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Abstract

Human body and head lice are highly related hematophagous ectoparasites but only the body louse 

has been shown to transmit Bartonella quintana, the causative agent of trench fever. The 

mechanisms by which body lice became a vector for B. quintana, however, are poorly understood. 

Following the oral challenge, green fluorescence protein-expressing B. quintana proliferated over 

9 days post-challenge with the number of bacteria being significantly higher in whole body versus 

head lice. The numbers of B. quintana detected in feces from infected lice, however, were 

approximately the same in both lice. Nevertheless, the viability of B. quintana, was significantly 

higher in body louse feces. Comparison of immune responses in alimentary tract tissues revealed 

that basal transcription levels of peptidoglycan recognition protein and defensins were lower in 

body lice and the transcription of defensin 1 was up-regulated by oral challenge with wild-type B. 
quintana in head but not in body lice. In addition, the level of cytotoxic reactive oxygen species 

generated by epithelial cells was significantly lower in body lice. Although speculative at this 

time, the reduced immune response is consistent with the higher vector competence seen in body 

versus head lice in terms of B. quintana infection.
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Introduction

The body louse, Pediculus humanus humanus, is an obligatory human ectoparasite and poses 

a serious public health threat by transmitting several bacterial diseases to humans (Lounibos 

2002; Raoult and Roux 1999). The body louse originated from the conspecific head louse, 

Pediculus humanus capitis, when humans began to wear clothing roughly 40,000–70,000 

years ago (Kirkness et al. 2010), but they differ in the choice of habitat on human hosts and 

in their vector competence in transmitting Gram-negative bacterial pathogens, such as 

Rickettsia prowazekii, Borrelia recurrentis and Bartonella quintana, which respectively 

cause epidemic typhus, relapsing fever and trench fever. Because body lice transmit such 

diseases, they pose considerable health concerns particularly during times of social turmoil, 

such as economic downturns, war, and natural disasters. Unlike body lice, the conspecific 

head lice are not known to transmit these bacterial diseases to humans although B. quintana 
infection has been found in some head louse populations (Angelakis et al. 2011a; Angelakis 

et al. 2011b; Bonilla et al. 2009; Sasaki et al. 2006; Veracx and Raoult 2012).

Vector competence is defined as the capacity of a vector to allow the development and 

transmission of a microbial pathogen (Beerntsen et al. 2000). How insects gain or lose 

vector competence is a crucial issue in the field of vector biology, however, the molecular 

mechanisms and evolutionary processes are poorly understood. Since the insect immune 

response plays a key role in insect-pathogen interactions, we hypothesize here that the 

differences in vector competence may involve, in part, the dissimilarities in the response of 

their immune systems to bacterial challenge. The differences in the immune response 

between body and head lice were initially investigated in the previous studies using two 

model bacteria, a Gram-positive Staphylococcus aureus and a Gram-negative Escherichia 
coli, which showed that body lice may have lower immune responses against both Gram-

positive and -negative bacteria when compared with head lice (Kim et al. 2011; Kim et al. 

2012).

A total of 93 immune-related genes were identified in both body and head lice and this 

number is substantially fewer compared with other insects (Kim et al. 2011). Many gene 

families in the humoral immune system were considerably reduced in number or absent in 

the body louse genome. For genes related to pathogen recognition, only one type of 

peptidoglycan recognition protein (PGRP) was found in lice, whereas beta-glucan binding 

protein (BGBP) was not identified. In addition, the Imd (immune deficiency) gene and its 

adaptor protein FADD gene in the Imd pathway were not present. In contrast, all 

components in the Toll, JAK/STAT and JNK (c-Jun N-terminal kinase) pathways were 

preserved. Among the various kinds of antimicrobial peptides (AMP), only 2 types of 

defensin (defensin 1 and defensin 2) were annotated.

Transcriptional profiling of major representative immune genes in the alimentary tract 

identified no apparent alteration of transcription in three important genes for the humoral 

immune responses (i.e., PGRP, defensin 1 and defensin 2) following E. coli oral challenge 

(Kim et al. 2012). Nevertheless, the basal transcription levels of these genes were higher in 

the alimentary tract of head versus body lice (Kim et al. 2012). Genome-wide analysis of the 

whole body transcriptomes of body and head lice following B. quintana oral challenge, 
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however, revealed that some immune-related genes associated with the Toll pathway (i.e., 

fibrinogen-like protein, spaetzle, defensin 1, serpin, scavenger receptor A and 

apolipoporhrin 2) were differently expressed between body and head lice (Previte et al. 

2014). Considering that there is no cellular immune reaction in gut tissues, these findings 

suggest that the selectively induced transcription following bacteria challenge, as well as 

constitutive up-regulation of some immune genes in head lice, can contribute to the rapid 

defense and enhanced immune capacity of head lice against intestinal bacterial infection.

B. quintana infection in humans typically causes recurring fever, endocarditis, and vascular 

proliferative lesions and it can be fatal unless correctly diagnosed and treated with antibiotic 

therapy (Cockerell et al. 1987). Small outbreaks of bartonellosis were reported among the 

homeless in Seattle, Washington and elsewhere at the beginning of the 1990s (Brouqui and 

Raoult 2006; Jackson et al. 1996). Trench fever continues to re-emerge in people who are 

homeless, indigent, and disadvantaged among the urban population, especially those who are 

immune-compromised such as alcoholics and patients infected with human 

immunodeficiency virus (Hotez 2008). Recently, it was reported that B. quintana was 

detected from 33.3% of the body lice recovered from the homeless in California, suggesting 

that B. quintana is still prevalent in the human population (Bonilla et al. 2009). Once B. 
quintana is introduced into the gut of a louse by blood feeding on an infected patient, the 

bacteria replicate, colonize and attach to the surface of epithelial cells of the alimentary tract 

(Ito and Vinson 1965). Lice have a behavior of excreting urine and feces during feeding and 

viable B. quintana in louse fecal matter can be transferred to the human blood stream via 

scratches or wounds in the skin. B. quintana can also form a biofilm-like structure in the 

feces, allowing B. quintana survival for up to a year. Thus, infected louse feces are the most 

common means for B. quintana transmission to humans (Kostrzewski 1949; Seki et al. 

