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Abstract
In	this	study,	we	examined	the	genetic	structures	of	the	ambrosia	fungus	isolated	from	
mycangia	 of	 the	 scolytine	 beetle,	 Xylosandrus germanus	 to	 understand	 their	
	co-	evolutionary	 relationships.	We	 analyzed	 datasets	 of	 three	 ambrosia	 fungus	 loci	
(18S	rDNA,	28S	rDNA,	and	the	β-	tubulin	gene)	and	a	X. germanus	 locus	dataset	(cy-
tochrome	 c	 oxidase	 subunit	 1	 (COI)	mitochondrial	DNA).	 The	 ambrosia	 fungi	were	
separated	into	three	cultural	morphptypes,	and	their	haplotypes	were	distinguished	by	
phylogenetic	 analysis	 on	 the	 basis	 of	 the	 three	 loci.	 The	COI	 phylogenetic	 analysis	
	revealed	three	distinct	genetic	lineages	(clades	A,	B,	and	C)	within	X. germanus,	each	of	
which	 corresponded	 to	 specific	 ambrosia	 fungus	 cultural	morphptypes.	 The	 fungal	
symbiont	phylogeny	was	not	concordant	with	that	of	the	beetle.	Our	results	suggest	
that	X. germanus	may	be	unable	 to	exchange	 its	mycangial	 fungi,	 but	 extraordinary	
horizontal	transmission	of	symbiotic	fungi	between	the	beetle’s	lineages	occurred	at	
least	once	during	the	evolutionary	history	of	this	symbiosis.
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Ambrosiella hartigii,	coevolution,	mycangium,	phylogeography,	Xylosandrus germanus

1  | INTRODUCTION

The	associations	among	insects	and	fungi	are	highly	diverse	(Vega	&	
Blackwell,	 2005).	 Fungivorous	 insects	 include	more	 than	 150	 fami-
lies	in	33	orders	and	reach	10%	in	the	species	of	Insecta	(Hammond	
&	 Lawrence,	 1989).	 Insects	 also	 show	 a	 vast	 array	 of	 symbiotic	
	relationships	with	a	wide	diversity	of	 fungi.	These	relationships	may	
confer	a	variety	of	benefits	to	the	host	 insects,	such	as	direct	or	 in-
direct	nutrition,	the	ability	to	counter	the	defenses	of	plant	or	animal	
hosts,	 protection	 from	natural	 enemies,	 improved	development	 and	
reproduction,	 and	 communication	 (Klepzig,	 Adams,	 Handelsman,	 &	
Raffa,	2009).	Some	insects,	particularly	fungus-	growing	ants,	fungus-	
growing	termites,	and	ambrosia	beetles,	rely	on	the	cultivation	of	fungi	
for	food,	and	these	cultivated	fungi	are	a	nutrition	source	for	 larvae	
and	adults	(Mueller,	Gerardo,	Aanen,	Six,	&	Schultz,	2005).

Ambrosia	 beetles	 have	 a	 close	 association	with	 symbiotic	 fungi	
and	carry	 the	 inoculum	of	symbiotic	 fungi	 in	special	 structures	 (my-
cangia;	Beaver,	1989).	Ambrosia	beetles	bore	into	the	xylem	of	woody	
plants	and	feed	on	fungi	that	they	culture	on	the	walls	of	the	tunnels	in	
the	wood.	The	fungi	may	supply	sterols	and	B-	group	vitamins	import-
ant	for	beetle	development	(Kok,	Norris,	&	Chu,	1970).	Approximately	
3,400	species	of	ambrosia	beetles	are	found	in	10	tribes	of	two	sub-
families	of	Curculionidae,	Scolytinae,	and	Platypodinae	 (Farrell	et	al.,	
2001).	The	xylomycetophagous	habit	is	considered	to	have	evolved	at	
least	seven	times	 in	Scolytinae	 (Farrell	et	al.,	2001).	Different	beetle	
species	in	Scolytinae	have	different	symbiotic	associations	with	their	
own	specific	fungi	(Kajimura	&	Hijii,	1994).	Symbiotic	fungi		associated	
with	 scolytine	 beetles	 are	 polyphyletic	 and	 comprise	 two	 primary	
ophiostomatoid	 clades	 that	 include	 Ceratocystis	 and	 Ophiostoma 
(Farrell	et	al.,	2001).	The	two	genera	are	not	closely	related,	and	their	

www.ecolevol.org
http://orcid.org/0000-0002-8988-1216
http://creativecommons.org/licenses/by/4.0/
mailto:ito.masaaki.2@gmail.com


9204  |     ITO and KaJIMURa

ancestors	may	have	diverged	more	than	170	million	years	ago	(Farrell	
et	al.,	2001).	Thus,	ambrosia	beetles	strongly	depend	on	polyphyletic	
fungal	groups.

