distribution (GTR + G model); for the Group IA3 data set, the model selected 

was the general time reversible model with among nucleotide site rate heterogeneity 

estimated by the proportion of invariant sites (GTR + I model).  Heuristic searches (for 

10 replicates of random sequence addition with branch swapping by the tree-bisection 

reconnection method) were performed for both the distance and likelihood analyses.  

Distance analyses were performed according to the least squares optimality criterion.  

Unweighted, unordered parsimony reconstructions were inferred by branch and bound, 

which is guaranteed to find the most parsimonious tree(s).  Phylogenies were bootstrap-

replicated with either 10,000 (distance and parsimony) or 100 (likelihood) replicates.  To 

test whether alternative phylogenetic hypotheses explained the aligned sequence data 

equally well (i.e., whether their likelihood scores were statistically significantly 

different), we used the SH test of topological congruence (32), as implemented in 

PAUP*.   

D. RESULTS  
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   C. burnetii 23S rDNA contains two introns that splice in vivo.  Using the published 

genome sequence as a reference (31), PCR primers (intron F and R, Fig. 1) flanking the 

reported intron insertion site in 23S rDNA were synthesized. PCR was done using these 

primers and genomic DNA from C. burnetii Nine Mile phase II. PCR products were 

sequenced to confirm that the published 23S rDNA sequence of Nine Mile phase I was 

conserved in the phase II strain (data not shown). Since unspliced and self-splicing group 

I introns have been reported in 23S rRNA of bacteria (7, 26 ), splicing characteristics of 

the intron in the 23S rDNA of C. burnetii was analyzed using RT-PCR and PCR (intron F 

and R primers) on total RNA and genomic DNA, respectively, from  7-day-old cultures 

(~ 2.5x10
10 

cells). While the resulting PCR product from cDNA was only 551 bp in size, 

the PCR product from genomic DNA using the same primer-pair was 1559 bp (Fig. 2, 

lanes 1 and 2), indicating that the intron was spliced out of the mature rRNA. When the 

PCR product from cDNA was sequenced, it revealed to our surprise that contrary to the 

previous report, two introns actually interrupted the 23S rDNA of C. burnetii as shown in 

Fig. 1. The two introns flank a 34-bp exon corresponding to bases 1918 to 1951 in 

domain IV of E. coli 23S rRNA (41). Based on their positions, the two introns were 

designated as Cbu.L1917 and Cbu.L1951 respectively, using standard nomenclature (18). 

Sequence data were deposited in GenBank and was assigned the accession number 

EF632073. Sequencing data also showed that the two introns are spliced in vivo to 

generate mature rRNA. Further, these data allowed us to determine the exact sequence 

and the 5' and 3' boundaries of both introns. We also analyzed the previously reported (1) 

intervening sequence (IVS) in the 23S rDNA of C. burnetii using RT-PCR and PCR (IVS 

F and R primers, Fig. 1) as described above. While genomic DNA gave the expected 722- 
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bp PCR product, no PCR product was observed with cDNA (Fig. 2, lanes 5 and 6), 

confirming that the mature 23S rRNA of C. burnetii is fragmented due to the excision of 

IVS without subsequent ligation, as previously reported (1).  

   Both introns are self-splicing in vitro.  To determine whether the introns could self-

splice in vitro, the PCR product generated from primers intron F and R (Fig. 1) and C. 

burnetii genomic DNA was cloned using a TOPO TA Cloning kit (Invitrogen). Utilizing 

the T7 promoter present in the pCR2.1-TOPO vector, RNA was transcribed and 

converted into cDNA to create a PCR template for intron F and R primers. As observed 

in vivo (Fig. 2), the PCR product from cDNA was 551 bp in size (Fig. 3, lane 2), 

indicating that the introns could self-splice in vitro in the transcription buffer. Subsequent 

sequencing of the 551-bp PCR product confirmed that both introns self-splice in vitro 

without the aid of any proteins (data not shown). Separate constructs containing 

Cbu.L1917 or Cbu.L1951 were also made (see Materials and Methods), and the introns 

were observed to be able to self-splice independently in vitro (data not shown). In 

contrast to introns, when PCR was done using IVS F and R primers (Fig. 1) both cDNA 

and genomic DNA gave similar sized bands (Fig. 3, lanes 5 and 6) showing that the IVS 

does not self-splice in vitro. 

   Both Cbu.L1917 and Cbu.L1951 are group I introns.  Introns are classified into four 

major classes based on their splicing mechanisms as group I, groupII/III, spliceosomal 

introns and tRNA/archael introns (14). Hallmarks of group I introns include autocatalytic 

activity, conserved paired (P) helices, wobble pair G•U at the 5' splice site and a 

conserved terminal guanine, called ΩG. Based on our sequencing data and previous 

reports (12, 31) it was easy to determine that intron Cbu.L1951 is a group I intron.  
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IVS                            

CBU_2096                         34bp    HE (CBU_1082)    

exon    

23S rDNA

Cbu.L1917     Cbu.L1951

Group I Introns

IVS F

IVS R

Intron F

Intron R

 

 

FIG. 2-1. C. burnetii 23S rDNA linkage map. Two group 1 introns, Cbu.L1917 and 

Cbu.L1951, flank an essential 34-bp 23S rDNA exon. Cbu.L1951 also encodes a putative 

homing endonuclease (HE; CBU_1082; arrow). Position of the intervening sequence 

(IVS) is also shown, with its nested ORF (CBU_2096; arrow). Primer sets used in the 

study are italicized and indicated by small arrows 
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cDNA NTCRNA gDNA cDNA RNA NTC

Introns IVS

gDNA

1559 

722 

551

 

FIG. 2-2. In vivo analysis. PCR was done using Intron or IVS primer sets on genomic 

DNA (gDNA), cDNA or RNA Isolated from C. burnetii (Nine Mile Phase II) or a no-

template control (NTC). An ethidium bromide-stained agarose gel (1% agarose; w/v) is 

shown.  Sizes of the amplicons were determined from standards and are given to the left 

in base pairs.  
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1559 

gDNA cDNA RNA  NTC     gDNA cDNA RNA  NTC

Introns IVS

722 

551

 

FIG. 2-3. In vitro analysis.  PCR was done using Intron or IVS primer sets on genomic 

DNA (gDNA), cDNA (from RNA generated by in vitro transcription), in vitro 

transcribed RNA or a no-template control (NTC). An ethidium bromide-stained agarose 

gel (1% agarose; w/v) is shown.  Sizes of the amplicons were determined from standards 

and given to the left in base pairs. 
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Cbu.L1951 has all the typical features of group I introns described above and also 

encodes a LAGLIDADG homing endonuclease (HE; Figs. 1 and 4B), which might play a 

role in its mobility (12). In fact, when expression of cloned HE from its endogenous 

promoter was checked using a prokaryotic in vitro transcription and translation kit 

(Promega), a ~17 KDa product was observed on autoradiographs that was not present on 

vector reactions (data not shown). The presence of the P2 helix and of helices P7.1 and 

P7.2 in Cbu.L1951 are characteristics of subgroup IA3 introns (10, 20). The internal 

guide sequence (IGS) that pairs with 5' and 3' exons and forms the substrate for the 

ribozyme was also recognizable (Helices P1 and P10 in Fig.4B) in Cbu.L1951. In 

contrast, it was difficult to classify intron Cbu.L1917 as it does not code for an HE and 

does not have the canonical ΩG. A BLAST search using the nucleotide sequence of 

Cbu.L1917 identified other group I introns in the same 23S rDNA position (1917) with 

conserved sequences. Using the published secondary structure of intron Tsu.bL1917 as a 

reference (26), the secondary structure of Cbu.L1917 was predicted. From the secondary 

structure (Fig. 4A) it is clear that this intron belongs to group I, even though it lacks ΩG. 

The lack of P2 helix and an extensive P5 loop indicates that Cbu.L1917 belongs to 

subgroup IB2 (10). In addition, the IGS (P1 and P10 in Fig. 4 A) is much better defined 

in Cbu.L1917 than in Cbu.L1951. 

   Phylogenetic analyses. Phylogeny reconstructions of the Group IB intron data were 

generally similar, with the least squares distance phylogeny shown (Fig. 5A).  The 

phylogenetic position of C. burnetii intron Cbu.L1917 was not definitively resolved. 

Cbu.L1917 formed a clade with the Thermotoga subterranea intron in the least squares 

and the three equally most parsimonious trees, but with only modest bootstrap support.   
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FIG. 2-4. Predicted secondary structures for (A) Cbu.L1917 and (B) Cbu.L1951. 

Positions of conserved, paired helices common to group I introns are designated P1-P10. 

The 5' and 3' terminal bases are encircled. The site of the homing endonuclease-encoding 

ORF of Cbu.L1951 in P8 is indicated by “HE”. Different line types are included to 

facilitate easy visualization of intron secondary structure. Exons depicted in lower case 

and introns in upper case alphabets. 
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C. burnetii

T. subterranea

Synechococcus sp.

C. monadina

C. humicola
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C. frankii

C. vulgaris 4

C. vulgaris 5

C. vulgaris 6
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FIG. 2-5. Phylogenetic analyses of Cbu.L1917 and Cbu.L1951. (A) Least squares 

phylogeny for Group IB introns.  The tree was rooted with the cox1 intron of Catalpa 

fargesii. Bootstrap values for the least squares/maximum likelihood/maximum parsimony 

analyses are indicated at nodes for which the bootstrap value was >50% in at least one 

analysis. (B) Unrooted least squares phylogeny for Group IA3 introns.  Bootstrap values 

as in (A). 
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In the likelihood phylogeny, Cbu.L1917 was basal to Thermotoga, Synechococcus and 

the Chara/Chlamydomonas clade.  However, the likelihood score of an alternative tree 

constrained to the least squares topology (Fig. 5A) was not significantly different from 

the maximum likelihood tree by a SH test (-∆L = 7.70463, P = 0.193), indicating that 

both trees explain the data equally well.   

    Phylogeny reconstructions of the Group IA3 intron data were qualitatively similar 

(least squares distance phylogeny, Fig. 5B).  L1951 introns (including Cbu.L1951) 

grouped together to the exclusion of introns with insertion sites at other locations 

(Nephroselmis L2593 and Stigeoclonium L730), as previously found (12).  Although 

Cbu.L1951 formed a clade with the Chlorella and Acanthamoeba introns in all trees, its 

sister taxon was not definitively resolved (Acanthamoeba in the least squares and 

parsimony trees, Chlorella in the likelihood tree).      

   Intron sequences are conserved in other strains of C. burnetii. Genomic DNA from 

strains belonging to all eight genomic groups (3) of C. burnetii was analyzed for both 

introns to determine their presence, absence or sequence variation. The data indicate that 

both introns were present in a common ancestor of all eight genomic groups of C. 

burnetii and are highly conserved among them (> 99% nucleic acid sequence identity, 

with most variation occurring in the HE gene) (Table 1). 