2007).

Since the primary infection route of B. quintana is to enter the alimentary tract of the louse 

via an infected blood meal, the first immune response following feeding is likely the release 

of AMPs and reactive oxygen species (ROS)-based ‘oxygen burst’ generated by alimentary 

tract epithelial tissue, one of major sites for the humoral immune response of the louse's 

innate immune system. Considering this scenario, it is important to investigate the epithelial 

tissue-specific humoral immune responses and determine if any differences exist there 

between body and head lice that may contribute to the differential proliferation of B. 
quintana in the gut and feces of lice.

In this study, the profile of propagation and excretion of green fluorescence protein (GFP)-

expressing B. quintana (GFP-B. quintana) following oral challenge were compared between 

body and head lice. The propagation profile of GFP-B. quintana was also compared to that 

of wild-type B. quintana (WT-B. quintana) (Previte et al. 2014) and the viability of GFP-B. 
quintana in louse feces was determined. The transcriptional profiles were examined to 

compare any differences in the basal transcriptional levels and the inducibility of several 

representative genes involved in humoral immune responses in the alimentary tract, the 

primary infection site of B. quintana, after an infected blood meal. The levels of ROS, an 

additional humoral immune factor, were also measured and compared to identify any 

additional basis for the differential proliferation of B. quintana seen in body versus head lice.
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Results

Proliferation of GFP-B. quintana following oral challenge

To investigate whether the proliferation profile of GFP-B. quintana in lice is the same as that 

of the WT-B. quintana strain observed previously (Previte et al. 2014), both body and head 

lice were orally infected with GFP-B. quintana and the numbers of bacteria inside a single 

louse were determined for 12 days following oral challenge (Fig. 1). The amount of ingested 

blood by a single sufficient feeding was not significantly different between body and head 

lice (0.89 ± 0.19 µl for a body louse and 0.85 ± 0.14 µl for a head louse; 1.058 g/ml human 

blood; Student's t-test, p=0.49). The number of GFP-B. quintana declined for 3 days post-

challenge, and subsequently increased significantly in both body and head lice (ANOVA, 

Dunnett’s T3 test, p<0.05). Proliferation of GFP-B. quintana reached a maximum level (3.4 

× 107 cells per louse) in body lice, and then declined (p<0.05). The average number of GFP-

B. quintana per louse was significantly higher in body lice versus head lice: 12.1-fold 

(p<0.001); 3.0-fold (p=0.005); 4.5-fold (p=0.02); 5.3-fold (p=0.002) and 2.0-fold (p=0.003) 

at 1, 3, 6, 9 and 12 days post-challenge, respectively. The overall proliferation pattern of 

GFP-B. quintana was similar to that of WT-B. quintana (Previte et al. 2014). There were no 

statistically significant differences in the mortality between body and head lice following 

GFP-B. quintana challenge or between infected and control lice (0–2% during whole 

experimental period), which is in accordance with a previous report (Fournier et al. 2001).

Excretion of GFP-B. quintana from orally infected lice

Because the pathogenic bacteria vectored by body lice, including B. quintana, are largely 

transmitted to human by contaminated feces from infected lice, the number of bacteria cells 

in feces from infected lice was compared between body and head lice. Results obtained 

using quantitative real-time PCR (qPCR) showed that both body and head lice excreted 

almost the same number of GFP-B. quintana cells following a single feeding of infected 

blood (ANOVA, p>0.05) (Fig. 2). Because the number of GFP-B. quintana cells was derived 

from the estimated copy number of 16S–23S ribosomal RNA (rRNA) gene in the PCR 

product, the estimate does not separate viable whole cells from fragmented (non-viable) 

cells.

In order to compare the viability of B. quintana in feces from body versus head lice, the 

fluorescence of GFP-B. quintana bacteria in feces was detected by fluorescence microscopy 

and quantified as a viability index. Although the number of GFP-B. quintana in feces did not 

differ significantly between the infected body and head lice over the entire 15 days post-

challenge interval as judged by the estimated copy number of the 16S–23S rRNA gene, a 

noticeable difference was observed in the fluorescence intensity between body and head lice. 

Comparatively, the viability index of GFP-B. quintana decreased rapidly in both body and 

head lice, however, body lice showed a consistently and significantly higher (6.4~10.6-fold) 

viability index over time when compared with head lice until 11 days post-challenge 

(ANOVA, p<0.02) (Fig. 2B and Supplementary Fig. 1). These findings indicate that the 

proportion of live bacteria in the excreted feces infected by GFP-B. quintana is significantly 

larger in body versus head lice.

Kim et al. Page 4

Insect Mol Biol. Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The fluorescence intensity of GFP-B. quintana in head louse feces was not significantly 

different from that of non-infected control feces after 11 days post-challenge (p>0.05). 

Viable GFP-B. quintana were not detected in the feces of either body or head lice after 13 

days post-challenge.

Transcriptional profiling of immune-related genes in alimentary tract tissue following B. 
quintana oral challenge

To determine whether B. quintana ingestion triggers humoral immune responses in 

alimentary tract tissue, the transcriptional changes in major immune genes were evaluated 

over time following B. quintana oral challenge. A total of six representative immune genes, 

including a single recognition protein (PGRP) and major effector genes [defensin 1, defensin 
2, Dual oxidase (Duox), lysozyme and Prophenoloxidase (PPO)] were selected.

Basal transcription levels of PGRP, defensin 1 and defensin 2 were significantly lower (3.7-, 

3.0- and 1.9-fold; p=0.02, 0.007 and 0.03, respectively) in body versus head lice whereas no 

statistically significant differences were found in the remaining three genes tested (Fig. 3). 

The transcription of defensin 1 was significantly up-regulated by oral challenge only in head 

lice (ANOVA, Tukey, p<0.05). The transcription levels of other genes were not altered in 

either louse ecotype over time (Fig. 4). The level of defensin 1 transcript in head lice 

increased 3.2- and 3.0-fold relative to control (0 day) at 4 and 8 days post-challenge with B. 
quintana, respectively (p=0.005 and p=0.001). However, the transcription level of defensin 1 
was not altered in body lice (ANOVA, Tukey, p>0.05) and the rate of increase was 12.5-fold 

(p=0.01) and 4.4-fold (p=0.02) higher in head lice at 4 and 8 days post-challenge, 

respectively.

