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Abstract
The	Cimicidae	is	a	family	of	blood-dependent	ectoparasites	in	which	dispersion	ca-
pacity	is	greatly	associated	with	host	movements.	Bats	are	the	ancestral	and	most	
prevalent	hosts	for	cimicids.	Cimicids	have	a	worldwide	distribution	matching	that	of	
their	hosts,	but	the	global	classification	is	incomplete,	especially	for	species	outside	
the	most	common	Cimicidae	taxa.	In	this	study,	we	place	a	little-studied	cimicid	spe-
cies,	Bucimex chilensis,	within	a	comprehensive	molecular	phylogeny	of	Cimicidae	by	
sequencing	 the	genomic	 regions	of	 this	and	other	closely	 related	species.	For	 this	
study,	we	 collected	B. chilensis females	 from	Myotis chiloensis	 in	 Tierra	 del	 Fuego,	
1,300	km	further	south	than	previously	known	southernmost	distribution	boundary.	
We	also	sequenced	COI	regions	from	Primicimex cavernis,	a	species	which	together	
with B. chilensis	comprise	the	entire	subfamily	Primiciminae.	Using	Bayesian	posterior	
probability	 and	 maximum-likelihood	 approaches,	 we	 found	 that	 B. chilensis and 
P. cavernis	clustered	close	to	each	other	in	the	molecular	analyses,	receiving	support	
from	similar	morphological	features,	agreeing	with	the	morphology-based	taxonomic	
placement	of	the	two	species	within	the	subfamily	Primiciminae.	We	also	describe	a	
previously	unrecognized	morphological	adaptation	of	the	tarsal	structure,	which	al-
lows	the	austral	bat	ectoparasite,	B. chilensis,	to	cling	on	to	the	pelage	of	its	known	
host,	the	Chilean	myotis	(Myotis chiloensis).	Through	a	morphological	study	and	be-
havioral	 observation,	we	elucidate	how	 this	 tarsal	 structure	operates,	 and	we	hy-
pothesize	that	by	clinging	in	the	host	pelage,	B. chilensis	is	able	to	disperse	effectively	
to	new	areas	despite	low	host	density.	This	is	a	unique	feature	shared	by	P. cavernis,	
the	only	other	species	in	Primiciminae.
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1  | INTRODUC TION

Parasitism	is	a	widespread	lifestyle,	with	parasitic	organisms	found	
in	many	taxa	and	constituting	as	much	as	50%	of	animal	biodiversity	
(Poulin	&	Morand,	2000;	Weinstein	&	Kuris,	2016).	Thus,	parasites	
are	important	not	only	for	their	notable	interactions	with	their	hosts,	
but	also	evolutionarily,	as	they	provide	opportunities	to	test	numer-
ous	hypotheses	on	speciation	(Morand	&	Poulin,	2003).	Constructing	
parasite	phylogenies	using	molecular	methods	has	opened	the	door	
for	research	in	this	area,	as	well	as	providing	a	broader	understand-
ing	of	relationships	among	parasites	and	their	hosts.	Therefore,	phy-
logenies	of	diverse	or	widespread	groups	of	parasites	are	useful	 in	
studies	of	parasite	speciation,	or	coevolution	of	parasites	and	their	
hosts	(Hafner	&	Nadler,	1988).

The	Cimicidae	(Heteroptera)	are	an	ecologically	important	fam-
ily	 of	 parasites	 with	 a	 phylogeny	 which	 could	 benefit	 from	 more	
attention	 despite	 recent	 advances	 made	 by	 Balvín	 (2015),	 Balvín,	
Munclinger,	Munclinger,	 Kratochvíl,	 and	 Vilímová	 (2012).	 Cimicids	
are	obligate	hematophagous	ectoparasites	that	are	distributed	across	
the	globe	and	contain	110	described	species	within	24	genera	in	six	
subfamilies	(Henry,	2009).	Both	sexes	feed	exclusively	on	blood,	and	
development	into	a	subsequent	instar,	as	well	as	egg	production	in	
adult	females	and	sperm	production	in	males	requires	a	blood	meal	
(Reinhardt	&	Siva-Jothy,	2007;	Waage,	1979).	Cimicids	are	proposed	
to	have	evolved	from	predatory	heteropteran	ancestors,	but	roughly	
60%	of	extant	cimicid	species	specialize	on	parasitizing	bats	(Poulin	
&	 Morand,	 2000)	 (Chiroptera).	 Bats	 are	 considered	 the	 ancestral	
hosts	 of	 cimicids,	 although	humans	 and	other	 vertebrates	may	be	
used	as	secondary	hosts	(Hornok	et	al.,	2017;	Usinger,	1966).

Bats,	 the	 second	 largest	 mammalian	 order,	 are	 highly	 social	
animals	 (Kerth,	 2008).	 During	 pregnancy	 and	 lactation,	 many	 bat	
species	establish	maternity	colonies	in	roosts	with	relatively	stable	
climatic	conditions	 to	give	birth	 to	 their	young.	Both	 the	bats	and	
their	roosts	provide	a	suitable	environment	for	arthropod	ectopara-
sites	(Lucan,	2006),	but	the	social	behaviors	of	bats	also	represents	
risks	 to	 these	 parasites.	 Social	 grooming	 has	 been	 observed	 in	 a	
number	of	bat	species,	which	exposes	these	parasites	to	other	mem-
bers	of	the	social	group	of	hosts	(Kerth,	Almasi,	Ribi,	Thiel,	&	Lüpold,	
2003).	 However,	 it	 is	 difficult	 for	 bats	 to	 protect	 themselves	 by	
grooming	against	cimicids.	Cimicids	are	able	produce	a	defense	sub-
stance	and	bats	refuse	to	bite	them	(Usinger,	1966),	although	it	is	not	
completely	unlikely	for	this	to	occur	 (Bartonicka,	2008).	Generally,	
adult	cimicids	feed	in	periods	of	few	days,	and	only	while	bats	are	
normothermic	 (Bartonicka,	 2008),	 after	 which	most	 species	 leave	
the	immediate	vicinity	of	the	host	to	digest	the	meal	within	the	con-
fines	of	the	roost	and	can	survive	up	to	a	1.5	years	without	feeding	
again	(Johnson,	1941).	The	latter	allows	them	to	overwinter	at	sum-
mer	roosts	even	after	bats	have	migrated	to	hibernation	sites.	The	
ability	 to	survive	 long	periods	without	meals	may	be	an	especially	
important	 adaptive	 trait	 in	Cimicidae,	which	appear	 to	have	a	 low	
inherent	capacity	for	dispersal	over	long	distances,	and	even	short	
distance	movements	 seem	 to	 be	 limited	 (Talbot,	 Vonhof,	 Broders,	
Fenton,	 &	 Keyghobadi,	 2016;	 Usinger,	 1966).	 In	 fact,	 without	 the	

ability	 to	 fly,	 it	 is	 unlikely	 that	 adult	 cimicids	 are	 able	 to	 disperse	
without	the	host	(Balvín,	Sevcik,	et	al.,	2012;	Brown	&	Bomberger-
Brown,	 1996;	Usinger,	 1966).	Although	 the	 phylogenetic	 topology	
between	cimicids	and	their	specific	bat	hosts	have	not	been	studied	
in	great	detail,	the	biology	and	ecology	of	many	cimicids	appears	to	
be	strongly	influenced	by	the	host	species	and	their	ecology	(Balvin,	
Bartonicka,	Simov,	Paunovic,	&	Vilimova,	2014;	Balvín,	Munclinger,	
et	al.,	2012;	Hafner	&	Nadler,	1988).

Inseminated	cimicid	females	are	observed	attached	to	forearms	
of	 bats	 outside	 roosts	more	often	 than	males	 or	 non-inseminated	
females,	 suggesting	 cimicids	 primarily	 travel	 on	 bats	 to	 disperse	
(Balvín,	Sevcik,	et	al.,	2012;	Heise,	1988).	However,	transmission	ap-
pears	 to	be	uncommon	 (Talbot	et	 al.,	 2016),	 possibly	because	 this	
mode	of	dispersal	poses	 inherent	risks	to	cimicids,	as	cimicids	 lack	
morphological	 adaptations	 to	properly	 attach	 to	 the	host	 for	 pro-
longed	 periods	 of	 time	 and	 are	 easily	 discarded	 during	 grooming.	
Thus,	although	cimicids	hosts	are	highly	mobile,	cimicid	populations	
may	be	more	genetically	isolated	than	those	of	their	hosts	(Talbot	et	
al.,	2016).	Unfortunately,	cimicids	spend	most	of	their	lives	in	cryptic	
bat	 roosts	 and	 are	 therefore	 seldom	available	 for	 study.	Although	
the	European	fauna	of	cimicids	are	well	described,	numerous	gaps	
remain	in	global	cimicid	taxonomy,	host	specificity	and	ecology	from	
other	continents.	Filling	these	gaps	will	provide	opportunities	to	test	
novel	hypotheses	on	the	ecology	and	evolution	of	these	unique	ec-
toparasites	of	bats,	which	being	the	only	flying	mammals,	are	highly	
mobile	and	distributed	across	the	globe.