E. DISCUSSION 

       In the current study, we identified two self-splicing group I introns in the 23S rDNA 

of C. burnetii, one of which, Cbu.L1917, is the first of its kind. The lack of ΩG in 

Cbu.L1917 is intriguing since all other group I introns known to date, have guanine as the 

3' terminal nucleotide (4). The conserved ΩG forms a Hoogsteen base triple with a G-C  
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TABLE 2-1. Introns are highly conserved amongst genomic groups of C. burnetii  

 
a
As defined by (3, 15) 

b
Same as Reference 

c
Within Homing Endonuclease ORF 

 

 

 

 

Genomic 

group
a
 

Strain  Source, Year Cbu.L1917 Cbu.L1951 

 

I 

 

 

I 

 

 

Nine Mile Phase I 

RSA493 

 

Nine Mile Phase II 

RSA493 

 

Montana, tick, 

1935 

 

Montana, tick, 

1935 

 

 

 Reference 

 Sequence 

 

  Ref
b
 

 

Reference 

Sequence 

 

Ref 

II Henzerling RSA331 Italy, human blood, 

1945 

 

   A247  

   deleted 

Ref 

III Idaho Goat Q195 Idaho, goat, 1981     Ref G393A
c
 and 

G402A
c 

 

IV MSU Goat Q177 

(Priscilla) 

Montana, goat, 

1980 

 

     Ref Ref 

IV K Qi54 Oregon, human 

heart valve, 1976 

 

     Ref Ref 

V G Q212 Nova Scotia, 

human heart valve, 

1981 

 

     Ref C403T
c
 

VI Dugway 7E9-12 Utah, rodents, 1958      Ref 

 

Ref 

VII Q321 Russia, cow’s milk      Ref 

 

Ref 

VIII Le Bruges France, unknown 

source 

     Ref Ref 
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pair in the P7 helix, flanked by two additional P7 base triples to form the guanosine-

binding pocket (33, 40). Even though it is possible that the splicing efficiency of 

Cbu.L1917 is lower than that of Cbu.L1951, as shown by earlier studies substituting ΩG 

to adenine, cytosine or uracil greatly reduced the rates of 3' cleavage and exon ligation in 

vitro (22, 29), we could never detect intermediate forms containing spliced Cbu.L1951 

and unspliced Cbu.L1917 in C. burnetii RNA preparations. Moreover, both in vitro and 

in E. coli expressing the introns, we could detect intermediate forms with either intron 

spliced out in comparable amounts when internal primer sets were used, indicating that 

both introns splice out independently and with similar efficiencies (data not shown). It 

would be interesting to learn the splicing mechanism used by Cbu.L1917 with adenine as 

its terminal base. Possibly the ΩA uses the same guanosine-binding pocket as other group 

I introns to facilitate 3' cleavage or it might use a novel mechanism to select the 3' splice 

site. It is also very likely that accessory proteins are involved in intron splicing in vivo in 

spite of the introns’ ability to self-splice in vitro as previously described (19).  

   It is highly unusual that C. burnetii’s lone 23S rDNA contains two group I introns, 

especially considering the rarity of even single elements in bacterial rDNAs (26). In 

addition, the large ribosomal subunit RNA gene of C. burnetii also carries an intervening 

sequence (IVS) near its 5' end (Fig.1). In contrast to introns, the IVS is excised from the 

RNA without exon ligation, a cleavage process mediated by RNase III (8), resulting in a 

fragmented but functional rRNA. Moreover, unlike other obligate intracellular bacteria, 

which have few or no insertion sequences (IS) - presumably due to limited opportunities 

for lateral gene transfer- C. burnetii’s  genome possesses a large number of IS elements 

(29 full-length and 3 degenerate). This unusually high number of selfish DNAs in the 
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genome of C.burnetii, especially the acquisition of three ‘selfish genes’ in its vital 23S 

rRNA gene seems antithetical to the observation that obligate intracellular bacteria 

undergo reductive evolution. However, this is likely a relic from a past niche with greater 

opportunities for lateral gene transfer with the pathogen recently shifting to its present 

obligate intracellular lifestyle; a hypothesis supported by the higher percentage of coding 

genes (89.1%) in its genome as opposed to other intracellular bacteria, like Rickettsia 

prowazeki and Mycobacterium leprae (both 76%). It is likely that given sufficient time C. 

burnetii’s genome will also undergo further reductive evolution, as suggested by Seshadri 

et al. (31).  

   Group I introns are genetic elements that can spread from an intron-positive strain to an 

intron-minus strain by two known mechanisms. The best studied and well understood is a 

process termed homing, where the intron moves to an intronless allele of the same gene 

using its encoded HE (5). The alternative to the HE-dependent mechanism is reverse 

splicing, where the intron recognizes and integrates into homologous or ectopic RNA 

sites coupled with reverse transcription and recombination (30). The Goddard-Burt model 

of intron evolution suggests that host populations go through cyclical intron-containing 

and intronless states with horizontal transmission being necessary for the long-term 

persistence of introns in any population (9). According to this model, a group I intron 

with a full length HE invades an intronless population by homing. The HE is lost once 

the intron becomes fixed in a population. Assuming no host benefit, the intron is also 

subsequently lost from the population. The intron reappears only when it regains access 

to the population via lateral gene transfer. This model seems appropriate for C. burnetii. 

Even though available sequence data were not sufficient to specifically identify the 
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donors of both introns, it is apparent that the introns have invaded the 23S rDNA of C. 

burnetii from organelles of lower eukaryotes or other bacteria (Fig. 5). With the introns 

fixed in the population (Table 1), they appear to be in the process of losing HEs, as 

suggested by the lack of HE in Cbu.L1917. However, in contrast to earlier studies that 

found introns in various stages of degeneration in multiple populations of the same 

organism (13, 25), screening eight genomic groups of C. burnetii revealed that both 

introns are highly conserved (>99%). This could either be due to insufficient evolutionary 

time for mutations to accumulate or due to selective pressure acting on the introns to 

maintain them. If the latter is the case, it would be highly informative to understand what 

function(s) the introns serve, as they are generally considered to be selfish genes that 

make no contribution towards the reproductive success of the host. Preliminary work in 

our laboratory suggests a role for the introns in modulating the growth rate of C. burnetii, 

akin to the intron-mediated ribosomal inhibition observed when Tetrahymena group I 

intron was expressed in E. coli (27). Currently, we are investigating this growth 

modulation to understand its potential role in C. burnetii’s lifecycle. Another exciting 

avenue for further investigation is the potential for using self-splicing introns as anti-

microbial targets to treat Q fever. For example, pentamidine, a drug used for the 

treatment and prophylaxis of Pneumocystis carinii (Pneumocystis jiroveci) pneumonia 

(16) is thought to act by inhibiting rRNA group I intron self-splicing (42). Although 

pentamidine has toxic side effects, it might be a potential therapeutic agent for treating 

patients with chronic Q fever endocarditis.  
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CHAPTER THREE 

Toxic introns and parasitic intein in Coxiella burnetii: Legacies of a 

promiscuous past  

Rahul Raghavan, Linda D. Hicks and Michael F. Minnick. 2008. 

 J. Bacteriol. 190 (In press) 

 

A. ABSTRACT 

   The genome of the obligate intracellular pathogen Coxiella burnetii contains a large 

number of selfish genetic elements including two group I introns (Cbu.L1917 and 

Cbu.L1951) and an intervening sequence that interrupt the 23S rRNA gene, an intein 

(Cbu.DnaB) within dnaB, and 29 insertion sequences. Here, we describe the ability of the 

intron-encoded RNAs (ribozymes) to retard bacterial growth rate (toxicity) and examine 

the functionality and phylogenetic history of Cbu.DnaB. When expressed in E. coli, both 

introns repressed growth, with Cbu.L1917 being more inhibitory. Both ribozymes were 

found to associate with ribosomes of Coxiella and E. coli. In addition, ribozymes 

significantly reduced in vitro luciferase translation, again with Cbu.L1917 being more 

inhibitory. We analyzed the relative quantities of ribozymes and genomes throughout a 

14-d growth cycle of C. burnetii and found that they are inversely correlated, suggesting 

that the ribozymes have a negative effect on Coxiella’s growth. We determined possible 

sites for ribozyme associations with 23S rRNA that could explain the observed toxicities. 

Further research is needed to determine whether the introns are being positively selected 

because they promote bacterial persistence or whether they were fixed in the population 

due to genetic drift. The intein, Cbu.DnaB is able to self-splice leaving the host protein 
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intact and presumably functional. Similar inteins were found in two extremophilic 

bacteria (Alkalilimnicola ehrlichei and Halorhodospira halophila) that are distantly 

related to Coxiella making it difficult to determine whether the intein was acquired by 

horizontal gene transfer or was vertically inherited from a common ancestor.  

 

 

B. INTRODUCTION 

   Bacterial genomes are in a constant state of flux. Bacteria gain new DNA through 

horizontal gene transfer (HGT), whereas nucleotide deletion results in loss of DNA (54). 

While environmental bacteria often have large genomes (e.g., Pseudomonas aeruginosa, 

~6 MB) that contain a large number of elements acquired through HGT, host-associated 

bacteria have relatively smaller genomes (e.g., Rickettsia rickettsii, ~1.2 MB; 

Chlamydophilla abortus, ~1.1 MB) with little or no DNA of foreign origin (18,72). The 

advent of whole genome sequencing has facilitated the detailed comparative analyses of 

obligate intracellular bacterial genomes leading to identification of factors such as the 

prevalence of pseudogenes and insertion sequences (ISs) that can be used to distinguish 

early adapters from bacteria that have shifted recently from a free-living to a host-

restricted lifestyle (48). A relevant case is the obligate intracellular pathogen Coxiella 

burnetii whose genome was found to be undergoing reductive evolution and to contain a 

large number of selfish genetic elements and ‘young’ pseudogenes, suggesting a recent 

shift to its current niche (66). 

  C. burnetii, a γ purple bacterium, is the causative agent of Q fever (12). Most human 

infections are acquired through inhalation of contaminated aerosols of animal origin and 
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can lead to an acute self-limiting febrile illness and severe, chronic cases of endocarditis 

or hepatitis (41). This category B select agent has a broad range of susceptible hosts 

including arthropods, fish, birds and wild and domestic mammals and is distributed 

almost worldwide (12). C. burnetii can survive for months in the extracellular 

environment, where it is notoriously resistant to heat, ultraviolet light, various 

disinfectants and desiccation (42, 75). These traits are conferred by a biphasic 

developmental cycle that alternates between a fragile, metabolically-active large-cell 

variant (LCV) and a durable, dormant small-cell variant (SCV) (8). Even though C. 

burnetii occupies an acidic parasitophorous vacuole where the opportunity for HGT is 

likely minimal, its genome contains 29 ISs strewn across the chromosome, two group I 

introns and an intervening sequence (IVS) within its sole 23S rRNA gene, and a putative 

intein in the C-terminal region of the replicative DNA helicase (dnaB) gene (59, 66).  

   Group I introns self-splice independent of proteins (ribozyme) and are considered a 

holdover from a primordial RNA world (77). These genetic elements spread efficiently 

into an intronless cognate site by a process called homing at the DNA level or by reverse 

splicing at the RNA level (60). The typical secondary structure of a group I intron 

consists of about 10 paired (P) elements (59,74). P1 and P10 are complementary to the 5' 

exon and 3' exon, respectively and are collectively called the internal guide sequence 

(IGS), which the intron uses to locate its 5' and 3' splice sites (31). 

  Inteins (internal proteins) are genetic elements similar to introns that have invaded the 

coding sequence of genes in Eukarya, Bacteria and Archaea. Inteins are found in proteins 

with diverse functions, however, enzymes involved in DNA replication and repair 

predominate (23, 56). Unlike introns, inteins are transcribed and translated together with 
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the host protein. They self-excise, leaving the flanking exteins (external proteins) spliced 

together and the host protein intact (23). Four conserved motifs are involved in protein 

splicing and are related to the C-terminal domain of the Hedgehog protein of eukaryotes 

(13, 57). Most, but not all, inteins encode a homing endonuclease, which aids in mobility 

as observed in group I introns (15, 56). Chemical reactions involved in protein splicing 

have been extensively studied and are described elsewhere (9, 10, 40).  