ROS level in alimentary tract tissue

To compare ROS levels generated by epithelial cells in alimentary tract tissue, three 

indicators that detect different types of ROS were used. The levels of ROS were not 

significantly different between starved and blood-fed lice under any of the experimental 

conditions, indicating that imbibing a blood meal did not affect ROS levels either in body or 

head lice (p=0.59 for body lice, p=0.30 for head lice) (Fig. 5). Regardless of blood feeding 

or not, higher levels of ROS (1.3-fold in starved lice, p=0.002 versus 1.1-fold in fed lice, 

p=0.004) were always detected in head louse epithelial cells as determined by CM-

H2DCFDA, which is a general indicator that can detect a wide array of ROS, including OH−, 

ONOO−, OCl−, O2
−, H2O2, NO− and ROO−. This phenomenon became more apparent when 

ROS was detected with hydroxypheny fluorescein (HPF), which is also a general ROS 

indicator, but not sensitive to the light-induced oxidation. Head lice showed 2.3-fold 

(p=0.006) and 2.5-fold (p=0.004) higher levels of ROS detected by HPF in the starved or fed 

condition, respectively, when compared with body lice. Therefore, the ROS level detected by 

HPF more likely reflects the net amount of ROS generated in the epithelial cells. However, 

the amount of superoxide (O2
−), specifically detected by nitro blue tetrazolium (NBT), was 

not significantly different between body and head lice (p=0.45 for starved lice, p=0.27 for 

fed lice).
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Discussion

In this study, the proliferation profiles of GFP-B. quintana in whole lice and the viability of 

GFP-B. quintana in louse feces were compared between body and head lice orally 

challenged with B. quintana-contaminated blood meals. The number of GFP-B. quintana in 

lice increased and was significantly higher in body versus head lice over the entire period of 

12 days. Additionally, the proliferation profiles of GFP-B. quintana were similar to those of 

two previous reports using WT-B. quintana in that two phases of proliferation (i.e., an initial 

phase of decline in the number of bacteria until 2–4 days post-challenge and the second 

phase of increase thereafter) were commonly observed, particularly in body lice (Previte et 

al. 2014; Seki et al. 2007). The proliferation decline observed at the early stage of infection 

by both WT- and GFP-B. quintana suggests that the humoral immune response in the 

alimentary tract is actively engaged in the suppression of B. quintana proliferation and 

further may play a role in shaping the second phase of proliferation in both body and head 

lice. In this study using GFP-B. quintana, and in our previous study using WT-B. quintana 
(Previte et al. 2014), however, the B. quintana cell number declined after 9 days post-

challenge in body lice unlike the initial study by Seki et al, where B. quintana proliferation 

remained at the stationary phase after reaching maximum levels (Previte et al. 2014; Seki et 

al. 2007). The reason for this difference is unknown but it may be due, in part, to the 

possible differences in the blood feeding system and protocol, where the infected lice were 

allowed to feed continuously on uninfected human blood using the in vitro feeding chamber 

in our study whereas lice were fed for a limited duration (20 min) only once a day in the 

initial study (Seki et al. 2007). Perhaps the multiple blood meals can increase the ROS-based 

oxygen bursts, thereby suppressing B. quintana proliferation more effectively in our 

experimental setting.

Despite the significantly higher proliferation rate of B. quintana in body lice, the number of 

B. quintana in a unit amount (1 mg) of feces was not significantly different between infected 

body and head lice over time as judged by qPCR. Nevertheless, body lice excreted a 

significantly larger number of viable GFP-B. quintana in their feces, particularly during the 

early stage of infection (i.e., 1~3 days post-challenge), as determined by the viability index. 

Because B. quintana is largely transmitted to humans via fecal contamination of skin 

abrasions or bite wounds from infected lice, the greater numbers of viable B. quintana in 

body louse feces could play a role in the enhanced infectivity of the body louse although this 

suggestion is speculation at this time.

The number of B. quintana cells per unit amount (1 mg) of feces decreased in general over 

time following oral challenge. This finding appears in contrast to the reports by Seki et al. 

(Seki et al. 2007), in which B. quintana cells in feces from a single body louse increased 

over time after the initial reduction in the first 4 days post-challenge. The reason for this 

contradictory result is unclear, but it can be speculated that the difference is caused by the 

accumulation of various factors in the two different experimental settings used. Differences 

in various experimental factors, including the frequency of blood feeding, the inoculating 

titer of B. quintana for oral challenge, the feeding systems, the strains of B. quintana used, 

the age and strains of lice used, etc., may affect the dynamics of B. quintana excretion in the 

two different studies.
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Given that B. quintana cannot pass through alimentary tract tissue and remain in the gut 

lumen or attached to the surface of epithelial cells (Ito and Vinson 1965), it can be 

postulated that the cellular immune response is less important and that humoral immune 

response in the alimentary tract is the primary immune factor against invading pathogenic 

bacteria following an infected blood meal. To elucidate what molecular factors may be 

associated with the different excretion patterns of viable B. quintana in body versus head 

lice, the transcriptional profiles of six main humoral immune-related genes in alimentary 

tract tissue were determined following oral challenge by B. quintana. The higher basal 

transcription levels of PGRP and defensin 1 in head versus body lice (Kim et al. 2012) were 

confirmed again in this study (Fig. 3). Given that there is no cellular immune response in 

alimentary tract tissue, it appears that the lower basal transcription levels of PGRP and 

defensin 1 in body lice may have allowed B. quintana to survive in larger numbers in the gut 

than in head lice at the early stage of infection. Recent comparisons of the transcriptome 

(Olds et al. 2012) and genome (Kang et al. 2015) demonstrated that body and head lice 

possess virtually identical genetic backgrounds and the same set of immune-related genes 

with nucleotide diversity ranging from only 0.1–1.3% in the coding region. Thus, the 

apparent differences in basal transcription levels of some immune genes between body and 

head lice appear to be due to different gene regulation factors in a non-coding region(s), 

including cis-/trans-regulatory elements and/or miRNAs.