Xylosandrus germanus	 (Blandford)	 is	 a	 common	 ambrosia	 beetle	
in	the	subfamily	Scolytinae.	This	species	was	originally	distributed	in	
eastern	and	southeastern	Asia	(Nobuchi,	1981;	Wood	&	Bright,	1993)	
but	 has	 now	 invaded	 central	 Europe,	 North	 America,	 and	 Hawaii	
(Bouget	&	Noblecourt,	2005;	Cognato	&	Rubinoff,	2008;	Grégoire,	Piel,	
Proft,	&	Gilbert,	2001;	Henin	&	Versteirt,	2004;	Lakatos	&	Kajimura,	
2007;	 López,	 Iturrondobeitia,	&	Goldarazena,	 2007;	Rabaglia,	 2003;	
Rabaglia,	Dole,	&	Cognato,	2006;	Wanat	&	Mokrzycki,	2005;	Weber	
&	McPherson,	1983a;	Wood	&	Bright,	1993).	The	beetle	has	at	least	
220–264	host	species	worldwide	(Weber	&	McPherson,	1983b)	and	
146	species	in	Japan	(Nobuchi,	1981).	X. germanus	has	a	much	wider	
range	of	hosts	than	that	other	ambrosia	beetles,	and	thus,	it	can	colo-
nize	a	range	of	forest	types	(Henin	&	Versteirt,	2004).	It	has	become	a	
serious	forest	pest	in	many	countries,	regardless	of	whether	it	is	native	
or	exotic	in	those	countries	(Grégoire	et	al.,	2001;	Kaneko,	Tamaki,	&	
Takagi,	1965;	Nobuchi,	1981	Weber	&	McPherson,	1983a,	1984).

Xylosandrus germanus	 biology	 was	 well-	documented	 by	 Kaneko	
and	Takagi	(1966).	Only	females	disperse;	bore	into	stems,	twigs,	and	
roots	 of	 susceptible	woody	plants;	 excavate	 a	 gallery	 system	 in	 the	
wood	or	 pith;	 introduce	 symbiotic	 fungi;	 and	 produce	 a	 brood.	The	
female	parent	 remains	with	her	brood	until	 they	are	mature.	Adults	
and	larvae	feed	on	the	ambrosia	fungus	introduced	by	the	female	par-
ent.	The	sex	ratio	is	strongly	female-	biased;	males	are	rare,	reduced	in	
size,	and	flightless.	Young	females	mate	with	their	brothers	(inbreed-
ing)	before	emerging	to	attack	a	new	host.	Males	are	haploid,	and	fe-
males	are	diploid	 (Takagi	&	Kaneko,	1966).	Ambrosiella hartigii	Batra,	
the	 symbiotic	 fungi	 of	X. germanus,	 is	 common	 to	Japan,	China,	 the	
United	States,	and	Germany	(Batra,	1967;	Weber	&	McPherson,	1984;	

Yang,	Ye,	&	Zhang,	2008).	A. hartigii	has	been	isolated	from	adult	fe-
male	mycangia,	except	for	 the	callow	adult	 (Kaneko	&	Takagi,	1966;	
Yang	et	al.,	 2008).	Ambrosiella hartigii	was	 isolated	 from	X. germanus 
and	Anisandrus dispar	(Fabricius)	mycangia	(Batra,	1967).	Mayers	et	al.	
(2015)	showed	fungal	symbiont	isolated	from	A. dispar	and	X. germa-
nus	 was	 A. hartigii	 and	 Ambrosiella grosmanniae	 Mayers,	 McNew	 &	
Harr.,	respectively,	using	molecular	methods	and	morphology.

