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Although the Democratic Republic of the Congo is considered a megadiverse country, the
Congo Basin is not recognized as a conservation priority because of gross underestimates of
species diversity and endemism, especially for invertebrate taxa. Examining ectoparasitic
chewing lice parasitizing birds in this region could provide valuable information pertaining
to the diversity of invertebrate taxa as well as host–parasite interactions within the Congo
Basin. In this study, we used molecular and morphological data to examine avian louse
diversity. From 60 parasitized birds, we documented 39 new host associations, and at least
12 and 17 species of amblyceran and ischnoceran chewing lice, respectively. Morphologi-
cally, we identified a minimum of 13 new species. Due to a lack of available reference mate-
rial, we were unable to identify some specimens and it is likely many, if not all of these,
represent new species. Our sampling efforts, morphological examinations and molecular
analyses reveal an astounding amount of louse diversity in the Congo Basin.
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Introduction
Tropical rainforests are host to the greatest concentration
of biological biodiversity on the planet (Mittermeier et al.
2003; Brooks et al. 2006; Schmitt et al. 2009). The tropical
rainforests of the Congo Basin (in addition to the Gulf of
Guinea forest regions) encompass some of the largest
remaining wild areas in the world (Schmitt et al. 2009;
Anthony et al. 2015). Within the Congo Basin, the Demo-
cratic Republic of the Congo (DRC) is the only tropical
African nation that is considered a ‘megadiverse’ country
(Mittermeier et al. 1997), meaning it is one of 17 countries
worldwide that together host 60–70% of the earth’s known
species. Despite the megadiverse status of DRC, the Congo
Basin is not known for its endemism, it is not a region rec-

ognized as a conservation priority, and it may be under
substantial deforestation and climate change risk (Norris
et al. 2010; Akkermans et al. 2014; Deikumah et al. 2014;
Zhou et al. 2014). These features of the Congo Basin are
important because global ‘conservation hotspots’ – areas
that garner the attention of the international conservation
community – are determined based on overall species
diversity (i.e. number of species), on the per cent of the
overall diversity that is endemic to a particular region (i.e.
species found only in that region), and on various measures
of remaining available habitat (Mittermeier et al. 1999).
In a recent review of global biodiversity conservation

priorities, the Congo Basin rainforest was described as an
area with low vulnerability but high irreplaceability (Brooks
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et al. 2006). This implies that habitat loss in one region of
the basin would not result in major losses of biodiversity
because many of the species are widespread and thus occur
in other Afrotropical forest regions such as those in West
Africa and the Eastern Arc mountains. However, vulnera-
bility of biodiversity in the Congo Basin may actually be
quite high due to underestimates of species diversity and
endemism. In fact, recent studies have suggested that the
species (or lineage) diversity of vertebrate taxa in the
Congo Basin is grossly underestimated (e.g. Nicolas et al.
2005, 2008a,b, 2009, 2011; Anthony et al. 2007; Marks
2010; Voelker et al. 2013; Portillo & Greenbaum 2014;
Portillo et al. 2015). We would certainly expect diversity to
be similarly underestimated in far more diverse lineages,
such as invertebrates. However, the diversity of inverte-
brate taxa in the Congo Basin is, by comparison with verte-
brate lineages, poorly known (Ballesteros-Mejia et al. 2013;
Heller et al. 2014; Novotny & Miller 2014; Schultheiss
et al. 2014).
Our knowledge of the diversity of ectoparasitic lice

(Insecta: Phthiraptera) in the Congo Basin is especially
deficient. Lice are obligatory ectoparasitic insects that para-
sitize both mammals and birds. Avian chewing lice are
morphologically adapted for life on their hosts, being wing-
less, dorsoventrally flattened and possessing mandibulate
mouthparts (Marshall 1981). Chewing lice belonging to the
suborders Amblycera and Ischnocera are well-known para-
sites of birds worldwide (Price et al. 2003). Although there
have been several recent studies examining avian chewing
lice in Africa, these studies have focused on birds in West
Africa (Ghana: Johnson & Price 2006; Meyer et al. 2008;
Senegal: Sychra et al. 2010) or South Africa (Ledger 1980;
Złotorzycka et al. 1999; Kopij & Price 2009; Halajian et al.
2012, 2014; Sychra et al. 2014a). Notably, there is a histori-
cal body of chewing louse work from Central Africa,
including the DRC (Hopkins 1941, 1943; Ledger 1980;
Złotorzycka et al. 1999). For example, as a result of a dec-
ade of louse collecting activity across Central Africa in the
1950s and 1960s, J. Tendeiro published over 30 manu-
scripts about louse taxonomy and biodiversity (e.g. Ten-
deiro 1960, 1963, 1965, 1967). With the exception of
Tendeiro, there has been no concerted effort to examine
the louse fauna in Central Africa for at least the last
30 years, and certainly none that have incorporated genetic
tools to assess biodiversity.
Examining avian chewing lice in the Congo Basin could

provide invaluable information on the diversity of inverte-
brate taxa within this region, as well as provide additional
information related to host–parasite interactions, biogeo-
graphical patterns and conservation initiatives. We there-
fore sampled louse specimens from birds collected from
four locations within the DRC. Two of these locations are

north and two are south of the Congo River, which
appears to be a biogeographical boundary that has driven
avian, and possibly louse, genetic diversity (Voelker et al.
2013). In this study, morphological examination and molec-
ular markers (mitochondrial and nuclear genes) were used
to examine diversity from avian chewing lice in the DRC.

