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ABSTRACT 

Title of Thesis: The Insect Innate Response to Rickettsial Infection: Characterization of 

Pathogen Detection and Effector Response in Ctenocephalides felis Using a Model 

System 

Brooke Szydlowski, Master of Science, 2014 

Thesis Directed by: Abdu F. Azad, Pharm.D., Ph.D., M.P.H., Professor, Department of 

Microbiology and Immunology 

     Rickettsia spp. are gram-negative, pleiomorphic, aerobic, obligate intracellular 

bacteria. Some members of the genus Rickettsia are the causative agents of significant 

human diseases such as epidemic typhus and Rocky Mountain spotted fevers.  For 

unknown reasons, arthropod vectors of Rickettsia, such as the cat flea, Ctenocephalides 

felis, fail to clear but do not succumb to rickettsial infection.  The genome of C. felis has 

not yet been sequenced and little is known about its immune response to bacterial 

infection; however, cDNA libraries developed from the midguts of R. typhi-infected and 

uninfected C. felis have identified numerous transcripts involved in antimicrobial defense 

and host interaction, including the peptidoglycan recognition protein, PGRP-LB, and the 

antimicrobial peptide (AMP), defensin. The full-length sequence of the C. felis predicted 

pgrp was determined by Rapid Amplification of cDNA Ends (RACE) and predicted to 

contain 190 residues, an N-terminal signal sequence, and a PGRP domain. The 

expression of PGRP-SA, LF, LB, and SD in Drosophila S2 cells was also investigated 

and found to vary depending on the R. typhi strain that infected the cell. The C. felis 

putative defensin function as an AMP was evaluated against Gram-positive Streptococcus 

pyogenes and Gram-negative Escherichia coli and Francisella novicida using CFU 

assays, and that against Rickettsia typhi and Rickettsia montanensis using real time RT-

PCR, immunofluoresence assays, and immunoblotting. While C. felis defensin was found 



 

to have an antimicrobial effect on E. coli, it did not appear to function as an AMP against 

F. novicida. It was hypothesized that the observed lack of a strong antimicrobial effect 

against the various bacteria could be due to the concentrations of defensin used.  At these 

potentially too high concentrations, the protein could aggregate and precipitate, which 

would prevent their function as an AMP. When the C. felis defensin concentrations were 

lowered for antimicrobial assays against E. coli and S. pyogenes, C. felis defensin 

displayed an antimicrobial effect against both bacterium. Defensin also appears to 

function as an AMP against R. typhi and R. montanensis as evidenced by the leakage of 

the rickettsial cytoplasmic elongation factor thermostable (EF-Ts) into the supernatant, 

which is fatal to the bacteria. 
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Chapter 1: BACKGROUND 

     Belonging to the class α-Proteobacteria, rickettsiae are gram-negative, pleiomorphic, 

aerobic, obligate intracellular bacteria that can be divided into four phylogenetically and 

serologically distinct groups: Ancestral (AG), Transitional (TRG), Spotted Fever (SFG) 

and Typhus (TG).  Rickettsiae are transmitted by a wide range of arthropod vectors 

including ticks, mites, lice and fleas. In general, the SFG rickettsiae are transmitted by 

ticks, while that for TG rickettsiae by lice and fleas.  Most arthropods control rickettsial 

infection, however, the mechanisms by which these associations are maintained, is poorly 

understood. The study presented in this thesis focused on Rickettsia typhi (the causative 

agent of murine or endemic typhus), a member of TG, and Rickettsia montanensis, a 

member of SFG. 

     R. typhi is traditionally transmitted in urban environments by the Oriental rat flea, 

Xenopsylla cheopis, between domestic rats, such as the Norway rat, Rattus norvegicus, or 

the black rat, Rattus rattus [4]. However, a peridomestic animal cycle involving 

transmission between cats, dogs, or opossums via their associated fleas, including the cat 

flea, Ctenocephalides felis, has emerged in suburban areas (Figure 1) [5]. In contrast, R. 

montanensis is transmitted by ixodid tick vectors, including the American dog tick or 

Wood tick, Dermacentor variabilis. Typically, ticks obtain R. montanensis during 

hematophagy and maintain the infection transtadially (in transition from one life stage to 

the next) or transovarially (infected females to their eggs) [6]. 
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Figure 1. Rickettsial enzootic cycles. R. typhi is maintained in both suburban (left) and urban (right) 

cycles through arthropod vectors, such as the Oriental rat flea, X. cheopis, and the cat flea, C. felis, with 

cats, dogs, and possums serving as mammalian reservoirs (Figure courtesy of K.T. Sears). 

     Rickettsiae primarily infect endothelial cells by induced phagocytosis. They quickly 

escape the phagosome and replicate in the cytoplasm. In the context of R. typhi infection 

of the cat flea, rickettsiae proliferate until the infected cells lining the midgut burst and 

send the pathogen into the gut lumen
 
[4]. Humans that come into close contact with 

infected fleas can become infected when flea feces contacts mucosal membranes or is 

scratched into bite sites or wounds [7]. Conversely, the motile R. montanensis forms actin 

tails that permit their exit and entry into adjacent cells and this movement facilitates 

spreading the infection from cell to cell.  

     For unknown reasons, arthropod vectors, such as C. felis, fail to clear but do not 

succumb to rickettsial infection.  The genome of C. felis has not yet been sequenced and 

little is known about its immune response to bacterial infection; however, cDNA libraries 
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developed from the midguts of R. typhi-infected and uninfected C. felis have identified 

numerous transcripts involved in antimicrobial defense and host interaction: 1) defensin 

A (defA); 2) serpins 4, 5, and 7; 3) complement component 1q binding protein; 4) 

peptidoglycan receptor protein-LB (PGRP-LB); and 5) tetraspanin
 
[8].  

     Both PGRP-LB and defensin were found to be downregulated in C. felis during R. 

typhi infection
 
[8]. It is possible that reduced expression of PGRP could lead to decreased 

activation and signaling of the downstream imd pathway and an overall dampening of the 

immune response. Reduced defensin expression may lead to increased rickettsial growth. 

This thesis focuses on the roles the antimicrobial peptide (AMP), defensin, and the 

peptidoglycan recognition protein, PGRP-LB, may possibly play in the promotion of 

rickettsial survival and infection in the flea. 
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Chapter 2: IDENTIFICATION OF FULL-LENGTH C. FELIS 

PREDICTED PGRP AND D. MELANOGASTER PGRP 

EXPRESSION IN RESPONSE TO R. TYPHI INFECTION 

Introduction  

     Peptidoglycan (PGN) is a large, mesh-like polymer that forms the structure of most 

bacterial cell walls. PGN is formed by linear chains of β-(1,4) linked N-

acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc) disaccharides. 

Covalently attached to the lactyl group of every MurNAc is a stem peptide composed of 

an amino acid chain of 4 to 5 L- or D-amino acid residues, which can be cross-linked to 

other stem peptides via peptide bonds or small cross-linking peptides [9]. The first, 

second, and fourth residues of the stem peptide are typically L-alanine, D-glutamine, and 

D-alanine; however, the third residue can be either diaminopimelic acid (DAP) or L-

lysine. PGN is classified as either DAP-type or Lys-type based on the third residue of the 

stem peptides being DAP or lysine respectively. DAP-type PGN is found in all gram-

negative and some gram-positive bacteria while Lys-type PGN is found in most gram-

positive bacteria.  