Similar to the response following E. coli challenge (Kim et al. 2012), defensin 1 
transcription was selectively up-regulated relative to defensin 2 only in head lice following 

oral challenge with B. quintana, which supports the hypothesis that defensin 1 may be a 

major AMP used against Gram-negative bacteria, including B. quintana. In addition to their 

lower basal transcription levels, transcription of defensin 1 was not induced in body lice 

following B. quintana oral challenge, which was opposite to the head lice response. 

Therefore, the lack of the inducibility of defensin 1 as well as the lower basal transcription 

levels of PGRP and defensins in body lice appear to be mechanisms consistent with a 

reduced immune response to B. quintana in body versus head lice. The analysis of whole 

body transcriptome also revealed that defensin 1 was upregulated in B. quintana-challenged 

head lice (Previte et al. 2014), supporting the contention that defensin 1 may be an important 

immune response component not only in the alimentary tract but in other tissues involved in 

the immune reaction. Because both body and head lice lack a functional Imd pathway that 

plays a key role in triggering immune reaction against Gram-negative bacteria, it remains to 

be elucidated which immune pathway mediates the up-regulated transcription of defensin 1 
following B. quintana challenge in head lice. Nevertheless, since both body and head lice 

possess only one pathogen recognition protein (i.e., PGRP), PGRP appears to be involved in 

the recognition of both Gram-positive and –negative bacteria.

It still remains to be elucidated, however, how body lice suppress the transcription of main 

immune genes (i.e., PGRP and defensins). No apparent differences in the transcription factor 

binding motifs in the putative regulatory domain of these immune genes suggest that such 

transcription differences are not directly regulated by transcription control (data not shown). 

Other possibilities include differences in the miRNA-mediated post-transcriptional 

regulation in the not-yet-identified trans-acting components and in the epigenetic factors, 

such as methylation. In addition, the effects of obligate endosymbionts, such as Candidatus 
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Riesia pediculicola, on host immune responses also need to be investigated as a potential 

factor governing the vector competence.

The generation of ROS is one of the key mediators of antimicrobial defense in the arthropod 

gut (Molina-Cruz et al. 2008). While blood feeding rapidly decreased ROS through a 

mechanism involving heme-mediated activation of protein kinase C (PKC) in Aedes aegypti 
(Oliveira et al. 2011), the level of ROS in the gut was not significantly different in starved 

versus blood-fed lice. Nonetheless, the net ROS levels were significantly higher in head 

versus body lice regardless of their feeding status, suggesting that the oxidative-based killing 

caused by ROS generation may also contribute to the suppressed proliferation of B. quintana 
in head lice. Considering that the constitutive level of the Duox gene was not significantly 

different between these two louse subspecies despite its higher mean value in head lice, it 

remains to be elucidated how less ROS was generated in the body louse gut. Unlike E. coli 
and other Gram-negative bacteria, B. quintana is known to possess several hemin-binding 

proteins (Hbps) in its outer membrane surface, which bind to heme groups. Therefore, it has 

been hypothesized that the Hbp-coat of B. quintana likely serves as a potent antioxidant 

barrier due to the intrinsic peroxidase activity of Hbp, thereby providing tolerance to the 

ROS generated in the gut of vector arthropods (Battisti et al. 2006; Harms and Dehio 2012). 

Nevertheless, the significantly lower level of ROS in the alimentary tract of body lice is 

consistent with increased proliferation and viability of B. quintana.

Finally, it has been suggested that head lice, like body lice, may also be a vector based on 

the findings that B. quintana was detected in some head louse populations collected in Nepal 

and the US (Bonilla et al. 2009; Sasaki et al. 2006). As demonstrated in this study, however, 

simple detection of DNA from B. quintana in head lice via qPCR does not necessarily 

indicate their potential as a vector, which requires living bacteria.

Conclusions

In this study, we presented data identifying differences between the humoral immune 

response of body versus head lice that were consistent with the increased rate of 

proliferation in the gut and numbers of viable B. quintana in the feces of body lice. In the 

alimentary tract of body lice, we observed lower basal transcription levels of major immune 

genes, their lack of inducibility following B. quintana challenge and a reduced level of ROS 

when compared to head lice. All of these differences, demonstrated uniquely in body lice, 

are consistent with a reduced immune response in the alimentary tract of body lice. 

Although speculative at this time, the higher proliferation in the gut and the excretion of 

more viable B. quintana in feces are factors that may contribute to the higher vector 

competence of body versus head lice. To prove this point, however, gene knockdown 

experiments will need to be done in head lice showing that without the gene products of the 

key immune response genes identified here, the proliferation and viability of B. quintana 
will increase to levels similar to that found in body lice. If successful, head lice with these 

key genes knocked down should become as infective as body lice using a surrogate mammal 

model such as rabbit.
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Experimental Procedures

Lice rearing

The San Francisco strain of body lice (SF-BL) and the Bristol strain of head lice (BR-HL) 

have been reared using an in vitro rearing system (Yoon et al. 2006) under the environmental 

conditions of 30°C, 70% relative humidity and 16 h/8 h light/dark in rearing chambers (IRB 

No. E1404/001-002). Females (2- to 4-days post adult emergence) of both body and head 

lice were used for all experiments.

B. quintana culture

The wild-type strain (B. quintana JK31, deposited at www.BEIresources.org #NR-31832) 

(Zhang et al. 2004) and the GFP-expressing isogenic strain of B. quintana JK31 (Lee and 

Falkow 1998; Park et al. 2001) were maintained in a biosafety level 2 facility. B. quintana 
from frozen stocks was cultured on chocolate agar plates in candle extinction jars at 37°C 

for 10 days and then passed to fresh plates for an additional 5–7 days of growth prior to use 

(Zhang et al. 2004).