Materials and methods
Louse specimens examined
Chewing lice were obtained from avian hosts that were
collected from four localities in the Democratic Republic
of Congo in 2009 and 2010, with avian sampling primar-
ily focused on opposite sides of the Congo River and two
of its tributaries (Fig. 1, Table S1). Birds were prepared
in the field as museum research specimens and deposited
in the Biodiversity Research and Teaching Collections at
Texas A&M University. Birds were collected, handled and
euthanized according to standard ornithological guidelines
and permits (Fair et al. 2010); after being euthanized,
specimens were placed in individual ziplock bags and
exposed to ethyl acetate. Lice were obtained from individ-
ual avian hosts by either (i) vigorously ruffling of the
feathers in the field, or (ii) ruffling hosts after specimens
were prepared and curated as museum specimens. For the
latter, prepared specimens were carefully packed in cotton
so that they could not shift or move during transport
from the field to Texas A&M. After lice were collected,
they were stored either dry (in microtubes or NUNC
tubes by host individual, with no ethanol or silica) or in
ethanol, at �80 °C. Digital vouchers and tentative identi-
fication of lice were obtained prior to DNA extraction for
each specimen using an Olympus SZX10 microscope,
Intralux 6000 light source and SPOT v4.6 software (2009
Diagnostic Instruments).

Louse DNA extraction, amplification and sequencing
The DNeasy Tissue Kit (QIAGEN Inc., Valencia, CA)
was used to extract genomic DNA from lice following
louse-specific protocols (Cruickshank et al. 2001). Prior to
beginning the extraction process, the lice were washed
three times in 19 PBS buffer to remove any potential con-
taminants, and then, the abdomen of each louse specimen
was punctured or lacerated with a sterile insect pin. Manu-
facturer’s recommendations were followed throughout the
extraction process, with the exception that the total DNA
elution volume was 70 lL. After DNA extraction, louse
exoskeletons were mounted on slides and identified to
genus or species level, when possible, using a Nikon
Eclipse E600 along with published keys and descriptions
(Price 1977; Johnson & Price 2006; Valim & Palma 2013).
These exoskeletons were permanently retained as voucher
specimens and accessioned into the Price Institute for
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Phthiraptera Research at the University of Utah, Salt Lake
City, Utah.
For all lice, polymerase chain reaction (PCR) amplifica-

tion and sequencing of a portion of the mitochondrial
cytochrome c oxidase subunit I (COI) was performed using
the primers L6625 and H7005 (Hafner et al. 1994). One
double-stranded PCR amplification was carried out in a
25-lL reaction containing 10 lL Emerald Master Mix
(Takara Bio Inc., Otsu, Japan), 12 lL water, 1 lL forward
primer (10 lM), 1 lL reverse primer (10 lM) and 1 lL
DNA. Amplification protocols varied based on the sample,
with the most-used protocol requiring denaturation at
94 °C (5 min), followed by 40 PCR cycles of 94 °C (45 s),
annealing temperature of 44 °C (55 s) and elongation tem-
perature of 72 °C (1 min), and a final elongation at 72 °C
for 5 min. Other amplification protocols varied by anneal-
ing temperature and are available upon request.
From a subset of louse taxa (determined by identifying

unique mitochondrial lineages from phylogenetic analyses,
see below), a portion of the nuclear gene elongation factor-
1 alpha (EF-1a) was amplified and sequenced using the pri-
mers For3 and Cho10 (Danforth & Ji 1998) using the same
thermal cycling protocol and reagent concentrations as
described above for COI. All amplified PCR products were
electrophoresed on an agarose gel, combined with 2 lL of
100-bp Promega DNA ladder (Applied Biosystems, Foster
City, CA), to visualize PCR success or failure.
Prior to sequencing, amplified PCR products were puri-

fied using ExoSAP-IT (USB Corporation). All cleaned
amplified products were sent to the University of Florida
Interdisciplinary Center for Biotechnology Research
(ICBR) using ABI Prism BigDye Terminator cycle

sequencing protocols (Applied Biosystems; Light and Reed,
2009) or Beckman-Coulter Genomics (Danvers, MA) for
cycle sequencing in both forward and reverse directions.
Sequences were edited using SEQUENCHER v.4.2.2 (Gene
Codes Corporation, Ann Arbor, MI) and aligned by eye
with SE-AL v.2.0a11 (Rambaut 1996) prior to trimming pri-
mer sequences. All sequences are available on GenBank
(COI Amblycera: KC349953–KC349956, KU187278–
KU187311; COI Ischnocera KC349957, KC349958,
KU187312–KU187342; EF-1a Amblycera KU18743–
KU197353; EF-1a Ischnocera: KU187354–KU187373).

Molecular data analysis
To facilitate identification of unique louse genetic lineages,
each louse COI and EF-1a sequence was compared to pub-
lished sequences using the Basic Local Alignment Search
Tool (BLAST) in GenBank. All sequences from closely
related lice identified in this BLAST search were down-
loaded and included in phylogenetic analyses (Table S3).
Three separate phylogenetic analyses were performed: (i)
COI gene from the suborder Amblycera, (ii) COI gene
from the suborder Ischnocera and (iii) COI and EF-1a
genes from a subset of lice. For each analysis, two speci-
mens from the sucking louse suborder Anoplura were
selected as outgroup taxa (Haematopinus eurysterunus and
Fahrenholzia zacatecae; GenBank numbers HM171422 and
HM171445 for COI and HM171457 and HM171477 for
EF-1a, respectively).
For both the Amblycera and Ischnocera COI data sets,

