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Summary – The human body louse, Pediculus humanus humanus, is the primary vector which transmits the bacterial agents 
of louse-borne relapsing fever, trench fever, and epidemic typhus.  Epidemic typhus, one of the most significant historical 
diseases of humans, is caused by Rickettsia prowazekii, a category B bioterrorism agent that can cause persistent human 
infection.  Besides its notoriety as the agent of the recurrent chronic disease, trench fever, Bartonella quintana can cause 
endocarditis and is a common infection among the homeless.  Borrelia recurrentis causes another recurrent fever in central 
and Eastern Africa that is characterized by significant morbidity and mortality.  The genome sequences of R. prowazekii and 
B. quintana have been determined as well as those of two species of Borrelia so that determining the body louse genome will 
enhance studies of host-vector-pathogen interactions. Body lice and the closely related human head louse, Pediculus 
humanus capitis, belong to the hemimetabolous order Phthiraptera.  Head lice represent a major economic and social concern 
in North America, because head lice infestations are often associated with school-aged children, who miss substantial school 
days during this critical learning period.  Resistance to traditional pesticides used to control head and body lice have 
developed.  It is imperative that new molecular targets are discovered to aid in development of novel compounds to control 
these insects.  No complete genome sequence has been obtained for a hemimetabolous insect species.  In large part, this is 
because hemimetabolous insects often have large (2000 Mb) to very large (up to 16,000 Mb) genomes.  Recently, we 
discovered that the body louse genome is one of the smallest known in the insect world, 107.6 + 0.6 Mb for males and 105.4 + 
0.7 Mb for females, making it an ideal hemimetabolous insect for a genome sequencing project.  We currently have made EST 
libraries for both body and head lice which are being sequenced by a consortium of scientists from Purdue University, 
University of Massachusetts at Amherst, and Seoul National University.  Additionally, we have available (i) a highly inbred 
strain of body lice that can be used in a genome sequencing project, (ii) the financial resources to help with the creation of a 
BAC library if needed for the genome project, and (iii) means to generate EST libraries of body lice after exposure to bacterial 
athogens and pesticides. p 
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A. Specific biological rationales for utility of new sequence data 
 
1. Body lice – A human disease vector associated with three diverse bacterial agents including a potential 
bioterrorism agent.   
 
Lice are highly species-specific parasites.  Lice have been identified on Egyptian mummies and phylogenetic evidence 
suggests they adapted to humans about 5.6 million years ago when the ancestors of chimpanzees and humans diverged [1].  
Body lice live in close contact with humans and are often spread by shared bedding or by close personal contact [2].  This pest 
typically lives in the seams of the host’s clothing and infestations are associated with wearing the same clothing for prolonged 
periods of time without washing (e.g., wartime, natural disasters or poor personal hygiene).  A louse typically feeds five times a 
day and molts three times in 10 days after hatching 6-9 days after being laid.  The adult survives for about 20 days.  Lice can 
lay 200 eggs but require humidity levels above 40% for survival and survive best at 29-32oC. 
 
Body lice can be a serious public health problem because they transmit three highly diverse and specialized bacteria which 
cause the human diseases, louse-borne relapsing fever, trench fever, and epidemic typhus.  Epidemic typhus is caused by 
Rickettsia prowazekii, which is a category B bioterrorism agent and an obligately intracellular alphaproteobacteria.  Symptoms 
of epidemic typhus include headache, fever, chills, exhaustion, and skin rashes; untreated cases are often fatal but the agent 
also causes persistent chronic infection of humans which are the interepidemic reservoir.  The disease is spread because the 
louse leaves febrile hosts with epidemic typhus but it eventually succumbs from rupture of the gut by growth of the rickettsia.  In 
the preantibiotic era, epidemic typhus was a major scourge of mankind as it killed millions.  However, in 1986 more than 50,000 
were infected in Burundi and the disease is reemergent in other areas of the world.  The agent is acquired from ill individuals by 
feeding but is transmitted primarily by aerosol and dermal inoculation of highly infected louse feces.  Borrelia recurrentis is 
closely related to the tick-borne relapsing species B. duttonii and is thought to have diverged from this spirochete after its 
adaptation to the louse. In WWII, a million cases were observed in North Africa with a fatality rate of 10%.   Lice feeding on 
infected blood become infected for life after the agent passes from the gut to the coelomic cavity but lice cannot transmit the 
agent by feeding nor transmit it transovarially.  The Borrelia readily invade skin or mucosal tissues from crushed lice.  
Bartonella quintana, a facultative intracellular alphaproteobacteria most closely related to Brucella, causes a five day relapsing 
fever with long bone shooting pains and was responsible for more than a 1,000,000 cases in WWI on all European fronts.  The 
agent is widespread in the homeless of developed countries and can cause persistent bacteremia and endocarditis and 
bacillary angiomatosis in HIV-positive individuals.  Lice infected via blood meal remain persistently infected and Bartonella are 
excreted in large amounts in the intestine but it can also apparently be transmitted during feeding. 
 