Oral challenge of lice with B. quintana

Both WT- and GFP-B. quintana cells were harvested from a chocolate agar plate by rinsing 

the plate surface with 1 ml of PBS (pH 7.4). Cells were pelleted by centrifugation at 1,000 g 

for 4 min, washed twice with PBS and resuspended in 100 µl PBS. A 5 µl aliquot of 

bacterial suspension was serially diluted and then plated on chocolate agar plates in triplicate 

for B. quintana enumeration. The number of colony forming units (CFUs) was counted 10 

days after culture in candle extinction jars at 37°C. Spectrophotometric readings (OD600) 

were used to determine the approximate number of bacteria prior to use. The remaining B. 
quintana suspension was added to human whole blood (Korean Red Cross, Seoul, Korea) to 

a final titer of ~1 × 107 CFU/ml (Kosoy et al. 2004). To obtain the same titer of B. quintana 
for both body and head louse experiments, the infected blood was mixed, divided equally 

and used to make two in vitro feeding chambers. Body and head lice were starved for 8 h 

and then fed with the B. quintana-inoculated blood using the feeding chambers to provide a 

single sufficient feeding (ca. 1 h). Lice were visually inspected to ensure that a blood meal 

had been taken. The infected lice were then transferred to new feeding chambers containing 

fresh non-infected blood and maintained until used in experiments. For each experiment, 20 

body and head lice were used and each experiment was replicated 6~7 times.

Standard protocol for B. quintana quantification

GFP-B. quintana grown on a chocolate agar plate was harvested using the PBS method 

described above (see ‘Oral challenge of lice with B. quintana’ section). The bacterial 

suspension was centrifuged at 1,000 g for 4 min and the pellet resuspended in tissue lysis 

buffer for genomic DNA (gDNA) extraction using a Qiagen DNeasy Blood and Tissue Kit 

(Qiagen, Valencia, CA, USA). A 134-bp gDNA fragment of B. quintana 16S–23S rRNA 
intergenic spacer region was generated by PCR from the extracted gDNA, from which an 

89-bp nested fragment was PCR-amplified using a nested primer set (Table 1). The PCR 

product was visualized on agarose gel using ethidium bromide staining, purified using a 
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QIAquick Gel Extraction Kit (Qiagen, Valencia, CA, USA), and cloned into the pGEM-T 

easy vector (Promega, Madison, WI, USA). After sequencing to confirm the product 

specificity, the positive plasmids were linearized with SalI (Koschem, Seoul, Korea), 

purified using a QIAquick PCR Purification Kit (Qiagen, Valencia, CA, USA) and 

quantified using a Nanodrop spectrophotometer (Nanodrop Technologies, Oxfordshire, UK). 

Six serial dilutions of the linearized plasmids, ranging from 1 ng/µl to10 fg/µl, were used as 

standard DNA for qPCR. The copy number of 16S–23S rRNA gene in each standard DNA 

sample was calculated from the amount and molecular mass of the linearized plasmid using 

a DNA molecular weight calculator (http://www.currentprotocols.com/ WileyCDA/

CurPro3Tool/toolId-8.html). A standard curve of the threshold cycle (Ct) values versus the 

copy numbers was generated and used to calculate the total copy numbers of 16S–23S rRNA 
gene in the target gDNA template. Since a single B. quintana bacterium contains two copies 

of 16S–23S rRNA gene (Seki et al. 2007), the number of B. quintana bacteria was calculated 

by dividing the estimated copy number of 16S–23S rRNA gene by 2.

GFP-B. quintana proliferation assay

Body and head lice were orally challenged by feeding on a blood meal infected with GFP-B. 
quintana as described above. The GFP-B. quintana-challenged lice were subsequently reared 

with non-infected blood and collected at intervals of every 3 days post-challenge. The gDNA 

was extracted using a DNeasy blood and tissue kit (Qiagen, Valencia, CA) according to the 

manufacturer’s protocol. qPCR was performed to determine the number of B. quintana in a 

single louse body using the LightCycler 96 System (Roche Diagnostics, Mannheim, 

Germany) with the following cycling conditions: 10 min at 95°C, followed by 45 cycles of 

10 s at 95°C, 10 s at 58°C and 10 s at 72°C. The specificity of qPCR was confirmed by 

melting curve analysis. Reactions contained 1× FastStart Essential DNA Green Master 

(Roche, Bayern, Germany) and 0.5 µM of primer pairs. Fragments of gDNA from infected 

lice and standard plasmids were amplified with nested primer pairs of the B. quintana 16S–

23S rRNA gene as before and louse RpS3 gene was used as an internal reference for 

normalization (Table 1). A standard curve of the Ct values from B. quintana standard 

plasmids versus the estimated bacteria number calculated from a 2:1 ratio between DNA 

copy number and B. quintana cell (see ‘Standard protocol for B. quintana quantification’ 

section) was generated and used to estimate the number of B. quintana bacteria in each louse 

sample.

GFP-B. quintana detection in the feces of infected lice

Feces were collected at 1- or 2-day intervals from both body and head lice infected with 

GFP-B. quintana using the method described above, and gDNA was extracted from 1 mg of 

feces using a Qiagen DNeasy Blood and Tissue Kit (Qiagen, Valencia, CA, USA) according 

to the manufacturer’s instructions. The number of B. quintana bacteria in 1 mg of feces was 

calculated as described above (see ‘standard protocol for B. quintana quantification’ 

section). The remaining feces were used to take a digital fluorescence image using a phase-

contrast microscope equipped with FITC filter (Diaphot-TMD; Nikon, Garden City, NY, 

USA) to measure the GFP fluorescence of live bacteria as an index for the viability of B. 
quintana in feces. Net fluorescence intensity of the images was measured using the ImageJ 

program (NIH, Image Processing and Analysis in Java, http://rsb.info.nih.gov/ij/). 
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Fluorescence images taken from feces of non-infected lice were used as background images. 

The fluorescence index of each image was determined by multiplying the area-value with 

the mean-value and then dividing by the feces area value of the image. Viability index was 

derived with following equation: Viability index = (P − C)/C, where P is the fluorescence 

index at post-challenge times and C is the fluorescence index of control feces from non-

challenged louse at the same times (Kim et al. 2011).