PARTITIONFINDER v1.1.1 (Lanfear et al. 2012, 2014) was used
with the Bayesian information criterion to select the best
fitting partitioning scheme and the best model of evolution

KISANGANI 

Democratic Republic 
of the Congo 

Congo River 

Fig. 1 Map of the Democratic Republic of
the Congo in Central Africa. Sampling
sites near Kisangani and along the Congo
River are denoted by open squares.
Specific locality information is available in
Table S1.
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for each partition (where each codon position was consid-
ered a possible partition). For Amblycera and Ischnocera,
three optimal partitions were identified as GTR + I + G,
TVM + I + G and HKY + G for the COI first, second
and third codon positions, respectively. Bayesian phyloge-
netic analyses were performed in a partitioned (by codon
position) framework using MRBAYES 3.2 (Ronquist et al.
2012). Model parameters were treated as unknown vari-
ables with uniform priors and were estimated as part of the
analysis. Bayesian analyses were initiated with random
starting trees, run for 10 million generations with four
incrementally heated chains (Metropolis-coupled Markov
chain Monte Carlo; Ronquist & Huelsenbeck 2003) and
sampled at intervals of 1000 generations. Two independent
and simultaneous runs were conducted and 25% of the
sampled trees were discarded at burn-in. The potential
scale reduction factor was used to determine whether inde-
pendent runs had converged (which they did in all cases).
The retained samples were then used to construct a 50%
majority rule consensus tree, with the percentage of sam-
ples recovering any particular clade representing that
clade’s posterior probability (PP; Huelsenback & Ronquist
2001).
The phylogenetic trees resulting from the phylogenetic

analyses above were carefully examined to identify unique
clades within each Amblycera and Ischnocera. The nuclear
EF-1a was obtained for select individuals within each of
these clades, and a subsequent combined COI and EF-1a
phylogenetic analysis was performed including each louse
suborder as described above. GenBank sequences for clo-
sely related lice also were included in this analysis, but only
for species for which both COI and EF-1a were available
(Table S3; notably, mitochondrial and nuclear sequences
were not necessarily from the same louse individual). Prior
to Bayesian analyses, PartitionFinder identified five optimal
partitions: K80 + I + G, JC, K81 + G, GTR + I + G and
HKY + G for the EF-1a first and COI second, EF-1a sec-
ond, EF-1a third, COI first and COI third codon posi-
tions, respectively. Bayesian analyses of the combined COI
and EF-1a data set were performed as described above.

Results
Host associations
A total of 316 avian hosts representing five orders, 17 fami-
lies, 31 genera and 43 species were sampled for lice
(Table S1), with 60 individuals (19% of the total examined)
representing 20 genera (64.5%) and 26 species (60.5%)
confirmed to be parasitized. In total, there were 41 louse–
host associations (Tables 1 and S2). A total of three
amblyceran genera representing at least 12 species, and a
total of 10 ischnoceran genera representing at least 17 spe-
cies were identified as parasitizing the birds in our study.

We morphologically identified a minimum of 13 new spe-
cies (Tables 1 and S2). It is important to note that there
may be additional new species, as we were not able to iden-
tify all specimens due to a lack of available reference mate-
rial (for louse genus, life stage or sex) or poor condition of
the louse. Formal descriptions of new louse species are
forthcoming. There were several cases where more than
one louse species was found to parasitize a host species:
nine avian species were parasitized by representatives of
both Amblycera and Ischnocera, and 11 avian species were
parasitized by more than one louse species, with up to
three different species on one host individual (Tables 1 and
S2). Of the 41 louse–host associations, nearly all were new
with the sole exceptions of the ischnoceran Alcedoffula cf.
brachialis parasitizing Alcedo quadribrachys and the amblyc-
eran Myrsidea marksi parasitizing Phyllastrephus albigularis
(Price et al. 2003; Johnson & Price 2006).

Phylogenetic analysis of molecular data
A total of 68 amblyceran taxa and 52 ischnoceran taxa (in-
cluding 28 and 17 representatives from GenBank, respec-
tively) were included in the phylogenetic analyses of the
COI gene (Tables S2 and S3). Average pairwise sequence
divergences (uncorrected p-distances) of the COI gene
were high within each suborder at 22.2% (range 0–31.7%)
and 27% (range 0–35.1%) for amblyceran and ischnoceran
taxa, respectively.
Phylogenetic analysis of the amblyceran taxa resulted in

three large, well-supported clades (although relationships
among the clades was effectively a polytomy), each corre-
sponding to the three genera represented in our results:
Menacanthus, Myrsidea and Ricinus (Fig. 2). All Ricinus lice
parasitizing multiple Terpsiphone batesi individuals were
monophyletic and 16.2% genetically different (uncorrected
p-distance) from the Ricinus specimens from GenBank.
Although the two Menacanthus orioli specimens in this study
parasitize different host species (Bleda ugandae and Eurillas
latirostris), they were effectively identical to each other and
the M. orioli specimen parasitizing Eurillas latirostris from
Kenya (0.3% uncorrected p-distance; the specimen para-
sitizing E. latirostris was identical to the specimen from
Kenya). These three M. orioli specimens were 5.1% geneti-
cally diverged from the same louse species parasitizing
A. importunus from South Africa (Fig. 2).
Within the Amblycera tree, the Myrsidea clade was the

largest, comprised of approximately 10 unique lineages of
DRC lice, all of which were genetically unique from any of
the GenBank specimens with the exception of the
M. marksi specimens (with an average of 1.3% uncorrected
p-distance from the Ghana GenBank specimen; Fig. 2).
These unique DRC Myrsidea clades were all genetically
distinct from their closest relatives (at least 12% diverged).
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For example, the lice parasitizing Bleda ugandae were nearly
genetically identical (an average of 0.3% uncorrected p-dis-
tance), differing from their closest GenBank relative