     Eukaryotic organisms, such as Drosophila, do not produce PGN but do possess a 

family of receptors called PGRPs that recognize PGN and alert the immune system of the 

possible presence of bacterial pathogens. So far, PGRPs are the only PGN sensors 

identified in Drosophila
 
[3]. Drosophila do not have a classical adaptive immune system; 

therefore, innate immunity, particularly the production of antimicrobial peptides (AMPs), 

serves as the main defense against pathogens.  
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     The production of AMPs can be initiated by two pathways, the immune deficiency 

(IMD) pathway and the Toll pathway. The type of PGN determines which immune 

pathway will be activated in the infected eukaryotic host. Specifically, DAP-type PGN 

activates the Immune Deficiency (IMD) pathway while Lys-type PGN activates the Toll 

pathway [9].  

     The Drosophila genome contains 13 PGRP genes, mostly organized in clusters, which 

code for around 17 PGRP proteins [3]. PGRPs are classified into two subfamilies: short 

and long. Short PGRPs (PGRP-S) are small secreted proteins around 200 amino acids in 

length that contain 1 signal peptide and 1 C-terminal PGRP domain. Long PGRPs 

(PGRP-L) are composed of at least 400 amino acids and 1 to 2 C-terminal PGRP 

domains. PGRP-LA, -LC, and -LD also contain transmembrane domains while other 

PGRP-Ls are cystolic. Regardless of their size, all PGRPs have a unique N-terminal 

domain (Figure 2) [3].  
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     The PGRP domain is homologous to bacteriophage and bacterial type 2 amidases and 

contains two closely-spaced cysteines, which form a disulfide bond crucial for the 

structural integrity and activity of PGRP. Most PGRPs function as amidases and catalyze 

the hydrolysis of the amide bond connecting the stem peptide to the carbohydrate base of 

PGN. However, those PGRPs that do not contain the critical cysteine residue in their 

catalytic triad typically function as activators and modulators of the Toll and IMD 

pathways and facilitators of phagocytosis, opsonization, and direct bacterial killing 

(Figure 3) [1].  

 

 

Figure 2. Structure and function of Drosophila PGRPs. The Drosophila genome contains 13 PGRP 

genes, which code for 17 short and long PGRP proteins. Short PGRPs (PGRP-S) are secreted proteins 

around 200 amino acids in length that contain 1 signal peptide, 1 C-terminal PGRP domain, and 1 unique 

N-terminal domain. Long PGRPs (PGRP-L) are composed of at least 400 amino acids, 1 to 2 C-terminal 

PGRP domains, and and 1 unique N-terminal domain. PGRP-LA, LC, and LD also contain transmembrane 

domains while other PGRP-Ls are cystolic. From [1]. 
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     In this chapter, we first assembled the full-length DNA sequence of the putative C. 

felis PGRP-LB using one round of RACE and Align specialized search, obtained the 

predicted peptide sequence with ORF Finder, and identified possible domains or signal 

sequences with NCBI Conserved Domain Search and SignalP respectively. Next, changes 

in transcription levels of PGRPs upon R. typhi infection were assessed using time courses 

of R. typhi str. Wilmington, Ethiopia, and TH157 growth S2 cells, which were evaluated 

using real time qRT-PCR. Lastly, transfection of L929 cells using Lipofectamine 2000 to 

express the putative C. felis PGRP-LB for later use in functional assays was attempted.  

Figure 3.  Roles of PGRPs in Drosophila immunity. Predominantly, PGRPs, such as PGRP-SB1, SB2, 

SC1a, SC1b, SC2, and LB, function as amidases that catalyze the hydrolysis of the amide bond connecting 

the stem peptide to the carbohydrate base of PGN. Secreted PGRP-SA and SD circulate in the hemolymph, 

recognize any bacteria containing Lys-type PGN, and induce a proteolytic cascade, which cleaves and 

consequentially activates pro-Spätzle, a Toll Receptor ligand. Once activated, the Toll pathway induces 

AMP gene transcription. Bacteria containing DAP-type PGN are recognized by PGRP-LC and LE 

membrane receptors, which activate the IMD pathway. However, over-activation of the IMD pathway is 

detrimental to the organism; therefore, PGRP-SC1/2 and LF serve as modulators by cleaving PGN into 

inactive muropeptides and sequestering circulating PGN respectively. Lastly, PGRP-SB1 directly kills 

bacteria while other PGRPs, such as PGRP-SC1 and LC, induce phagocytosis of bacteria. From [3]. 
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     Overall, a final 582 bp full-length putative C. felis PGRP DNA sequence and a 

predicted peptide sequence, which consists of 190 residues, a 17-residue N-terminal 

signal sequence (residues 1-17) and a 133-residue PGRP domain (residues 45-174), were 

generated. Also, the expression of PGRPs in Drosophila S2 cells was found to vary 

depending on the R. typhi strain that has infected the cell. Lastly, our attempts to express 

the C. felis PGRP in L929 cells and E. coli were unsuccessful; therefore, functional 

assays testing whether or not it recognized DAP or lys-type PGN and if it cleaved PGN 

were unable to be performed.  

Materials and Methods 

     Identification of full length PGRP using Rapid Amplification of cDNA Ends 

(RACE). To determine the full-length sequence of the PGRP-LB gene, RACE was 

performed using the SMARTer™ RACE cDNA Amplifcation Kit (Clontech Laboraties, 

Inc., Mountain View, CA) as per the manufacturer’s instructions. Primers used for pgrp 

amplification were PGRP-LB fwd and PGRP-LB rev (Table 1), the same as those 

designed in Dreher-Lesnick et al. Cycling conditions were as follows: five cycles of 94
o
C 

for 30 s and 72
o
C for 3 min; five cycles of 94

o
C for 30 s, 70

o
C for 30 s, and 72

o
C for 3 

min; and 20 cycles of 94
o
C for 30 s, 68

o
C for 30 s, and 72

o
C for 3 min. Products were 

visualized on a 1.5% agarose gel and subsequently extracted from the gel as per the 

instructions of the QIAquick Gel Extraction Kit Protocol (Qiagen, Hilden, Germany). 

The purified RACE products were cloned into pCR™4-TOPO® vector (Life 

Technologies, Carlsbad, CA) and used to transform TOP10 chemically competent 

Escherichia coli (Life Technologies) as per the manufacturer’s instructions. 