2.  Allergenic effects.   
 
Body lice will often cause intense itching in humans due to an allergic reaction in the host against components found in the 
louse saliva. The bites of body lice may first appear as small red dots and may later cause rashes. Repeated bites by body lice 
can ultimately lead to a generalized skin eruption or inflammation. This intense itching can lead to injury to the skin caused by 
scratching by the host and to secondary infections as well as serving as a major mechanism for self-inoculation of R. 
prowazekii, B. recurrentis, and B. quintana.  The nature of components in louse feces which facilitate preservation of viable R. 
prowazekii and B. quintana are incompletely known but this material readily causes aerosol infections with these agents. 
 
 
3.  Smallest known genome size for a hemimetabolous insect.   
 
To the authors’ knowledge, the human body louse genome is the smallest known genome size for any hemimetabolous insect.  
The genome size has been measured at 107.6 + 0.6 Mb in males and 105.4+ 0.7 Mb in females.  In fact, the body louse 
genome is only slightly larger than that of C. elegans (100.4 Mb).  For comparison, Drosophila melanogaster’s genome is 175 
Mb, the mosquito genomes of Anopheles gambiae and Aedes aegypti are 220 and 800 Mb respectively, and the ticks, Ixodes 
scapularis and Boophilus microplus, are 1080 and 7100 Mb, respectively. 
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4.  The value of a small insect genome, a hemimetabolous insect genome, and a parasitic insect genome.   
 
The taxonomic grouping Paraneoptera (Acercaria or hempteroid assemblage) includes the medically important disease vectors 
in the Triatominae (Hemiptera) and lice (Phthiraptera), plus economic pests such as aphids, white flies, leaf hoppers 
(Hemiptera), and thrips (Thysanoptera).  The other two hemimetabolous insects that will soon be completely sequenced are the 
pea aphid, Acyrthosiphon pisum (Hemiptera: Aphididae) and the triatomid bug, Rhodnius prolixus.  The relationship of the 
aphid, Rhodnius and louse will provide critical comparative genomic tools to identify regions that are conserved among the 
homoptera (e.g., exons and regulatory regions).  Comparative genomics among these three sequences will also aid discovery 
of changes associated with the small genome size and the derived parasitic life history of the louse. 
 
Lice are probably the most important single hemimetabolous group from the standpoint of human health.  Many other 
hemimetabolous insects, nevertheless, have great impacts on the quality of life, including the migratory locust, aphids, 
bedbugs, and other pests.  Additionally, the bloodsucking hemimetabolous insects may share significant novel bioeffector 
molecules not found in other arthropods of medical importance, such as ticks and mosquitoes.  As such, the louse sequence 
will provide important sources of genomic homology and contrast.   
 
Parasites in general tend to have small genomes, yet the louse genome is exceptional even among these [3].  Much as the 
relatively small fugu genome provided a contrast to the larger genomes of all other fish, the louse genome will show how insect 
genomes can be reduced.  Are introns smaller or fewer?  Are genes lost?  Are control regions simplified?  Are repetitive 
elements less numerous or less common?  All will be of interest for comparative genomics. Thus, the value of other funded 
hemimetabolous arthropod genome sequencing projects will be enhanced by completion of the small louse genome sequence. 
  