Transcription profiling of louse immune-related genes in alimentary tract tissue following 
B. quintana oral challenge

Body and head lice were orally challenged with WT-B. quintana using the same method 

described above (see ‘Oral challenge of lice with B. quintana’ section). Following the oral 

challenge, the entire alimentary tract of the infected louse was removed by dissection in 

sterile, ice-cold PBS at 1, 4 and 8 days post-challenge. The dissected alimentary tract was 

immediately placed in RNAlater solution (Ambion, Austin, TX, USA) to maintain the 

quality of RNA. Upon the completion of the dissection, the alimentary tract tissues from 

each time group were homogenized in 100 µl of TRI reagent (MRC, Cincinnati, OH, USA) 

and total RNA extracted according to the manufacturer’s instruction. The first-strand cDNA 

was synthesized from the DNaseI (Takara Biotechnology, Japan)-treated total RNA using 

SuperScript III reverse transcriptase (Invitrogen, Carlsbad, CA, USA), diluted to 5 ng/µl and 

used as template for quantitative real-time PCR (qPCR). The six major immune-related 

genes (PGRP, defensin 1, defensin 2, Duox, lysozyme and PPO) involved in pathogen 

recognition and direct defense were selected as representative genes to examine the humoral 

immune responses of epithelial cells of alimentary tract tissue. The qPCR was performed in 

a StepOne Plus Real Time PCR System (Applied Biosystems, Darmstadt, Germany) using 

following cycling conditions: 95°C for 10 min, 40 cycles of 95°C for 15 s, 56°C for 20 s, 

60°C for 30 s and serial increase per 0.2°C for 1 s from 45°C to 95°C for melting curve 

analysis. The reaction mixtures contained 1× Power SYBR Green PCR Master Mix (Applied 

Biosystems) and 0.5 µM primers for immune genes or RpL13A as a reference gene. The 

primer sets used for the qPCR are shown in Table 2. Quantification of relative transcript 

level of a gene was conducted based on the original concept of 2-ΔCt (Pfaffl 2001). qPCR 

was repeated 5–7 times with total RNA from independently infected lice and each was 

conducted with two technical replicates to adjust intra-PCR variation.

Comparison of ROS levels in alimentary tract tissues of starved versus blood-fed lice

Female body and head lice were starved for 8 h prior to experiments and half of each type of 

louse were then fed human blood using the in vitro rearing system until their guts were full 

of blood by visual inspection (ca. 30 min). The alimentary tracts of starved and blood-fed 

lice were dissected in ice-cold PBS (pH 7.4) and the gut contents removed by washing in 

PBS prior to use in all experiments. To determine the types and levels of ROS produced, a 

number of detection methods were used.

For the simultaneous detection of a wide array of ROS, the dissected alimentary tracts were 

incubated with a 10 µM solution of CM-H2DCFDA [5-(and-6)-chloromethyl-2’,7’-dichloro-

dihydrofluorescein diacetate, acetyl ester] (Invitrogen, Carlsbad, CA, USA) as the general 

oxidant-sensitive fluorophore for 20 min at room temperature in the dark. After incubation, 
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the alimentary tracts were washed with PBS and homogenized using a glass micro 

homogenizer (Wheaton Industries, Millville, NJ, USA). The homogenates were centrifuged 

at 12,000 g for 1 min and fluorescence (Ex: 500 nm; Em: 520 nm) measured with a 

GeminiXS spectrofluorometric plate reader (Molecular Devices, Sunnyvale, CA, USA).

For the HPF assay, which also detects a similar range of ROS as CM-H2DCFDA, the 

dissected alimentary tracts were incubated in 5 µM of HPF (Invitrogen, Carlsbad, CA, USA) 

solution for 60 min at room temperature in the dark. After incubation, the tissues were 

homogenized and centrifuged at 12,000 g for 3 min and fluorescence (Ex: 490 nm; Em: 515 

nm) measured using a spectrofluorometric plate reader.

NBT was used to assess the generation of superoxide from epithelial cells based on 

previously described method with modification (Arumugam et al. 2000). Briefly, the 

dissected alimentary tracts were incubated in NBT reaction solution (0.7 mM NBT, 0.5 mM 

EDTA) at 37°C for 60 min. Tissues were homogenized and centrifuged at 1,000 g for 10 

min. After the supernatant was removed, the pellet was resuspended in 70% methanol. After 

another centrifugation at 1,000 g for 10 min, the pellet was resuspended in extraction 

solution (2 M KOH + DMSO, 6:7 v/v) to dissolve insoluble formazan and then centrifuged 

again at 3,500 g for 20 min. The optical density of the supernatant at 630 nm was measured 

using a VERSAmax microplate reader (Molecular Devices, Sunnyvale, CA, USA).

Statistical analysis

All statistical analyses were performed using the SPSS 22.0 software (SPSS Inc., Chicago, 

IL, USA). Mean and standard deviation (S.D.) were calculated for each data set. 

Kolmogorov-Smirnov test was conducted to confirm whether the data were normally 

distributed, and then statistical differences of mean values were determined by ANOVA 

followed by Tukey or Dunnett’s T3 post hoc test and Student’s t test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This work was supported by a grant from the NIH/NIAID (5R01AI045062-06) to JMC and SHL. JHK was 
supported in part by Brain Korea 21 program. JEK received support from the NIH/NIAID (R01AI103299 and 
5R01AI052813) and a California HIV Research Program Award.

References

Angelakis E, Diatta G, Abdissa A, Trape JF, Mediannikov O, Richet H, Raoult D. Altitude-dependent 
Bartonella quintana Genotype C in Head Lice, Ethiopia. Emerging Infectious Diseases. 2011a; 
17:2357–2359. [PubMed: 22172306] 

Angelakis E, Rolain JM, Raoult D, Brouqui P. Bartonella quintana in head louse nits. Fems 
Immunology and Medical Microbiology. 2011b; 62:244–246. [PubMed: 21477003] 

Arumugam M, Romestand B, Torreilles J, Roch P. In vitro production of superoxide and nitric oxide 
(as nitrite and nitrate) by Mytilus galloprovincialis haemocytes upon incubation with PMA or 
laminarin or during yeast phagocytosis. European Journal of Cell Biology. 2000; 79:513–519. 
[PubMed: 10961451] 

Kim et al. Page 12

Insect Mol Biol. Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Battisti JM, Sappington KN, Smitherman LS, Parrow NL, Minnick MF. Environmental signals 
generate a differential and coordinated expression of the heme receptor gene family of Bartonella 
quintana. Infection and Immunity. 2006; 74:3251–3261. [PubMed: 16714552] 

Beerntsen BT, James AA, Christensen BM. Genetics of mosquito vector competence. Microbiology 
and Molecular Biology Reviews. 2000; 64:115–137. [PubMed: 10704476] 

Bonilla DL, Kabeya H, Henn J, Kramer VL, Kosoy MY. Bartonella quintana in Body Lice and Head 
Lice from Homeless Persons, San Francisco, California, USA. Emerging Infectious Diseases. 2009; 
15:912–915. [PubMed: 19523290] 

Brouqui P, Raoult D. Arthropod-borne diseases in homeless. Century of Rickettsiology: Emerging, 
Reemerging Rickettsioses, Molecular Diagnostics, and Emerging Veterinary Rickettsioses. 2006; 
1078:223–235.