Until	recently,	the	only	phylogeny	of	Heteroptera	was	built	exclu-
sively	on	morphology	(Usinger,	1966).	This	phylogeny,	and	the	posi-
tioning	of	Cimicomorpha	within	Heteroptera,	exhibited	a	number	of	
inconsistencies	compared	to	molecular	data	presented	by	Balvín	et	
al.(2015),	which	however,	concentrated	on	the	genus	Cimex,	rather	
than	the	family	as	a	whole.	More	recent	molecular	phylogenies	add	
to	this	(Hornok	et	al.,	2017),	but	besides	a	hypothetical	phylogeny	by	
Reinhardt	and	Siva-Jothy	(Reinhardt	&	Siva-Jothy,	2007),	they	do	not	
provide	a	comprehensive	description	of	Cimicomorpha,	or	Cimicidae	
(Li,	 Tian,	 Zhao,	 &	 Bu,	 2012;	 Schuh,	Weirauch,	 &	Wheeler,	 2009).	
This	was	rectified	by	Balvín	et	al.	 (2015),	but	even	they	did	not	in-
clude	some	of	the	sister	groups	outside	the	four	common	Cimicidae	
species	groups	within	 the	genus	Cimex	 (Cimex lectularius	L., Cimex 
pilosellus (Horvath,	 1910), Cimex hemipterus	 (Fabricius,	 1803)	 and	
Cimex pipistrelli (Jenyns,	1839).

Herein	we	describe	novel	morphological	adaptations	in	the	tarsal	
structure	of	the	bat	ectoparastite,	Bucimex chilensis	Usinger,	1963,	
which	may	allow	for	 its	more	effective	dispersal.	We	compare	the	
morphology	of	B. chilensis	 to	 its	closest	known	relative,	Primicimex 
cavernis	Barber,	1941,	which	shares	many	of	the	same	distinguish-
able	features	(Usinger,	1966).	These	two	species	are	the	only	known	
described	taxa	of	the	subfamily	Primicimicinae,	and	are	classified	in	
monotypic	genera	(Usinger,	1966).	Both	species	are	associated	solely	
with	bats	in	the	western	hemisphere.	Using	DNA	samples	from	both	
species,	we	add	to	the	phylogeny	of	the	family	Cimicidae	using	both	
nuclear	and	mitochondrial	sequence	data	as	well	as	describe	a	new	
geographic	record	for	B. chilensis.
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2  | MATERIAL AND METHODS

2.1 | Bat capture methods and location

We	 captured	 two	 adult	 female	 Myotis chiloensis	 (Waterhouse,	
1840,	 Capture	 permit	 #1253-2016	 by	 the	 Servicio	 Agrícola	 y	
Ganadero,	Chile	 [SAG])	 at	Karukinka	Reserve	 in	 southern	Tierra	
del	 Fuego	 (54°S,	 69°W;	 elevation	 159	 meters	 above	 sea	 level)	
with B. chilensis	females	attached	to	the	pelages	on	the	dorsal	sur-
faces	(Figure	1).	The	captures	were	from	two	consecutive	years,	
November	2016	and	December	2017.	This	capture	site	is	located	
1,300	km	 south	 of	 the	 previously	 described	 southernmost	 dis-
tribution	 of	B. chilensis (Usinger,	 1966,	 Figure	 2).	 The	Karukinka	
reserve	 is	 situated	 in	 the	 sub-antarctic	 phytogeographic	 prov-
ince,	with	precipitation	between	450	and	1,100	mm/year,	 and	a	
mean	annual	temperature	of	7°C	(Arroyo	et	al.,	1995).	The	habitat	
surrounding	the	capture	site	 is	dominated	by	Nothofagus pumilio 
(Poepp.	 &	 Endl.)	 Krasser,	 a	 deciduous	 tree	 species,	 mixed	 with	
Nothofagus betuloides (Mirb.)	 Oerst.,	 an	 evergreen	 tree	 species	
(Arroyo	 et	 al.,	 1995)	 and	 a	 high	 diversity	 of	mosses	 and	 lichens	
(Armestó,	 Villagrán,	 &	 Kalin	 Arroyo,	 1996).	 In	 addition	 to	 the	
B. chilensis	 from	 Tierra	 del	 Fuego,	 two	 individuals	 of	 P. cavernis 
were	obtained	from	the	Smithsonian	Institution	National	Museum	
of	Natural	History	USA,	for	photography	and	sequencing.	These	
specimens	were	collected	in	Ney	Cave	in	Medina	County,	Texas,	
USA.	We	 collected	 samples	 from	Cimex pilosellus and C. adjunc‐
tus	from	Manitoba,	Canada.	Additionally,	we	received	samples	for	
C. lectularius	 from	various	 locations	 in	Finland,	 including	 regions	
of	Turku,	Tampere,	Oravainen,	and	Kemiö.	See	Table	1	for	details	
all	samples	in	this	study.

2.2 | Digital layer imaging

Pictures	were	taken	with	Canon	EOS	7D	Mark	 II	camera	attached	
to	an	Olympus	SZX16	microscope.	Focusing	and	camera	were	con-
trolled	 by	 Deep	 Focus	 module	 for	 QuickPHOTO	 3.1	 (Promicra).	
Focus	 stacking	of	 the	pictures	was	done	by	CombineZP	 (available	
at	http://combinezp.software.informer.com/download/).	Specimens	
were	kept	in	ethanol	while	photographed.

2.3 | DNA extraction

We	gathered	samples	from	multiple	Cimicidae	species	for	our	phy-
logenetic	analysis	as	detailed	 in	Table	1.	DNA	was	extracted	 from	
the	whole	specimen	in	the	case	of	the	Cimex	sp.	samples,	or	legs	in	
the	case	of	the	fresh	B. chiloensis	and	museum	P. cavernis	specimen.	
DNA	was	extracted	using	 the	NucleoSpin®	Tissue	Kit	 (product	nr	
740,952,	Macherey-Nagel),	according	to	the	instructions	for	stand-
ard	 protocol	 (User	 manual,	 version	 June	 2014/Rev.	 14)	 provided	
with	the	kit.	The	P. cavernis museum	samples	were	cleaned	before	
the	extraction	to	remove	all	the	non-target	material	from	the	sam-
ple	 surface	as	 follows:	 (a)	 samples	were	vortexed	briefly	 in	a	 tube	
containing	2%	bleach	and	 incubated	for	10	min,	 (b)	bleach	was	re-
moved	and	samples	were	washed	by	adding	99%	ethanol,	and	then	
(c)	rinsed	with	dd-H2O	and	finally	dried,	and	then	extracted	as	above.	
The	 laboratory	and	the	equipment	were	sterilized	before	each	ex-
traction	batch.

2.4 | PCR and sequencing

For	each	extract,	we	amplified	five	genes,	both	nuclear	and	mitochon-
drial,	 using	primers	 and	protocols	 after	Balvin	et	 al.	 (2015).	 Shortly,	
the	cytochrome	oxidase	subunit	I	(COI)	was	amplified	using	Lep1Fdeg/
Lep3R	 (Hajibabaei,	 Janzen,	 Burns,	 Hallwachs,	 &	 Hebert,	 2006),	
16S	 ribosomal	 gene	 (16S)	 using	 16S_LR-J	 (Kambhampati	 &	 Smith,	
1995)/16S_LR-N	(Simon	et	al.,	1994),	18S	ribosomal	gene	(18S)	in	two	
overlapping	fragments:	18S-1/18S-3	and	18S-2/18S-4	(Tian,	Zhu,	Li,	
Xie,	&	Bu,	2008),	Internal	transcribed	spacer	(ITS2)	using	CAS5p8sFc/
CAS28sB1d	(Kim	&	Lee,	2008),	and	finally	Elongation	factor	1	subunit	
α	(EF1a)	with	rcM52.6	(also	known	as	Shirley;	Cho	et	al.,	1995)/M2412	
(also	known	as	Prowler;	Damgaard,	Andersen,	&	Sperling,	2000).	For	
old	 museum	 sample	 P. cavernis,	 we	 first	 tried	 LCO1490/HCO2198	
(Folmer,	Black,	Hoeh,	Lutz,	&	Vrijenhoek,	1994)	which	failed	to	yield	
results,	and	subsequently	received	product	with	LCO1490	with	C_R	
(Shokralla	et	al.,	2015).	The	following	PCR	setup	was	used	for	all	sam-
ples:	2	µl	of	the	template	DNA	was	mixed	with	300	nM	of	each	primer,	
5	µl	of	2×	MyTaq	RedMix	 (Bioline)	and	the	reaction	was	filled	up	to	
10	µl	with	double-distilled	water.	The	PCR	cycling	conditions	were	as	
follows:	initial	denaturation	for	5	min	in	95°C,	then	35	cycles	of	dena-
turation	for	30	s	in	95°C,	annealing	for	30	s	in	42–57°C	(the	anneal-
ing	temperature	was	gene-specific	as	detailed	in	Balvín	et	al.	(2015),	
and	elongation	for	30	s	in	72°C,	ending	with	final	elongation	step	for	
5	min	in	72°C.	A	blank	control	was	included	in	each	PCR	batch.	For	the	
P. cavernis	sample,	we	tried	to	increase	PCR	success	by	adding	more	

F I G U R E  1   Bucimex chilensis	(white	arrow)	at	the	base	of	the	tail,	
on	the	dorsal	surface	of	Myotis chiloensis

http://combinezp.software.informer.com/download/
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DNA	(up	to	6	µl),	by	increasing	the	total	volume	(up	to	20	µl),	and	by	
increasing	the	number	of	PCR	cycles	to	50.	For	all	genes,	successful	
PCR	products	were	cleaned	by	adding	1	µl	of	Exonuclease	I	and	1.0	µl	
of	FastAP	 (both	 included	 in	 the	A'SAP	clean	kit;	 product	nr	80350,	
ArcticZymes,	Trømssa,	Norway)	to	each	product,	and	by	heating	the	
mix	to	37°C	for	10	min	and	85°C	for	5	min.	After	that,	sequences	were	
shipped	to	Macrogen	Europe	(Macrogen,	Seoul,	Rep.	of	Korea)	for	se-
quencing.	Resulting	sequences	were	trimmed	for	sequencing	primers	
and	non-reliable	poor-quality	regions	and	then	aligned	per	gene	using	
Geneious	R6	(Kearse	et	al.,	2012).