Transformants were selected on Luria-Bertani (LB) Agar (Life Technologies) with 50 
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µg/ml ampicillin (American Bioanalytical, Natick, MA). To confirm the presence of 

PGRP-LB, colony PCR using the manufacturer’s T7 Promoter fwd and T7 rev primers 

and the following cycling conditions- one cycle of 94
o
C for 10 min; thirty-five cycles of 

94
o
C for 30 s, 55

o
C for 30 s, and 72

o
C for 1 min; and one cycle of 72

o
C for 1 min- was 

performed. Products were visualized on a 1.5% agarose gel and five colonies with the 

correct size amplicon were randomly selected and propagated for plasmid DNA 

extraction. Colonies from the plates were inoculated into 5 ml Gibco® LB Broth (Life 

Technologies) with ampicillin and incubated at 37
o
C overnight. The constructed plasmids 

were retrieved using the QIAprep Spin Miniprep Kit (Qiagen) and sequenced at the 

Biopolymer/Genomics Core Facility at the University of Maryland Baltimore. Sequences 

were subjected to NCBI nucleotide BLAST searches to confirm identity as C. felis 

PGRP-LB sequences then aligned using the Align specialized search (NCBI). One round 

of RACE was sufficient to determine the 5’ and 3’ ends. The Open Reading Frame Finder 

(ORF Finder) tool (NCBI) was used to identify the predicted peptide sequence. Finally, 

SignalP (http://www.cbs.dtu.dk/services/SignalP/) and NCBI Conserved Domain Search 

(http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) were used to identify any signal 

sequences or conserved domains in the peptide respectively. 
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     Cloning of PGRP-LB. In order to clone PGRP-LB for protein expression, PCR was 

first performed using Herculase Enhanced DNA Polymerase (Agilent) with two primer 

pairs: 1) Cf_PGRP-LBexp-6 fwd and Cf_PGRP-LBexp-fus-8 rev; and 2) Cf_PGRP-

LBexp-6 fwd and Cf_PGRP-LBexp-stop-7 rev. The cycling conditions were one cycle of 

95
o
C for 2 min; thirty-five cycles of 95

o
C for 30 s, 55

o
C for 30 s, and 72

o
C for 1 min; and 

one cycle of 72
o
C for 5 min. Products were visualized on a 1.5% agarose gel, cloned into 

pcDNA3.1™ Directional TOPO® vector (Life Technologies) and used to transform 

TOP10 chemically competent E. coli (Life Technologies) as described previously. The 

selection of transformants, confirmation of the presence of PGRP-LB, and propagation 

and retrieval of the constructs were also performed as described previously.  
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     Transfection of L929 cells using Lipofectamine 2000. The retrieved 

pcDNA3.1/PGRP-LB constructs and a control GFP plasmid were used to transfect low 

passage L929 mouse fibroblasts (ATCC, Manassas, VA) using Lipofectamine® 2000 

(Life Technologies). The day before, 10
4
-10

5
 cells per well were seeded in a 6-well plate 

containing DMEM supplemented with 10% FBS. Four different volumes of 

Lipofectamine, 6 µl, 9 µl, 12 µl, and 15 µl, were diluted in OPTI-MEM® media (Life 

Technologies) for a final volume of 150 µl. pcDNA3.1/PGRP-LB DNA was diluted in 

Opti-MEM® media for a final amount of 2,500 ng per well, which was delivered in 150 

µl, mixed with 150 µl diluted Lipofectamine, and incubated for 5 min at room 

temperature. During the incubation, the media on the cells was changed to DMEM 

supplemented with 10% FBS and 500 µg/ml geneticin. Finally, 300 µl DNA-

Lipofectamine complex solutions were added to the wells and incubated at 37
o
C for 4 

days. One day after the transfection, the transfection efficiency was calculated by 

counting the number of cells expressing GFP and dividing by the total amount of cells. 

Four days after the transfection, media from each well containing PGRP-LB transfected 

cells was collected and administered 4 times the sample volume of cold (-20 
o
C) acetone 

to precipitate protein. The mixture was vortexed, incubated for 1 h at -20 
o
C, and then 

centrifuged for 10 min at 15,000 x g. The supernatant was decanted and the residual 

acetone was allowed to evaporate at room temperature for 30 min. Each sample was 

mixed with NuPAGE™ LDS Sample Buffer (4X) (Life Technologies) and NuPAGE™ 

Sample Reducing Agent (10X) (Life Technologies) and loaded into NuPAGE™ 4-12% 

Bis-Tris gels (Life Technologies). The gels were run for 50 min in NuPAGE® MES SDS 

Running Buffer (Life Technologies) and transferred onto iBlot® Gel Transfer Stacks 
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PVDF, Regular (Life Technologies). Western blotting was then performed using standard 

procedures. Primary anti-V5 antibody (Millipore, Billerica, MA) and secondary HRP 

goat anti-mouse IgG (H+L) antibody (Millipore) were diluted 1:500 and 1:5000 in 1% 

BSA/TBST respectively.       

     Blood-fed C. felis RNA purification and cDNA synthesis. RNA previously 

extracted from blood-fed C. felis were examined for possible DNA contamination by 

PCR using Cf actin fwd and Cf actin rev primers and the following cycling conditions: 

one cycle of 94
o
C for 2 min; thirty-five cycles of 94

o
C for 30 s, 55

o
C for 30 s, and 72

o
C 

for 1 min; and one cycle of 72
o
C for 5 min. Samples that displayed DNA contamination 

were DNase treated for 30 min using the “DNase Digestion of RNA before RNA 

Cleanup” and “RNA Cleanup and Concentration” protocols of the RNeasy Micro Kit 

(Qiagen). cDNA was synthesized from these samples as per the manufacturer’s 

instructions of SuperScript® III First-Strand Synthesis SuperMix for qRT-PCR (Life 

Technologies). 

     Growth, maintenance, and isolation of Rickettsiae. Rickettsiae were grown in L929 

cells in DMEM supplemented with 10% FBS at 37
o
C with 5% CO2. Briefly rickettsiae 

were purified by sonicating infected cells. The suspension was centrifuged at 1,000 x g 

for 5 min to remove host cell debris then transferred to a new conical tube and 

centrifuged at 10,000 x g for 10 min to collect rickettsiae.   

     Time course of rickettsial infection in Drosophila S2 cells. Purified R. typhi str. 

Wilmington, AZ332-2, and TH157 were resuspended in S2 cell media (3.94% Shields & 

Sang, 0.05% KHCO3, 0.1% yeast extract, 0.25% Bactopeptone, 10% FBS, pH 6.6) and 
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added to S2 cells grown to ~10
6 

cells per ml in 12-well dishes. Cultures were incubated at 

25
o
C in the absence of CO2 for 24 h, 48, 72 h, 96 h, and 120 h. At the indicated times, 

well contents were collected and centrifuged at 10,000 x g. Pellets were resuspended in 

500 µL TRIzol® Reagent (Life Technologies) and RNA and DNA were extracted 

according to the manufacturer’s instructions. RNA samples were tested by PCR for DNA 

contamination and, if necessary, DNase treated using the procedure described previously. 

     Real-Time PCR. A time course of R. typhi str. Wilmington growth in D. 

melanogaster Schneider 2 (S2) cells (Life Technologies) at 5 time points (24 h, 48 h, 72 

h, 96 h, and 120 h) performed in triplicate was evaluated using SYBR® GreenER™ 

qPCR SuperMix Universal (Life Technologies) and the following primer pairs: 1) 

Dm_PGRP-LBdRT fwd and Dm_ PGRP-LBdRT rev; 2) Dm_ PGRP-SART fwd and 

Dm_ PGRP-SART rev; 3) Dm_ PGRP-LFRT fwd and Dm_ PGRP-LFRT; 4) Dm_ 

PGRP-SDRT fwd and Dm_ PGRP-SDRT rev; and 5) GAPDH fwd and GAPDH rev. 