Cockerell CJ, Whitlow MA, Webster GF, Friedmankien AE. Epithelioid Angiomatosis - a Distinct 
Vascular Disorder in Patients with the Acquired-Immunodeficiency-Syndrome or Aids-Related 
Complex. Lancet. 1987; 2:654–656. [PubMed: 2887942] 

Fournier PE, Minnick MF, Lepidi H, Salvo, E and Raoult D. Experimental model of human body louse 
infection using green fluorescent protein-expressing Bartonella quintana. Infection and Immunity. 
2001; 69:1876–1879. [PubMed: 11179366] 

Harms A, Dehio C. Intruders below the Radar: Molecular Pathogenesis of Bartonella spp. Clinical 
Microbiology Reviews. 2012; 25:42–78. [PubMed: 22232371] 

Hotez PJ. Neglected Infections of Poverty in the United States of America. Plos Neglected Tropical 
Diseases. 2008; 2

Ito S, Vinson JW. Fine Structure of Rickettsia Quintana Cultivated in Vitro and in Louse. Journal of 
Bacteriology. 1965; 89:481. [PubMed: 14255718] 

Jackson LA, Spach DH, Kippen DA, Sugg NK, Regnery RL, Sayers MH, Stamm WE. Seroprevalence 
to Bartonella quintana among patients at a community clinic in downtown Seattle. Journal of 
Infectious Diseases. 1996; 173:1023–1026. [PubMed: 8603944] 

Kang JS, Cho Y, Kim JH, Kim SH, Yoo S, Noh S, Park J, S YK, Clark JM, Pittendrigh BR, Chun J, 
Lee SH. Comparison of the genome profiles between head and body lice. Journal of Asia-Pacific 
Entomology. 2015; 18:377–382.

Kim JH, Min JS, Kang JS, Kwon DH, Yoon KS, Strycharz J, Koh YH, Pittendrigh BR, Clark, JM and 
Lee SH. Comparison of the humoral and cellular immune responses between body and head lice 
following bacterial challenge. Insect Biochemistry and Molecular Biology. 2011; 41:332–339. 
[PubMed: 21296152] 

Kim JH, Yoon KS, Previte DJ, Pittendrigh BR, Clark JM, Lee SH. Comparison of the immune 
response in alimentary tract tissues from body versus head lice following Escherichia coli oral 
infection. Journal of Asia-Pacific Entomology. 2012; 15:409–412.

Kirkness EF, Haas BJ, Sun W, Braig HR, Perotti MA, Clark JM, Lee SH, Robertson HM, Kennedy 
RC, Elhaik E, Gerlach D, Kriventseva EV, Elsik CG, Graur D, Hill CA, Veenstra JA, Walenz B, 
Tubio JM, Ribeiro JM, Rozas J, Johnston JS, Reese JT, Popadic A, Tojo M, Raoult D, Reed DL, 
Tomoyasu Y, Krause E, Mittapalli O, Margam VM, Li HM, Meyer JM, Johnson RM, Romero-
Severson J, Vanzee JP, Alvarez-Ponce D, Vieira FG, Aguade M, Guirao-Rico S, Anzola JM, Yoon 
KS, Strycharz JP, Unger MF, Christley S, Lobo NF, Seufferheld MJ, Wang N, Dasch GA, 
Struchiner CJ, Madey G, Hannick LI, Bidwell S, Joardar V, Caler E, Shao R, Barker SC, Cameron 
S, Bruggner RV, Regier A, Johnson J, Viswanathan L, Utterback TR, Sutton GG, Lawson D, 
Waterhouse RM, Venter JC, Strausberg RL, Berenbaum MR, Collins FH, Zdobnov EM, 
Pittendrigh BR. Genome sequences of the human body louse and its primary endosymbiont 
provide insights into the permanent parasitic lifestyle. Proc Natl Acad Sci U S A. 2010; 
107:12168–12173. [PubMed: 20566863] 

Kosoy M, Mandel E, Green D, Marston E, Childs J. Prospective studies of Bartonella of rodents. Part 
I. Demographic and temporal patterns in population dynamics. Vector-Borne and Zoonotic 
Diseases. 2004; 4:285–295. [PubMed: 15671735] 

Kostrzewski J. The epidemiology of trench fever. Bull Acad Pol Sci Biol. 1949; 7:233–263.

Lee AK, Falkow S. Constitutive and inducible green fluorescent protein expression in Bartonella 
henselae. Infection and Immunity. 1998; 66:3964–3967. [PubMed: 9673287] 

Kim et al. Page 13

Insect Mol Biol. Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Lounibos LP. Invasions by insect vectors of human disease. Annu Rev Entomol. 2002; 47:233–266. 
[PubMed: 11729075] 

Molina-Cruz A, Dejong RJ, Charles B, Gupta L, Kumar S, Jaramillo-Gutierrez G, Barillas-Mury C. 
Reactive oxygen species modulate anopheles gambiae immunity against bacteria and plasmodium. 
Journal of Biological Chemistry. 2008; 283:3217–3223. [PubMed: 18065421] 

Olds BP, Coates BS, Steele LD, Sun W, Agunbiade TA, Yoon KS, Strycharz JP, Lee SH, Paige KN, 
Clark JM, Pittendrigh BR. Comparison of the transcriptional profiles of head and body lice. Insect 
Molecular Biology. 2012; 21:257–268. [PubMed: 22404397] 