  We recently showed that the 23S rRNA gene of C. burnetii contains two group I introns 

(Cbu.L1917 and Cbu.L1951) and elucidated their secondary structures, splicing 

properties and phylogenetic histories (59). Here, we describe the toxicity of both introns 

as it relates to bacterial growth and consider the possible biological consequences and 

evolutionary significance. We postulate that Coxiella’s past life as a free-living, 

environmental bacterium with extensive HGT combined with a recent shift to its current 

host-restricted lifestyle helps explain the occurrence of toxic introns that can potentially 

influence its biology. In addition, we analyzed an intein (Cbu.DnaB) found in the 

replicative DNA helicase (dnaB) gene and confirmed its functionality. Phylogenetic 

analyses revealed closely-related inteins at the same loci of Alkalilimnicola ehrlichei, an 

anaerobic, haloalkaliphilic, γ-proteobacterium and Halorhodospira halophila, an 

extremely halophilic γ-proteobacterium (29, 44). Further phylogenetic analyses using 16S 

and DnaB sequences point towards a possible close evolutionary relationship between C. 

burnetii and these extremophiles, making it difficult to delineate whether C. burnetii 

acquired the intein via HGT or whether the intein was vertically inherited from a 

common ancestor.   

C. MATERIALS AND METHODS 
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E. coli growth assay. Both introns were amplified using PCR primers (Table 1: 

L1917_flank and L1951_flank) and C. burnetii genomic DNA, as previously described 

(59).  Amplicons were cloned into pCR2.1-TOPO (Invitrogen, Carlsbad, California). 

PCR and sequencing were performed to confirm that the inserts were in the proper 

orientation downstream of the lac promoter. E. coli (Top10F’) transformed with each 

plasmid was grown to mid-logarithmic phase at 37°C in Luria-Bertani (LB) broth in the 

presence of 100 µg/ml ampicillin (Sigma-Aldrich, St. Louis, MO) and then used to 

inoculate 50 ml fresh LB with 100 µg/ml ampicillin and 1 mM isopropyl-beta-D-

thiogalactopyranoside (IPTG, EMD Chemicals, Gibbstown, NJ) to an OD600 of 0.03 at 0 

h. Bacterial growth was assayed spectrophotometrically at 600 nm every 60 min for 5 h 

(37°C, shaking).  

In vitro transcription to synthesize ribozymes and control RNA. Introns were 

amplified using C. burnetii genomic DNA and PCR primers designed to add a T7 

promoter sequence at the 5’ end of the amplicons (Table 1: L1917+T7P and L1951+T7P) 

to generate templates to synthesize the two ribozymes. As a control, the IVS was 

amplified using C. burnetii genomic DNA and a PCR primer set (Table 1: IVS+T7P) that 

adds a T7 promoter sequence at the 3’ end of the amplicon such that an antisense RNA 

can be transcribed from it. In vitro transcription was performed using a MEGAscript Kit 

(Ambion, Austin, TX), and resulting RNA was purified using NucAway (Ambion) spin 

columns and TURBO DNase (Ambion) as per manufacturer’s instructions. 

In vitro transcription/translation and luciferase assay. Luciferase was synthesized in 

vitro using an E. coli S30 Extract System for Circular DNA and pBESTluc (Promega, 

Madison, WI) as per manufacturer’s instructions in the presence of 25 µg of Cbu.L1917, 
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Cbu.L1951 or control anti-sense RNA. Luciferase activity was measured using a 

Luciferase Assay System (Promega) per manufacturer’s instructions utilizing a 

luminometer (PerkinElmer, Waltham, MA).  

Phylogenetic Analyses. Intein phylogeny was reconstructed using amino acid sequences. 

Inteins were identified either by BLAST or from the intein database, InBase,(55, 71). In 

addition to the intein from C. burnetii, (NP819887) other inteins used were from H. 

halophila SL1 (ABM61435), A. ehrlichei MLHE-1, (ZP00865879), Rhodothermus 

marinus (AAB66912.1), Trichodesmium erythraeum (ABG50752), Lyngbya sp. 

(EAW38924.1), Microcystis aeruginosa PCC 7806 (CA090722.1), Herpetosiphon 

aurantiacus ATCC 23779 (ABX06165.1), Synechocystis sp. PCC 6803 (NP442446.1), 

Synechococcus sp. JA-3-3Ab (ABC99714.1), Guillardia theta (O78411), and 

Pseudomonas fluorescens Pf-5 (AAY90835.1). Neighbor-joining trees that were 

bootstrap replicated (1000 replicates) were built using MEGA4 (64, 69). An optimal tree 

is shown with branch lengths depicting evolutionary distances computed by the Poisson 

correction method for the number of amino acid substitutions per site (80). All positions 

containing gaps were eliminated resulting in a total of 125 positions being used in the 

final dataset. The 16S nucleotide and DnaB amino acid sequences were obtained from 

GenBank, including C. burnetii (AE016828), Rickettsiella grylli (AAQJ00000000), 

Legionella pneumophila (AE017354), A. ehrlichei (CP000453), H. halophila 

(CP000544), Francisella tularensis (CP000803), P. fluorescens (CP000094), P. syringae 

(AE016853), P. aeruginosa (NC009656), Yersinia pestis (CP000668), Salmonella 

typhimurium (AE006468), E. coli K12 (CP000948), Neisseria meningitidis  (AL157959), 

N. gonorrhoeae (AE004969), Bartonella bacilliformis (CP000524), B. quintana 
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(BX897700), Rickettsia bellii (CP000849), R. prowazekii (NC000963), Chlamydophila 

abortus (CR848038), and C. pneumoniae (BA000008).   Neighbor-joining trees were 

built with 1000 bootstrap replicates using MEGA4 (69). Evolutionary distances in 16S 

trees were computed using the Maximum Composite Likelihood method in units of 

number of base substitutions per site, whereas evolutionary distances for the DnaB trees 

were computed similar to the intein tree (70). Positions containing gaps were removed 

with 1351 positions in the final 16S tree and 423 positions in the final DnaB tree. 

Maximum Parsimony trees were also built using the close-neighbor-interchange 

algorithm to confirm the evolutionary history inferred from the Neighbor-Joining trees 

(16, 50).  

RNA and DNA preparations. DNA was isolated using a DNeasy Blood and Tissue Kit 

(Qiagen, Valencia, CA), and RNA was isolated using a RiboPure Bacteria Kit (Ambion) 

as per manufacturer’s instructions.  

C. burnetii culture. C. burnetii Nine Mile phase II (RSA 439; clone 4) was used in this 

study and was propagated in African green monkey kidney (Vero) fibroblasts (CCL-81; 

American Type Culture Collection, Manassas, VA). Cultures were grown in RPMI 

medium (Invitrogen) supplemented with 10% fetal bovine serum (HyClone, Logan, UT). 

Bacteria were purified from infected cells by Renografin (Bracco Diagnostics, Princeton, 

NJ) gradient centrifugation as previously described (76). To generate SCVs, Vero cell 

monolayers were infected with C. burnetii and incubated for 4 weeks without 

replenishing the medium: the first week at 37°C in 5% CO2 followed by 3 weeks at room 

temperature with the lids tightened, as previously described (8). 
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TABLE 3-1. PCR primers and their targets in C. burnetii 

 

 

 

 

 

 

 

      Target     Designation  Forward Sequence Reverse Sequence 

Cbu.L1917 L1917_flank GTGGCTGCGACTGTTTAC TTCGCTACCTTAGGACCG 

 L1917_internal GGACAATCAGCAGGAAAGAC CGGACTCTATCATCACACTTA 

 L1917+T7P TAATACGACTCACTATAGGG- 
AAATTAACCGTTGTAGTTACG 

TATTGACGTTATGTTAATCAT- 
 GGG 

Cbu.L1951  L1951_flank AACGGTCCTAAGGTAGCG ATTTCCGACCGTGCTGAG 

 L1951_internal TTTAGCAAAGGGCAATCC TCCATAGTCACTTACTTCTTG 

 L1951+T7P TAATACGACTCACTATAGGG- 
AAAATTGCCCCGCTAAACTG 

CACTCTTTCCTATGTTTCCATA- 
 GGG 

IVS IVS_flank CGTGGTGGAAAGGGAAAC TGTCAGCATTCGCACTTC 

 IVS+T7P ATCAGAAGACAGATGACAG- 

ATGACAG 

TAATACGACTCACTATAGGGA- 

TCAGAAGACAGATGGCAGAAG 

23S rRNA 23S GTGGCTGCGACTGTTTAC ATTTCCGACCGTGCTGAG 

Cbu.DnaB 

 

CBU_1927 
 

Intein_flank 

 

ParB 
 

TTAAAGGACGACGATTGGC 

 

AGAAGTTCCTGCGGTTATCC 
 

CCCATTTCGGTGTTTAGC 

 

CAACACTGGCAATCGGAAG 
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Sequence analyses. Sequence data were obtained with an automated DNA sequencer 

(ABI3130x1) and a BigDye Terminator Cycle Sequencing Ready Reaction kit (ABI, 

Foster City, CA). Sequence analysis was accomplished using the ‘BLAST 2 sequences’ 

tool at the NCBI website http://www.ncbi.nlm.nih.gov/blast/bl2seq/wblast2.cgi (71).  

Ribosome isolation and intron detection. E. coli containing both Cbu.L1917 and 

Cbu.L1951 cloned in pCR2.1TOPO (pUM1) was grown to OD600 = 0.5 in the presence of 

100 µg/ml ampicillin and 1 mM IPTG. The cells were centrifuged at 10000 x g for 10 

min at 4°C and lysed in Buffer A (20 mM Tris-HCl, pH 7.5, 100 mM NH4Cl, 10 mM Mg 

Cl2), containing 10 mg/ml lysozyme (Sigma) and 200 U/ml RNaseOUT (Invitrogen) by a 

freeze/thaw procedure (62). Cell debris was removed by centrifugation at 16000 x g for 

10 min at 4°C. Lysates were loaded on a linear 5-20% sucrose gradient made in Buffer A 

containing 2 mM 2-mercaptoethanol and centrifuged for 15 h at 43000 x g (SW28 rotor, 

Beckman Coulter, Fullerton, CA) at 4°C. Fractions were collected from the gradient, 

assayed at 260 nm and ribosomes recovered by ethanol precipitation (67).  C. burnetii 

ribosomes were isolated using a similar procedure except that bacteria were purified from 

Vero cells 72-h post infection (~2x10
8
 genomes) and lysed twice with a French pressure 

cell (10,000 psi) (67). RNA was isolated from ribosome fractions using a RiboPure-

Bacteria Kit (Ambion) and cDNAs generated using an iScript cDNA Synthesis Kit (Bio-

Rad, Hercules, CA). 23S rRNA was detected by PCR (Table 1: 23S). The presence of 

intron RNA was detected using primer sets specific for each intron (Table 1: 

L1917_internal and L1951_internal).   

Quantitative RT-PCR (qRT-PCR).  To prepare synchronized co-cultures, Vero cells 

were infected with SCVs prepared as above. RNA and DNA were isolated from the same 
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flask on days 0, 2, 4, 6, 8, 10, 12 and 14 post-infection using TRI-Reagent (Ambion) as 

per a protocol recommended by the manufacturer 

(http://www.ambion.com/techlib/tn/123/13.html).  RNA was treated with TURBO DNase 

(Ambion) and quantified using spectrometry. One µg of RNA from each sample was 

converted to cDNA using an iScript cDNA Synthesis kit (Bio-Rad). qRT-PCR and qPCR 

were performed (Table 1: L1917_internal, L1951_internal) on cDNA and genomic DNA, 

respectively, using an iQ SYBR Green Supermix (Bio-Rad) on a MyiQ Single-Color 

Real-Time PCR detection System (Bio-Rad).  Cycling parameters were 95°C for 5 min 

followed by 40 cycles of 95°C for 15 s and 60°C for 30 s. To control for DNA 

contamination of RNA samples, PCR was also performed on RNA that had not been 

reverse transcribed. Fold differences were calculated by comparing each value (2 -14 d) 

to that of day-0 (taken as 1.0). Amplified cDNA was normalized to genomic equivalents 

and plotted as fold difference.  