(M. masoni parasitizing B. eximius from Ghana) by 14.8%
and from the lice parasitizing Eurillas virens by 16.7%.
Similar genetic distances (~16% uncorrected p-distance)

Table 1 List of associations between lice and their avian hosts from the Democratic Republic of the Congo. The number in parentheses
following host species indicates number of host individuals examined. All host–louse associations are new except Alecedoffula cf. brachialis par-
asitizing Alcedo quadribrachys and Myrsidea marksi parasitizing Phyllastrephus albigularis. Please see Tables S1 and S2 for collection localities
and specimen and voucher numbers of hosts and their associated lice

Host family Host species (n) Louse suborder Louse family Louse species1

Host order: Columbiformes
Columbidae Turtur brehmeri (1) Ischnocera Goniodidae Coloceras sp.

Host order: Coraciiformes
Alcedinidae Alcedo leucogaster (2) Ischnocera Philopteridae Alcedoffula sp.

Alcedo quadribrachys (1) Ischnocera Philopteridae Alcedoffula cf. brachialis
Halcyon badia (1) Ischnocera Philopteridae Alcedoecus sp.
Ispidina lecontei (1) Ischnocera Philopteridae Alcedoffula cf. brachialis

Host order: Cuculiformes
Cuculidae Cercococcyx olivinus (1) Ischnocera Philopteridae Cuculoecus new sp.

Cuculicola new sp.
Host order: Passeriformes
Estriididae Nigrita fusconotus (1) Amblycera Menoponidae Myrsidea sp.

Spermophaga poliogenys (2) Amblycera Menoponidae Myrsidea sp.
Eurylaimidae Smithornis rufolateralis (2) Ischnocera Philopteridae Picicola donwebbi
Monarchidae Terpsiphone batesi (7) Amblycera Menoponidae Myrsidea new sp. 1

Amblycera Ricinidae Ricinus sp.
Ischnocera Philopteridae Philopteroides cf. terpsiphoni

Terpsiphone rufiventer (5) Amblycera Menoponidae Myrsidea new sp. 2
Ischnocera Philopteridae Philopteroides cf. terpsiphoni

Pycnonotidae Bleda syndactylus (2) Ischnocera Philopteridae Brueelia s. lat. sp.1

Philopteroides new sp. 2
Bleda ugandae (5) Amblycera Menoponidae Myrsidea sp.

Amblycera Menoponidae Menacanthus orioli
Ischnocera Philopteridae Brueelia s. lat. sp.1

Criniger calurus (2) Amblycera Ricinidae Ricinus sp.
Ischnocera Philopteridae Alcedoffula cf. brachialis

Eurillas latirostris (3) Amblycera Menoponidae Menacanthus orioli
Amblycera Menoponidae Myrsidea sp.
Ischnocera Philopteridae Brueelia s. lat. sp.1

Eurillas virens (3) Amblycera Menoponidae Myrsidea sp.
Ischnocera Philopteridae Philopteroides new sp. 1

Phyllastrephus albigularis (3) Amblycera Menoponidae Myrsidea marksi
Ischnocera Philopteridae Philopteroides new sp. 3

Phyllastrephus icterinus (1) Ischnocera Philopteridae Brueelia s. lat. sp.2

Phyllastrephus xavieri (1) Amblycera Menoponidae Myrsidea sp.1

Ischnocera Philopteridae Philopteroides new sp. 43

Ixonotus guttatus (1) Amblycera Menoponidae Myrsidea new sp. 3
Turdidae Alethe diademata (2) Amblycera Menoponidae Myrsidea sp.

Neocossyphus poensis (4) Amblycera Menoponidae Myrsidea sp.
Stizorhina fraseri (5) Amblycera Menoponidae Myrsidea sp.

Ischnocera Philopteridae Philopteroides new sp. 5
Host order: Piciformes
Indicatoridae Indicator maculatus (1) Ischnocera Philopteridae Penenirmus new sp. 1
Picidae Campethera nivosa (2) Ischnocera Philopteridae Picicola new sp.
Ramphastidae Pogoniulus atroflavus (1) Ischnocera Philopteridae Penenirmus new sp. 2

1In many cases, confident identifications to species were not possible due the following: (i) no available reference material (publications or other lice for comparison) for the
louse genus, life stage or sex or (ii) poor condition of the louse. Additionally, nymphal specimens were identified to species based on host relationships. No literature or refer-
ence material for nymphs was available for comparison.
2Possible new species; requires sequencing material from type hosts of other species in genus.
3Possible new species, different from Philopteroides new sp. 3, pending examination of additional material.
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were observed among the clades of lice parasitizing Neo-
cossyphus poensis, Stizorhina fraseri and Zoothera gurneyi from
South Africa (GenBank specimen M. eslamii). Other unique
Myrsidea lineages include the lice parasitizing Spermophaga
poliogenys, Nigrita fusconotus, Terpsiphone and Alethe. Nota-
bly, there was genetic variability between the Myrsidea par-
asitizing T. batesi and T. rufiventer (5.7% uncorrected p-
distance) and the lice parasitizing A. diademata (voucher
1719.1 was genetically distinct from vouchers 1674.1 and
1674.2; 10.5% uncorrected p-distance; Fig. 2).
Phylogenetic analysis of the ischnoceran taxa resulted in