Oliveira JHM, Goncalves RLS, Lara FA, Dias FA, Gandara ACP, Menna-Barreto RFS, Edwards MC, 
Laurindo FRM, Silva-Neto MAC, Sorgine MHF, Oliveira PL. Blood Meal-Derived Heme 
Decreases ROS Levels in the Midgut of Aedes aegypti and Allows Proliferation of Intestinal 
Microbiota. Plos Pathogens. 2011; 7

Park SY, Kelminson KL, Lee AK, Zhang P, Warner RE, Rehkopf DH, Calderwood SB, Koehler JE. 
Identification, characterization, and functional analysis of a gene encoding the ferric uptake 
regulation protein in Bartonella species. Journal of Bacteriology. 2001; 183:5751–5755. [PubMed: 
11544240] 

Pfaffl MW. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids 
Research. 2001; 29

Previte D, Olds BP, Yoon K, Sun W, Muir W, Paige KN, Lee SH, Clark J, Koehler JE, Pittendrigh BR. 
Differential gene expression in laboratory strains of human head and body lice when challenged 
with Bartonella quintana, a pathogenic bacterium. Insect Molecular Biology. 2014; 23:244–254. 
[PubMed: 24404961] 

Raoult D, Roux V. The body louse as a vector of reemerging human diseases. Clinical Infectious 
Diseases. 1999; 29:888–911. [PubMed: 10589908] 

Sasaki T, Poudel SKS, Isawa H, Hayashi T, Seki N, Tomita T, Sawabe K, Kobayashi M. First 
molecular evidence of Bartonella quintana in Pediculus humanus capitis (Phthiraptera : 
Pediculidae) collected from Nepalese children. Journal of Medical Entomology. 2006; 43:788–
788.

Seki N, Kasai S, Saito N, Komagata O, Mihara M, Sasaki T, Tomita T, Sasaki T, Kobayashi M. 
Quantitative analysis of proliferation and excretion of Bartonella quintana in body lice, Pediculus 
humanus L. American Journal of Tropical Medicine and Hygiene. 2007; 77:562–566. [PubMed: 
17827380] 

Veracx A, Raoult D. Biology and genetics of human head and body lice. Trends in Parasitology. 2012; 
28:563–571. [PubMed: 23069652] 

Yoon KS, Strycharz JP, Gao JR, Takano-Lee M, Edman JD, Clark JM. An improved in vitro rearing 
system for the human head louse allows the determination of resistance to formulated 
pediculicides. Pesticide Biochemistry and Physiology. 2006; 86:195–202.

Zhang P, Chomel BB, Schau MK, Goo JS, Droz S, Kelminson KL, George SS, Lerche NW, Koehler 
JE. A family of variably expressed outer-membrane proteins (Vomp) mediates adhesion and 
autoaggregation in Bartonella quintana. Proceedings of the National Academy of Sciences of the 
United States of America. 2004; 101:13630–13635. [PubMed: 15347808] 

Kim et al. Page 14

Insect Mol Biol. Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Time course of B. quintana proliferation in body and head lice following oral challenge. 

Body lice showed significantly more B. quintana bacteria numbers at every time point than 

head lice. Symbols with asterisk (*) indicate statistically significant difference between body 

and head lice (p<0.05). Error bars indicate standard deviation of the mean.
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Figure 2. 
(A) Time course of B. quintana number in feces of body and head lice following a single 

oral challenge. (B) Time course of B. quintana viability in louse feces as determined by 

fluorescence. Symbols with asterisk (*) indicate statistically significant difference between 

body and head lice (p<0.05). Error bars indicate standard deviation of the mean.
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Figure 3. 
Comparison of the relative transcription level of representative immune-related genes in the 

alimentary tract tissues of non-challenged lice. Bars with asterisk (*) indicate statistically 

significant difference between body and head lice (p<0.05). Error bars indicate standard 

deviation of the mean.
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Figure 4. 
Comparison of the fold-changes of transcript of 6 major immune genes between body and 

head lice after a single oral challenge with B. quintana. Symbols with asterisk (*) indicate 

statistically significant difference between body and head lice (p<0.05). Error bars indicate 

standard deviation of the mean.
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Figure 5. 
Comparison of generation of general reactive oxygen species using CM-H2DCFDA (A) and 

HPF (B), superoxide using NBT (C) in the alimentary tract tissue between starved or fed 

body and head lice. Bars with asterisk (*) indicate statistically significant difference between 

body and head lice (p<0.05). Error bars indicate standard deviation of the mean.
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Table 1

Sequences of the primers used for B. quintana quantification.

Species Gene Sequence (5’→3’) Product
size (bp)

P. humanus RpS3
Fa GCGAGAATTGGCTGAAGATG

131
Rb GAACGACAGAAGTCAACTCC

B. quintana

16S–23S rRNA
(standard)

F GTCCTCCCTCTCTTATGAGG
398

R AACCAAATGGATAAGCGCCATA

16S–23S rRNA
(qPCR)

F GAGATAATGCCGGGGAAGGT
100

R GACTTGAACCTCCGACCTCA

a
Forward primer.

b
Reverse primer.
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Table 2

Sequences of the primers used for qPCR of immune-realted genes

Gene Sequence (5’→3’) Product size (bp)

RpL13A
Fa GTTAGGGGAATGCTTCCACAC

142
Rb GGTCTAAGGCAGAGAACGCT

PGRP
F GTCACCATTGGAAGATGTCG

138
R GAATTCGATGGAGTCGCGTG

Defensin 1
F GGGAGAACTTACCTCGGAAA

142
R AGCGGCACAAGCAGAATGAT

Defensin 2
F TGGAGGAAGATTCAGGAGAGC

127
R GCAACGTCCACCTTTGTAACC

Duox
F CGAAGATGAAGGTGAAGGAGG

144
R CCGTCGCCATCTTTATCGAC

Lysozyme
F CTGGTGATGGTTTCAACGCG

137
R GGCGACGAAGAAGTTACCGT

PPO
F TTACGCATTATCGGTCGCCA

144
R CTCGGATCTAAAACGCTCGTG

a
Forward primer.

b
Reverse primer.
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