Intein analyses. Cbu.DnaB, along with proximal flanking sequences, was amplified 

using the PCR primer set Intein_flank (Table 1) and C. burnetii genomic DNA.  The 

amplicon was cloned in-frame into pQE-31 (Invitrogen) and cloned out-of-frame into 

pQE-30 (Invitrogen) utilizing BamH1 and Pst1 to produce pUM6 and pUM12, 

respectively. The whole dnaB was not cloned into the expression vector to avoid toxicity 

in E. coli, as reported previously (78). E. coli [M15 (pREP4)] transformed with pUM6, 

pUM12 or pQE-31 was grown to logarithmic phase (OD600, 0.5) and 1 mM of IPTG was 

added to induce expression for 4 h at 37°C. Resulting cell pellets were solubilized in 

Laemmli sample buffer and used in  gradient SDS-PAGE (10-15% acrylamide; w/v). 

Proteins were visualized by staining with Coomassie brilliant blue and appropriate bands 
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were excised from the gel and submitted to Alphalyse, Inc. (Palo Alto, CA), for matrix-

assisted laser desorption ionization-time of flight (MALDI-TOF) peptide mass 

fingerprinting and MALDI-TOF/TOF peptide sequencing, after trypsin digestion.  

Statistical analyses and graphics. SigmaPlot 8.0 (Systat Software Inc., San jose, CA) 

was used for statistical analyses. PowerPoint 2003 and Excel 2003 (Microsoft, Redmond, 

WA) were used to generate graphs and figures.  

 

D. RESULTS 

  Introns retard growth rate of E. coli. A previous article showed that E. coli 

expressing the 26S rRNA intron from Tetrahymena thermophila displayed a significantly 

decreased growth rate relative to controls, prompting us to check whether the same is true 

for the 23S rRNA introns of C. burnetii (51). Both Cbu.L1917 and Cbu.L1951 were 

cloned individually into pCR 2.1-TOPO (Invitrogen) to produce pUM2 and pUM3, 

respectively. As a control, the IVS located upstream of the introns in the 23S rRNA gene 

was similarly cloned but in opposite orientation to the vector’s lac promoter to generate 

pUM4 and to transcribe a nonsense RNA of intermediate length (445 bases) relative to 

introns (Cbu.L1917, 288 bases; Cbu.L1951, 720 bases). Growth rates of E. coli strains 

transformed with pUM2, pUM3 or pUM4 were monitored spectrophotometrically for 5 h. 

As shown in Fig. 1, E. coli expressing either intron exhibited a significantly retarded 

growth rate when compared to the control, with Cbu.L1917 being more inhibitory than 

Cbu.L1951. Similar growth inhibition was observed when purified intron RNAs (25 µg) 

were electroporated directly into E. coli (not shown). Also, when Cbu.L1917 antisense  
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FIG.3-1. Effect of Coxiella ribozymes on E. coli growth. E. coli expressing cloned 

Cbu.L1917, Cbu.L1951 or an irrelevant control RNA (pUM2, pUM3 and pUM4, 

respectively) were induced with IPTG (0.1 mM) and assayed spectrophotometrically for 

growth at 37ºC over 5 h at OD 600 nm. A representative growth curve is shown.  
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RNA was electroporated into E. coli transformed with pUM2, normal growth was 

restored (not shown).  

Ribozymes associate with both E. coli and C. burnetii ribosomes. In the same report, 

Tetrahymena intron RNA (ribozyme) was found associated with E. coli ribosomes (51). 

We therefore analyzed ribosomes from both C. burnetii and from E. coli (pUM1), for 

ribosome-ribozyme complexes.  Ribosomes were harvested from C. burnetii and E. coli 

(pUM1). RNA was isolated from ribosomal pellets, converted to cDNA and analyzed by 

PCR (Table 1: L1917_internal and L1951_internal) for the presence of ribozymes. 

Ribozymes were found associated with ribosomes of both E. coli (pUM1) and C. burnetii 

(Fig. 2A lanes 1 and 5, and Fig. 2B lanes 1, and 5, respectively). Further, PCR done with 

primers (Table 1: 23S) designed to give a large (1559 bp) amplicon if introns are 

unspliced and a small (551 bp) product if introns are spliced out, confirmed that the 

mature 23S rRNA does not contain unspliced introns (not shown). To verify these results, 

PCR analysis using a primer set (Table 1: ParB) for Coxiella parB (CBU_1927, encoding 

a chromosomal partitioning protein) was also performed. parB has been previously 

shown to be strongly expressed alongside rRNA genes by Chlamydia trachomatis 

(another obligate intracellular bacterium) during an entire 7d infection period in vitro (20, 

30). Results showed that while parB mRNA is abundant in 0-8 d Coxiella co-cultures, it 

was not detectable in Coxiella ribosomal fractions, suggesting that intron-specific cDNA 

PCR products from ribosomes did not arise from contaminating RNA (not shown).  

Introns inhibit in vitro transcription/translation. To directly analyze the hypothesized 

impact of intron RNA on protein synthesis, we used an E. coli S30 in vitro 

transcription/translation system in conjunction with pBESTluc (encoding luciferase) in  
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Cbu.L1917 Cbu.L1951

cDNA RNA      gDNA NTC       cDNA RNA       gDNA NTC

104
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A

 FIG. 3-2. Ribozyme-ribosome association in: (A) E. coli, (B) C. burnetii. PCR was 

done using L1917_internal or L1951_internal primer sets on RNA isolated from E. coli 

or C. burnetii ribosomes, cDNA made from RNA, C. burnetii-genomic DNA (gDNA), or 

a no-template control (NTC). An ethidium bromide-stained agarose gel (2% agarose; 

w/v) is shown. Amplicon sizes were determined from standards and are given on either 

side in base pairs 
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the presence of ribozymes or control RNA followed by a Luciferase Assay (Promega). 

Following a 60-min reaction, a luciferase substrate was added and luminescence 

immediately quantified by luminometry. Results show that both Cbu.L1917 and 

Cbu.L1951 RNAs significantly decrease (>30%, p < 0.05) luminescence as compared to 

the control RNA (Fig. 3).  

Inverse correlation between Coxiella genome and intron RNA quantities. To build 

upon our observation that slow growth results from ribozyme-mediated inhibition of 

translation, we hypothesized that if the introns affect the growth rate of Coxiella, then 

their RNA quantities should inversely correlate to the rate of growth. Since C. burnetii is 

an obligate intracellular bacterium that does not grow in axenic medium, toxicity could 

only be measured indirectly. To this end, we compared C. burnetii genome content and 

ribozyme quantities measured over time in co-cultures. Total RNA and genomic DNA 

were isolated every 48 h from 0-14 d post-infection. C. burnetii genome and ribozyme 

quantities were estimated by qPCR and qRT-PCR, respectively, using primer sets 

specific for each intron (Table 1: L1917_internal, L1951_internal). Resulting data show a 

clear, inverse correlation between the quantities of C. burnetii genomes and either 

ribozyme, suggesting that the amount of intron RNA influences the rate of growth (Fig. 

4). After an initial rapid decline when C. burnetii transitions from SCV to LCV (2 – 4 d 

post-infection) (8), intron RNA quantities stabilize at 6 -14 d at a nominal level. Coxiella 

genome amounts increased slowly from 0 – 2 d (lag phase), then rapidly from days 2 - 8 

(log phase) and changed little between days 10 and 12 (stationary phase); however, it was 

observed to decrease between days 12 and 14 (our last time point).  
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 FIG. 3-3. Ribozymes inhibit in vitro translation of luciferase.  In vitro translation of 

luciferase from pBESTluc in the presence of 25 µg of Cbu.L1917, Cbu.L1951 or control 

RNA was done for 60 min and luminescence immediately measured thereafter. Data 

represent the means of three independent experiments ± SD (*p < 0.05 by student’s T 

test).  
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FIG. 3-4. Inverse correlation between quantities of Coxiella genome and ribozymes 

during growth. q-PCR and qRT-PCR data showing relative C. burnetii genome and 

Cbu.L1917 (A) and Cbu.L1951 (B) ribozyme quantities as a function of time. Data 

represent the means of three experiments ± SD.  
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Intein splicing from DnaB. The putative intein (Cbu.DnaB) detected in the replicative 

DNA helicase gene (CBU_0868) was analyzed to determine its splicing properties (55, 

66). PCR was performed on C. burnetii genomic DNA using the Intein_flank primer set 

(Table 1) to amplify the intein and proximal flanking sequences. The resulting amplicon 

was cloned into pQE31 (Invitrogen) to produce pUM6, which encodes a translational 

fusion protein. E. coli (pUM6) was used to study the intein’s splicing activity at the 

protein level. As a control, the same insert was cloned out-of-frame into pQE30 

(Invitrogen) to form pUM12. Expression was induced using IPTG and the protein 

products were analyzed using SDS-PAGE (Fig. 5). The intein (I, ~16.8 kDa) was 

observed to splice out of the precursor protein (P, ~35.6 kDa) leaving the two exteins (E, 

~23.6 kDa) spliced together (Fig. 5). The molecular masses of I and P determined from 

the gel corresponds well with their in silico predicted values of 16.3 kDa, and 34.7 kDa, 

respectively. The “E” band seems to be running slightly slower than its predicted 

molecular mass of 18.3 kDa. The identity of P, E and I bands were confirmed using 

MALDI-TOF peptide fingerprinting and MALDI-TOF/TOF peptide sequencing (data not 

shown). The P, E or I bands were not visible in the vector-only or pUM12 lanes showing 

that the bands are insert-specific and are produced only when the insert is in-frame. The 

large precursor band suggests that intein splicing progresses slowly, unlike group I 

introns, which splice rapidly (59).  

Phylogenetic analyses. Neighbor-joining trees were built using MEGA4 to reconstruct 

the plausible evolutionary history of the intein (69). Phylogeny reconstruction showed 

that Cbu.DnaB clustered with two very similar inteins inserted at the same position in 

dnaB genes (alleles) of A. ehrlichi (Aeh.DnaB2) and H. halophila (Hha.DnaB2), with the  
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FIG. 3-5. Intein splicing. E. coli (pQE-31 “vector”, pUM6 or pUM12) were induced 

with IPTG for 4 h and  protein profiles were analyzed using SDS-PAGE. P, precursor 

fusion protein (~35.6 kDa); E, spliced exteins (~23.6 kDa), I, intein (~16.8 kDa). 

Molecular masses (MM) were determined from standards and are given to the left in kDa.  
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exclusion of inteins inserted in other sites (non-alleles) (Fig. 6A). These extremophilic 

bacteria have not been previously shown to be related to C. burnetii, suggesting HGT was 

used by the intein to invade C. burnetii’s genome. To get a clearer picture, phylogenetic 

trees were constructed using 16S rRNA sequences and the amino acid sequences of the 

dnaB gene. DnaB was chosen to verify the 16S tree not only because it is the site of 

intein insertion but also due to the high degree of replicative DNA helicase conservation 

between bacterial species. Results show that although L. pneumophila and R. gryllii are 

the closest known relatives to C. burnetii, as previously reported (11, 63),  A. ehrlichei 

and H. halophila are also related to C. burnetii albeit with weak bootstrap support (Figs. 

6B and 6C). Similar results were obtained when phylogenetic trees were built using the 

Maximum Parsimony method (not shown) (16).  

