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Genome Sequencing, Assembly, and Annotation. Despite a history of
inbreeding, the sequenced genomes displayed a relatively high
level of polymorphism, and it was necessary to use assembly
parameters that were less stringent than described previously (1–
3). Overlaps were computed at up to 12% error using 14-mer
seeds, ignoring mers present >500 times in the trimmed frag-
ments. Unitigs were computed using overlaps with a maximum of
10% error after correcting for sequencing errors. The genome
size used when computing the A-statistic was set to 80 Mb, which
biased the algorithm to labeling borderline-deep unitigs as
unique instead of repetitive (1). This assembly has been de-
posited with the National Center for Biotechnology Information
(NCBI; accession no. AAZO00000000).
Two large scaffolds (>100 kb), each resembling fragments of

a bacterial genome, were used to seed the retrieval of all frag-
ments of the endosymbiont genome. Component reads and their
mates were searched iteratively against the complete dataset, and
then, a final tally of 44,192 reads was assembled independently
into a single contig that represents the entire endosymbiont
chromosome. The sequences of this chromosome and an associ-
ated plasmid have been deposited with NCBI (accession nos.
CP001085 and CP001086).
The Pediculus humanus humanus genome assembly was anno-

tated with gene models derived from the VectorBase and JCVI
annotation pipelines (4). The initial automated analyses identified
5,797 (VectorBase) and 11,143 (JCVI) gene models. These were
merged to yield 10,773 models that were annotated manually
by experienced curators (NCBI accession nos. EEB09810–
EEB20584). Where genes from disparate sets were mapped to the
samegenomic locus, thegenewith thegreatest homology to another
insect protein or the longest encoded protein sequence was chosen.
Manual annotationwas applied only to remedy obvious errors, such
as split or merged gene structures or genes targeted based on pu-
tative function. The endosymbiont genomewas annotated using the
JCVI prokaryotic annotation pipeline (http://www.jcvi.org/cms/re-
search/projects/annotation-service/) with manual annotation using
the Manatee tool (http://manatee.sourceforge.net/).
To detect GC composition, we partitioned the genomic

sequences into segments by the binary recursive segmentation
procedure, DJS, proposed by Bernaola-Galván et al. (5). In this
procedure, the chromosomes are recursively segmented by
maximizing the difference in GC content between adjacent sub-
sequences. The process of segmentation was terminated when the
difference in GC content between two neighboring segments was
no longer statistically significant (6).

Superscaffolding. We attempted to extend the automated super-
scaffolding of the 10 largest superscaffolds or groups by manual
methods that used all available additional bioinformatic evidence.
We were able to make additional links from both ends of most
superscaffolds or groups, primarily by using 4-kb mate pairs as
custom short contigs that served as stepping stones into the next
available large scaffold or group; additionally, we used 10-kb
mate pairs and one gene model (40-kb fosmid mate pairs seem to
have been exhausted for this purpose).

Telomeres. We searched the trace-archive reads with 1,000 bases of
TTAGG repeats, which are the canonical telomeric repeats for
insects (7, 8). Thefirst 250matches among the 9,897 � 40-kb fosmid
end reads were plus/minus, indicating that the sequence repre-
sented the ends of telomeres. The internalmate pairs of the 70 top-

matching reads were almost all repetitive sequences, including
some with TTAGG repeats interrupted by non-LTR retro-
transposons of the sequence associated repeat telomeric (SART)
family, which are also inserted into the telomeres of Tribolium
castaneum and Bombyx mori (9). These insertions almost always
occurbetween theTTAandGGofa telomeric repeatwith thepoly-
A tail oriented to the telomere.