one large polytomy, within which there were several well-
supported clades and approximately 17 lineages of lice from

the DRC (Fig. 3). Moving from the top of the Ischnocera
tree to the bottom (Fig. 3), the Coloceras specimen para-
sitizing Turtur brehmeri was quite divergent from the Colo-
ceras from GenBank with an average of 19.5% uncorrected
p-distance. Our analysis supported six different Philopter-
oides lineages, each corresponding to a different morpho-
logical species and each parasitizing a different host (with
the exception of genetically identical Philopteroides parasitiz-
ing Terpsiphone batesi and T. rufiventer). These Philopteroides
parasitizing Terpsiphone were the most divergent, with an
average uncorrected p-distance of 25.2% as compared to
the other Philopteroides lineages. Within the clade of mor-
phologically identified new species of Philopteroides, the lice

0.3

339.1Myrsidea sp. ex Nigrita fusconotus
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248.1Ricinus sp. Terpsiphone batesi

1778.1Myrsidea sp. ex Bleda ugandae
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1753.1Myrsidea sp. ex Spermophaga poliogenys

1662.1Myrsidea new sp. 1 KC349953 ex Terpsiphone rufiventer
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337.2Menacanthus orioli ex Bleda ugandae

1437.1Myrsidea sp. ex Eurillas virens

1462.1Myrsidea marksi ex Phyllastrephus albigularis
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1449.2Myrsidea new sp. 1 ex Terpsiphone batesi
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0.95 Myrsidea masoni ex Bleda eximius Ghana

Myrsidea valimi ex Euphonia anneae Panama
Myrsidea sp. ex Tangara larvata Brazil

Myrsidea wombeyi ex Bleda syndactyla Ghana
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Myrsidea saviti ex Tangara schrankii Brazil

Myrsidea sp. ex Saltator maximus

Myrsidea cecilae ex Ramphastos culminatus Brazil

Myrsidea mariquensis ex Bradornis mariquensis S. Africa

Myrsidea fusca ex Ramphocelus passerinii Panama

Myrsidea cruickshanki ex Chlorothraupis carmioli Panama

Myrsidea brasiliensis ex Tangara chilensis Brazil
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Myrsidea aurantiirostris ex Arremon aurantiirostris Brazil

Myrsidea marksi ex Phyllastrephus albigularis Ghana

Myrsidea palmeri ex Andropadus curvirostris Ghana
Myrsidea mccrackeni ex Oxylabes madagascariensis Madagascar

Myrsidea aynazae ex Phyllastrephus flavostriatus S. Africa

Myrsidea rodriguesae ex Cnipodectes subbrunneus Brazil
Myrsidea ochrolaemi ex Automolus ochrolaemus

Ricinus sp. ex Ficedula hyperythra
Ricinus sp. ex Attila spadiceus

Menacanthus orioli ex Andropadus importunus S. Africa 

Haematopinus eurysterunus
Fahrenholzia zacatecae

Myrsidea sp. ex Turdus grayi

Menacanthus takayamai ex Drepanorhynchus reichenowi Kenya 

Menacanthus orioli ex Andropadus importunus S. Africa 
Menacanthus orioli ex Eurillas latirostris Kenya

Fig. 2 Bayesian phylogeny of amblyceran lice based on the mitochondrial COI gene. Posterior probabilities ≥ 0.90 are indicated at nodes,
and specimens in grey font are from GenBank. Host species and geographical locality are indicated when known, and GenBank accession
numbers are available in Table S3. Louse voucher numbers, species identification and host species are indicated for all DRC lice (Tables 1
and S2). COI, cytochrome c oxidase subunit I; DRC, Democratic Republic of the Congo.
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parasitizing Eurillas virens were an average of 18.8% geneti-
cally divergent from other members of this clade. Although
the louse on Phyllastrephus xaveri was morphologically iden-
tified as a unique species, it was genetically similar to other
lice parasitizing Phyllastrephus (5.2% uncorrected p-dis-
tance). Both species of lice from Phyllastrephus were geneti-
cally distinct from two species of lice parasitizing Bleda and
Stizorhina (average uncorrected p-distance = 17.8%); these
two lice were also genetically distinct from each other (av-
erage uncorrected p-distance = 10.5%).
Also within the Ischnocera phylogeny, neither Picicola

nor Cuculicola were recognized as monophyletic, with the
new louse species revealed from our survey 24% and
12.2% genetically divergent from their closest relatives,

respectively; however, these divisions received poor support
(Fig. 3). Similarly, the new DRC Cuculoecus and Alcedoecus
were 18.3% and 19.8% divergent from their closest rela-
tives, respectively. Within Alcedoffula, there were three dis-
tinct lineages, ranging from 19.2% to 22.0% divergent
from each other. Although two of these Alcedoffula lineages
parasitized the same host genus (Alcedo), they were sepa-
rated by 19.5% uncorrected p-distance. Although the DRC
Brueelia specimens parasitized different host species (Phyl-
lastrephus icterinus, Bleda ugandae and B. syndactylus), they
were nearly genetically identical, while differing from Gen-
Bank Brueelia and Sturnidoecus by an average of 20.1%
uncorrected p-distance. Lastly, the DRC Penenirmus
specimens were highly divergent from each other and

0.3
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1364.1Alcedoecus sp. ex Halcyon badia

337.1Brueelia s. lat. sp. ex Bleda ugandae
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1461.1Alcedoffula cf. brachialis ex Alcedo quadribrachys

1377.1Philopteroides cf. terpsiphoni ex Terpsiphone batesi

335.1Picicola new sp. ex Campethera  nivosa

1388.2Philopteroides cf. terpsiphoni ex Terpsiphone rufiventer

1446.1Penenirmus new sp.  2 ex Pogoniulus atroflavus

1379.1Cuculoecus new sp. ex Cercococcyx olivinus

1778.4Brueelia s. lat. sp. ex Bleda ugandae

1666.1Penenirmus new sp. 1 ex Indicator maculatus

278.2Philopteroides new sp. 1 ex Eurillas virens
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Coloceras theresae ex Turtur tympanistria Uganda
Coloceras sp. ex Phapitreron leucotis Philippines

Physconelloides sp. ex Uropelia campestris Bolivia
Physconelloides ceratoceps ex Columbiform sp. 