E. DISCUSSION 

   All genes can be considered selfish, but in most instances a gene increases its chance of 

maintenance by increasing the fitness of the host organism (14). However, many genetic 

elements like introns and inteins reside and replicate within the genome at the host’s 

expense; hence it is perhaps more appropriate to describe them as parasitic (1, 23). Group 

I introns and inteins invade highly conserved host genes involved in vital functions 

utilizing an encoded HE. Curiously, HEs themselves are selfish/parasitic elements that 

have invaded introns and inteins. Based on the presence of conserved amino acid motifs, 

HEs are divided into four families: LAGLIDADG, GIY-YIG, HNH and His-cys box, 

with LAGLIDADG being the most common (25). While the route of entry for both group 

I introns and inteins might be the same, i.e., HE-mediated target-site cleavage and host-

mediated double-strand DNA repair, their exit strategies are dramatically different;  
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 FIG. 3-6. Phylogenetic analyses. Neighbor-Joining trees for: (A) inteins, (B) 16S and 

(C) DnaB. Intein and DnaB phylogenies were computed using amino acid sequences 

(125 and 434 positions, respectively) and Poisson correction method. 16S tree was built 

using DNA sequence (1351 positions) and Maximum Composite Likelihood method. 

Bootstrap values (1000 replicates) are indicated at the nodes.   
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introns splice out as RNA whereas inteins splice out of proteins. In this study, we 

describe the “toxic” (i.e. growth-inhibitory) property exhibited by two self-splicing group 

I introns- Cbu.L1917 and Cbu.L1951 - that interrupt the 23S rRNA and the functionality 

of Cbu.DnaB, the intein found in the C-terminal portion of the replicative DNA helicase 

(DnaB) of C. burnetii.  

   Due to the lack of genetic systems for C. burnetii, we resorted to E. coli models for 

most of our experiments. However, both in vivo E. coli experiments and the in vitro S30 

system are appropriate models for studying Coxiella introns because of the high degree of 

conservation between the 23S rRNA of C. burnetii and E. coli. In fact, exon sequences 

surrounding and separating the two introns in C. burnetii are 100% identical between the 

two bacteria. The observed association of ribozymes with the ribosomes of both bacteria 

supports the utility of the model. Since the IGS of both ribozymes are complementary to 

their respective splice junctions, it is very likely that intron RNAs associate with the 23S 

rRNA at these regions (Fig. 7). Binding of Cbu.L1917 RNA to helix 69 and Cbu.L1951 

RNA to helix 71 of 23S rRNA would likely interfere with the formation of vital inter-

subunit (30S-50S) bridges B2a and B3, respectively (79). This interference could make 

the ribosome unstable, thereby affecting its ability to translate efficiently, leading to a 

retarded growth rate (37). Cbu.L1917 elicited greater inhibition of E. coli growth than 

Cbu.L1951, consistent with the in vitro observations where inhibition of luciferase 

translation by Cbu.L1917 RNA was slightly but consistently greater than by Cbu.L1951 

RNA. Interestingly, predicted ribozyme-ribosome associations (Fig. 7) show more 

complementary interactions between Cbu.L1917’s IGS and helix 69 than between 

Cbu.L1951’s IGS and helix 71 (15 and 9 complementary bases, respectively). Moreover,  
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Figure 3-7. Potential ribozyme-ribosome interactions. (A) Masking of 23S rRNA 

helix 69 (upper case) by Cbu.L1917’s IGS (lower case). Nucleotides at positions 1912, 

1913, 1914 and 1918 (in bold) involved in forming the intersubunit bridge B2a. Positions 

1913, 1914, and 1915 (within oval) interact with A-site tRNA. Positions 1908, 1909, 

1922, and 1923 (within parallelogram) interact with P-site tRNA. Arrows, flanking 

portions of Cbu.L1917. (B) Binding of Cbu.L1951’s IGS (lower case) with 23S rRNA 

helix 71 (upper case). Nucleotides 1947 and 1948 (in bold) involved in forming the 

intersubunit bridge B3. Positions 1942 and 1943 (within rectangle) interact with P-site 

tRNA. Arrows, flanking portions of Cbu.L1951.  
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if Cbu.L1917 RNA binds to helix 69 as predicted (Fig. 7A), it would mask contact sites 

with P-site tRNA (bases 1908, 1909, 1922, 1923) and with A-site tRNA (bases 1913, 

1914 and 1915). It would also interfere with the formation of inter-subunit bridge B2a 

(bases 1912, 1913, 1914, and 1918). On the other hand, binding of Cbu.L1951 RNA to 

helix 71 would partially interrupt bridge B3 (base 1948) and may interfere with the 

contact sites with P-site tRNA (bases 1942 and 1943) (28, 36).  

   A potential disparity in target-affinity and structural hindrance could explain observed 

differences in growth inhibition caused by the two ribozymes. During the growth cycle of 

C. burnetii, Cbu.L1917 RNA is found consistently at lower amounts than Cbu.L1951, 

especially on day 2 of our experiment, when bacterial growth rate is poised to accelerate 

(Fig. 4), suggesting that RNA from Cbu.L1917 is more toxic than that of Cbu.L1951. 

Since equal amounts of both intron RNAs will be synthesized at any given time, the 

observed difference in concentration is likely due to differences in intron RNA half-lives, 

with Cbu.L1917 being more labile than Cbu.L1951, again supporting the possibility that 

Cbu.L1917 is more toxic than Cbu.L1951. In contrast to the relatively stable 16S rRNA 

levels observed during the growth cycle of C. burnetii (8), a rapid fall in the levels of 

both intron RNAs was observed when the bacteria transits from lag to log phase. This 

suggests a reduced half-life for the excised intron RNAs during log phase as compared to 

lag phase. This possibility fits well with earlier observations showing that the half-life of 

Tetrahymena intron RNA is much lower (5 sec) during rapid growth than in slow growth 

(30 sec) (5) and that the half-life of total E. coli mRNA is longer during lag and 

stationary phases when compared to log phase (33). Also, a study by Chan et al. has 

demonstrated that the half-life of an excised group I intron RNA is eight to 22 times 
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longer than that of a typical E. coli mRNA (6). Consequently, in C. burnetii it is possible 

that when the relatively fast-growing LCVs transition to metabolically quiescent SCVs, 

potentially toxic intron RNAs become more stable causing further growth retardation. 

However, this negative effect may not be significant since transcription and translation is 

minimal in SCVs.  

   Although group I introns are abundant in structural RNA genes of mitochondria and 

chloroplasts of lower eukaryotes, they are extremely rare in bacterial counterparts (19), 

(21). We recently described the unusual occurrence of two self-splicing group I introns in 

the 23S rRNA gene of C. burnetii (59). Given the predilection towards genome reduction 

in obligate intracellular bacteria, the presence of multiple introns in a single gene was 

intriguing by itself, but the additional observation that these introns can reduce bacterial 

growth rates raises some interesting questions: Why would a bacterium contain multiple 

introns in its vital and sole 23S rRNA gene when introns are so rare in other bacteria? 

Are the introns toxic but still tolerated by the bacterium? Is the growth-rate reduction 

caused by the introns beneficial to the bacterium or is it neutral? We believe that by 

examining the current life-style/biology of C. burnetii in light of its evolutionary history, 

we can elucidate this apparent paradox. 

   Bacterial genomes are constantly evolving under two opposing forces: gene loss and 

gene gain (3, 54). Mutational process, which is strongly biased towards deletion in 

bacteria, is responsible for most of the gene loss that results in condensed genomes with 

high densities of functional genes (45, 52). Bacteria acquire new genes via HGT; a well-

established avenue for bacterial diversification and innovation, with acquisition of 

pathogenicity islands and antibiotic resistance being two of the most notorious examples 
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(49, 53). Usually these two opposing processes are more or less in equilibrium; however, 

when a bacterium shifts from a free-living to an intracellular life style, the balance 

between these two forces tips in favor of gene loss, resulting in shrunken genomes as 

observed in obligate intracellular pathogens and endosymbionts (4, 48). Evolutionary 

forces acting on an obligate intracellular bacterium like C. burnetii are quite different 

from those acting on an environmental bacterium. Constant availability of nutrients, low 

effective population size and bottlenecks during transmission render obligate intracellular 

bacteria susceptible to low purifying selection and genetic drift. This leads to the 

stochastic loss of several beneficial genes and accumulation of some slightly deleterious 

mutations (Muller’s ratchet) (46, 47). In the obligate endosymbiotic bacterium Buchnera 

aphidicola, the aforementioned forces have not only reduced the genome but also have 

caused the loss of beneficial DNA repair genes and accumulation of slightly deleterious 

mutations in vital genes such as groEL and 16S rRNA (27, 34). A similar picture can be 

envisioned in C. burnetii. Available evidence suggests that an ancestor of C. burnetii 

recently moved from the environment into the intracellular niche with concomitant loss 

of some beneficial genes, like recBCD (66). The starter population would possibly have 

suffered severe bottlenecks before the extant bacterium, which is fully adapted to living 

in acidic parasitophorous vacuoles (PVs), arose. It has been shown that nutrient-laden 

vesicles of endocytic and/or autophagic pathway(s) fuse with Coxiella’s PVs providing a 

constant supply of nutrients (26, 61). Living in a privileged niche with adequate nutrients 

and low effective population size conceivably resulted in fixation of genes with low 

fitness, like the toxic introns. In bacteria like E. coli, living in unpredictable environments 

and with large effective populations, these low-fitness genes would be rapidly removed 
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by selection, hence the observed paucity of group I introns (17). Given the likelihood for 

reductive evolution and limited opportunities for HGT in C. burnetii, it is likely that these 

introns will be lost at some future time point unless the elements serve an adaptive role 

and are hence retained by positive selection. It is important to point out that while it is 

assumed that the intracellular niche occupied by C. burnetii precludes HGT, it is possible 

that some of the parasitic genetic elements originated from other co-infecting bacteria or 

from host cell organelles, like mitochondria and chloroplast [intracellular arena 

hypothesis, (4)].  

   The possibility that the introns are beneficial to C. burnetii is strengthened by the 

observation that intron sequences are highly conserved among all eight genomic groups 

of the pathogen, isolated from disparate hosts and geographic regions (59). It is 

conceivable that the growth rate reduction caused by the introns fosters chronic infection 

and persistence in the host. Slow growth rate is a trait shared by most bacteria that cause 

chronic infections (32, 38, 58, 68, 73). While acute Q fever is self-limiting, the immune 

system is often unable to clear all bacteria leading to persistence in the host. A study by 

Marmion et al. showed that over 88% of infected persons were PCR positive for C. 

burnetii twelve years after acute primary infection (39). By promoting slow growth, 

introns might in turn be promoting host survival and their own positive selection. Another 

possibility is that the introns are evolutionarily neutral, with minimal additional negative 

impact on the growth rate of C. burnetii, which already is extremely slow. In this 

scenario, the introns would eventually be lost from the population and would not reappear 

due to a lack of HGT, thus resulting in a more compact genome (22).   
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   Like group I introns, inteins invade a new host via HE-mediated targeting (15). Once 

inteins are fixed in a population they tend to lose the HE gene (HEG) and accumulate 

mutations in regions not essential for splicing. Subsequently, the intein itself is lost from 

the population by accurate deletion and only through another HGT event can the intein 

regain access to the population (56). Cbu.DnaB has apparently lost its HEG, suggesting 

that it is in the second phase of its cycle and has been present for some time in C. 

burnetii. Interestingly, the G+C ratio and codon bias of the intein is similar to that of the 

C. burnetii genome (data not shown), again suggesting that intein-invasion occurred a 

long time ago, providing the bacterium with adequate time to ameliorate possible 

nucleotide differences (35). Given enough time, the intein will likely be lost, and due to 

the paucity of HGT may not be able to reinvade C. burnetii. Phylogenetic and BLAST 

analyses using the intein sequence identified inteins inserted at the same loci of A. 

ehrlichei and H. halophila as Cbu.DnaB’s closest neighbors (71). To date, these are the 

only inteins found at this specific site in dnaB (alleles), and it has been previously shown 

that intein alleles are more closely related to each other than to non-alleles (inteins at 

different insertion sites) (55). The presence of homologous inteins in two extremophiles 

suggests that HGT is the most parsimonious explanation for their source. However, 

additional phylogenetic and BLAST analyses using 16S and DnaB sequences suggest that 

C. burnetii, A. ehrlichei (an haloalkaliphile found in soda lakes), and H. halophila, (one 

of the most halophilic bacteria known), share a closer evolutionary relationship than 

previously suspected. Thus, even though HGT is the most probable route of intein 

acquisition, it is possible that the element was inherited vertically from a common 

ancestor. Since a non-functional intein could convert a functional gene into a pseudogene 
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(23), and given the pseudogenization going on in C. burnetii (66), we were curious to 

assess the intein’s functionality. Our analyses demonstrate that the intein is indeed 

functional (Fig. 5), hence the mature DnaB of C. burnetii is undoubtedly functional. In a 

recent analyses of the C. burnetii proteome, the spot identified as DnaB (No. 16) is 

clearly smaller (~ 50 kDa) than the molecular mass predicted from GenBank (accession 

no. NC002971; ~67 kDa), suggesting that the intein is removed to form the mature DnaB 

protein (65). These observations are not surprising since DnaB is essential (2).  