Subtelomeric Structure. A general schematic that is a composite of
the structure derived from comparison with the assembled regions
of nine telomeres is listed below. The order of telomere compo-
nents was unique sequence, louse subtelomeric repeat (LSTR1)
repeats, short A-rich repeats, LSTR2 repeats, pseudogenes,
LSTR1 repeats, unique sequence, SART/TTAGG repeats. This
was best exemplified by the 16-kb region at the 3′ end of super-
contig 1103172107644, which is telomere 4 below. In the available
assembled telomeres, the 5′ end of the subtelomeric region ad-
jacent to unique flanking DNA consists of 5–16 satellite-like re-
peats of 141 bp (although many have internal regions of these
repeats missing so that the repeat length itself is highly variable)
called LSTR1 (representative LSTR1: TTTTTTTTTCTTCG-
TGTTCGTTCCCTCGGTGCAATTGTGCCTCTGTTGCAC-
TGATCGAATCTCGACGCACGTTCAGTTTTTACCGTACGC-
TCTCGGTCTCGGTCTAGCTCTCGCGCTCGCTCACGCGCT-
CGATCCCCGGAC). This is followed by 1–2 kb of short A-rich
repeats, such as TCCAAAATCAAAATCGAAATCAAAATCG-
AAATCGAAATTTAAAA. The next 0.5–1 kb consists of runs of
thymines (e.g., TTTGGTTTTTTTTTTTTTTGGATTGGTTTTTT-
TTTT). This is followed by 4–10 copies of 123-bp LSTR2 (repre-
sentative LSTR2: CGCGCCCTCCCCCACCCCCACCCGAAA-
CCGCGAGATCGCGGCTCCCGTCGCGGGGTCCGCGTCCG-
ACTTCGGAGAGTCCGGGACCGCGGTCGAAATCCCGA-
AAAAAAAAAAAAAATTTTTTTT). The next � 8-kb region
consists of a unique but shared sequence on each of 4–7 available
telomeres and includes several different short pseudogenic re-
gions with best matches in GenBank to genes from monkeys,
plants, sea anemone, and fungi. This is followed by a few more
LSTR1 repeats. Unfortunately, the highly repetitive nature of
these regions has prevented us from manually assembling the
connection from this to the SART/TTAGG repeats that must be
telomeric of these assembled subtelomeric regions.
The nine assembled telomeric regions are shown below (there

are many other small contigs with matches to these that might
represent the remaining unassembled telomeres):

Telomere 1: 2 kb at the 3′ end of 57-kb contig 1103172085190
(AAZO01005576.1) that is the 3′ end of 190-kb supercontig
1103172108237 (a singleton Group104). It contains seven
LSTR repeats and the short A-rich repeats.

Telomere 2: 10 kb at the 3′ end of 35-kb contig 1103172096746
(AAZO01004088.1) that is the 3′ end of 772-kb supercontig
1103172107761 (Group 19.06). It is the 3′ end of 2.3-Mbp
group 19. It contains thymine runs, eight LSTR2 repeats,
and the pseudogene region (LSTR repeats and short A-rich
repeats are replaced by yet another repeat between flanking
unique DNA and the subtelomere).

Telomere 3: 7 kb in reverse orientation at the 5′ end of 73-kb
contig 1103172096872 (AAZO01004393.1) that is the 5′ end
of 203-kb supercontig 1103172107841 (a singleton Group101).
It contains eight LSTR1 repeats, short A-rich repeats, thymine
runs, six LSTR2 repeats, and 3 kb of the pseudogenic region.
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Telomere 4: 16 kb at the 3′ end of 12-kb contig 1103172096328
(AAZO01003110.1) and all of 7-kb contig 1103172094794 (AA-
ZO01003111.1), which is the 3′ end of 409-kb supercontig
1103172107644 (Group18.02); it is the 3′ end of the largestman-
ual supergroup that is 9 Mbp, the expected length of a chromo-
some. It contains 16 LSTR1 repeats, short A-rich repeats,
thymine runs, 8 LSTR2 repeats, the pseudogenic region, 3 more
LSTR1 repeats, and then, 2 kb shared only with short contigs.