Campanulotes frenatus ex Geotrygon frenata Peru

Alcedoecus annulatus ex Halcyon smyrnensis Vietnam

Brueelia marginella ex Momotus momota

Penenirmus auritus ex Colaptes campestris

Cuculoecus ex Chrysococcyx klaas

Coloceras furcatum ex Lopholaimus antarcticus Australia

Cuculicola coromandus ex Clamator coromanus Vietnam

Brueelia vulgata 

Picicola oneilli ex Notharchus macrorhynchos Peru
Cuculicola atopus ex Piaya cayana Mexico

Haematopinus eurysterunus

Fahrenholzia zacatecae

Fig. 3 Bayesian phylogeny of ischnoceran lice based on the mitochondrial COI gene. Posterior probabilities ≥ 0.90 are indicated at nodes
and specimens in grey font are from GenBank. Host species and geographical locality are indicated when known, and GenBank accession
numbers are available in Table S3. Louse voucher numbers, species identification and host species are indicated for all DRC lice (Tables 1
and S2). COI, cytochrome c oxidase subunit I; DRC, Democratic Republic of the Congo.
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the GenBank specimen (27% and 23.7% uncorrected
p-distance, respectively).
Analysis of the concatenated COI and EF-1a data set

resulted in a more strongly supported phylogeny than
recovered in the COI analysis (Fig. 4). The suborder
Amblycera was strongly supported, with no strong topolog-
ical conflicts from the phylogeny resulting from the analy-
sis of the COI gene (Fig. 2). Although this combined gene
analysis could not support a monophyletic Ischnocera,
there were otherwise no strong topological conflicts com-
pared to the single-gene analysis (Fig. 3). Interestingly, the
combined COI and EF-1a data set was able to support a
monophyletic Philopteroides (PP = 1) and Penenirmus
(although PP < 0.9), as compared to phylogeny resulting
from the analysis of the COI gene.

Discussion
Overall, just 19% and 60.5% of the bird individuals and
species examined, respectively, had lice. Nevertheless, the
sampling efforts, morphological examinations and molecu-
lar analyses used in this study reveal an astounding amount
of diversity in the Congo Basin with regard to louse fauna.
Despite the relatively small number of parasitized individu-
als, there were 39 new louse–host associations and a mini-
mum of three and 10 new species for Amblycera and
Ischnocera, respectively (Tables 1 and S2). It is important
to point out that nearly all of the louse specimens identi-
fied to ‘sp.’ in this study (those we could not identify based
on morphology; Table 1) represent new genetic lineages,
an additional nine and seven species for Amblycera and
Ischnocera, respectively (Figs 2 and 3). These lineages may
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1778.4Brueelia s. lat. sp. ex Bleda ugandae

1780.1Picicola new sp. ex Campethera  nivosa
335.1Picicola new sp. ex Campethera  nivosa

1379.2Cuculicola new sp. ex Cercococcyx olivinus

1746.1Alcedoffula sp. ex Alcedo leucogaster
1721.1Alcedoffula sp. ex Alcedo leucogaster

1666.1Penenirmus new sp. 1 ex Indicator maculatus
1446.1Penenirmus new sp.  2 ex Pogoniulus atroflavus

1662.2Philopteroides cf. terpsiphoni ex Terpsiphone rufiventer
1740.2Philopteroides cf. terpsiphoni ex Terpsiphone rufiventer
340.1Philopteroides cf. terpsiphoni ex Terpsiphone rufiventer

1672.1Philopteroides new sp. 3 ex Phyllastrephus albigularis
1713.1Philopteroides new sp. 2 ex Bleda syndactylus

1765.1Philopteroides new sp. 5 ex Stizorhina fraseri
278.1Philopteroides new sp. 1 ex Eurillas virens

1379.1Cuculoecus new sp. ex Cercococcyx olivinus
1378.1Coloceras sp. ex Turtur brehmeri

Ricinus sp. ex Ficedula hyperythra

Menacanthus sp. ex Penelope purpurascens 

Myrsidea ledgeri ex Philetairus socius
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Picicola capitatus ex Dendropicos fuscescens