2.5 | Phylogenetic analysis

To	construct	Cimicidae	phylogeny,	we	downloaded	all	 sequences	
used	by	Balvín	et	al.	(2015).	These	included	sequences	from	Cimex 
pipistrelle Jenyns,	 1839,	 C. adjunctus Barber,	 1939,	 C. japonicus 

Usinger,	1966,	C. hemipterus Fabricius,	1803,	C. lectularius L.,	Cimex	
sp.,	C. latipennis Usinger	&	Ueshima,	1965,	C. pilosellus,	C.	cf.	anten‐
natus,	Cacodmus vicinus Horvath,	1934,	Cacodminae sp.,	Oeciacus 
vicarius Horvath,	 1912,	 O. hirundinis (Lamarck,	 1816),	 Paracimex 
setosus Ferris	 &	 Usinger,	 1957,	 Aphrania elongata Usinger,	 1966.	
Additionally,	we	downloaded	sequences	of	Leptocimex inordinatus 
Ueshima,	 1968	 from	 GenBank.	 Similarly,	 for	 phylogenetic	 out-
group,	we	retrieved	Cimicomorpha	sequences	from	Rhodnius pro‐
lixus	Stål,	1859	(Reduviidae),	Lygus elisus Van	Duzee,	1914	(Miridae),	
and Orius niger	(Wolff,	1811)	(Anthocoridae)	following	Balvín	et	al.	
(2015).	 The	 accession	 codes	 are	 listed	 in	Table	1.	Unfortunately,	
despite	 rather	 comprehensive	 data	 set,	 we	 could	 not	 retrieve	
fresh	samples	or	sequences	for	all	the	Cimicidae	species	found	in	
South	 America,	 for	 example	 those	 collected	 from	 Argentina	 (Di	
Benedetto,	 Autino,	 González,	 &	 Argoitia,	 2017).	 All	 the	 samples	
with	accession	codes	and	other	metadata	are	collected	in	Table	1.

F I G U R E  2  Map	of	austral	South	America.	Previous	collection	sites	of	Bucimex chilensis	are	indicated	with	red	dots.	The	present	sample	
collection site is indicated with a red triangle
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For	the	sequences	produced	in	this	study,	the	primers	and	low	
quality	 regions	 were	 trimmed	 of	 the	 sequences,	 and	 all	 the	 se-
quences	 including	 references	 from	 GenBank	 were	 aligned	 with	
MUSCLE	plugin	 (Edgar,	2004)	using	 software	Geneious	 (Kearse	et	
al.,	2012).	First,	we	used	GenBank	BLAST	analysis	to	check	whether	
our	trimmed	sequences	were	free	from	contamination.	For	some	of	
the	samples,	only	COI	sequences	were	available,	so	we	prepared	two	
different	data	sets:	1	(multilocus:	52-taxon	set)	and	2	(COI:	56-taxon	
set).	See	Table	1	for	details	of	samples	 in	each	data	set.	For	these	
two	data	 sets,	 two	model-based	methods	 (Bayesian	 inference	and	
maximum	likelihood)	were	used	to	analyze	the	data.

Bayesian	phylogenetic	analyses	were	carried	out	using	the	pro-
gram	MrBayes	v3.2.3	×64	(Huelsenbeck	&	Ronquist,	2001)	 in	CSC	
servers	 (www.csc.fi).	 The	 GTR+G	 (with	 four	 rate	 categories	 for	
Gamma)	model	of	substitution	was	fitted	to	each	data	set.	The	data	
sets	were	 subjected	 to	 two	 runs	 of	 one	million	 generations	 each,	
with	every	1000th	generation	sampled	and	the	first	2,500	sampled	
generations	discarded	as	burn-in.	Similarly,	we	constructed	a	maxi-
mum-likelihood	tree	with	100	bootstrap	replicates	(other	settings	as	
default)	using	command	line	PhyML	(version	20120412)	(Guindon	&	
Gascuel,	2003)	at	CSC	servers.	The	posterior	probability	tree	from	
Bayesian	analysis	and	consensus	tree	from	ML	was	retrieved	and	im-
ported	to	Geneious	to	draw	the	final	tree.

3  | RESULTS

3.1 | Morphological characters in the Primicinae

The	 Primicimicinae	 individuals	 obtained	 were	 morphologically	
identified	 as	 B. chilensis,	 P. cavernis	 (Figure	 3).	 The	 subfamily	
Primicimicinae,	 to	which	both	 species	 examined	belong	 to,	 differs	
from	other	Cimicidae	by	having	mottled	tibiae	(Figures	3	and	4a,b,c),	
labrum	over	twice	as	long	as	wide	and	tarsi	with	several	erect	cte-
nidea	(spines)	at	inner	apex	in	apposition	to	claws	(Figure	4a,b,c),	for	
which	the	ecological	function	has	not	been	suggested	prior	to	this	
study.	The	two	Primicimicinae	species	are	similar	in	appearance,	but	
may	be	separated	by	 the	 relative	 length	of	 femora	and	 the	 length	
of	 first	antennal	segment,	which	 is	as	 long	as	 the	second	segment	
in P. cavernis	 and	 much	 shorter	 in	 B. chilensis. Primicimex cavernis 
lacks	the	mycetomes	and	spermalege	found	in	other	cimicid	groups.	
Bucimex chilensis,	on	the	other	hand,	exhibits	mycetomes	and	a	well-
developed	spermalege	(Figure	3).	The	Primicimicinae	tarsi	differ	sig-
nificantly	from	the	tarsi	of	C. lectularius	 (Figure	4d),	which	lack	the	
erect	ctenidea	at	the	inner	apex	in	apposition	to	claws.	In	addition	
to	this,	the	C. lectularius	feature	additional	spines	and	a	spike	at	the	
joint	between	the	tibia	and	tarsus.	The	other	species	 in	 this	study	
were	morphologically	 identified	 to	C. lectularius (Finnish	specimen)	
or Cimex	sp.	(Canadian	specimen).

3.2 | Molecular identification of the specimens

In	 the	 BLAST	 analysis,	 the	 closest	 match	 for	 B. chilensis	 COI	 se-
quence	in	GenBank	was	a	record	of	Orius minutus	(Linnaeus,	1758)	

(Hemiptera,	 Cimicoidae,	 Anthocoridae)	 with	 very	 low	 similarity	
(82%,	 E-value	 7e-151;	 BLAST	 was	 performed	 online	 22nd	 March	
2017).	For	P. cavernis,	we	were	only	able	to	retrieve	309	bp	sequence	
of	COI	from	the	type	specimens	in	this	analysis.	For	this	sequence,	
the	 closest	match	 (83%,	 E-value	 1e-68)	was	 to	 Liorhyssus hyalinus 
(Fabricius,	1794)	 (Hemiptera,	Coreoidea,	Rhopalidae).	The	percent-
age	 identity	 between	 query	 and	 subject	 sequence	 was	 naturally	
too	 low	 to	make	any	conclusions	about	phylogenetic	 relationships	
based	on	the	BLAST	analysis.	Finnish	samples	were	molecularly	con-
firmed	as	C. lectularius,	 and	 the	Canadian	samples	were	confirmed	
to	include	both	C. pilosellus and C. adjunctus.	All	the	sequences	pro-
duced	in	this	study	were	uploaded	to	GenBank	with	accession	codes	
MK141690–MK141706.

3.3 | Phylogenetic analysis of the Cimicidae

The	 multilocus	 analysis	 of	 five	 genes	 using	 52	 taxa	 (in	 data	 set	
1;	 Table	 1)	 placed	 the	 B. chilensis	 samples	 into	 the	 base	 of	 the	
Cimicidae,	next	to	the	outgroup	families	Anthocoriidae	(Cimicoidea),	
Reduviidae,	and	Miridae	 (Figure	5).	The	same	patterns	occurred	 in	
both	Bayesian	 and	ML	 trees	 (Figure	5).	Moreover,	 the	COI	 phylo-
genetic	analysis	using	56	taxa	 (in	data	set	2;	Table	1)	produced	al-
most	identical	patterns	compared	to	the	multilocus	tree	(Figure	6).	
In	COI	tree,	the	B. chilensis and P. cavernis cluster close to each other 
forming	an	own	clade	at	the	base	of	Cimicidae	(Figure	6).	Subfamily	
Cacodminae	 appears	 to	 be	 a	 monophyletic	 group,	 and	 genus	
Leptocimex	is	confirmed	as	a	member	of	Cacodminae	(Figure	6).	On	
the	other	hand,	the	genus	Oeciacus	appears	to	be	paraphyletic,	the	
two	species	not	clustering	together,	and	furthermore,	the	Cimex pip‐
istrelli	splits	into	two	distinct	groups	together	with	C. japonicus and 
C. sp. All C. lectularius	specimens,	the	“bed	bug,”	cluster	in	the	same	
clade	regardless	of	geographical	origin	(Figures	5	and	6).	The	other	
Cimex	 species	 (hemipterus, pilosellus, cf. antennatus,	 and	 adjunctus) 
form	separate	clusters	in	all	analysis	(Figures	5	and	6).	In	both	multi-
locus	and	COI	phylogenies,	the	genus	Cimex	seems	to	be	polyphyl-
etic,	despite	high	support	for	all	species	groupings	(Figures	5	and	6).