Telomere 5: 2 kb at the 3′ end of 28-kb contig 1103172086120
(AAZO01007175.1) that is the 3′ end of 130-kb supercontig
1103172108311 (a singleton Group114). It contains 10 LSTR1
repeats and a few short A-rich repeats.

Telomere 6: 2 kb at the 3′ end of 10-kb contig 1103172095607
(AAZO01001589.1) that is the 3′ end of 393-kb supercontig
1103172107481 (Group10.09); it is the 3′ end of a 4.2-Mbpman-
ual supergroup. It contains seven LSTR1 repeats and short A-
rich repeats.

Telomere 7: 7 kb in reverse orientationof 7-kb contig 1103172096930
(AAZO01004592.1) that is the 5′ end of 153-kb supercontig
1103172107879 (Group71.01); it is the 3′ end of a 4.4-Mbpmanual
supergroup. It contains eight LSTR1 repeats, shortA-rich repeats,
thymine runs, four LSTR2 repeats, and 3 kb of the pseudogenic
region.

Telomere 8: 13 kb at the 3′ end of 48-kb contig 1103172095993 (AA-
ZO01002377.1) that is the 3′ end of 264-kb supercontig 110317210-
7555 (singleton Group83). It contains six LSTR1 repeats, short A-
rich repeats, thymine runs, nine LSTR2 repeats, the pseudogenic
region, and ends with two more LSTR1 repeats.

Telomere 9: 1 kb in reverse orientation at the 5′ end of 10-kb
contig 1103172094700 (AAZO01003607.1) that is the 5′ end
of 56-kb supercontig 1103172107714; it is not in a group. It
contains only seven LSTR1 repeats.

Hawkeye Analysis. The genome was assembled by numerous trace
reads. However, some important information about the trace
reads is often masked in the final analysis. Thus, the compression–
expansion (CE) statistic (10, 11) is one way to bridge the gap
between the complexity of all of the trace reads from the genome
and the linear consensus sequence that is the result of the as-
sembly process. An evaluation of the CE statistic as a predictive
measure of misassemblies can be found in Choi et al. (12). The
CE statistic compares the implied distance between mate pairs in
the assembly with their expected distance based on the clone
library size. The CE statistic is defined as the number of SEMs by
which a group of insert lengths differs from the expected library
mean, and it was calculated by the AMOS software package
version 2.0.0 (http://amos.sourceforge.net). We used tools from
the AMOS software package (10) to calculate the CE statistic
across the genome.
To perform the hawkeye analysis, we used the following ap-

proach. If the average inferred length in a region differed from the
expected length, that region was deemed suspect using the CE
statistic (11). After considering each base position in the assem-
bly, AMOS reported features, or contiguous regions, where the
CE statistic indicated that the average insert length in that region
was more than three SEs away from the mean. These features
represent expansion or compression, depending on if the CE
statistic is positive or negative, respectively. Because features are
associated with a specific library, a script in the AMOS package,
suspfeat2region, was used to combine all features into non-
redundant regions of at least 1,000 bp. The detected features and
regions will be made available on VectorBase.
We found 5,987 different features, of which 3,810 were ex-

pansion features and 2,177 were compression features. Overall,

360 different scaffolds contained one or more features, and
7,770,651 base positions were affected (about 7% of the as-
sembly). By combining overlapping features, we found 4,688
unique regions with a mean of 1.277 features per region. Most of
the regions are fairly short with an average length of 2,739 bp. The
largest region was 52,099 bp and was located on scaffold
1103172107574. The mean GC content of suspicious regions was
28%, and the mean repeat content was 27%.
The results can be made available in one or more tracks in

a genome browser. The CE statistic can be displayed for each base
position in the genome, and the features and/or regions can be
displayed as intervals. Researchers looking at specific regions of
the genome can use these tracks to get some evidence of possible
misassemblies in regions of interest. These regions should be used
as one piece of evidence and not as absolute predictions.