Cuculicola atopus ex Piaya cayana

Alcedoffula duplicate ex Halcyon malimbica 
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Fig. 4 Bayesian phylogeny of the combined mitochondrial (COI gene) and nuclear (EF-1a) data set for a subset of amblyceran and
ischnoceran lice. Posterior probabilities ≥ 0.90 are indicated at nodes and specimens in grey font are from GenBank. Host species and
geographical locality are indicated when known, and GenBank accession numbers are available in Table S3. Louse voucher numbers,
species identification and host species are indicated for all DRC lice (Tables 1 and S2). COI, cytochrome c oxidase subunit I; DRC,
Democratic Republic of the Congo; EF-1a, elongation factor-1a.
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simply be new to GenBank or species new to science; addi-
tional collection and taxonomic and molecular work will be
necessary to determine how many new louse species we
may have found on DRC birds, but it is safe to say that
study has found at least 13, and perhaps as many as 28,
new louse species from the Congo Basin.
These putative new species were found across only 19%

of our total sampling. While the majority of the birds we
examined did not have lice, increased sampling effort could
yield even more louse samples, many of which would likely
be new species. Notably, some avian hosts were quite
lousy. Of the 26 bird species with lice, 11 were parasitized
by more than one louse species, and three of these bird
species were parasitized by as many as three different louse
species (Tables 1 and S2). In some cases, the same bird
individual was parasitized by multiple louse species
(Table S2). Multiple louse species, especially those belong-
ing to different suborders, parasitizing one host individual
or species is actually quite common (Price et al. 2003). In
these cases, each louse species is likely partitioning their
habitats, where amblyceran lice reside in the body feathers
and ischnoceran lice in the wing feathers (Marshall 1981;
Price et al. 2003). Lice belonging to the same suborder and
parasitizing the same host species also are likely partition-
ing their habitat in some way to avoid competition (Bush
& Malenke 2008), but evidence for this is scarce (Mey &
Barker 2014).
Phylogenetically, our results do not differ from what is

in the louse literature. The lack of support for a mono-
phyletic Ischnocera in the combined COI and EF-1a data
set is not a concern as some previous studies also have not
supported a monophyletic Ischnocera, likely the result of
lack of resolution of the molecular markers and poor sam-
pling across the suborder (Cruickshank et al. 2001; Johnson
& Whiting 2002; Yoshizawa & Johnson 2010). The major-
ity of Phthiraptera studies, however, support a mono-
phyletic Ischnocera (Johnson & Whiting 2002; Barker
et al. 2003; Smith et al. 2011). In general, analysis of the
combined COI and EF-1a data set did result in higher sup-
port values than analysis solely of the mitochondrial gene,
which is not unexpected given the slower substitution rate
of EF-1a (Johnson & Whiting 2002). Notably, although
the amount of genetic diversity across both the Amblycera
and Ischnocera COI trees (Figs 2 and 3) may at first seem
extraordinarily high, multiple louse studies have found
genetic divergences greater than 10%, often close to and
greater than 20% (Johnson et al. 2002b; Light & Hafner
2007; Smith et al. 2008).
Within the Amblyceran phylogeny (Fig. 2), our finding

of approximately 10 new genetic lineages and a minimum
of three new morphologically identified species of Myrsidea
is exciting, but not a surprising finding for this louse genus.

New species and host associations of Myrsidea are con-
stantly being found and described worldwide (e.g. Palma &
Price 2010; Kounek et al. 2011a,b, 2013; Valim et al. 2011;
Najer et al. 2012a; Valim & Weckstein 2013; Sychra et al.
2014b; Valim & Cicchino 2015), including four new spe-
cies from South Africa in the last 3 years (Halajian et al.
2012; Sychra et al. 2014a). In fact, Myrsidea is the most
speciose of all louse genera with over 350 described species,
compared to nearly 100 species of Menacanthus and 65 spe-
cies of Ricinus (Price et al. 2003; Valim & Weckstein 2013).
Furthermore, the same host species is often parasitized by
more than one species of Myrsidea (Price et al. 2003). Our
phylogenetic analysis of the mitochondrial COI gene fur-
ther supports the diversity within this genus with an aver-
age and maximum uncorrected p-distance of 20.7% and
27.3%, respectively. Phylogenetically, lice do tend to form
monophyletic groups based on host relationships and/or
geography, with a few exceptions (e.g. the GenBank speci-
men M. wombeyi does not group with other lice parasitizing
Bleda hosts; Fig. 2). Myrsidea lice parasitizing bird individu-
als belonging to same species tend to be genetically identi-
cal (e.g. lice parasitizing Bleda ugandae, Eurillas virens,
Neocossyphus poensis, Stizorhina fraseri and Terpsiphone batesi),
with two exceptions: lice parasitizing Alethe diademata
(10.5% uncorrected p-distance) and Terpsiphone rufiventer
(3.7% uncorrected p-distance; Fig. 2). These divergences
were previously reported in Voelker et al. (2013) and are
likely due to a combination of ecological traits and disper-
sal abilities. For one, the bird hosts to these divergent lice
are located on opposite sides of the Congo River, which
serves as a barrier to gene flow in Alethe, but not for Terp-
siphone. Additionally, amblyceran lice have poor dispersal
abilities and specialized feeding behaviours. In contrast,
ischnoceran lice parasitizing Terpsiphone do not have sub-
stantial genetic divergences when parasitizing the same host
species on opposite sides the Congo River (see below;
Voelker et al. 2013). Over the entire Myrsidea tree, the
overall lack of resolution makes it difficult to make any
broad conclusions regarding relationships this genus.
Clearly, the genus Myrsidea is in need of a substantial
amount of work in the future.
Within Ischnocera, we find 10 new species based on