 
5. Head louse – A close relative of the body louse.   
 
Sequencing of the body louse genome will provide important insights into another major pest species, the human head louse.  
Head and body lice are closely related. There is an ongoing debate as to whether head and body lice are separate species or 
separate sub-species.  Those that consider them separate species respectively refer to them as Pediculus capitis and 
Pediculus humanus.  Those that consider them separate subspecies respectively refer to them as Pediculus humanus capitis 
and Pediculus humanus humanus.  Further genomic information on these two organisms will likely provide critical evidence to 
help bring resolution to this debate.  They can mate and produce offspring, but their progeny are infertile, just like matings 
between horses and donkeys.  They are presently classed as subspecies, and the best guess is that they shared common 
ancestry no more than 5 million years ago.  Thus, what we learn about the genome of body lice will likely provide us with 
important information in regards to head lice.  This information may include, but certainly is not limited to, target sites (such as 
olfactory receptors) for the development of novel control agents.  An additional low coverage (1X - 3X) of the head louse 
genome as part of the proposed effort would provide valuable information in identification of genes and regulatory regions in 
body lice. 

 
6. Pediculosis.   
 
Pediculosis, caused by the human head louse, is the most prevalent parasitic infestation of humans in the United States. Lice 
are ubiquitous in most developing countries [4] and children 3-12 yr old are most affected. Acquired immunity likely reduces 
louse density and impact on chronically exposed older juveniles and adults. Thus, louse outbreaks may constitute one of many 
opportunistic infections associated with a depressed immune system (e.g., people with HIV). Unlike body lice, head lice have 
not been formally incriminated in the biological transmission of pathogens but are known to become infected. However, it has 
been suggested that they may transmit Rickettsia prowazekii [5, 6] and head lice are known to mechanically transmit 
Staphylococcus auereus and Streptococcus pyogenes [7].  
 
Although head louse infestations are irritating and can lead to infection, the social, mental, and economic consequences are 
very substantial. Most people find head lice intolerable and often repeatedly and prophylactically apply costly pediculicides 
(insecticides) without realizing the potential harm and lethality if misused or overused. This impacts children in particular due to 
their small size and higher sensitivity to the toxic effects of these pediculicides. 
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7. Need for new practices for controlling pediculosis.   
 
There are two ways to combat pediculosis: proactive prevention or post-infestation treatment. Emphasis is increasingly on 
prevention (education) and physical removal (combing or shaving), because a crisis exists in the chemical management of 
pediculosis. The pediculicide arsenal is limited and shrinking; and health providers are spending an increasing and inordinate 
amount of time and resources dealing with infestations. Effective management information is lacking and few, if any, 
alternatives exist when standard pesticide treatments fail.  Thus, there is a need for the discovery of new target sites in lice 
(such as olfactory receptors or genes for vitellogenin production) that could be used for the development of biocides that would 
selectively rid humans of these pests but not target humans.  A genome project for body lice would provide the necessary core 
information about novel target sites for improved head and body louse control. 
 
8. Resistance to traditional control methods.   
 
Treatment failures are common but the cause is uncertain (e.g., resistance, improper application, misdiagnosis, formulation 
changes, etc.) [8]. Louse resistance to most pediculicides is common and increasing in frequency [4, 9-19], particularly to DDT, 
the pyrethrins and the pyrethroids [8-11, 20-27].  Dr. Clark’s research group has established that knockdown resistance is a 
major factor [25] in all permethrin-resistant lice studied to date in the U.S. and supports the claim that treatment failure is, in 
part, due to resistance. An observer-blind study on NIX® (1% permethrin crème rinse treatment) effectiveness validated these 
findings [28]. In a recent survey of pharmacists, 78-82% of patients treated with synergized pyrethrins or permethrin remained 
infested and 63% treated themselves more often or at higher doses than mandated by the manufacturer [29]. Predisposition of 
resistance to pyrethroids in DDT-resistant lice impacts current control measures that rely on natural pyrethrum or permethrin-
amended shampoos.  Thus, there is certainly a need for development of novel control agents for this pest. 
 