Transposable Element (TE). We performed two different analyses to
identify TEs. In thefirst analysis, we compared all of the nucleotide
sequences of the nonannotated elements with a database of rep-
resentative sequences extracted from TEfam (http://tefam.bio-
chem.vt.edu/tefam) and the elements previously identified in the
genome of P. h. humanus by the TE annotation group. These
comparisons were made using blastn. In a second analysis, we
translated all of the nucleotide sequences of the nonannotated
elements using BioEdit, and all of the putative ORFs were com-
pared with a database of representative sequences extracted from
TEfam and the elements previously identified in the genome of P.
h. humanus by the TE annotation group. These comparisons were
made using tblastn. These two sets of results showed that the
previous set of nonannotated elements correspond mainly to de-
generated copies of the previously identified elements (those in
the genome paper). The virtual absence of similarity of a subset of
short sequences (those shorter than 1,000 bp) with the database of
TEs generated led us to hypothesize that most of the shorted
nonannotated sequences correspond to remnants of highly de-
generated copies of antique TEs.
Representative amino acid sequences were extracted from

Repbase (http://www.girinst.org), TEfam (http://tefam.biochem.
vt.edu/tefam), and GenBank (http://www.ncbi.nlm.nih.gov). Pu-
tative TEswere identified from theP. h. humanus genomeusing an
iterative method specific to each class of TEs as outlined below.
The TE count in Table 1 represents the number of all blastn hits to
the genome with an e value less than 1E-20; this technique was
used to report the copy number for all types of TEs. Summary data
for TEs in P. h. humanus are listed in Table S1B.

Class I/Non-LTR Transposable Elements. Several representative re-
verse-transcriptase amino acid sequences for each non-LTR clade
were used as queries for local tblastx searches against the genome.
Perl scripts were used to extract the best hits (nucleotide) according
to e value (� 1E-20) and length (� 1,000 bp). Flanks were added to
each side of these extracted sequences, and then, they were used
as seeds for local blastn searches against the genome. The best
hits (e value � 1E-20 and length � 1,000 bp) were extracted from
the resulting file and aligned using DNASTAR SeqMan II). Two
major contigs (along with several minor ones) were obtained and
manually examined. The consensus sequences from these contigs
were used as seeds to do a final blastn against the genome to
estimate the copy number of each element. In addition, the re-
constructed elements were used in tblastx searches against the
protein database on NCBI (all nonredundant GenBank coding
sequence (CDS) translations + RefSeq Proteins + Protein Data
Bank + SwissProt + Protein Information Resource + Protein
Research Foundation) to identify and compare them with known
functional domains of annotated elements.

Class I/LTR Transposable Elements. Several representative reverse-
transcriptase amino acid sequences for each of the Ty3/gypsy,
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VDSC genes orthologous to para and NCP60E (CG9071) sodium
channels from D. melanogaster were identified in the P. h. humanus
genome. These findings are identical to those in other known insect
genomes, including An. gambiae, A. mellifera, and T. castaneum, in
which single orthologs for each VDSC are present. There are five
homologs to theDrosophila tipE,knownas the insect sodium-channel
auxiliary subunit gene, inP. h. humanus. Each gene of the tipE family
was represented by a single orthologous gene and showed a high
degree of conservation with other insects. Nine genes homologous to
nAChRs in other insects were found in P. h. humanus. The putative
nAChR genes were categorized into eight groups (a single gene in
each group of Dα1, Dα2, Dα3, Dα4, Dβ1, Dβ2, and more distantly
related Dβ3 versus two genes in Dα5–7) (26). Other insects, such as
D.melanogaster,An. gambiae, andA.mellifera, have10nAChRgenes,
and theirdistribution is very similar to that ofP. h. humanus (26).This
similarity in the number and composition of nAChR genes suggests
that they are highly conserved across insect taxa, even with re-
markably different life history and ecology; this reflects their evolu-
tionarily retained function.
Neurohormones and neuropeptides. Apart from insulin, insects use
a number of neurohormones and neuropeptides that act through
GPCRs to regulate a variety physiological processes. A large
number of these neuropeptides have been identified, and in many
cases,theirreceptorsarealsoknownfromatleastoneinsectspecies,
usually D. melanogaster [review by Hauser et al. (27)]. Although
most of insect neuropeptide genes are present in the louse genome
(Dataset S2 G and H), genes encoding proctolin, vasopressin, and
allatotropin were missing. These peptides are probably genuinely
absent from the genome, because the homologs for their receptors
have not been recovered. Both vasopressin and allatotropin are
also lacking from D. melanogaster (28), whereas proctolin and
vasopressin are missing from the B. mori genome (29). Thus, the