morphological examination and all of these species are
genetically unique (Fig. 3). Furthermore, several of the
morphologically unidentifiable ischnoceran lice (e.g. Alce-
doecus sp., Brueelia s. lat. sp., Alcedoffula sp., Alcedoffula cf.
brachialis and Coloceras sp.) are genetically unique, possibly
representing new species. Similar to what is seen in Myr-
sidea (above), new ischnoceran species also are continually
being found and described (Sychra et al. 2010; Valim &
Weckstein 2011, 2012a,b; Gustafsson & Olsson 2012;
Najer et al. 2012a,b, 2014; Naz & Rizvi 2012; Naz et al.
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2012; Valim & Palma 2012, 2015; Gustafsson & Bush
2014a,b, 2015; Valim & Silveira 2014; Gustafsson et al.
2015). However, our finding of a minimum of 10 new spe-
cies from just 60 parasitized birds is a substantially higher
percentage than has been found in recent studies. Increased
sampling across the Congo Basin will almost certainly yield
many more new ischnoceran species. Our phylogenetic
analyses indicate that lice parasitizing different individuals
of the same, or closely related, host species tend to be
genetically identical, even for host individuals found on
opposite sides of the Congo River. Unlike the amblyceran
species described above, Philopteroides cf. terpsiphoni para-
sitizing Terpsiphone rufiventer (vouchers 1662.2 and 1740.2;
Fig. 3; note that these lice were incorrectly identified as
Sturnidoecus in Voelker et al. 2013) are identical. The lack
of genetic divergence across such a formidable barrier is
likely due the comparative ease with which Terpsiphone can
cross the Congo River (as compared to Alethe) and
increased dispersal rates in ischnoceran lice via hippo-
boscid-assisted phoresis (Marshall 1981; Harbison et al.
2008, 2009).
The genera Philopteroides and Brueelia s. lat. represent

two of the largest ischnoceran radiations found on songbird
(Passeriformes) hosts, with Philopteroides being typical ‘head
lice ecotype’ (sensu Johnson et al. 2012) in the Philopterus
complex, and the Brueelia s. lat. represented here being
‘generalists’ of the Brueelia complex. Members of both
these complexes are generally considered host specific (e.g.
Price et al. 2003); however, recent phylogenies of Brueelia
have shown that some species occur on multiple hosts,
including multiple hosts from different families, within the
same geographical region (e.g. Johnson et al. 2002a; Bush
et al., 2016). The Brueelia s. lat. included in our phylogeny
are from the same locality and belong to the same morpho-
logical group as those included in Brueelia sp. 1 of Johnson
et al. (2002a,b). The occurrence of the same Brueelia s. lat.
species on several host species is therefore not surprising;
in fact, preliminary morphological studies (Gustafsson &
Bush, in review) have shown that within this group of
Brueelia s. lat., host ranges may be very wide, especially in
cases where many closely related host species occur in the
same area. This is likely facilitated by phoresis, such that
individuals of Brueelia s. lat. may be more or less geneti-
cally identical over very large areas, in rare cases even
between different continents (Bush et al., 2016). The host
associations for these widely distributed Brueelia s. lat. are
not structured by host phylogeny, suggesting that host
associations for this louse genus may be opportunistic.
Overall, however, little is known about the ecology and
host relationships of these Brueelia species.
By contrast, all known species of Philopteroides are

entirely host specific (Valim & Palma 2013), and prelimi-

nary morphological studies of this genus from other host
families suggest that this is the norm for Philopteroides, even
in cases where material from several closely related hosts
from the same geographical area has been examined (D.
Gustafsson, unpublished data). The occurrence here of the
same genetic species of Philopteroides on two host species of
Terpsiphone is therefore anomalous, but confirmed by mor-
phology. The two host species are very closely related and
recently diverged (Fabre et al. 2012), which may explain
the wider host range in this species of Philopteroides.
Interestingly, two Alcedoffula cf. brachialis lice parasitizing

distantly related hosts (Ispidina lecontei and Criniger calurus)
were genetically identical. These two hosts were collected
on the same day from the same locality. It is possible that
human error may have resulted in a spurious host transfer
between avian orders (Coraciformes for Ispidina and Passer-
iformes for Criniger). However, it also is possible that louse
transfer could have happened naturally via phoresis (Mar-
shall 1981; Harbison et al. 2009). Additional research exam-
ining more hosts and lice will be necessary to differentiate
between these two possibilities.
This research underscores the importance of carefully

examining all fauna from megadiverse areas (especially
those like the Congo Basin, which are not considered con-
servation priorities), as well as the continued need to col-
lect specimens and maximize their use (Bates & Voelker
2015). Our work here (where limited sampling efforts
revealed a minimum of 13, and as many as 28, new louse
species), as well as previous research on vertebrate fauna,
indicates that species diversity and endemism is grossly
underestimated in the Congo Basin. Understanding the
‘real’ diversity and endemism of the Congo Basin (or any
region for that matter) is critical, because analyses of exist-
ing data are increasingly being used to make informed
decisions about areas in need of conservation prioritization
(Mittermeier et al. 1999; Hurlbert & Jetz 2007). If the
existing data are incomplete, miscalculating the true diver-
sity in an area, we may fail to conserve a megadiverse area
that has undergone (and is likely undergoing) substantial
diversification.
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Supporting Information
Additional Supporting Information may be found in the
online version of this article:
Table S1. Avian species sampled for lice as part of this

research. Higher taxonomy, sex, localities, and museum
numbers (all specimens are housed at the Texas A&M Bio-
diversity Research and Teaching Collections;TCWC) also
are indicated.
Table S2. List of hosts examined from the Democratic

Republic of the Congo1, with their corresponding museum
numbers (all specimens are housed at the Texas A&M Bio-
diversity Research and Teaching Collections; TCWC).
Table S3. GenBank specimens included in the study.

Specimens with an asterisk were included only in the com-
bined COI and EF-1a phylogenetic analysis, not in the
COI analyses.
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