U.S. pediculicide sales were last estimated at >$150 million just for over-the-counter (OTC) remedies (1997, NPA, Newton, 
MA). Infestation rates range from 6 -12 million cases annually. It is estimated that 2.6 million households are affected with 8% 
of all school children infested [4]. The overall cost of infestations is > $367 million annually [4]. The long-term impact of the days 
of lost learning by almost 1 in every 10 school-aged children due to the No-Nit policy and the lack of effective control options 
overshadows these cost estimates. 
 
The pending loss of pyrethroids [25] and synergized pyrethrins [12] as effective pediculicides due to resistance is not trivial. 
Pyrethroids (e.g., permethrin) are the safest and most effective class of insecticides available and are the principal choice for 
veterinary and medically important pests. Loss of control associated with resistance, however, has resulted in dangerous 
overuse [30-33].  Incidences of injury and death increase as people resort to “home remedies,” such as kerosene and gasoline. 
Without options, people overuse registered pediculicides, use combinations or resort to unregistered insecticides [17]. 
Malathion (e.g. Ovide) is prescribed most often when pyrethroids fail. Malathion is one of the safest organophosphorous 
insecticides but is still an irreversible cholinesterase inhibitor.  It causes a variety of chronic neuropathies, including 
organophosphate-induced delayed neuropathy, at near lethal dosages. 
 
The current problems with louse control and resistance underscore the need for development of novel control strategies for 
body and head lice.  A genome project in body lice would open the door to the possibility of discovery of louse-unique target 
sites for the development of new pediculicides. 

 
9. Understanding genes involved in louse behavior and disease transmission.   
 
Detection, treatment, and avoidance measures could be improved by gaining a greater understanding of molecular biology of 
how lice perceive the human body and head as a living habitat. The complete sequencing of the body louse genome would 
open the door to development of cDNA or oligoarray gene chips that would allow us to gain a greater understanding of those 
genes that may be induced or repressed in lice in response to changes in their environments.   
 
Body and head louse behavior could be altered and their populations reduced by exploiting target sites that impact the louse’s 
behavioral patterns.  For example, body lice exhibit a “homing instinct” towards their eggs [34,35] and feces [36], indicating that 
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the response to ovipositional attractants are an important behavior that could be disrupted  The Drosophila genome project 
showed that olfactory receptors are species specific and are represented by a diverse and rich set of gene families.  Any and all 
of these could be targets for specific control.  Similarly, vitellogenins are the major product from the blood meal in mosquito and 
are probably also produced at high levels in blood-fed mature lice as well.  The gene and regulatory regions of the genes 
involved in vitellogenesis will also be potential control sites produced by the sequencing effort. Sequencing of the louse 
genome and cDNA or oligoarray chips from this knowledge will provide the resources to understand the molecular mechanisms 
of disease transmission.  Up and down regulation of specific genes should reveal changes involved in these processes.  The 
availability of louse gene oligoarrays will greatly facilitate subsequent projects to determine how infection with R. prowazekii, B. 
recurrentis, and B. quintana affects gene expression in their common louse host.  Both unique and common features of the 
louse to the presence of these agents will be of interest. 
 
Additionally, we also propose to do a 1X - 3X coverage of the head louse genome to generate tools necessary for us to 
understand how parasites adapt to different parts of the human body.  Sequencing of a genome of a subspecies so closely 
related to body louse will help us to identify genes and their regulatory regions.  Further, it will allow the identification of regions 
subject to strong selection during the process of adaptation to the different parts of the human body. 
 
10. Chromosome structure and meiotic failure.   
 
The centromere of the human chromosome remains an area of very active interest.  Nondisjunction leading to polyploidy, 
monosomy, and trisomy, remains the single largest contributor to infertility and mental retardation in man.  Here the louse 
genome can make a unique contribution.  Louse chromosomes are holocentric and behave as if the centromere is distributed 
throughout the genome. Given the small size of the louse genome, this cannot be the answer.  A comparison of the louse 
genome to that of all other sequenced genomes, including man, should provide fundamental information on the genomic basis 
of pairing and disjunction.  Of potentially equally importance, male meiosis in the louse is achiasmatic, as is the case in 
Drosophila and in portions of the X and Y chromosomes of man.  This would seem to be parallel evolution, but it will be 
valuable to contrast the genomic basis of this process in different organisms. 
 