louse genome seems to be relatively complete in regards to the
neuropeptide genes, except for these proteins.
Genes associated with wing development. The absence of wings in all
extant Phthiraptera (true lice) represents a drastic morphological
adaptation to their parasitic lifestyle. The origin of this evolu-
tionary adaptation is quite old, because fossil records and phy-
logenetic analyses suggest that the Phthirapteran lineage (and the
winglessness) probably appeared in the early Cretaceous to late
Jurassic (140–150 mya) period (30). Hence, true lice can serve as
an excellent system to study the molecular evolution of genes
that were responsible for ancestral wing development. One
possibility is that the actual loss of these genes in lice led to the
subsequent loss of wings. Alternatively, winglessness may have
evolved through the modification of the expression pattern of
wing genes. Decades of studies in developmental biology suggest
that the latter scenario is more likely, because many (if not all)
developmental genes have pleiotropic functions and their loss
would be detrimental. However, the former scenario might also
be possible and is suggested by the loss of a Hox gene in crus-
taceans with truncated abdomens (31). To begin to understand
the molecular basis behind the evolution of winglessness in lice,
we have surveyed wing genes in the louse genome. Of more than
30 genes known to be important for wing development in D.
melanogaster, we could not detect any gene loss in this category.
Even crossveinless 2 (cv-2), a gene that has rather minor phe-
notypic effects in D. melanogaster, had a highly conserved louse
ortholog. This result indicates that these Pediculus orthologs
have important functions other than wing development. Thus,
the evolution of winglessness in lice has been likely achieved
through loss of wing-specific gene expression, possibly by modi-
fication of wing-specific cis-regulatory elements. Detailed ex-
pression analysis for these genes in lice may help us to
understand the molecular basis of winglessness in Phthiraptera.
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Fig. S1. (Continued)
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Fig. S2. Comparison of GC-content domains in the insects Pediculus humanus humanus, Apis mellifera, Tribolium castaneum, Anopheles gambiae, and Dro-
sophilamelanogaster. (A) GC-content domain lengths versusGCpercentage.Hatched line at 20%shown for comparison. (B) P. h. humanusgenes showavery slight
tendency to occur in AT-rich regions of the genome. Cumulative distributions show the fraction of genes (thick lines) or the entire genome (thin lines) occurring in
GC-content domains (<x GC%).
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Fig. S3. A genome-wide comparison of Candidatus Riesia pediculicola with the primary endosymbionts, Wigglesworthia glossinida (tsetse flies), Blochmannia
floridanus (not shown), B. pennsylvanicus (carpenter ants), the automonous Buchnera aphidicola (aphids) strains APS and BBp, Sg (not shown), Baumannia
cicadellinicola (leafhoppers and sharpshooters), and the pathogens, Photorhabdus luminescens subsp. laumondii TTO and Yersinia pestis str. CO92, revealed
a core of 237 genes in all aforementioned bacteria with only 27 genes unique to Riesia (Table S2B) and 30 genes present in all bacteria except Riesia
(Table S2A). In this comparison, Riesia shares the most orthologs with P. luminescens.
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Fig. S4. (Continued)
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