Water and D. melanogaster S2 DNA were used as templates in no template and positive 

controls respectively. Cycling conditions on the Mx3005P qPCR System, 110 Volt 

(Agilent Technologies, Santa Clara, CA) were as follows: one cycle of 50
o
C for 2 min; 

one cycle of 95
o
C for 10 min; forty cycles of 95

o
C for 15 s and 55

o
C for 1 min; one cycle 

of 95
o
C for 1 min; one cycle of 55

o
C for 30 s; and one cycle of 95

o
C for 30 s. Data was 

imported and analyzed according to the methods described in Ceraul et al., 2007. The 

qRT-PCR procedure described above was also performed on R. typhi str. TH157 and 

Ethiopia. 
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Results 

     Identification of full-length PGRP using RACE. Currently, the C. felis genome has 

not been sequenced and little is known about C. felis immunity; however, cDNA libraries 

developed from the midguts of R. typhi-infected and uninfected C. felis have identified 

numerous transcripts involved in antimicrobial defense and host interaction, including 

PGRP -LB [8]. The sequence for the putative C. felis PGRP-LB was not provided in the 

development of the C. felis cDNA libraries; therefore, the full-length PGRP was 

determined using RACE. After RACE was performed, the products were visualized on a 

1.5% agarose gel. Only the 5’RACE product was visualized and its band was located 

between 100 and 200 bp (Figure 4). 

 

 

 

 

 

 

 

 

     The purified 5’-RACE products were cloned, transformed into TOP10 chemically 

competent E. coli, propagated for plasmid DNA extraction, retrieved using the QIAprep 

Figure 4. Electrophoretic analysis of RACE products. To determine the full-length sequence of the 

PGRP-LB gene, RACE was performed using the SMARTer™ RACE cDNA Amplifcation Kit, as 

described previously, and the products were visualized on a 1.5% agarose gel. Only the 5’-RACE 

reaction displayed a product, which was located between 100 and 200 bp.  
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Spin Miniprep Kit and sequenced at the Biopolymer/Genomics Core Facility. After 

alignment using the Align specialized search, a 582 bp putative full-length C. felis PGRP 

DNA sequence was generated (Figure 5A). The ORF Finder tool identified the predicted 

peptide sequence, which consists of 190 residues. Finally, SignalP and the NCBI 

Conserved Domain Search predict that the putative C. felis peptide contains a 17-residue 

N-terminal signal sequence (residues 1-17) and a 133-residue PGRP domain (residues 45-

174) respectively (Figure 5B-C). 

      

 

 

 

 

 

 

 

 

 

     Expression analysis by real-time RT-PCR of PGRP genes in Drosophila S2 cell 

infection. In order to elucidate how PGRP expression is potentially affected when C. 

Figure 5. Putative C. felis PGRP DNA and protein sequences. A) Putative C. felis PGRP full-length 

DNA sequence. One round of Rapid Amplification of cDNA Ends (RACE) was performed, as previously 

described, and the resulting sequences were subjected to NCBI nucleotide BLAST searches to confirm 

identity as C. felis PGRP-LB sequences. After alignment was performed by the Align specialized search 

(NCBI), a 582 bp putative full-length C. felis PGRP DNA sequence was generated. B) Putative C. felis 

PGRP protein sequence. The Open Reading Frame Finder (ORF Finder) tool (NCBI) was used to identify 

the predicted peptide sequence. The putative C. felis PGRP has a predicted (SignalP) 17-residue N-terminal 

signal sequence (red) and a predicted (NCBI Conserved Domain Search) 133-residue PGRP domain 

(purple). C) Putative C. felis PGRP protein diagram. This diagram was developed using DOG software [2].  

Signal Seq- signal sequence. 
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felis is infected by R. typhi the expression of PGRP-SA, LF, LB, and SD in Drosophila S2 

cells infected by R. typhi str. Wilmington, Ethiopia, and TH157 were analyzed by real-

time RT-PCR (Figure 6). Drosophila S2 cells were used as the model system due to the 

unavailability of flea cell lines. Expression of PGRPs varied between the different strains. 

S2 cells infected with R. typhi str. Wilmington and Ethiopia predominantly displayed an 

increase in PGRP-SA expression. S2 cells infected with R. typhi str. TH157 exhibited 

little to no PGRP-SA expression but did show a prominent increase in PGRP-LF 

expression.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Expression analysis by real-time RT-PCR of PGRP genes in Drosophila S2 cell infection. 

RNA was extracted from S2 cells infected with R. typhi str. Wilmington, Ethiopia, and TH157 at different 

times as indicated and analyzed by multiplex real-time qPCR for expression of PGRP and GAPDH genes. 

Transcript abundance of each PGRP gene was normalized to GAPDH transcript abundance. The results 

represent data from 1 experiment per PGRP with each gene analyzed in triplicate. 
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Discussion 

     For currently unknown reasons, arthropods vectors of rickettsiae, such as C. felis, fail 

to clear and do not succumb to rickettsial infection. Furthermore, without a genome for 

C. felis, little is known about its immune system and ability to respond to bacterial 

infection.  

          In this chapter, we assembled the full-length DNA sequence of the putative C. felis 

PGRP-LB using one round of RACE and Align specialized search, obtained the predicted 

peptide sequence with ORF Finder, and identified possible domains or signal sequence 

with NCBI Conserved Domain Search and SignalP respectively.  

     The C. felis PGRP-LB sequences obtained from the Biopolymer/Genomics Core 

Facility were identified as C. felis PGRP-LB and aligned to generate a final 582 bp full-

length putative C. felis PGRP DNA sequence. The detection of a predicted 133-residue 

PGRP domain in the 190-residue peptide sequence furthered confirmed the sequence’s 

identity as a PGRP. A 17-residue N-terminal signal sequence was also predicted to be 

present in the peptide.  

     The R. typhi-infected and uninfected C. felis midgut cDNA libraries identified the 

long PGRP, PGRP-LB, as a transcript involved in antimicrobial defense and host 

interaction; however, the peptide sequence obtained in this report more closely resembles 

a short PGRP. First of all, short PGRPs typically consist of around 200 residues while 

long PGRPs have at least 400 residues. Our peptide consists of 190 residues, which is the 

characteristic size of a short PGRP. Lastly, our peptide also is predicted to contain an N-

terminal signal sequence, which is only found in short PGRPs and one long PGRP 
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(PGRP-LF). Consequently, a short PGRP rather than the initially identified PGRP-LB is 

one of the transcripts involved in antimicrobial defense and host interaction in C. felis 

cDNA libraries. 

     In addition to the identification of the full-length sequence of the putative C. felis 

PGRP-LB, this report also aimed to further elucidate C. felis’ poorly understood immune 

response to bacterial infection by assessing changes in transcription levels of PGRPs 

upon R. typhi infection. Due to the lack of a sequenced flea genome and unavailability of 

flea cell lines as an in vitro model, Drosophila S2 cells and Drosophila PGRPs (PGRP-

SA, LF, LB, and SD) were utilized as a model system for studying the C. felis response to 

rickettsial infection. Specifically, time courses of R. typhi str. Wilmington, Ethiopia, and 

TH157 growth S2 cells at 5 time points (24 h, 48 h, 72 h, 96 h, and 120 h) were evaluated 

using real time qRT-PCR and analyzed according to the methods described in Ceraul et 

al., 2007.   