4  | DISCUSSION

For	 the	 first	 time,	 we	 place	 the	 two	 known	 taxa	 in	 subfamily	
Primicimicinae	into	a	molecular	phylogeny	of	Cimicidae.	In	our	phy-
logeny,	Primicimicinae	is	a	sister	group	to	all	other	Cimicidae,	as	de-
scribed	morphologically	by	Usinger	 (1966).	We	also	found	that	the	
two	members	of	the	Primiciminae	subfamily	have	unique	tarsal	mor-
phology	(ctenidium)	for	attaching	to	their	bat	hosts,	and	that	these	
traits	may	be	ancestral	 among	 the	cimicids.	Cimicids	 in	 the	C. pip‐
istrellus groups	and	C. lectularius	 are	often	 loosely	 attached	 to	 the	
wings,	 forearms	and	uropatagium	of	 the	bat	 (Balvín,	Sevcik,	 et	 al.,	
2012;	Heise,	1988).	However,	the	morphology	of	B. chilensis tarsi is 
very	different	to	other	cimicids.	The	structure	of	the	B. chilensis tar-
sus	appears	to	be	an	adaptation	to	clinging	on	to	pelage	of	the	host,	
which	is	also	where	both	individuals	were	found:	an	atypical	location	

http://www.csc.fi


8  |     OSSA et Al.

for	other	cimicids.	This	“cling-on”	behavior,	and	the	resemblance	of	
the	abdomen	to	the	head	of	the	fierce	extra-terrestrial	warrior	spe-
cies	in	the	popular	TV-show,	Star	Trek,	suggest	the	descriptive	nick-
name,	“The	Klingon	batbug.”.

The B. chilensis	 individual	was	 located	on	dorsal	 surface	of	 the	
bat,	grasping	on	to	the	pelage	of	 the	host	 (Figure	1).	After	 the	re-
moval	of	the	cimicid,	we	observed	bat	hair	clamped	in	between	the	
tarsal	claws	and	the	erect	ctenidium	between	them,	displaying	the	
mechanism	in	action	(Figure	4a).	This	same	morphological	character-
istic	is	also	featured	on	the	P. cavernis,	suggesting	it	may	also	spend	
extended	periods	on	 the	host.	This	 feature,	absent	 in	other	cimic-
ids,	appears	to	be	only	shared	by	the	two	members	of	the	subfamily	
Primicimicinae.	 A	 similar	 functional	 adaptation	 has	 evolved	 in	 the	
family	 Polyctenidae	 (Heteroptera),	 which	 have	 several	 functional	
morphological	 adaptations	 that	 facilitate	 the	 obligate	 association	
with	bats	and	continuous	living	on	the	host	specimen:	for	example,	
lack	of	wings,	short	antennae	and	most	importantly,	in	comparison	
with Bucimex chilensis,	 form	 of	 tibiae,	 claws	 and	 associated	 erect	
ctenidea	 (Maa,	1964).	 In	addition,	 the	 tarsal	 claws	have	been	pro-
posed	to	be	the	most	important	structure	for	host	attachment	also	
in	bat	flies	(Dick	&	Patterson,	2006).	This	behavior	is	very	different	
to	more	many	other	cimicids,	which,	for	their	limited	dispersal,	use	
a	very	different	mechanism	to	attach	to	the	plagiopatagium	or	tibia	
of	the	bat	as	depicted	in	Balvín,	Sevcik,	et	al.,	2012).	This	mode	of	
attachment	may	be	facilitated	by	the	specialized	setae	located	api-
coventrally	on	the	tibia,	as	well	as	the	stiff	spines,	which	flank	the	
tibia	and	tarsus	joint	(Figure	3d).

Before	the	discovery	of	our	sample,	individuals	of	Bucimex chilen‐
sis described	 in	Usinger	 (1966)	 had	 been	 obtained	 from	Chile	 from	
Araucaria araucana	 (Molina)	K.	Koch	trees	at	Tolhuaca	(38°S,	71°W);	
in a Nothofagus sp.	hollow	in	Lonquimay	(38°S,	71°W),	Araucanía	re-
gion and in Nothofagus sp.	at	Dalcahue	(42°S,	73°W),	Los	Lagos	region,	
associated with either M. chiloensis or Histiotus magellanicus	Philippi,	

1866	bat	colonies	(Usinger,	1966)	(Figure	2).	Our	new	record	in	Tierra	
del	Fuego	is	1,300	km	to	the	south	(58°S,	69°W)	of	this	previous	re-
cord.	Because	M. chiloensis	is	not	a	migrating	species	(Rodriguez-San	
Pedro,	Allendes,	&	Ossa,	2016),	the	new	geographical	record	is	most	
likely	not	due	to	a	range	expansion,	but	rather	reflects	the	lack	of	re-
search	on	bats	or	 the	 associated	 invertebrates	 in	 the	 southern	 lati-
tudes.	As	for	the	northern	range,	the	B. chilensis	has	not	been	reported	
from	northern	Argentina	(Autino,	Claps,	Sanchez,	&	Barquez,	2009),	
but	the	distribution	most	likely	extends	further	north	of	38°S	in	Chile.

The	results	of	the	molecular	phylogenetic	analysis	using	a	mul-
tilocus	approach	are	in	accord	with	the	previous	phylogenies	based	
on	 morphology	 and	 molecular	 data	 (Balvín	 et	 al.,	 2015;	 Hornok	
et	al.,	2017;	Li	et	al.,	2012;	Reinhardt	&	Siva-Jothy,	2007;	Usinger,	
1966),	 with	 the	 addition	 of	 Primicimicinae	 and	 associated	 taxa	
added.	 The	 single	 locus	 results,	 using	 the	COI	 gene	 and	 including	
the P. cavernis	 (and	 Leptocimex inordinatus)	 samples,	 of	which	 only	
this	 single	 gene	was	 retrieved,	 also	 reflected	 the	 aforementioned	
studies.	Both	phylogenies	constructed	in	this	study	place	P. cavernis 
next	 to	 the	B. chilensis,	 indicating	 a	 strong	 phylogenetic	 signal.	 To	
further	strengthen	our	findings,	these	two	species	share	many	prim-
itive	features,	such	as	the	structure	of	the	male	and	female	genitals,	
as	well	as	 features	that	are	specific	 to	the	subfamily	Primiciminae,	
such	as	the	tarsal	structure	and	mottled	tibiae,	which	are	absent	in	
other	 cimicids.	 Therefore,	 the	 subfamily	 status	 of	 Primiciminae	 is	
supported.	 However,	 the	missing	 spermalege	 of	 P. cavernis,	 which	
Usinger	 (1966)	regards	as	a	primitive	trait	may	rather	be	a	derived	
one	 (Reinhardt	 &	 Siva-Jothy,	 2007),	 because	 the	 spermalege	 is	
present	 in	Anthocoridae,	 the	 sister	group	of	Cimicidae	 (Hangay	et	
al.,	 2008).	 Although	 the	 close	 relatedness	 between	 Bucimex and 
Primicimex	seems	to	be	robust.	Clearly,	more	work	is	needed	to	fully	
resolve	 the	phylogenetic	 relationships	within	 family	Cimicidae	 (es-
pecially	the	paraphyly	of	Oeciacus),	superfamily	Cimicoidea,	and	the	
whole	infraorder	Cimicomorpha.