B. Strategic issues 
 
1. Demand for body louse genome sequence.   
 
The community of body louse investigators is relatively small, with about 100-200 scientists working on pediculosis and the 
biology of louse species.  If, however, one extends this community to include those working on organisms that are more closely 
related to the louse than to any other sequenced genome (which includes aphids, Rhodnius and even ticks), this becomes a 
large community indeed.  Additionally, sequencing of the body louse genome will have broad implications for those 
considerably larger groups of researchers working on the disease organisms transmitted by body lice, and human researchers 
interested in the molecular biology of the body louse-human interactions.  Moreover, the number of individuals that may be 
impacted by medical applications of improved pediculicides and improved understanding of human lice and their bacterial 
pathogens in substantial. The louse sequence will be important for those doing comparative genomics across insect taxa, as 
well as those interested in co-evolution of humans and their parasites. 
 
2. Suitability of the organism for experimentation: Table 1 
 
Genome and Basic Biology 
Haploid Chromosome # 10-12 - Estimate based on Golub & Nokkala. [3] (Actual number to be determined 

summer or fall of 2006) 
Genome size 107.6 + 0.6 Mb for the males and 105.4 + 0.7 Mb for the females (heterochromatin 

levels not known) 
Generation Time   Approximately 30 days 
Cultivation    Can be reared in laboratory colonies and using an in vitro rearing system 
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Table 1 (Continued) 
 
Genetic Resources/Tools  
Fraction sequenced   <<1%. [37] 
cDNA/EST resources One body lice library and two head lice libraries (all life stages included in each 

library).  The combined libraries are expected to have in excess of about 20,000 ESTs.  
Currently there are between 3000-5000 sequenced ESTs from body and head lice 
libraries. Most of these sequences, as of yet, have not been posted at the public 
databases. 

BAC libraries Creation of library should begin in summer of 2005 – coverage will be either a 5X or 
20X depending on resources 

Transfect/transgenic No 
Gene inactivation No 
 
Mutants None 
Germplasm storage   None to date 
 
Special Strengths (i)  One of the smallest known genome sizes for an insect species. 
 (ii) Body lice, and closely related head lice, are health and nuisance problems both 

within the U.S. and Worldwide.   
 (iii) Body lice transmit diseases, including a category B bioterriorism agent.   
 (iv) In an order of insect that are important parasites, but we know almost nothing about 

their genomes. 
(v)     Highly inbred strain 
 

Weaknesses (i) No mutant stocks 
 (ii) No immortal cell culture 

   
 
 
3. Databases & web resources.   
 
Depending on the availability of funding support, the relational database created for the honeybee by Dr. Chris Elsik at Texas 
A&M University can be expanded to include a similar relational database for the louse.  Included will be a genome browser, 
blast site, and map viewer.  This database will not replace the NCBI database, but rather (as has been the case for FlyBase 
and for Beebase) it will provide additional tools and visibility for the completed genome.  Among the advantages of the 
relational database have been that gene predictions from NCBI, Ensemble and Heidelberg can be displayed together on the 
TAMU relational database.  For honeybee, this comparison resulted in significant refinements in gene predictions at all three 
centers and at BeeBase.  Because the database will be relational, it can be updated as tools and data are added.  EST data 
can be overlaid and displayed against nucleic acid sequences and predicted protein sequences.  Additionally, as the genome is 
assembled, the map viewer displays the assembled information so that areas of interest are quickly found and queried.  
Eventually, the database will provide a home for annotation efforts as well as integration of the genetic, physical, and 
chromosomal maps. 
 
Number of Investigators Approximately 100-200 investigators work directly in louse biology, louse molecular biology, or 
both. 
 
4. Rationale for complete sequence.   
 
A full genome sequence is required to use body lice to address a wide range of health-related problems: efficient discovery of 
target sites for potentially novel and louse-specific biocides; discovery of genes involved in disease propagation and 
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transmission; understanding of human-louse interactions; understanding of putative allergens in lice that impact the human 
immune system; understanding of human-louse co-evolution; discovery of genes involved in attraction and/or repellency; 
provide genetic resources for those working on other parasitic Phthiraptera; and, since there is relatively little information in the 
literature on the genomes of hemimetabolous insects when compared to holometabolous insects, this sequence will provide 
important information to those studying evolution of insect and other arthropod genomes. We also propose to do a 1X to 3X 
coverage of the head louse genome for a comparative genomic analysis between these two subspecies. 
 