     Overall, expression of PGRPs varied between the different strains. In particular, S2 

cells infected with R. typhi str. Wilmington and Ethiopia predominantly displayed an 

increase in PGRP-SA expression while S2 cells infected with R. typhi str. TH157 

exhibited little to no PGRP-SA expression but did show a prominent increase in PGRP-

LF expression. The other PGRPs did not show any significant changes in expression in 

any of the strains. Based on this data, the expression of PGRPs in Drosophila S2 cells 

appears to vary depending on the R. typhi strain that has infected the cell. A similar 

expression pattern could also be present in C. felis.  
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     Lastly, our attempts to express the C. felis PGRP in L929 cells and E. coli were 

unsuccessful. If C. felis PGRP expression was achieved, this would have allowed us to 

test its function and whether or not it recognized DAP or lys-type PGN and if it cleaved 

PGN.  Additionally, any possible effects of C. felis PGRP expression in Drosophila on 

the time course of R. typhi infection in those cells could have been investigated. 
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Chapter 3: FUNCTIONAL CHARACTERIZATION OF PUTATIVE 

C. FELIS DEFENSIN 

Introduction 

     Innate immunity, the chief immune system in plants, fungi, and insects, such as 

Drosophila, recognizes characteristic structures of pathogens and initiates immune 

responses to combat infection in a non-specific manner. Such responses include 

encapsulation and phagocytosis, recruitment of immune cells to the site of infection via 

the production of cytokines and co-stimulatory molecules, activation of the complement 

cascade to identify and eliminate pathogens, and secretion of antimicrobial peptides 

(AMPs) [10].  

     While humans possess three classes of AMPs, defensins, cathelicidins, and histatins, 

Drosophila have eight classes, which are further sorted into three families based on their 

biological targets: 1) gram-positive bacteria (defensin); 2) gram-negative bacteria 

(cecropins, drosocin, attacins, diptericin, and maturated-pro-domain of attacin) c); 3) 

fungi (drosomycin and metchnikowin) [11]. In response to infection with one of these 

pathogens, Drosophila AMPs are synthesized by the fat body and secreted into the blood. 

Additionally, AMPs may be induced in surface epithelia in a tissue-specific manner or 

constitutively expressed in other tissues, such as the salivary gland and reproductive tract 

[11]. Once secreted, AMPs act as effectors of innate immunity by disrupting bacterial cell 

membranes, inducing chemotaxis of immune cells, increasing cytokine secretion, and 

aiding wound healing
 
[10]. 

     Defensins are the most abundant AMPs in invertebrates [12]. Encoded by the 

intronless Def gene on chromosome 2R at 46D9, Drosophila defensin is first synthesized 
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as a ninety-two residue precursor, consisting of a twenty-residue N-terminal signal 

peptide, a thirty-two residue pro-domain, and mature defensin
 
[11]. Mature defensin 

consists of forty residues and three internal disulfide bridges located between Cys
1
-Cys

4
, 

Cys
2
-Cys

5
, and Cys

3
-Cys

6
. While their exact structure and function are currently 

unconfirmed, Drosophila defensins are assumed to adopt a cysteine-stabilized α-helix/β-

sheet (CSαβ) conformation and act by forming nonmiscible complexes with 

phospholipids that disrupt bacterial membranes [12]. Once the membrane is disrupted, 

cytoplasmic potassium (K) and ATP levels decrease, the inner membrane partially 

depolarizes, and cellular respiration is ultimately inhibited [12]. These assumptions were 

formulated based on Drosophila defensins’ close homology to those of Protophormia 

terranovae.  

     In order for defensin to be activated, transcription factors known as Rel proteins must 

recognize and bind to the GGGGATTYYT motif found in the promoter region of 

defensin. Drosophila have three Rels: 1) Dorsal; 2) Dorsal-related immunity factor (Dif); 

and 3) Relish [11]. While Dorsal seems to only play an important role in larval immune 

regulation, Dif activates the Toll pathway to induce production of drosomycin and 

defensin upon infection with gram-positive bacteria or fungi [11]. Upon septic injury 

with gram-negative bacteria, Relish is processed by the caspase, DREDD, into REL-68 

and REL-49. REL-68 translocates to the nucleus to induce the IMD pathway and the 

expression of AMPs while REL-49 remains in the cytoplasm [13]. 

     In this chapter, the C. felis putative defensin (Figure 7) function as an AMP was 

evaluated against Gram-positive Streptococcus pyogenes and Gram-negative E. coli and 

Francisella novicida using CFU assays, and that against R. typhi and R. montanensis 
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using real time RT-PCR, immunofluoresence assays, and immunoblotting. Overall, C. 

felis defensin was found to have an antimicrobial effect on E. coli and S. pyogenes but not 

against F. novicida. Defensin also appears to function as an AMP against R. typhi and R. 

montanensis as evidenced by the leakage of the rickettsial cytoplasmic elongation factor 

thermostable (EF-Ts) into the supernatant. 

 

 

 

 

 

 

 

 

 

 

 

Materials and Methods 

     Antimicrobial assays. E. coli str. TOP10, F. novicida str. U116, and S. pyogenes 

were grown to OD600 of 0.1 in LB, tryptic soy broth (TSB) with 1% cysteine, and TSB 

respectively, centrifuged at 5,000 x g for 5 min, washed once in PBS, diluted 1:10 in 1 ml 

PBS, and then diluted 1:10 once more. For E. coli str. TOP10 and F. novicida str. U116, 

25 µl bacteria and 25 µl PBS, 50 µg/ml magainin, 2 µg/ml, 20 µg/ml, 200 µg/ml, or 2.0 

mg/ml C. felis defensin (for final concentrations of 1.0 µg/ml, 10.0 µg/mL, 100.0 µg/ml, 

Figure 7. Predicted C. felis defensin DNA and protein sequences. A) Predicted C. felis defensin full-

length DNA sequence. The predicted C. felis defensin contains 246 bases and a previously discovered 

intron. B) Predicted C. felis defensin protein sequence. The predicted 80-residue C. felis defensin consists 

of a 19-residue signal sequence (green) and a 61-residue active peptide (blue). Cysteines involved in the 

peptide’s 3 disulfide bonds are indicated in red. This sequence shares 65% identity with the Asiatic honey 

bee. The protein weighs 8810.2669and 6635.4894 Daltons with and without its signal sequence 

respectively. C) Putative C. felis defensin protein diagram. This diagram was developed using DOG 

software [2]. Cys- Cysteine   
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and 1.0 mg/ml) were added in each well of the first row of a 96-well plate. For S. 

pyogenes and E. coli str. TOP10, 25 µl bacteria and 25 µl PBS, 50 µg/ml rCRAMP, 0.02 

µg/ml, 0.2 µg/ml, 2.0 µg/ml, or 20.0 µg/ml C. felis defensin (for final concentrations of 

0.01 µg/ml, 0.1 µg/mL, 1.0 µg/ml, and 10.0 µg/ml) were added in each well of the first 

row of a 96-well plate. The plate was shaken and incubated on the bench for 1 h. Seven 

serial dilutions were made of the bacteria and 10 µl drops of the 10
-2

 through 10
-7

 

dilutions were plated on the appropriate media in a six by six grid. The plates were 

allowed to dry before they were incubated at 37
o
 C overnight and the colony-forming 

units (CFUs) were counted. Treatments were performed in triplicate and each dilution 

was plated in triplicate.  