F I G U R E  3   Dorsal and ventral views 
of	Bucimex chilensis	(left)	and	Primicimex 
cavernis	(right).	Black	arrow	indicates	
spermalage	on	B. chilensis,	which	is	missing	
from	P. cavernis
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The	 dispersal	 of	 individuals	 between	 roosts	 is	 crucial	 in	main-
taining	local	and	range	wide	genetic	diversity	of	bat	bugs,	but	also	
allows	invasion	of	new	or	temporarily	abandoned	roosts.	However,	
this	 appears	 to	 happen	 rather	 infrequently,	 with	 only	 3%	 of	 sur-
veyed	Nyctalus noctula	(Schreber,	1774)	carrying	C. pipistrellus	bugs	
in	a	large	study	by	Heise,	(1988).	The	predominance	of	adult	female	
Cimex	found	on	bat	hosts	in	the	outside	roost	environment	supports	
the	idea	that	remaining	attached	to	the	host	is	deliberate	and	serves	
the	purpose	of	dispersal	 (Balvín,	Sevcik,	et	al.,	2012;	Heise,	1988).	
Because	a	single-mated	female	has	the	ability	to	initiate	a	new	infes-
tation,	they	are	the	most	effective	agents	of	dispersal	(Bartonicka	&	
Gaisler,	2007;	Usinger,	1966).	This	may	also	be	true	for	P. cavernis,	
for	which	habitat,	host	choice,	and	feeding	behavior	have	been	de-
scribed	in	detail	by	Ueshima	(1968).	The	tarsal	structures	most	likely	
facilitate	 dispersal	 in	 this	 cave-dwelling	 species,	which	 has	 access	
to	thousands	of	hosts.	However,	Tierra	del	Fuego	 is	cave-free	and	
population	density	of	hosts	is	low.	One	of	the	radiotrackedhost	in-
dividuals	(M. chiloensis)	 in	this	study	appeared	to	roost	solitary	in	a	
hollow	 tree,	 which	 is	 a	 relatively	 unsheltered	 roost	with	 fluctuat-
ing	climatic	conditions.	An	individual	tree	can	only	be	considered	a	

semi-permanent	roost,	often	only	used	by	bats	for	some	years,	when	
trees	are	at	a	certain	degree	of	decay	(Lacki	&	Baker,	2003;	Lacki,	
Baker,	&	Johnson,	2012).	Tree-roosting	bats	also	use	several	roosts	
within	 their	 home	 range	 and	 show	a	high	degree	of	 roost	 switch-
ing	within	a	season	(Kerth,	Ebert,	&	Schmidtke,	2006;	Lewis,	1995).
Therefore,	 a	 low	 host	 population	 density	 and	 temporary	 use	 of	
roosts	by	the	hosts	may	necessitate	a	more	permanent,	ectoparasitic	
life-history	for	B. chilensis attached to its host.

Most	 cimicids	 are	 generalist	 when	 it	 comes	 to	 host	 species	
choice,	although	host	association	can	influence	variation	in	salivary	
gene	 proteins	 in	 populations	 specializing	 in	 specific	 host	 species	
(Talbot,	Vonhof,	Broders,	Fenton,	&	Keyghobadi,	2018).	Both	C. lect‐
ularius and C. pipistrellii	 have	 been	 described	 from	many	 bat	 host	
species	(Balvin	et	al.,	2014).	Primicimex cavernis	has	been	described	
as	expressing	host	specificity	toward	Tadarida brasiliensis	(Ueshima,	
1968).	Ney	cave	in,	Medina	Co.	Texas,	where	the	species	has	been	
described	 from	 (Usinger,	 1966),	 is	 a	 seasonal	 roost	 for	T. brasilien‐
sis as well as Mormoops megalophylla,	which	may	 act	 as	 a	 second-
ary	host	 (M.	Meierhofer,	pers.	comm.).	So	far,	B. chilensis	has	been	
described	on	M. chiloensis and Histiotus magellanicus (Usinger,	1966).	

F I G U R E  4   (a)	Tarsal	claws	clinging	on	to	Myotis chiloensis	fur.	(b)	Tarsal	claws	and	erect	ctenidea	(black	arrow),	which	facilitate	grasping	
host	hair.	(c)	A	similar	tarsal	structure	on	Primicimex cavernis	with	ctenidea	(black	arrow).	(d)	The	tibia	and	tarsi	of	Cimex lectulariarus with 
specialized	setae	on	the	joint	(black	arrow),	which	may	be	used	to	fasten	the	bug	to	the	plagiopatagium	of	the	bat

(a)

(b) (c) (d)
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Convergent	phenotypes	in	ectoparasites	can	often	be	seen	among	
different	lineages	of	a	higher	taxon	or	even	within	a	single	species	
(McCoy	 et	 al.,	 2005).	 For	 instance,	C. lectularius and C. pipistrellus,	
have	been	found	to	be	an	interesting	model	for	the	study	of	within-
species	 morphological	 diversification	 (Balvín,	 Munclinger,	 et	 al.,	
2012).	The	development	of	convergent	phenotypes,	or	in	an	extreme	
situation,	 alloxenic	 speciation,	 could	 be	mediated	 by	 reproductive	
barriers,	which	are	likely	associated	with	local	adaptation	of	the	par-
asite	and	shift	in	its	host	specificity	(Poulin,	2007).	Both	bat	species	
known	to	host	B. chilensis	use	trees	and	buildings	to	form	their	colo-
nies	(Mann,	1978),	and	may	be	shared	between	the	species,	but	the	

colonies	of	H. magellanicus	are	smaller	than	colonies	of	M. chiloensis 
in	southern	Chile.	Altamirano	et	al	(2017)	described	the	use	of	tree	
holes	of	H. magellanicus	 at	 the	Araucanía	 region,	 showing	 that	 the	
colonies	were	formed	by	no	more	than	10	adult	individuals	and	they	
change	roost	frequently	during	the	year	(Altamirano	et	al.,	2017).	On	
the	 other	 hand,	when	 buildings	 are	 used,	 colonies	 of	M. chiloensis 
can	consist	of	hundreds	of	individuals	(Ossa	et	al.,	2010).	However,	
we	have	yet	to	observe	B. chilensis on H. magellanicus	or	any	other	
bat	species.	Further	elucidating	the	host	specificity	and	ecology	of	
B. chilensis	would	require	a	better	understanding	of	roosting	behav-
ior	 of	 the	 host	 species	 and	 acquiring	 specimens	 from	a	 variety	 of	

F I G U R E  5  A	multilocus	DNA-based	
phylogeny	of	Cimicidea	using	five	genes	
with	support	values	for	all	the	main	
clades	based	on	both	Bayesian	posterior	
probability	(left	number)	and	maximum-
likelihood	analysis	with	100	bootstrap	
replicates	(right).	Three	Cimicomorpha	
families	outside	Cimicidae	are	used	as	
an	outgroup	to	root	the	tree.	The	higher	
taxa	within	Cimicoidea	are	marked	in	the	
clades.	The	morphological	differences	in	
the	tarsi	are	illustrated	for	comparison:	
Orius niger	(representing	Anthocoridae	
and	other	outgroups),	Bucimex chilensis 
(Primiciminae),	and	Cimex lectularius 
(Cimicinae+Cacodminae)
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host	species	and	geographic	areas.	For	instance,	because	of	its	habit	
of	attaching	 to	 the	pelage	of	 the	host,	 convergent	phenotypes	on	
different	 host	 species	 and	 geographic	 areas	may	 require	morpho-
logical	changes	in	the	claw	structure	to	facilitate	the	differences	in	
hair structure.

Here,	we	describe	the	Klingon	bat	bug	and	its	ability	to	adhere	
to	their	host	at	the	southernmost	distribution	of	the	species	range,	
1,300	km	to	the	south	of	the	previously	known	southernmost	dis-
tribution	boundary	 in	Chile.	Our	 findings	 show	 that	 basal	 cimic-
ids	possess	adaptations	for	grasping	on	to	the	pelage	of	hosts.	In	

contrast,	more	derived	species	use	setae	and	spines	on	the	tibia	
for	briefly	adhering	to	the	wing	of	the	host.	The	greater	diversity	
of	more	derived	species	within	Cimididae,	adaptations	for	attach-
ing	 to	 the	wing,	 instead	 of	 clinging	 to	 the	 pelage,	 suggests	 this	
method	 could	 have	 yet	 undiscovered	 advantages	 and	 warrants	
further	investigation.	Our	results	are	mostly	coincident	with	pre-
vious	phylogenies	based	on	morphology.	Because	of	the	difficul-
ties	 in	 obtaining	 cimicid	 specimens	 from	 austral	 South	America,	
this	study	fills	a	gap	in	the	knowledge	of	this	cryptic	parasite-host	
relationship.

F I G U R E  6  A	phylogeny	of	Cimicidea	
using	COI	gene	with	support	values	for	all	
the	main	clades	based	on	both	Bayesian	
posterior	probability	(left	number)	
and	maximum-likelihood	analysis	with	
100	bootstrap	replicates	(right).	Both	
Primiciminae	species	(B. chilensis and 
P. cavernis) cluster close to each other at 
the	base	of	Cimicidae	with	high	support.	
The	subfamily	Cacodminae	is	also	strongly	
supported,	but	subfamily	Cimicinae	is	
poorly	resolved,	such	as	polyphyletic	
genus Cimex

Primicimex cavernis

Bucimex chilensis

Rhodnius prolixus (Reduviidae)

Lygus elisus (Miridae)
Orius niger (Anthocoriidae)

Cacodminae sp.

Cacodmus vicinus
Aphrania elongata

Leptocimex inordinatus

Cimex lectularius

Cimex latipennis

Cimex pilosellus

Cimex adjunctus

Paracimex setosus

Cimex cf. antennatus

Cimex hemipterus

Oeciacus hirundinis

Cimex pipistrelli group 1

Cimex japonicus

Cimex sp.

Cimex pipistrelli group 2

Oeciacus vicarius

99/-
99/80

100/96

98/88

99/77

99/100

100/67

100/-

100/64

92/63 100/100

100/100

99/98

100/100

99/73

100/85

100/100

100/99

100/100

100/100

100/100

100/81

Pr
im

ic
im

ic
in

ae

C
ac

od
m

in
ae

Cimicinae

Cimicidae



12  |     OSSA et Al.