5. Cost and readiness.   
 
Collaborative work between Drs. Johnson, Clark and Pittendrigh has lead to the recent discovery that body lice have a small 
genome size.  Dr. Clark has developed an in vitro rearing strategy that will allow him to produce sufficient quantities of inbred 
strains of body lice and head lice for genomic efforts.  His laboratory also has the capacity to rear field-collected strains.  EST 
libraries have been made for both head and body lice and by mid-August we should have upwards of 2000 body and head lice 
ESTs annotated, including those already published by the Pittendrigh laboratory [37].  Drs. Pittendrigh and Clark are currently 
in the process of making arrangements for the creation of a body louse BAC library (between 5X to upwards of 20X coverage).  
Dr. Pittendrigh currently has the financial resources for the creation of a BAC library for body lice. 
 
6. Basic sequencing strategies.   
 
Pediculus pediculus for this project will be provided from inbred laboratory cultures.  BACs and BAC end sequences BES to 
produce megabase scaffolds will be produced with existing funds. 
 
The Baylor College of Medicine Human Genome Sequencing Center (BCM) has expressed interest in sequencing the body 
louse.  Specific methods will depend on which Center is assigned this project, but we anticipate that this will be a pure whole 
genome shotgun (WGS) sequencing effort, with assembly from subclone and fosmid libraries.  BAC end sequences will be 
used for scaffolding, in order to create Mb-size scaffolds.  We are aware that the NHGRI-supported sequencing centers are 
experimenting with new low-cost approaches for the sequencing pipeline and are open to getting involved in that for Pediculus.   
 
Assembly of the genome can follow the techniques used at BCM for the honey bee (and other organisms) using ATLAS whole 
genome assembly tools.  The annotation of the bee genome was successfully performed in collaboration with the EBI using 
Ensembl.  The Ensembl pipeline has now been installed at BCM and provides a proven platform for insect genome annotation. 
 
BAC ends of contigs can be readily mapped onto the linkage map generated based on the surplus males. As the vast majority 
of the reads will be short insert pUC18 subclones from sheared genomic DNA, the contig coverage will be fully random as was 
the case for the honeybee sheared sequencing libraries. Assembly of the honeybee whole genome shotgun sequence has 
been straightforward using the ATLAS whole genome assembly tools developed at the BCM-HGSC for the assembly of the rat, 
D. pseudoobscura, honey bee, sea urchin and numerous bacteria.   
 
The BCM-HGSC is constantly improving and re-evaluating its sequencing pipeline for the reduction of costs, evaluating the 
possibilities of new sequencing technologies as they emerge. One such technology is 454 Inc’s (Branford, CT) massively 
parallel pyro-sequencing.  We will closely follow and evaluate the possibility of using this technology with P. humanus if the 
scientific requirements can be fulfilled.   
 
We propose to sequence P. humanus humanus to sufficient coverage (6-8X) to determine the size of introns, exons, and 
control regions. If possible, we would also sequence P. humanus capitus to 2-3X coverage, as the comparison of the two 
subspecies will not only help identify loci unique to these pests, but also alleles responsible for differences between the two 
subspecies. 
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7. Other (partial) funding sources.   
 
Funding for a BAC library has been provided by a grant from the state of Indiana (21st Century Funds) to the Indiana Center for 
Insect Genomics, of which Drs. Pittendrigh and Romero-Severson are members.  This source of funding will also provide Drs. 
Pittendrigh and Clark with the resources to sequence >2000 head or body louse ESTs.  Dr. Si Hyeock Lee currently has 
resources to sequence another 1,500 ESTs from either the current head lice EST libraries or from the new body louse EST 
libraries that Drs. Pittendrigh and Clark will be constructing this summer.  The resources to host the database are in place at 
TAMU with anticipated additional funding from NHGRI. 
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