   A fascinating possibility is that the presence of the intein in an essential protein is 

beneficial to C. burnetii. Intein splicing appears to be a slow process (Fig. 5), and before 

the intein is excised, the DnaB precursor is probably non-functional, thereby reducing the 

pool of mature DnaB (24). Since the amount of DnaB in each bacterial cell is thought to 

be very low (43), intein-mediated scarcity of functional DNA helicase might create a lag 

in replication, thereby fostering slow growth. Again, similar to the argument made for 

introns, Coxiella’s slow growth rate may obviate the urgent need for mature DNA 

helicase proteins during replication, thus rendering the intein functionally neutral 

(molecular atavism). In any case, the availability of an obligate post-translational 

processing step provides opportunity for regulation. Although a regulatory role for inteins 

has not been demonstrated to date, it is possible that the intein excises in response to a 

signal, thus making available mature, functional proteins at the appropriate time. Indeed, 

inteins have been engineered with single amino acid substitutions to respond to pH and 

temperature (7). In conclusion, the parasitic genetic elements acquired by C. burnetii in 

the past, and retained in its present obligatory intracellular niche, undoubtedly influence 
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its biology. Further research is needed to delineate precise roles played by these 

intriguing elements in C. burnetii.  
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CHAPTER FOUR 

Intron Toxicity is Caused by Both Sequence-Dependent and Sequence-Independent 

Mechanisms and Pentamidine Inhibits Coxiella burnetii growth in Vero Cells 

 

A. INTRODUCTION 

               The two group I introns found in C. burnetii were observed to associate with 

bacterial ribosomes and interfere with their function (104). Since the IGSs of Cbu.L1917 

and Cbu.L1951 are complementary to helix 69 and helix 71 of the 23S rRNA, 

respectively, we hypothesized that the introns associate with ribosomes using their IGS. 

This scenario seemed plausible since interfering with the function of helices 69 and 71 

would affect ribosome function due to a failure to form inter-subunit bridges B2a and B3, 

respectively (138). To test this, we constructed introns without IGS and also chimeric 

RNAs that have the IGS but with non-relevant RNAs fused to it in place of the intron. 

Results show that introns without IGS could still inhibit E. coli growth, but IGS was 

found to be important for the inhibition of ribosome function in vitro. Since the introns 

are encoded in the sole 23S rRNA gene of C. burnetii, it is vital to remove them before 

mature 23S rRNA is formed. The dependence on intron splicing to form functional 

ribosomes makes any agent that can block this process a potentially attractive therapeutic 

agent against Q fever. We tested and determined that pentamidine, a known inhibitor of 

group I intron splicing in vitro, can inhibit C. burnetii growth in Vero cultures.  

               A predicted secondary structure shows that the IVS is inserted into helix 45 as a 

stem-loop structure with possible RNase III processing sites. The protein encoded by the 

ORF (CBU_2096) within the IVS was found to be highly toxic to E. coli, such that only 
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clones with the ORF out-of-frame or in opposite orientation to the promoter were 

recovered. The reconstructed phylogenetic history of this protein showed orthologous 

proteins encoded within IVSs of Leptospira borgpetersenii and Carboxydothermus 

hydrogenoformans.  

 

B. MATERIALS AND METHODS 

 

      E. coli growth assay. PCR was performed on Coxiella genomic DNA using primers 

(Table 1: L1917w/oIGS and L1951w/oIGS) that amplified the introns excluding their 

IGS regions, and the PCR products were cloned into pCR2.1-TOPO per manufacturer’s 

instructions (Invitrogen) in the proper orientation downstream of the lac promoter. To 

construct chimeric RNAs, PCR primers L1917IGS+SVI and L1951IGS+SVI (Table 1) 

were used. These primers were designed by adding either intron’s IGS sequence to the 5’ 

end of each forward primer, such that the resulting amplicons have an IGS at the 5’ end 

followed by the IVS sequence in reverse orientation in place of the intron. E. coli 

(Top10F’) transformed with each plasmid was grown 2 h to mid-logarithmic phase at 

37°C in LB broth in the presence of 100 µg/ml ampicillin (Sigma-Aldrich) and then used 

to inoculate 50 ml fresh LB with 100 µg/ml ampicillin and 1 mM IPTG to an OD600 of 

0.03 at 0 h. Bacterial growth was assayed spectrophotometrically at 600 nm at 60 min 

intervals (37°C, shaking).  

 

      In vitro transcription. To generate templates to synthesize RNAs, introns without 

IGS were amplified using C. burnetii genomic DNA and PCR primers designed to add a 



 91 

T7 promoter sequence at the 5’ end of the amplicon (Table 1: L1917w/oIGS+T7P, 

L1951w/oIGS+T7P). In vitro transcription was performed using a MEGAscript Kit 

(Ambion), and resulting RNA was purified using NucAway (Ambion) spin columns and 

TURBO DNase (Ambion) as per manufacturer’s instructions.  

 

     In vitro transcription/ translation and luciferase assay. Utilizing pBESTluc as the 

template, luciferase was synthesized in vitro for 1 h using an E. coli S30 Extract System 

for Circular DNA (Promega), as per manufacturer’s instructions, in the presence of 25 µg 

of either intron RNAs without their respective IGS segments or control RNA. Luciferase 

Assay Reagent (Promega) was added to the in vitro translation reactions and 

luminescence measured immediately using a luminometer (PerkinElmer).  

 

     Phylogenetic analyses. The phylogenic history of CBU_2096 was reconstructed 

using its amino acid sequence. Other related proteins were identified by a BLAST search 

(3). Only sequences that were identified to be encoded in 23S rRNA were used. Also, 

when multiple strains of the same organism contained the same ORF, only one sequence 

was included in the analyses. In addition to CBU_2096 (YP_022738.1), the other ORFs 

used in this study were from Leptospira borgpetersenii serovar Hardjo-bovis L550 

(YP_798587), Carboxydothermus hydrogenoformans Z-2901 (YP_359321), Chlorobium 

phaeobacteroides BS1 (ZP_00531740.1), Flavobacteria bacterium BAL38 

(EAZ94741.1), Anabaena variabilis ATCC 29413 (YP_320317.1), Prosthecochloris 

aestuarii DSM 271 (ZP_00592577.1), Acidobacteria bacterium Ellin345 (YP_593439.1), 

Crocosphaera watsonii WH 8501 (ZP_00516874.1), Algoriphagus sp. PR1  
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Table 4-1. Primers and their targets used in this study.  

 

      Target     Designation  Forward Primer Reverse Primer 

Cbu.L1917 L1917w/oIGS TAAATAAACTTGGCTATATGC TATTGACGTTATGTTAATCATG 

 L1917IGS+SVI ACCGTTGTAGTTACGCAGAAG 

ACAGATG 

CCTGATAGTTATTGCGGAAGT 

CTACCC 

 L1917w/oIGS 

+T7P 

TAATACGACTCACTATAGGG- 

TAAATAAACTTGGCTATATGC 

TATTGACGTTATGTTAATCATG 

Cbu.L1951  L1951w/oIGS GGTAGTGATAAAGTCAGC CACTCTTTCCTATGTTTCC 

 L1951IGS+SVI AAATTGCCCCGCAGAAGAC 

AGATGACAG 

CCTGATAGTTATTGCGGAAGT 

CTACCC 

 L1951w/oIGS 

+T7P 

TAATACGACTCACTATAGGG- 

TAGTGATAAAGTCAGCTC 

CACTCTTTCCTATGTTTCCATA- 

 GGG 
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(ZP_01721093.1), Geobacter bemidjiensis (ZP_01777007.1), Kordia algicida OT-1 

(ZP_02160952.1) and Candidatus cloacamonas acidaminovorans (CAO81281.1). 

Neighbor-joining trees that were bootstrap replicated (1000 replicates) were built using 

MEGA4 (112), (122). An optimal tree is shown with branch lengths depicting 

evolutionary distances computed by the Poisson correction method for the number of 

amino acid substitutions per site (140). All positions containing gaps were eliminated, 

resulting in a total of 106 positions being used in the final dataset. 

 

     Pentamidine susceptibility testing. African green monkey kidney (Vero) fibroblasts 

(CCL-81; American Type Culture Collection) that were grown in 6-well tissue culture 

plates for 2 d were infected with C. burnetii Nine Mile phase II (RSA 439; clone 4) and 

allowed to grow in RPMI medium (Invitrogen) supplemented with 10% fetal bovine 

serum (HyClone) in the presence of 0, 10, 25, 50 or 100 µg/ml of pentamidine isethionate 

(Sigma). After 72 hrs, the cells were removed and total DNA extracted using a High Pure 

PCR template preparation kit (Roche) according to manufacturer’s recommendations. Q-

PCR was done using an iQ SYBR Green Supermix (Bio-Rad) on a MyiQ Single-Color 

Real-Time PCR detection System (Bio-Rad).  Cycling parameters were 95°C for 5 min 

followed by 40 cycles of 95°C for 15 s and 60°C for 30 s. Fold differences were 

calculated by comparing each value on day-3 to that of day-0 (taken as 1.0). 

 

     Cell viability. Vero cell viability under pentamidine treatment was verified using a 

CytoTox 96 Assay (Promega) per manufacturer’s recommendations. The supernatant 

from the 72-h Vero culture infected with C. burnetii and treated with 50 or 100 µg/ml of 
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pentamidine was collected and measured for the presence of lactate dehydrogenase 

(LDH) released from lysed cells. Supernatant from cultures without pentamidine and 

fresh RPMI supplemented with 10% fetal bovine serum were used as controls. Cell 

viability was also tested using the vital dye trypan blue. Both pentamidine-treated and 

untreated Vero cells were stained with trypan blue and viable cells counted using a 

hemocytometer and light microscopy.  

    

  Statistical analyses and graphics.  PowerPoint 2003 and Excel 2003 (Microsoft) were 

used to generate graphs and figures. InStat (GraphPad, La Jolla, CA) was used to conduct 

paired t-tests and a P value of ≤ 0.05 was considered statistically significant.  

 

C. RESULTS 

 

     Introns without IGS retard growth rate of E. coli. We previously showed that both 

Cbu.L1917 and Cbu.L1951 associate with bacterial ribosomes and inhibit their function 

causing growth rate retardation (Chapter 3). Based on the complementarities between the 

IGS of Cbu.L1917 and helix 69 and Cbu.L1951’s IGS and helix 71 of 23S rRNA, we 

hypothesized that the introns were associating with the ribosomes using their IGS. To test 

this, we constructed and cloned Cbu.L1917 and Cbu.L1951 without their IGSs into 

pCR2.1-TOPO to produce pUM7 and pUM8, respectively. Growth rates of E. coli strains 

transformed with pUM7, pUM8 or pUM4 (Control, Table 3) were monitored 

spectrophotometrically for 5 h. Growth rates of E. coli transformed with pUM2 (intact 

Cbu.L1917) or pUM3 (intact Cbu.L1951) were also measured in parallel. As shown in 



 95 

Figs. 1.A and 1.B, E. coli transformed with either pUM7 or pUM8 exhibited significantly 

retarded growth rates compared to the control, but they were not significantly different 

from that of pUM2 or pUM3. These data suggest that the IGS does not play a significant 

role in the E. coli growth retardation caused by the ribozymes.  