ACKNOWLEDG MENTS

We	 thank	 The	 Rufford	 Foundation	 (RSG	 19502-1),	 Marie	
Skłodowska-Curie	 Actions,	 Betty	 Väänänen	 Foundation	 and	 Jane	
and	Aatos	 Erkko	 Foundation	 for	 financial	 support.	We	 also	 thank	
the	 Wildlife	 Conservation	 Society	 for	 permission	 to	 work	 at	 the	
Karukinka	Reserve	in	Tierra	del	Fuego.	We	are	grateful	to	T.	Henry	at	
the	Smithsonian	Institution	National	Museum	of	Natural	History	for	
assistance	acquiring	samples	of	P. cavernis,	and	the	Willis	Lab	at	the	
University	of	Winnipeg	for	supplying	C. pilosellus	samples..	We	thank	
Dr.	C.	Nielson	of	Ohio	University	for	the	use	of	the	microscope	and	
camera	 hardware	 and	 software.	We	 acknowledge	CSC—IT	Center	
for	Science	Ltd.,	Espoo,	Finland,	for	the	allocation	of	computational	
resources.	We	thank	Dr.	P.	Sihvonen	for	valuable	comments	to	the	
manuscript	and	Maija	K.	Laaksonen	for	artistic	bug	drawings.

AUTHOR CONTRIBUTIONS

TML,	GO,	and	JSJ	designed	the	study,	conducted	the	field	work,	and	
produced	the	first	draft	of	the	manuscript.	AP	and	EJV	conducted	
the	laboratory	work,	sequenced	the	samples,	and	analyzed	the	data.	
VR	 and	 IES	 contributed	 to	 systematics	 and	 taxonomy.	All	 authors	
contributed	to	the	final	version	of	the	manuscript.

DATA ACCE SSIBILIT Y

All	data	and	sequences	are	 in	GenBank.	Please	see	Table	1	for	ac-
cession	numbers.

ORCID

Eero J. Vesterinen  https://orcid.org/0000-0003-3665-5802 

Thomas M. Lilley  https://orcid.org/0000-0001-5864-4958 

R E FE R E N C E S

Altamirano,	T.	A.,	 Ibarra,	 J.	 T.,	Novoa,	 F.,	Vermehren,	A.,	Martin,	K.,	&	
Bonacic,	 C.	 (2017).	 Roosting	 records	 in	 tree	 cavities	 by	 a	 forest-
dwelling	 bat	 species	 (Histiotus magellanicus)	 in	 Andean	 temperate	
ecosystems	of	southern	Chile.	Bosque Valdivia,	38,	421–425.	https://
doi.org/10.4067/S0717-92002017000200020.

Armestó,	 J.,	 Villagrán,	 C.,	 &	 Kalin	 Arroyo,	 M.	 (1996).	 Ecología	 de	 los	
bosques	nativos	de	Chile.	Vicerrectoría	Académica,	Universidad	de	
Chile,	Santiago	de	Chile:	Comité	de	Publicaciones	Científicas.

Arroyo,	 M.,	 Donoso,	 C.,	 Murúa,	 R.,	 Pisano,	 E.,	 Schlatter,	 R.,	 &	 Serey,	
I.(1995).	Hacia	un	proyecto	forestal	ecológicamente	sustentable:	con-
ceptos,	análisis	y	recomendaciones.	Informe	hecho	por	la	Comisión	
Científica	 Independiente	 del	 Proyecto	 Río	 Cóndor	 a	 Bayside	 Ltd,	
EEUU.	Inf.	No	Publ.	Santiago	Chile.

Autino,	A.	G.,	Claps,	G.	L.,	Sanchez,	M.	S.,	&	Barquez,	R.	M.	(2009).	New	
records	of	bat	ectoparasites	(Diptera,	Hemiptera	and	Siphonaptera)	
from	northern	Argentina.	Neotrop. Entomol.,	38,	165–177.	https://doi.
org/10.1590/S1519-566X2009000200002

Balvin,	O.,	Bartonicka,	T.,	Simov,	N.,	Paunovic,	M.,	&	Vilimova,	J.	(2014).	
Distribution	and	host	relations	of	species	of	the	genus	Cimex	on	bats	
in	Europe.	Folia Zoologica,	63,	281–289.

Balvín,	 O.,	 Munclinger,	 P.,	 Kratochvíl,	 L.,	 &	 Vilímová,	 J.	 (2012).	
Mitochondrial	DNA	and	morphology	show	 independent	evolution-
ary	histories	of	bedbug	Cimex lectularius	(Heteroptera:	Cimicidae)	on	
bats	 and	 humans.	Parasitology Research,	111,	 457–469.	 https://doi.
org/10.1007/s00436-012-2862-5

Balvín,	O.,	Roth,	S.,	&	Vilímová,	J.	(2015).	Molecular	evidence	places	the	
swallow	bug	genus	Oeciacus	Stål	within	the	bat	and	bed	bug	genus	
Cimex	Linnaeus	(Heteroptera:	Cimicidae):	The	genus	Oeciacus	within	
the	 genus	Cimex.	 Systematic Entomology,	40,	 652–665.	 https://doi.
org/10.1111/syen.12127

Balvín,	 O.,	 Sevcik,	 M.,	 Jahelkova,	 H.,	 Bartonicka,	 T.,	 Orlova,	 M.	 V.,	
&	 Vilimova,	 J.	 (2012).	 Transport	 of	 bugs	 of	 the	 genus	 Cimex	
(Heteroptera:	 Cimicidae)	 by	 bats	 in	western	 Palaearctic.	Vesperilio,	
16,	43–54.

Bartonicka,	 T.	 (2008).	 Cimex	 pipistrelli	 (Heteroptera,	 Cimicidae)	
and	 the	 dispersal	 propensity	 of	 bats:	 An	 experimental	 study.	
Parasitology Research,	 104,	 163–168.	 https://doi.org/10.1007/
s00436-008-1175-1

Bartonicka,	 T.,	 &	 Gaisler,	 J.	 (2007).	 Seasonal	 dynamics	 in	 the	 num-
bers	 of	 parasitic	 bugs	 (Heteroptera,	 Cimicidae):	 A	 possible	
cause	 of	 roost	 switching	 in	 bats	 (Chiroptera,	 Vespertilionidae).	
Parasitology Research,	 100,	 1323–1330.	 https://doi.org/10.1007/
s00436-006-0414-6

Brown,	C.,	&	Bomberger-Brown,	M.	(1996).	Coloniality in the Cliff Swallow. 
Chicago,	Illinois:	The	University	of	Chicago	Press.

Cho,	S.,	Mitchell,	A.,	Regier,	J.	C.,	Mitter,	C.,	Poole,	R.	W.,	Friedlander,	T.	
P.,	&	Zhao,	S.	(1995).	A	highly	conserved	nuclear	gene	for	low-level	
phylogenetics:	 Elongation	 factor-1	 alpha	 recovers	 morphology-
based	tree	for	heliothine	moths.	Molecular Biology and Evolution,	12,	
650–656.

Damgaard,	 J.,	Andersen,	N.	M.,	&	Sperling,	F.	A.	H.	 (2000).	Phylogeny	
of	 the	 water	 strider	 genus	 Aquarius	 Schellenberg	 (Heteroptera:	
Gerridae)	 based	 on	 nuclear	 and	 mitochondrial	 DNA	 sequences	
and	 morphology.	 Insect Syst. Evol.,	 31,	 71–90.	 https://doi.
org/10.1163/187631200X00327

Di	 Benedetto,	 I.	M.	 D.,	 Autino,	 A.	 G.,	 González,	 C.	 A.,	 &	 Argoitia,	M.	
A.	 (2017).	 Propicimex tucmatiani	 (Wygodzinsky,	 1951)	 (Hemiptera,	
Cimicidae,	 Cimicinae):	 A	 new	 bat	 ectoparasite	 for	 the	 Corrientes	
province,	 Argentina.	 Check List,	 13,	 475–478.	 https://doi.
org/10.15560/13.5.475

Dick,	C.	W.,	&	Patterson,	B.	D.	(2006).	Bat	flies:	Obligate	ectoparasites	
of	bats.	In:	S.	Morand,	B.	R.	Krasnov,	&	R.	Poulin	(eds),	Micromammals 
and Macroparasites	(pp.	179–194).	Tokyo:	Springer.

Edgar,	R.	C.	(2004).	MUSCLE:	Multiple	sequence	alignment	with	high	ac-
curacy	and	high	throughput.	Nucleic Acids Research,	32,	1792–1797.	
https://doi.org/10.1093/nar/gkh340

Folmer,	O.,	Black,	M.,	Hoeh,	W.,	Lutz,	R.,	&	Vrijenhoek,	R.	(1994).	DNA	
primers	 for	 amplification	 of	 mitochondrial	 cytochrome	 c	 oxidase	
subunit	 I	 from	 diverse	 metazoan	 invertebrates.	 Mol. Mar. Biol. 
Biotechnol.,	3,	294–299

García,	 B.	 A.,	 Manfredi,	 M.,	 Fichera,	 L.,	 &	 Segura,	 E.	 L.	 (2003).	 Short	
report:	Variation	 in	mitochondrial	12S	and	16S	ribosomal	DNA	se-
quences	 in	 natural	 populations	 of	 Triatoma	 infestans	 (Hemiptera:	
Reduviidae). The American Journal of Tropical Medicine and Hygiene,	
68,	692–694.	https://doi.org/10.4269/ajtmh.2003.68.692.