     Rickettsial viability and lysis assays. A day prior to C. felis defensin treatment, 

approximately 5 x 10
4
 L929 cells were seeded in 12-well plates with some wells 

containing sterile cover slips for immunofluorescence assays (IFA). To isolate rickettsiae, 

a culture of L929 cells infected with R. typhi or R. montanensis was transferred to a 50 ml 

conical tube, sonicated on ice for three 10 s pulses with 30 s breaks in between each 

pulse, and centrifuged at 1000 x g for 5 min. The supernatant was transferred to a new 50 

ml conical tube and centrifuged at 10,000 x g for 10 min to pellet rickettsiae. The pellet 

was resuspended in 1 ml cold PBS and prepared for counting using the LIVE/DEAD® 

BacLight™ Bacterial Viability Kit (Life Technologies). The bacterial suspension was 

centrifuged at full speed for 3 min and 2.5 x 10
6 

rickettsiae were resuspended in 625 µl 

PBS. 10
5
 rickettsiae (25 µl bacterial suspension) were treated with 25 µl PBS, magainin, 

and the previously indicated C. felis defensin concentrations in triplicate, mixed gently, 

and incubated for 30 min at room temperature. This process was repeated for an 
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additional set of reactions for use in a lysis assay. The rickettsiae were then centrifuged at 

10,000 x g for 5 min, washed with PBS, centrifuged again, resuspended in warm DMEM, 

and added to the L929 cells. The plates were incubated at 37
o 

C for 24 h and samples 

were collected in Trizol for nucleic acid extraction. Nucleic acids were harvested from 

the rickettsiae according to the nucleic acid extraction procedure described above. For R. 

montanensis, burden was evaluated using SYBR® GreenER™ qPCR SuperMix 

Universal (Life Technologies) and the following primer pairs: 1) GAPDH fwd and 

GAPDH rev; and 2) gltA fwd and gltA rev. The cycling conditions were as follows: one 

cycle of 95
o
C for 10 min; fifty cycles of 95

o
C for 30 s, 60

o
C for 30 s, and 72

o
C for 30 s; 

one cycle of 95
o
C for 1 min, 55

o
C for 30 s and 95

o
C for 30 s. For R. typhi, burden was 

assessed with Brilliant II SYBR® Green QRT-PCR Master Mix Kit (Agilent 

Technologies) and the following primer pairs: 1) Rt rpsl fwd and Rt rpsl rev; and 2) 

mGAPDH fwd and mGAPDH rev. The cycling conditions were as follows: one cycle of 

95
o
C for 10 min; fifty cycles of 95

o
C for 5 s, 55

o
C for 15 s, and 72

o
C for 10 s; one cycle 

of 95
o
C for 1 min, 55

o
C for 30 s and 95

o
C for 30 s. Data was imported and analyzed 

according to the method described previously. 

     For the lysis assay, rickettsiae samples treated with PBS, 25 µg/ml magainin, and 2 

µg/ml, 20 µg/ml, 200 µg/ml, and 2 mg/ml of C. felis defensin (for final concentrations of 

1 µg/ml, 10 µg/mL, 100 µg/ml, and 1 mg/ml), as described above, were centrifuged at 

10,000 x g for 5 min and the supernatants were separated from the pellets. Each of the 

pellet and supernatant samples were mixed with 1X Bolt™ LDS Sample Buffer (Life 

Technologies) and Bolt™ Sample Reducing Agent (Life Technologies) and loaded into 

Bolt™ 4-12% Bis-Tris Plus gels (Life Technologies). The gels were run for 50 min in 
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Bolt® MES SDS Running Buffer (Life Technologies) and transferred onto iBlot® Gel 

Transfer Stacks PVDF, Regular (Life Technologies). Western blotting was then 

performed using standard procedures. Primary anti-elongation factor thermostable (EF-

Ts) antibody (Rahman et al., 2013) and secondary HRP Donkey anti-rabbit IgG antibody 

(BioLegend, San Diego, CA) were diluted 1:500 and 1:5000 in 1% BSA/TBST 

respectively.      

     Immunofluorescence assay (IFA). Dulbecco’s Modified Eagle’s Medium (DMEM, 

Mediatech, Manassas, VA) supplemented with 5% FBS (Life Technologies) was 

removed from R. montanesis-infected L929 cells adhered on coverslips treated with PBS, 

magainin, and various concentrations of defensin C. felis defensin. The coverslips were 

washed three times with 1X PBS, treated with 100 µl 3.5% paraformaldehyde (PFA), and 

incubated at room temperature for 10 min. The coverslips were washed three times with 

1X PBS, permeabilized with 100 µl 0.25% Triton X-100 at room temperature for 10 min. 

Coverslips were washed with 1X PBS and blocked for 30 min with 5% BSA/PBS before 

incubation with 100 µl of a 1:100 dilution of rat anti-R. typhi or anti-R. montanensis in 

1% BSA/PBS (generated as described in Ceraul et al., 2010) overnight at 4°C in a 

humidifying chamber. After a wash with 1X PBS, R. typhi and R. montanensis samples 

were incubated with 100 µl of 1:500 diluted Alexa Fluor 488-labeled goat anti-rat 

(Millipore) and anti-rabbit A594-labelled secondary antibody (Life Technologies) 

respectively for 30 min at room temperature. Finally, coverslips were washed, dried in 

the dark, and mounted in VectaShield with DAPI mounting solution (Vector 

Laboratories, Inc., Burlingame, CA).  The slides were viewed on an Eclipse E600 
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microscope (Nikon, Tokyo, Japan) and the percentage of Rickettsia-associated cells was 

calculated for each treatment. 

Results  

     Effects of C. felis defensin on the growth of E.coli str. TOP10, F. novicida str. 

U116, and S. pyogenes. To test C. felis defensin’s potential function as an AMP against 

Gram-negative bacteria (E. coli str. TOP10 and F. novicida str. U116) and Gram-positive 

bacteria (S. pyogenes), CFU assays were performed and the median CFU/ml was 

calculated for each treatment (Figure 8).  

     For the initial E. coli antimicrobial assays, which used the higher concentrations of 

defensin (Figure 8A-left), the positive control, magainin, and all of the C. felis defensin 

concentrations’ median CFU/ml values were lower than the negative control, PBS, except 

for 100.0 µg/ml which was slightly higher. There was no discernible trend between C. 

felis defensin concentration and E. coli viability; however, the lowest concentration of C. 

felis defensin (1.0 µg/ml) and magainin had about the same antimicrobial effect. When 

the C. felis defensin concentrations were lowered for repeat E. coli antimicrobial assays 

(Figure 8A-right), all of the C. felis defensin concentrations and rCRAMP’s median 

CFU/ml values were still lower than PBS and the lowest concentration of C. felis 

defensin (0.01 µg/ml) also had the same antimicrobial effect as magainin. However, a 

trend still failed to emerge. 

     In the F. novicida antibacterial assays (Figure 8B), the median CFU/ml values of all of 

the C. felis defensin concentrations were lower than PBS; however, magainin showed a 

slight increase in median CFU/ml as compared to PBS. As with the E. coli antimicrobial 
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assays, a distinct relationship between C. felis defensin concentration and F. novicida 

could not be elucidated.     

     Conversely, bacterial viability increased as the C. felis concentration increased in the 

S. pyogenes antibacterial assays (Figure 8C). The median CFU/ml values of rCRAMP all 

of the C. felis defensin concentrations were lower than PBS; however, 0.01 µg/ml C. felis 

defensin had the greatest antimicrobial effect with a median CFU/ml that was equal to 

rCRAMP’s median CFU/ml. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Effects of C. felis defensin on the growth of E.coli str. TOP10, F. novicida str U116, and S. 

pyogenes. E. coli str. TOP10 (Panels A/B-left), F. novicida str. U116 (Panel A-right), and S. pyogenes 

(Panel B-right) were treated for 1 h at room temperature with PBS, magainin, or C. felis defensin at 

different concentrations as indicated. Seven serial dilutions were made of the bacteria, plated, and then the 

colony-forming units (CFUs) were counted.  For E. coli str. TOP10, F. novicida str. U116, and S. pyogenes, 

the results are representative of data from 6, 2, and 4 experiments respectively. In all experiments, 

treatments were performed in triplicate and dilutions were plated in triplicate. p= 0.02 
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     Effects of C. felis defensin on the growth of R. typhi and R. montanensis. C. felis 

defensin’s putative function as an AMP was also tested on the Gram-negative bacteria, R. 

typhi and R. montanensis using real time RT-PCR, immunofluoresence assays, and 

immunoblotting.  