 

     In vitro transcription/translation in the presence of ribozymes lacking IGS. To 

test whether ribosomes were the target for introns that lack IGS, we used an E. coli S30 

in vitro transcription/translation system in conjunction with pBESTluc (encoding 

luciferase).  Following a 60-min reaction in the presence of intact introns, introns without 

IGS or control RNA, Luciferase Assay Reagent (Promega) was added and luminescence 

immediately quantified by luminometry. Results show that even though both intact and 

IGS-less Cbu.L1917 RNAs significantly (P < 0.05) decrease luminescence as compared 

to the control RNA, the inhibition caused by the intact ribozymes is significantly (P < 

0.05) greater than that by the IGS-less species (Fig. 2.A). Intact Cbu.L1951 RNA 

significantly (P < 0.05) inhibits luminescence, whereas Cbu.L1951 RNA without IGS did 

not inhibit luminescence significantly, when compared to the control (Fig. 2.B). These 

results show that IGSs, which are complementary to exon junctions, play an important 

role in ribosome inhibition caused by both ribozymes. In addition, the data suggests that 

Cbu.L1917 also inhibits ribosomes through an antisense-independent mechanism.  

 

     IGS alone cannot retard E. coli growth rate. From the above experiments, it is clear 

that IGS is important for ribozyme-mediated inhibition of ribosome function in vitro, but 

not for retardation of E. coli’s growth rate. These data suggest that IGS-mediated  
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FIG.4-1. Effect of Coxiella introns lacking IGS on E. coli growth. (A) E. coli 

expressing cloned intact Cbu.L1917 (pUM2) or Cbu.L1917 without IGS (pUM7), and 

(B)  E. coli expressing cloned intact Cbu.L1951 (pUM3) or Cbu.L1951 without IGS 

(pUM8)  and an irrelevant control RNA (pUM4) were induced with IPTG (0.1 mM) and 

assayed spectrophotometrically at 600 nm for growth at 37ºC over 5 h. A representative 

growth curve of three independent experiments is shown.  
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FIG.4-2. In vitro translation of luciferase in the presence of ribozymes lacking IGS.  

In vitro translation of luciferase from pBESTluc in the presence of 25 µg of intact 

Cbu.L1917 (L1917), Cbu.L1917 without IGS (L1917 w/o IGS) or control RNA (A) and  

intact Cbu.L1951 (L1951), Cbu.L1951 without IGS (L1951 w/o IGS) or control RNA (B) 

was done for 60 min and luminescence immediately measured thereafter. Data represent 

the means of three experiments ± SD. *, ≤ 0.05 vs. control and #, ≤ 0.05 vs. intact 

ribozymes by paired t-test.    
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ribosome inhibition is not a significant cause of the observed E. coli growth rate 

inhibition. To confirm this possibility, we constructed fusion RNAs that contain IGS at 

the 5’ end but replaced the rest of the intron with a random stretch of RNA (see methods). 

We cloned these into pCR2.1-TOPO to produce pUM9 (Cbu.L1917’s IGS) and pUM10 

(Cbu.L1951’s IGS). Growth rates of E. coli strains transformed with pUM9, pUM10 or 

pUM4 were monitored by OD600 for 4 h. As shown in Fig. 3, all three strains have similar 

growth rates, showing that the IGS domains cannot inhibit bacterial growth by 

themselves.  

     

     Pentamidine inhibits C. burnetii growth in Vero cells. Since the two group I introns 

interrupt the sole 23S rRNA gene of C. burnetii, they have to be spliced out to form 

mature 23S rRNA. We tested the efficacy of pentamidine, a known inhibitor of group I 

intron splicing in vitro (89, 139), on C. burnetii grown in Vero cells. We found that 

pentamidine inhibits C. burnetii growth significantly (> 66%, p < 0.05) at all 

concentrations used (Fig. 4). To rule out pentamidine toxicity to Vero cells as a cause of 

the decreased growth, we also measured the level of lactate dehyrogenase (LDH) in the 

cocultures. LDH was not detected from the supernatant collected from Vero cultures 

treated with pentamidine (10, 50 or 100 µg/ml) demonstrating that pentamidine does not 

cause cell lysis (data not shown). We also performed Trypan blue staining and found no 

difference in viability between Vero cells treated with pentamidine (50 µg/ml and 100 

µg/ml) and sham-treated cells (data not shown). Taken as a whole, these observations 

show that pentamidine is not toxic to Vero cells and has the potential to be used as an 

antimicrobial for C. burnetii. 
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FIG. 4-3. Effect of IGS on E. coli growth. E. coli (pUM9 or pUM10) expressing fusion 

RNAs that have the IGS segments of Cbu.L1917 or Cbu.L1951, or an irrelevant control 

RNA (pUM4) were induced with IPTG (0.1 mM) and assayed spectrophotometrically at 

600 nm for growth at 37ºC over 4 h. A representative growth curve is shown. 
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FIG. 4-4. Q-PCR data showing pentamidine inhibition of Coxiella growth. Vero cells 

were infected with C. burnetii and grown for 72 h in the presence of 0, 10, 25, 50 or 100 

µg/ml of pentamidine. Data represent the means of three experiments ± SD.  
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  Secondary structure of IVS. We confirmed the published IVS sequence (117) and 

used it to predict a secondary structure. The IVS is found inserted into helix 45 of the 23S 

rRNA of C. burnetii. Since the 5’ and 3’ termini have long stretches of complementary 

bases, the IVS forms a stem-loop structure projecting out from helix 45 (Fig. 5). The stem 

loop has a repeating oligomer sequence which is characteristic of nuclease recognition-

sites. Since RNase III cleaves near the middle, the base of the stem loop would hold the 

23S rRNA fragments in place, thereby avoiding any deleterious effect from 

fragmentation.  

 

     Phylogenetic analysis of CBU_2096. We performed phylogenetic analyses to gain 

some insight into the unknown protein encoded within the IVS. Neighbor-joining trees 

were built using MEGA4 (112, 122). In the reconstructed phylogeny (Fig. 6), CBU_2096 

clustered with a very similar ORF present in some Leptospira species on an IVS, inserted 

at the same site as in C. burnetii. Since Leptospira and C. burnetii are not closely related, 

the high degree of amino acid sequence conservation observed is most likely explained 

by HGT.  

 

D. DISCUSSION  

        The two group I introns in C. burnetii are found inserted in the 23S rRNA gene and 

their IGS sequences are complementary to highly conserved helices in bacterial 23S  
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FIG. 4-5. Predicted secondary structure of IVS. IVS is found inserted into helix 45 

(red) of C. burnetii’s 23S rRNA. Possible processing site for RNase III (blue) and the 

relative location of CBU_2096 are also depicted.  
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FIG. 4-6. Phylogenetic analysis of CBU_2096. Neighbor-Joining trees were constructed 

using amino acid sequences (106 positions) and Poisson correction method. Bootstrap 

values (1000 replicates) are indicated at the nodes.   
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rRNA. We previously observed that ribozymes can associate with both C. burnetii and E. 

coli ribosomes and hypothesized that the ribozyme-ribosome associations occurred via 

interactions between Cbu.L1917’s IGS and helix 69 and Cbu.L1951’s IGS and helix 71 

(Fig. 7, Chapter 3). Indeed, a previous study had shown that a group I intron from 

Tetrahymena, when expressed in E. coli, associates with the ribosomes by means of its 

IGS and inhibits bacterial growth rate (97). Our data show that both introns inhibit 

ribosome function in vitro, via IGS. Binding of Cbu.L1917’s IGS to helix 69 of 23S 

rRNA would likely obstruct the formation of the vital inter-subunit bridge B2a. Also, 

Cbu.L1917 would mask the contact sites between helix 69 and P- and A-site tRNAs. 

Cbu.L1951 bound to helix 71 would likely hinder formation of the inter-subunit bridge 

B3 and mask the contact site with P-site tRNA (138). These interferences could make the 

ribosomes unstable, thereby affecting their function. 

        To our surprise, our data also showed that both ribozymes retard E. coli growth rate 

even in the absence of IGSs. We also noted that, Cbu.L1917 but not Cbu.L1951 was able 

to inhibit ribosome function in vitro through an IGS-independent mechanism. Similar 

inhibitions of growth by oligonucleotides through both sequence-dependent and 

sequence-independent mechanisms have been observed in fungi, parasites and bacteria. 

For example, when DNA and RNA oligonucleotides that were mimics of, or 

complementary to, helix 69 were introduced into Candida albicans, it interfered with 

ribosome function and reduced cell growth. Interestingly, control oligos with no sequence 

similarity or complementarity to Candida rRNA also caused growth rate reduction 

through an unknown mechanism (31). In another study, antisense oligonucleotides that 

were complementary to immediate-early RNA of human cytomegalovirus were shown to 
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be able to inhibit virus replication. Again, control oligonucleotides without 

complementarity to any viral RNA were also shown to be able to cause growth inhibition 

(4). Oligonucleotides have also been shown to inhibit the growth of other viruses like 

HIV and Herpes simplex, bacteria like M. tuberculosis and M. smegmatis, and parasites 

like Plasmodium falciparum and Toxoplasma gondii through both sequence-dependent 

and independent manner (53). The underlying mechanisms that cause sequence-

independent growth inhibition may vary. The intron RNAs may be inhibiting the function 

of proteins that play a role in ribosome assembly and function or may be interfering with 

tertiary interactions within the ribosomes (138). Further research is needed to better 

understand this phenomenon. Irrespective of their mode of action, small RNA and DNA 

sequences have the potential to be used as therapeutic agents to treat a number of human 

diseases. In fact, the U.S. Food and Drug Administration (FDA) has approved an 

oligonucleotide drug, Vitravene, for human use to treat cytomegalovirus retinitis (4).          

        By virtue of being inserted into the sole 23S rRNA gene, the two group I introns 

play an indirect but vital role in C. burnetii biology. In order to form functional 

ribosomes, it is imperative that the introns be removed from the pre-23S rRNA and the 

exons spliced together accurately. Any agent that blocks this process could potentially be 

used as a bactericidal agent to treat C. burnetii infections. Moreover, since group I introns 

are not found in humans, an agent that targets it should have less toxic side effects. One 

such agent is pentamidine, which acts by inhibiting rRNA group I intron self-splicing and 

is currently used in the treatment and prophylaxis of pneumonia caused by Pneumocystis 

carinii (59). Also, pentamidine has been shown to be able to inhibit the growth of C. 

albicans and S. cereviceae by inhibiting group I intron splicing (89, 139). We found that  
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Table 4-2. Plasmid constructs used in this study.  

 

Designation Plasmid Backbone Insert 

pUM1 pCR2.1-TOPO Both Cbu.L1917 and Cbu.L1951 

pUM2 pCR2.1-TOPO Cbu.L1917 

pUM3 pCR2.1-TOPO Cbu.L1951 

pUM4 pCR2.1-TOPO IVS in reverse 

pUM5 pCR2.1-TOPO Cbu.DnaB+ Flanking sequences 

pUM6 pQE-31 Cbu.DnaB+ Flanking sequences 

pUM7 pCR2.1-TOPO Cbu.L1917 without IGS  

pUM8 pCR2.1-TOPO Cbu.L1951 without IGS 

pUM9 pCR2.1-TOPO Cbu.L1917’s IGS + IVS in reverse 

pUM10 

 

pUM11 

 

pUM12 

pCR2.1-TOPO 

 

pQE-30 

 

pQE-30 

Cbu.L1951’s IGS + IVS in reverse 

 

HE 

 

Cbu.DnaB+ Flanking sequences 

(out-of-frame) 
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pentamidine severely inhibits C. burnetii growth in Vero cell cultures showing its 

potential to be used to treat chronic Q fever, where treatment options are limited. 