Gaunt,	M.	W.,	&	Miles,	M.	A.	 (2002).	An	 insect	molecular	 clock	 dates	
the	 origin	 of	 the	 insects	 and	 accords	 with	 Palaeontological	 and	
Biogeographic	 landmarks.	Molecular Biology and Evolution,	19,	748–
761.	https://doi.org/10.1093/oxfordjournals.molbev.a004133

Guindon,	S.,	&	Gascuel,	O.	(2003).	A	simple,	fast,	and	accurate	algorithm	
to	 estimate	 large	 phylogenies	 by	 maximum	 likelihood.	 Systematic 
Biology,	52,	696–704.	https://doi.org/10.1080/10635150390235520

Hafner,	M.	S.,	&	Nadler,	S.	A.	(1988).	Phylogenetic	trees	support	the	co-
evolution	of	parasites	and	their	hosts.	Nature,	332,	258–259.	https://
doi.org/10.1038/332258a0

https://orcid.org/0000-0003-3665-5802
https://orcid.org/0000-0003-3665-5802
https://orcid.org/0000-0001-5864-4958
https://orcid.org/0000-0001-5864-4958
https://doi.org/10.4067/S0717-92002017000200020
https://doi.org/10.4067/S0717-92002017000200020
https://doi.org/10.1590/S1519-566X2009000200002
https://doi.org/10.1590/S1519-566X2009000200002
https://doi.org/10.1007/s00436-012-2862-5
https://doi.org/10.1007/s00436-012-2862-5
https://doi.org/10.1111/syen.12127
https://doi.org/10.1111/syen.12127
https://doi.org/10.1007/s00436-008-1175-1
https://doi.org/10.1007/s00436-008-1175-1
https://doi.org/10.1007/s00436-006-0414-6
https://doi.org/10.1007/s00436-006-0414-6
https://doi.org/10.1163/187631200X00327
https://doi.org/10.1163/187631200X00327
https://doi.org/10.15560/13.5.475
https://doi.org/10.15560/13.5.475
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.4269/ajtmh.2003.68.692
https://doi.org/10.1093/oxfordjournals.molbev.a004133
https://doi.org/10.1080/10635150390235520
https://doi.org/10.1038/332258a0
https://doi.org/10.1038/332258a0


     |  13OSSA et Al.

Hajibabaei,	M.,	Janzen,	D.	H.,	Burns,	J.	M.,	Hallwachs,	W.,	&	Hebert,	P.	D.	
N.	(2006).	DNA	barcodes	distinguish	species	of	tropical	Lepidoptera.	
Proceedings of the National Academy of Sciences,	 103,	 968–971.	
https://doi.org/10.1073/pnas.0510466103

Hangay,	G.,	Gruner,	S.	V.,	Howard,	F.	W.,	Capinera,	J.	L.,	Gerberg,	E.	J.,	
Halbert,	S.	E.,	…	Cherry,	R.	 (2008).	Minute	Pirate	Bugs	(Hemiptera:	
Anthocoridae),	 In	 J.	 L.	 Capinera	 (Ed.),	 Encyclopedia of Entomology 
(pp.	 2402–2412).	 Dordrecht,	 Netherlands:	 Springer.	 https://doi.
org/10.1007/978-1-4020-6359-6_4633

Heise,	 G.	 (1988).	 Zum	 Transport	 von	 Fledermauswanzen	 (Cimicidae)	
durch	ihre	Wirte.	Nyctalus,	2,	469–473.

Henry,	T.	 (2009).	Biodiversity	of	Heteroptera.	 In	R.	G.	Foottit,	&	P.	H.	
Adler	 (Eds.),	 Insect Biodiversity: Science and Society.	 Oxford,	 UK:	
Blackwell	Publishing.

Hornok,	S.,	Szőke,	K.,	Boldogh,	S.	A.,	Sándor,	A.	D.,	Kontschán,	J.,	Tu,	V.	
T.,	…	Estók,	P.	(2017).	Phylogenetic	analyses	of	bat-associated	bugs	
(Hemiptera:	Cimicidae:	Cimicinae	and	Cacodminae)	indicate	two	new	
species	 close	 to	 Cimex lectularius. Parasit. Vectors,	 10,	 https://doi.
org/10.1186/s13071-017-2376-1

Hua,	J.,	Li,	M.,	Dong,	P.,	Cui,	Y.,	Xie,	Q.,	&	Bu,	W.	 (2008).	Comparative	
and	 phylogenomic	 studies	 on	 the	 mitochondrial	 genomes	 of	
Pentatomomorpha	 (Insecta:	 Hemiptera:	 Heteroptera).	 BMC	
Genomics,	9,	610.	https://doi.org/10.1186/1471-2164-9-610

Huelsenbeck,	J.	P.,	&	Ronquist,	F.	(2001).	MRBAYES:	Bayesian	inference	
of	phylogenetic	trees.	Bioinforma. Oxf. Engl.,	17,	754–755.	https://doi.
org/10.1093/bioinformatics/17.8.754

Johnson,	 C.	 G.	 (1941).	 The	 ecology	 of	 the	 bed-bug,	 Cimex	 lectularius	
L.,	 in	 Britain.	 J. Hyg. (lond.),	 41,	 345–461.	 https://doi.org/10.1017/
S0022172400012560

Kambhampati,	S.,	&	Smith,	P.	T.	(1995).	PCR	primers	for	the	amplification	
of	four	insect	mitochondrial	gene	fragments.	Insect Molecular Biology,	
4,	233–236.	https://doi.org/10.1111/j.1365-2583.1995.tb00028.x

Kearse,	M.,	Moir,	R.,	Wilson,	A.,	Stones-Havas,	S.,	Cheung,	M.,	Sturrock,	
S.,	…	Drummond,	A.	 (2012).	Geneious	Basic:	An	 integrated	and	ex-
tendable	desktop	software	platform	for	 the	organization	and	anal-
ysis	of	sequence	data.	Bioinforma. Oxf. Engl.,	28,	1647–1649.	https://
doi.org/10.1093/bioinformatics/bts199

Kerth,	G.	(2008).	Causes	and	consequences	of	sociality	in	bats.	BioScience,	
58,	737–746.	https://doi.org/10.1641/B580810

Kerth,	G.,	Almasi,	 B.,	 Ribi,	N.,	 Thiel,	D.,	&	 Lüpold,	 S.	 (2003).	 Social	 in-
teractions	 among	 wild	 female	 Bechstein’s	 bats	 (Myotis bechsteinii) 
living	in	a	maternity	colony.	Acta Ethologica,	5,	107–114.	https://doi.
org/10.1007/s10211-003-0075-8

Kerth,	G.,	Ebert,	C.,	&	Schmidtke,	C.	 (2006).	Group	decision	making	 in	
fission–fusion	 societies:	 Evidence	 from	 two-field	 experiments	 in	
Bechstein’s	bats.	Proceedings of the Royal Society B‐Biological Sciences,	
273,	2785–2790.	https://doi.org/10.1098/rspb.2006.3647

Kim,	H.,	&	Lee,	S.	(2008).	Molecular	systematics	of	the	genus	Megoura	
(Hemiptera:	 Aphididae)	 using	 mitochondrial	 and	 nuclear	 DNA	 se-
quences. Molecules and Cells,	25,	510–522.

Lacki,	M.	J.,	&	Baker,	M.	D.	(2003).	A	prospective	power	analysis	and	review	
of	habitat	characteristics	used	in	studies	of	tree-roosting	bats.	Acta 
Chiropterologica,	5,	199–208.	https://doi.org/10.3161/001.005.0211

Lacki,	M.	 J.,	 Baker,	M.	D.,	&	 Johnson,	 J.	 S.	 (2012).	 Temporal	 dynamics	
of	roost	snags	of	long-legged	myotis	in	the	Pacific	Northwest.	USA. 
J. Wildl. Manag.,	76,	1310–1316.	https://doi.org/10.1002/jwmg.376

Lewis,	S.	E.	(1995).	Roost	fidelity	of	bats:	A	review.	Journal of Mammalogy,	
76,	481–496.	https://doi.org/10.2307/1382357

Li,	M.,	 Tian,	Y.,	 Zhao,	Y.,	&	Bu,	W.	 (2012).	Higher	 level	 phylogeny	 and	
the	 first	 divergence	 time	 estimation	 of	 Heteroptera	 (Insecta:	
Hemiptera)	based	on	multiple	genes.	PLoS ONE,	7,	e32152.	https://
doi.org/10.1371/journal.pone.0032152

Lucan,	R.	K.	(2006).	Relationships	between	the	parasitic	mite	Spinturnix	
andegavinus	(Acari:	Spinturnicidae)	and	its	bat	host,	Myotis dauben‐
tonii	 (Chiroptera:	 Vespertilionidae):	 Seasonal,	 sex-	 and	 age-related	

variation	 in	 infestation	 and	 possible	 impact	 of	 the	 parasite	 on	 the	
host	condition	and	roosting	behaviour.	Folia Parasitologica(praha),	53,	
147–152.	https://doi.org/10.14411/fp.2006.019

Maa,	T.	C.	 (1964).	A	review	of	the	old	world	polyctenidae.	Pac. Insects,	
6,	495–516.