     First, C. felis defensin’s putative function as an AMP was tested by treating R. typhi 

and R. montanensis with PBS, magainin, and the previously indicated C. felis defensin 

concentrations and burden was evaluated using real time qRT-PCR. For the R. typhi 

antimicrobial assays (Figure 9A), a variable relationship between C. felis defensin and 

bacterial viability was displayed with the median normalized expression of magainin and 

10.0 µg/ml C. felis defensin being about double the median normalized expression of 

PBS while the other C. felis defensin concentrations’ median normalized expressions 

were lower. For the R. montanensis antimicrobial assays (Figure 10A), the median 

normalized expressions of magainin and all the C. felis defensin concentrations were 

lower than the median normalized expression of PBS. While magainin and 1.0 µg/ml C. 

felis defensin had equal median normalized expressions, bacterial viability increased as 

the C. felis defensin concentration was increased to 10.0 µg/ml. 

     The second method employed for evaluating C. felis defensin’s putative function as an 

AMP was the calculation of the median percentage of Rickettsia-associated cells from 

immunofluorescence assays of R. typhi and R. montanensis treated with PBS, magainin, 

and various C. felis defensin concentrations. For R. typhi (Figure 9B), the median 

percentage of Rickettsia-associated cells for magainin and all of the C. felis defenisn 

concentrations were higher than PBS. Similarly, for R. montanensis (Figure 10B), the 

median percentage of Rickettsia-associated cells for magainin and all of the C. felis 
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defensin concentrations, except for 10.0 µg/ml, were higher than PBS. Neither bacterium 

displayed an observable relationship between C. felis defensin and percentage of 

Rickettsia-associated cells. 

     Lastly, Western blots of the supernatants and pellets of PBS, magainin, and C. felis 

defensin-treated R. typhi and R. montanensis samples were performed using primary anti-

EF-Ts antibody and secondary HRP Donkey anti-rabbit IgG antibody to detect if C. felis 

defensin had disrupted the bacterial cell membranes and enabled the 35.0 kDa 

prokaryotic elongation factor, EF-Ts, to enter the supernatant from the nucleus. All of the 

treatments in the R. typhi (Figure 9C) and R. montanensis (Figure 10C) pellet 

immunoblots contained EF-Ts, as indicated by the presence of bands around 35 kDa in 

size. While the bands in the R. montanensis immunoblot had very similar intensities, the 

intensity of the bands for the R. typhi weakend as the C. felis defensin concentration 

increased. 

     Both the R. typhi (Figure 9C) and R. montanensis (Figure 10C) supernatant 

immunoblots also displayed bands around 35 kDa in size for all treatments, which 

indicates that bacterial cell membranes have been disrupted allowing EF-Ts to enter the 

supernatant. For R. typhi, the intensity of the bands strengthened as the C. felis defensin 

concentration increased while for R. montanensis, the intensity of the bands weakened 

slightly as the C. felis defensin concentration increased. 
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Figure 9. Effects of C. felis defensin on the growth of R. typhi. The effects of C. felis defensin on the 

growth of R. typhi and R. montanensis were evaluated by real time RT-PCR (Panel A), 

immunofluoresence assays (Panel B), and immunoblotting (Panel C). A) RNA was extracted from L929 

cells infected with R. typhi that had been treated with PBS, magainin, or C. felis defensin at the indicated 

concentrations and analyzed by multiplex real-time qPCR for expression of rpsl and GAPDH genes. 

Transcript abundance of rpsl was normalized to GAPDH transcript abundance. The results represent data 

from 2 experiments with each gene analyzed in triplicate. MNE- median normalized expression B) 

Coverslips containing R. typhi-infected L929 cells that had been treated with the indicated concentrations 

of PBS, magainin, and C. felis defensin were probed with rat anti-R. typhi anti-serum and Alexa Fluor 

488-labeled goat anti-rat secondary antibody and the percentage of Rickettsia-associated cells was 

calculated for each treatment after microscopic analysis. C) Purified R. typhi were treated with PBS, 

magainin, or C. felis defensin at 1.0 µg/ml, 10.0 µg/ml, 100.0 µg/ml, or 1000.0 µg/ml for 30 min at room 

temperature. The treated rickettsiae were centrifuged and the resulting pellets and supernatants were 

separated with SDS-PAGE and processed for immunoblotting. Primary anti-elongation factor 

thermostable (EF-Ts) antibody and secondary HRP Donkey anti-rabbit IgG antibody were used for 

probing. EF-Ts is 35.0 kDa. p= 0.008 
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Figure 10. Effects of C. felis defensin on the growth of R. montanensis. The effects of C. felis defensin 

on the growth of R. montanensis  was evaluated by real time RT-PCR (Panel A), immunofluoresence 

assays (Panel B), and immunoblotting (Panel C). A) RNA was extracted from L929 cells infected with R. 

montanensis that had been treated with PBS, magainin, or C. felis defensin at the indicated concentrations 

and analyzed by multiplex real-time qPCR for expression of gltA and GAPDH genes. Transcript abundance 

of gltA was normalized to GAPDH transcript abundance. The results represent data from 3 experiments 

with each gene analyzed in triplicate. MNE- median normalized expression B) Coverslips containing R. 

montanensis-infected L929 cells that had been treated with the indicated concentrations of PBS, magainin, 

and C. felis defensin were probed with anti-R. montanensis primary antibody and anti-rabbit A594-labelled 

secondary antibody and the percentage of Rickettsia-associated cells was calculated for each treatment after 

microscopic analysis. C) Purified R. montanensis were treated with PBS, magainin, or C. felis defensin at 

1.0 µg/ml, 10.0 µg/ml, 100.0 µg/ml, or 1000.0 µg/ml for 30 min at room temperature. The treated 

rickettsiae were centrifuged and the resulting pellets and supernatants were separated with SDS-PAGE and 

processed for immunoblotting. Primary anti-elongation factor thermostable (EF-Ts) antibody and 

secondary HRP Donkey anti-rabbit IgG antibody were used for probing. EF-Ts is 35.0 kDa. None of the 

data showed statistical significance. 
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Discussion 

     Defensin is an AMP that acts as an effector of innate immunity by disrupting the cell 

membranes of bacteria. Once the membrane is disrupted, cytoplasmic potassium (K) and 

ATP levels decrease, the inner membrane partially depolarizes, and cellular respiration is 

ultimately inhibited. Defensin has been identified as one of the transcripts involved in C. 

felis antimicrobial defense but whether or not it function as an AMP in C. felis has yet to 

be confirmed. In this report, we tested the C. felis putative defensin function as an AMP 

against E. coli, F. novicida, and S. pyogenes using CFU assays. For R. typhi and R. 

montanensis, which cannot be cultured on plates, the effect of C. felis defensin was 

evaluated using real time RT-PCR, immunofluoresence assays, and immunoblotting. 