Although more animal and human studies are needed before pentamidine can be used to 

treat human Q fever, the fact that it has been approved by FDA to treat P. carinii 

infections in humans would make it easier to employ the drug for this purpose.  

        The IVS is found inserted into helix 45 of C. burnetii’s 23S rRNA. Since the 

complementary ends of the IVS help form a helix, the element is thought to be removed 

by RNase III. These enzymes are a collection of endoribonucleases that cleaves double-

stranded RNA (dsRNA) (32). The simplest members of this family are found in bacteria 

and play an important role in processing rRNA precursors (5). They also regulate 

translation by cleaving target mRNAs (108), (6). Typical substrates for these 

endoribonuleases are RNAs that have complementary segements that fold back and form 

dsRNA regions (137). Even though a consensus sequence has not yet been determined, 

recognition elements on the target dsRNA are thought to direct RNase III to the precise 

sites to be cleaved (101). The ORF found within the IVS codes for a hypothetical protein 

that is conserved between IVSs in a wide variety of bacteria. Our phylogenetic analyses 

revealed that a similar ORF is present on an IVS inserted at the same site in many 

Leptospira species, suggesting HGT was the mode of spread of this genetic element. 

Although the nucleotide sequences of the ORFs are not similar, the amino acid sequences 

of the encoded proteins are highly conserved between Coxiella and Leptospira suggesting 

an important function for the protein, possibly in IVS mobility. In our hands, the protein 

was found to be very toxic to E. coli such that we could only recover clones that did not 

have the insert in the proper orientation (we tested more than 50 clones from three 
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separate cloning experiments). If this protein aids in the horizontal transfer of IVS, it is 

conceivable that it cleaves the target site (helix 45) for IVS insertion akin to DNA 

cleavage caused by HEs found in introns and inteins. This ribosomal RNA cleavage 

might be the cause for the observed toxicity in E. coli, similar to the toxicity that has been 

reported by others and observed by us while trying to clone and express HE in E. coli 

(41, 85). Curiously, the IVS-encoded proteins analyzed in this study seem to fall into two 

broad groups (Fig. 6). Further study is needed to understand the functions of the IVS-

encoded proteins.  
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CHAPTER FIVE 

 

GENERAL DISCUSSION 

 

    Parasitic genetic elements are a fascinating phenomenon that transcends our 

conventional definitions of life-forms. They move from one organism to another 

horizontally, exploiting systems of genetic exchange and ensure their survival through 

vertical transmission to the next generation. Since they are thought not to contribute 

towards the reproductive success of the organism in which they reside, their evolutionary 

path is assumed to be independent of the host. The presence of two introns, an IVS and 

an intein in addition to 29 ISs in C. burnetii’s genome, which is undergoing reductive 

evolution (117), is intriguing. It seemed probable that the elements that reside in C. 

burnetii, with definite physiological and metabolic costs, might be imparting some 

influence on the host’s biology. The overarching goal of this study was to understand the 

impact of parasitic genetic elements on C. burnetii’s biology, while characterizing in 

detail various properties of each element. In the course of this study, we found that the 

evolutionary history and biology of both the host and the genetic elements were 

intimately intertwined.   

    This study was inspired by the report by Seshadri et al. showing that the relatively 

small genome of C. burnetii - an obligate intracellular bacterium with no known avenues 

for HGT – contained a large number of parasitic genetic elements (117). We started by 
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analyzing the reported group I intron in the 23S rRNA gene. Using the published 

sequence as a reference, we amplified and cloned the intron and its proximal flanking 

regions. While studying the splicing properties of this intron, we discovered to our 

surprise and contrary to the original report, that actually two group I introns interrupt the 

23S rRNA gene of C. burnetii. Significantly, this was the first time that a bacterial gene 

was shown to contain multiple introns (104). One intron was found to be inserted 

between bases 1917 and 1918 (E. coli numbering) and the other between bases 1951 and 

1952 of the 23S rRNA gene. Based on conventional nomenclature guidelines, we 

designated each intron as Cbu.L1917 and Cbu.L1951, respectively. Cbu.L1917 is unique 

among all known group I introns due to the absence of the terminal guanosine (called 

ΩG). This is the first time a group I intron has been found in nature with terminal 

adenosine (A) in place of ΩG. This is significant because ΩG plays an important role in 

intron self-splicing, especially in determining the 3’ splice junction. The mechanism of 

splicing of this novel intron is not yet known, but, in the laboratory, group I introns with 

ΩG mutated to A have been found to self-splice using A or G (present in high 

concentrations) as cofactors (11). Cbu.L1917 is also smaller than Cbu.L1951 due to the 

absence of HEG. Since both non-splicing and self-splicing introns have been reported in 

bacteria (36), (95), we analyzed the splicing properties of each intron. We found them to 

be able to self-splice in vitro without the aid of any proteins, and even though it is not 

known whether they utilize accessory proteins in vivo, they were also found to be able to 

splice out of the pre-23S rRNA in the cell. We determined the predicted secondary 

structures of both introns and found them to contain stem loops made by complementary 

sequences, which is a common feature of all group I introns. Based on their secondary 
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structures, we were able to classify each intron to it specific subgroup: Cbu.L1917 

belongs to subgroup IB2 whereas Cbu.L1951 is a subgroup IA3 intron. Since introns are 

parasitic elements that have invaded the genome of C. burnetii or one of its ancestors, we 

next performed phylogenetic analyses to determine their evolutionary histories. Although 

sufficient data are not available to specifically identify the donors of each intron, we were 

able determine that the introns moved horizontally from 23S rRNA genes of subcellular 

organelles like mitochondria or from other environmental bacteria like cyanobacteria. 

Since introns are thought to be evolutionarily neutral, we expected to find them in various 

stages of degeneration in disparate populations of C. burnetii as observed in various sub-

populations of red and green algae (54, 94). However, our analysis of representative 

strains of C. burnetii belonging to all eight genomic groups and isolated from different 

hosts and geographic regions show that the introns are highly conserved, suggesting a 

possible role for the introns in Coxiella’s biology.  

    Since there are no genetic systems available to manipulate Coxiella, we used an E. coli 

model to deduce possible intron functions. We observed the intron RNAs are able to 

associate with E. coli ribosomes and interfere with protein synthesis resulting in retarded 

bacterial growth. We analyzed C. burnettii’s ribosomes and found the introns to be 

associated with them too, suggesting a role for the introns in C. burnetii’s slow growth 

rate. In addition, we noticed that the intron RNA amounts were inversely correlated with 

C. burnetii genome quantities, further implying a negative effect for the introns on 

bacterial growth. Further study is needed to understand the exact role played by the 

introns in the slow growth rate of Coxiella and whether this aids latency in hosts and 

promotes chronic diseases like endocarditis. Our study is one of the very few that have 



 114 

shown that the introns have an impact on its host. Conversely, host’s biology and lifestyle 

can affect the intron life cycle as well. Once fixed in a population, introns degenerate and 

are ultimately lost from that population, only to reappear through a HGT event. However, 

in an obligate intracellular bacteria like Coxiella, with few opportunities for HGT, introns 

would permanently be lost unless they are positively selected. Our data suggest that the 

introns are retained in C. burnetii, possibly because they foster slow growth and thereby 

persistence. In any case, the presence of introns within the sole 23S rRNA of C. burnetii 

makes them potential targets for antibiotic therapy. We tested and found pentamidine, a 

known inhibitor of group I intron self-splicing, to be able to inhibit C. burnetii growth in 

vitro.  

    The 23S rRNA gene of C. burnetii also contains an IVS upstream of the introns. This 

parasitic element also moves from one organism to another by HGT but the mechanism is 

not yet understood (37). The conserved ORF found within the IVS may be aiding in the 

horizontal transfer of this element. We found the protein encoded by this ORF to be toxic 

to E. coli presumably because it cleaves the 23S rDNA to insert the IVS in a fashion 

similar to the HEs found on introns and inteins (13). Our phylogenetic analyses revealed 

that orthologous proteins are encoded on similar IVSs inserted at the same site in a 

number of bacteria found in a wide variety of habitats. Unlike introns, the flanking 

regions are not spliced together when the IVS is cleaved, resulting in a mature 23S rRNA 

in two pieces. The negative consequence of having a fragmented large subunit rRNA is 

thought to be minimal, but some positive attributes have been suggested. In Salmonella, 

the fragmented 23S rRNA has been shown to improve the efficiency of ribosome 

turnover as the bacteria shifts from log phase to stationary phase (58). It is possible that 
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the dramatic drop in ribosome amounts that occur when Coxiella transitions from LCV to 

SCV is aided by the RNA fragmentation caused by the IVS. Again, due to the lack of a 

genetic system for Coxiella, we are unable to test this possibility at this time.  

    C. burnetii also contains a third kind of parasitic genetic element, an intein. This 

proteinaceous genetic parasite is found inserted in the C-terminal region of the replicative 

DNA helicase gene (dnaB) of Coxiella and is designated Cbu.DnaB. As in other host-

associated bacteria, C. burnetii’s genome is undergoing reductive evolution by converting 

functional genes into pseudogenes and ultimately losing them due to lack of selection 

(47). Since a non-functional intein could convert dnaB into a pseudogene, we 

investigated the functionality of Cbu.DnaB. We found the intein to be able to cleave out, 

leaving the exteins spliced together and the host protein presumably functional, thus 

having no apparent negative impact on C. burnetii’s biology. However, it is possible that 

the time required to splice out the intein before functional DnaB can be formed, might 

cause a lag in C. burnetii’s replicative process. Also, the intein might be responding to 

some unknown environmental cues, like favorable pH or temperature, to make available 

functional DnaB so that bacterial replication can take place.  

    Incredibly, some of the genetic parasites are themselves parasitized by another mobile 

genetic element, HE. These are endoribonucleases that have invaded genetic elements 

like introns and inteins. They help in the mobility of the host genetic element through a 

process called homing. In C. burnetii, Cbu.L1951 contains an HE that belongs to the 

LAGLIDADG family. Both Cbu.L1917 and Cbu.DnaB do not encode a HE but their 

closest relatives found in other bacteria contain intact HEs suggesting that their HEs were 

lost subsequent to the invasion of these elements into C. burnetii. To prevent being lost 



 116 

from a population, some HEs have evolved a maturase function whereby the intron needs 

the protein encoded by HEG to splice accurately (80). It is possible that the HE present in 

C. burnetii aids in the proper splicing of Cbu.L1951 and maybe even the splicing of 

Cbu.L1917 (altruistic parasite). To study the endonuclease and possibly the maturase 

action of HE (CBU_0182), we have cloned it into an expression vector (pQE30) to 

produce pUM11. During this experiment, we noticed that the HE was very toxic to E. coli 

possibly due to its ability to cleave 23S rRNA. Currently, we are in the process of 

purifying the HE protein to study whether its endonuclease function is intact and to check 

whether it has evolved a maturase function.  

    In conclusion, we have characterized four intriguing parasitic genetic elements in C. 

burnetii and shown that they share an intimate relationship with their host. Our study has 

resulted in many significant findings, which we hope will pave way for a better 

understanding of this enigmatic pathogen and promote better appreciation for the 

biological roles played by parasitic genetic elements.   
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APPENDIX: PLASMID VECTORS USED IN THIS STUDY 
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