Mann,	G.	(1978).	Los	pequeños	mamiferos	de	Chile.	Gayana Concepc.,	40,	
1–342.

McCoy,	K.	D.,	Chapuis,	E.,	Tirard,	C.,	Boulinier,	T.,	Michalakis,	Y.,	Bohec,	
C.	L.,	…	Gauthier-Clerc,	M.	(2005).	Recurrent	evolution	of	host-spe-
cialized	 races	 in	 a	 globally	 distributed	 parasite.	 Proceedings of the 
Royal Society of London. Series B: Biological Sciences,	272,	2389–2395.	
https://doi.org/10.1098/rspb.2005.3230

Morand,	S.,	&	Poulin,	R.	 (2003).	Phylogenies,	 the	comparative	method	
and	 parasite	 evolutionary	 ecology.	 Advances in Parasitology,	 54,	
281–302.

Ossa,	G.,	Ibarra,	J.	T.,	Barboza,	K.,	Hernández,	F.,	Gálvez,	N.,	Laker,	J.,	&	
Bonacic,	C.	(2010).	Analysis	of	the	echolocation	calls	and	morphom-
etry	 of	 a	 population	 of	Myotis chiloensis	 (Waterhouse,	 1838)	 from	
the	southern	Chilean	 temperate	 forest.	Cienc. E Investig. Agrar.,	37,	
131–139.	https://doi.org/10.7764/rcia.v37i2.177

Potiwat,	 R.,	 Sungvornyothin,	 S.,	 Samung,	 Y.,	 Payakkapol,	 A.,	 &	
Apiwathnasorn,	 C.	 (2016).	 Identification	 of	 Bat	 Ectoparasite	
Leptocimex	 Inordinatus	 from	 Bat-dwelling	 Cave,	 Kanchanaburi	
Province,	Thailand.	The Southeast Asian Journal of Tropical Medicine 
and Public Health,	47,	16–22.

Poulin,	R.	(2007).	Evolutionary Ecology of Parasites,	2nd	edition.	Princeton,	
NJ:	Princeton	University	Press.

Poulin,	R.,	&	Morand,	S.	(2000).	The	diversity	of	parasites.	The Quarterly 
Review of Biology,	75,	277–293.	https://doi.org/10.1086/393500

Reinhardt,	 K.,	 &	 Siva-Jothy,	 M.	 T.	 (2007).	 Biology	 of	 the	 bed	 bugs	
(Cimicidae).	Annual Review of Entomology,	52,	 351–374.	 https://doi.
org/10.1146/annurev.ento.52.040306.133913

Rodriguez-San	 Pedro,	 A.,	 Allendes,	 J.	 L.,	 &	 Ossa,	 G.	 (2016).	 Lista	
Actualizada	 de	 los	 murciélagos	 de	 Chile	 con	 comentarios	
sobre	taxonomía,	ecología,	y	distribución.	Biodivers. Nat. Hist.,	2,	
18–41

Schuh,	R.	 T.,	Weirauch,	C.,	&	Wheeler,	W.	C.	 (2009).	 Phylogenetic	 re-
lationships	 within	 the	 Cimicomorpha	 (Hemiptera:	 Heteroptera):	 A	
total-evidence	 analysis.	 Systematic Entomology,	34,	 15–48.	 https://
doi.org/10.1111/j.1365-3113.2008.00436.x

Shokralla,	 S.,	 Porter,	 T.	 M.,	 Gibson,	 J.	 F.,	 Dobosz,	 R.,	 Janzen,	 D.	 H.,	
Hallwachs,	 W.,	 …	 Hajibabaei,	 M.	 (2015).	 Massively	 parallel	 multi-
plex	DNA	sequencing	for	specimen	 identification	using	an	 Illumina	
MiSeq	platform.	Scientific Reports,	5,	9687.	https://doi.org/10.1038/
srep09687

Simon,	C.,	Frati,	F.,	Beckenbach,	A.,	Crespi,	B.,	Liu,	H.,	&	Flook,	P.	(1994).	
Evolution,	weighting,	and	phylogenetic	utility	of	mitochondrial	gene	
sequences	and	a	compilation	of	 conserved	polymerase	chain	 reac-
tion	primers.	Annals of the Entomological Society of America,	87,	651–
701.	https://doi.org/10.1093/aesa/87.6.651

Talbot,	B.,	Vonhof,	M.	 J.,	Broders,	H.	G.,	Fenton,	B.,	&	Keyghobadi,	N.	
(2016).	Range-wide	genetic	structure	and	demographic	history	in	the	
bat	ectoparasite	Cimex adjunctus. BMC Evolutionary Biology,	16,	268.	
https://doi.org/10.1186/s12862-016-0839-1

Talbot,	B.,	Vonhof,	M.	 J.,	Broders,	H.	G.,	Fenton,	B.,	&	Keyghobadi,	N.	
(2018).	 Host	 association	 influences	 variation	 at	 salivary	 protein	
genes	in	the	bat	ectoparasite	Cimex	adjunctus.	Journal of Evolutionary 
Biology,	31,	753–763.	https://doi.org/10.1111/jeb.13265

Tian,	Y.,	Zhu,	W.,	Li,	M.,	Xie,	Q.,	&	Bu,	W.	(2008).	Influence	of	data	con-
flict	 and	 molecular	 phylogeny	 of	 major	 clades	 in	 Cimicomorphan	
true	 bugs	 (Insecta:	 Hemiptera:	 Heteroptera).	 Molecular 
Phylogenetics and Evolution,	47,	 581–597.	 https://doi.org/10.1016/j.
ympev.2008.01.034

Ueshima,	 N.	 (1968).	 Cytology	 and	 bionomics	 of	 Primicimex cavernis 
Barber.	(Cimicidae:	Hemiptera).	Pan‐Pac. Entomol.,	44,	145–152.

https://doi.org/10.1073/pnas.0510466103
https://doi.org/10.1007/978-1-4020-6359-6_4633
https://doi.org/10.1007/978-1-4020-6359-6_4633
https://doi.org/10.1186/s13071-017-2376-1
https://doi.org/10.1186/s13071-017-2376-1
https://doi.org/10.1186/1471-2164-9-610
https://doi.org/10.1093/bioinformatics/17.8.754
https://doi.org/10.1093/bioinformatics/17.8.754
https://doi.org/10.1017/S0022172400012560
https://doi.org/10.1017/S0022172400012560
https://doi.org/10.1111/j.1365-2583.1995.tb00028.x
https://doi.org/10.1093/bioinformatics/bts199
https://doi.org/10.1093/bioinformatics/bts199
https://doi.org/10.1641/B580810
https://doi.org/10.1007/s10211-003-0075-8
https://doi.org/10.1007/s10211-003-0075-8
https://doi.org/10.1098/rspb.2006.3647
https://doi.org/10.3161/001.005.0211
https://doi.org/10.1002/jwmg.376
https://doi.org/10.2307/1382357
https://doi.org/10.1371/journal.pone.0032152
https://doi.org/10.1371/journal.pone.0032152
https://doi.org/10.14411/fp.2006.019
https://doi.org/10.1098/rspb.2005.3230
https://doi.org/10.7764/rcia.v37i2.177
https://doi.org/10.1086/393500
https://doi.org/10.1146/annurev.ento.52.040306.133913
https://doi.org/10.1146/annurev.ento.52.040306.133913
https://doi.org/10.1111/j.1365-3113.2008.00436.x
https://doi.org/10.1111/j.1365-3113.2008.00436.x
https://doi.org/10.1038/srep09687
https://doi.org/10.1038/srep09687
https://doi.org/10.1093/aesa/87.6.651
https://doi.org/10.1186/s12862-016-0839-1
https://doi.org/10.1111/jeb.13265
https://doi.org/10.1016/j.ympev.2008.01.034
https://doi.org/10.1016/j.ympev.2008.01.034


14  |     OSSA et Al.

Usinger,	 R.	 L.	 (1966).	Monograph of Cimicidae (Hemiptera, Heteroptera). 
College	Park,	MD:	Entomological	Society	of	America.

Waage,	 J.	 K.	 (1979).	 The	 evolution	 of	 insect/vertebrate	 associations.	
Biological Journal of the Linnean Society,	 12,	 187–224.	 https://doi.
org/10.1111/j.1095-8312.1979.tb00055.x

Weinstein,	S.	B.,	&	Kuris,	A.	M.	(2016).	Independent	origins	of	parasitism	
in	Animalia.	Biology Letters,	12,	20160324.	https://doi.org/10.1098/
rsbl.2016.0324

How to cite this article:	Ossa	G,	Johnson	JS,	Puisto	AIE,	et	al.	
The	Klingon	batbugs:	Morphological	adaptations	in	the	
primitive	bat	bugs,	Bucimex chilensis and Primicimex cavernis,	
including	updated	phylogeny	of	Cimicidae.	Ecol Evol. 
2019;00:1–14. https://doi.org/10.1002/ece3.4846

https://doi.org/10.1111/j.1095-8312.1979.tb00055.x
https://doi.org/10.1111/j.1095-8312.1979.tb00055.x
https://doi.org/10.1098/rsbl.2016.0324
https://doi.org/10.1098/rsbl.2016.0324
https://doi.org/10.1002/ece3.4846