     To test C. felis defensin’s potential function as an AMP against various Gram-negative 

bacteria (E. coli str. TOP10 and F. novicida str. U116) and Gram-positive bacteria (S. 

pyogenes), CFU assays were performed and the median CFU/ml was calculated for each 

treatment. If C. felis defensin does act as an AMP, the median CFU/ml for each bacteria 

should decrease as the concentration of defensin increases.  

     For the antimicrobial assays of E. coli, the positive control, magainin, showed the 

expected decrease in median CFU/ml as compared to the negative control, PBS. 

Additionally, all the C. felis defensin treatments had lower median CFU/ml values than 

PBS except for 100.0 µg/ml, which had a slightly higher median CFU/ml. In terms of the 

overall trend, the median CFU/ml decreased between 100.0 µg/ml and 1.0 mg/ml while 

an unexpected increase in median CFU/ml was found between 1.0 µg/ml and 10.0 µg/ml 

and 10.0 µg/ml and 100.0 µg/ml. This lack of a consistent inverse relationship between 

median CFU/ml and C. felis defensin concentration indicates that C. felis defensin does 
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not have a strong antimicrobial effect against E. coli. Although C. felis defensin has a 

slight antimicrobial effect as evidenced by the decrease in median CFU/ml as compared 

to PBS exhibited by all but one of the C. felis defensin concentrations and the similarity 

between the median CFU/ml values of 1.0 µg/ml C. felis defensin and magainin.   

      On the other hand, in the CFU assays performed for F. novicida, magainin showed an 

increase in median CFU/ml as compared to PBS. Even though magainin is known to 

exhibit broad spectrum antimicrobial activity, it is possible that this AMP does not have 

an antimicrobial effect on F. novicida. Additionally, F. novicida did not display the 

expected inverse relationship between median CFU/ml and C. felis defensin 

concentration and most of the C. felis defensin concentrations had median CFU/ml values 

higher than or similar to PBS; therefore, C. felis defensin does not appear to have an 

antimicrobial effect on F. novicida.  

     One potential reason for the observed lack of a strong antimicrobial effect against the 

various bacteria could be the concentrations of defensin used.  At higher concentrations, 

the protein could aggregate and precipitate, which would prevent their function as an 

AMP.  The lowest median CFU/ml values were found at the two lowest C. felis defensin 

concentrations, 1.0 µg/ml or 10.0 µg/ml, for E. coli and F. novicida respectively. To test 

if lowering the concentration of defensin will enable better functionality as an AMP, 

antimicrobial assays with E. coli and S. pyogenes were performed with lower 

concentrations (0.01 µg/ml, 0.1 µg/ml, 1.0 µg/ml, and 10.0 µg/ml) of C. felis defensin. 

     When the C. felis defensin were lowered, C. felis defensin appears to have a slight 

antimicrobial effect on S. pyogenes. While there was a steady increase in median CFU/ml 
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as C. felis defensin concentration increased, the median CFU/ml values of all four C. felis 

defensin concentrations were much lower than PBS. Plus, 0.01 µg/ml C. felis defensin 

exhibited the same median CFU/ml as rCRAMP, another broad spectrum AMP that was 

used as a positive control when the magainin stock was depleted. 

     Lower concentrations of C. felis defensin did not have a significant effect in 

strengthening defensin’s antimicrobial properties against E. coli. As with the higher 

concentrations of defensin, the median CFU/ml values still fluctuated as the C. felis 

defensin concentration increased rather than displaying the expected inverse relationship. 

However, all of the C. felis concentrations had lower median CFU/ml values than PBS 

and 0.01 µg/ml C. felis defensin had the same antimicrobial effect as rCRAMP; therefore, 

C. felis defensin still displayed a slight antimicrobial effect against E. coli. 

     C. felis’ putative function as an AMP was further tested against R. typhi and R. 

montanensis. For R. typhi, the median normalized expression of rpsl in magainin-treated 

rickettsiae was higher than the median normalized expression of rpsl in PBS-treated 

rickettsiae; therefore, as with F. novicida, magainin proved ineffective against R. typhi. 

Conversely, magainin demonstrated a strong antimicrobial effect against R. montanensis 

with the median normalized expression of rpsl in magainin-treated rickettsiae being much 

lower than the median normalized expression of rpsl in PBS-treated rickettsiae.  

     R. typhi exhibited a similar fluctuating relationship between median normalized 

expression of rpsl and C. felis defensin as displayed by F. novicida. While 1.0 µg/ml C. 

felis defensin proved highly effective against R. typhi, 10.0 µg/ml and 100.0 µg/ml C. 

felis defensin-treated rickettsiae had a greater and similar median normalized expression 
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of rpsl respectively as compared to PBS; therefore, C. felis defensin’s putative function 

as an AMP against R. typhi could not be confidently confirmed. For R. montanensis, the 

median normalized expressions of gltA for magainin, and 1.0 µg/ml and 10.0 µg/ml C. 

felis defensin-treated rickettsiae were all much lower than PBS and 1.0 µg/ml C. felis 

defensin and magainin-treated rickettsiae had equal median normalized expressions of 

gltA. Consequently, even though a slight increase in median normalized expressions of 

gltA was observed between 1.0 µg/ml and 10.0 µg/ml C. felis defensin-treated rickettsiae, 

C. felis defensin does appear to have an antimicrobial effect against R. montanensis. 

     To further investigate whether or not C. felis defensin functions as an AMP, 

immunofluorescence assays were performed to assess the association of R. typhi and R. 

montanensis with L929 cells. If C. felis defensin is an AMP, L929 cells association with 

Rickettsia should increase as defensin concentration increases. As with the RT-PCR 

results described above, a consistent relationship between C. felis defensin concentration 

and Rickettsia-associated cells was not found for either R. typhi or R. montanensis. 

     Lastly, immunoblots of the supernatants and pellets of PBS, magainin, and C. felis 

defensin-treated R. typhi and R. montanensis samples were performed using anti-EF-Ts 

antibody. EF-Ts is a 35.0 kDa prokaryotic elongation factor found in the cytoplasm; 

therefore, if EF-Ts is detected in the supernatant of C. felis defensin-treated R. typhi and 

R. montanensis, defensin has disrupted rickettsial membrane and allowed EF-Ts to exit 

from its cytoplasm. As expected, the pellets of all of the treatments in the R. typhi and R. 

montanensis immunoblots contained EF-Ts. The supernatants of all of the treatments in 

the R. typhi and R. montanensis immunoblots also displayed EF-Ts, which indicates that 

the bacterial cell membranes have been permeabilized. For R. typhi, the intensity of the 



36 
 

bands strengthened as the C. felis defensin concentration increased; therefore, increasing 

the concentration of C. felis defensin increased the permeabilization of R. typhi cell 

membranes. An opposite effect was observed for R. montanensis in which the intensity of 

the bands weakened slightly as the C. felis defensin concentration increased. 

Consequently, C. felis defensin did not permeabilize R. montanensis cell membranes as 

readily.   

     Based on all of the above results, C. felis defensin does appear to have slight 

antimicrobial activity against E. coli and S. pyogenes but not F. novicida. Leakage of 

cytoplasmic contents in rickettsiae, which would be fatal to the bacteria, also supports 

defensin being an AMP against R. typhi and R. montanensis. In order to thoroughly 

confirm C. felis defensin’s antimicrobial activity, further antimicrobial assays could be 

performed with different bacteria and different defensin concentrations. 
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