A	phylogenetic	analysis	based	on	cytochrome	oxidase	I	(COI)	mito-
chondrial	DNA	(mtDNA)	revealed	three	distinct	lineages	(clades	A,	B,	
and	C)	within	X. germanus	in	Japan	(Ito,	Kajimura,	Hamaguchi,	Araya,	&	
Lakatos,	2008).	The	rates	of	substitutions	per	site	between	the	three	
lineages	 are	 12.4%–15.0%,	which	 are	 similar	 to	 those	 calculated	 as	
differences	among	scolytine	beetle	species	in	the	genera	Ips,	Tomicus,	
and	Dendroctonus	(Cai,	Cheng,	Xu,	Duan,	&	Kirkendall,	2008;	Cognato	
&	Sperling,	2000;	Duan,	Kerdelhué,	&	Lieutier,	2004;	Lakatos,	Grodzki,	
Zhang,	 &	 Stauffer,	 2007;	 Maroja,	 Bogdanowicz,	 Wallin,	 Raffa,	 &	
Harrison,	2007).	Thus,	these	different	X. germanus	lineages	may	have	
genetically	different	fungi	in	their	mycangia.

In	this	study,	we	investigated	the	genetic	structure	of	an	ambro-
sia	fungus	isolated	from	X. germanus	mycangia	and	adult	females	used	
for	fungal	isolation	in	order	to	elucidate	the	differentiated	fungal	and	
beetle	lineage	patterns.	We	also	discuss	evolutionary	events	that	may	
have	influenced	the	diversification	of	their	mutualistic	system.

2  | MATERIALS AND METHODS

2.1 | Insect collection and fungi isolation

We	collected	X. germanus	 samples	 from	14	 sites	 in	 Japan	 (Table	1).	
To	capture	live	adult	females,	in	2007,	we	set	up	Nagoya	University	
(Meidai)	 traps	 (Ito	&	Kajimura,	 2006)	 baited	with	 99.5%	 ethanol	 at	

TABLE  1 Description	of	Xylosandrus germanus	samples	used	for	isolations	of	mycangial	fungi

Sampling site Acronym Regions Areas Latitude (N) Longitude (E) Altitude (m) No. of samplesa

Furano,	Hokkaido	Pref. HKF Northern	Japan Hokkaido 43°	10′ 142°	20′ 500–700 29	(25)

Sapporo,	Hokkaido	Pref. HKS Northern	Japan Hokkaido 43°	00′ 141°	23′ 70 31	(11)

Iwate-	gun,	Iwate	Pref. IWI Northern	Japan Tohoku 39°	53′ 141°	10′ 190 7	(7)

Tsuruoka,	Yamagata	Pref. YMT Northern	Japan Tohoku 38°	39′ 139°	49′ 210 23	(11)

Chichibu,	Saitama	Pref. SIC Eastern	Japan Kanto 35°	55′ 138°	50′ 500 21	(10)

Shimominochi-	gun,	Nagano	
Pref.

NGM Central	Japan Chubu 37°	00′ 138°	32′ 670 2	(2)

Chi’isagata-	gun,	Nagano	
Pref.

NGC Central	Japan Chubu 36°	32′ 138°	21′ 1,300 22	(10)

Shiojiri,	Nagano	Pref. NGS Central	Japan Chubu 36°	08′ 138°	00′ 790 4	(4)

Nakashinkawa-	gun,	
Toyama	Pref.

TYN Central	Japan Hokuriku 36°	36′ 137°	20′ 260 23	(10)

Toyota,	Aichi	Pref. AIT Central	Japan Tokai 35°	12′ 137°34′ 930–1,070 25	(10)

Nantan,	Kyoto	Pref. KTN Western	Japan Kinki 35°	16′ 135°	30′ 250 23	(10)

Tanabe,	Wakayama	Pref. WKT Western	Japan Kinki,	Kii	peninsula 33°	42′ 135°	33′ 500 1	(1)

Miyoshi,	Hiroshima	Pref. HRM Western	Japan Chuugoku,	Sanyo 34°	47′ 132°	51′ 200 27	(11)

Hata-	gun,	Kouchi	Pref. KUH Western	Japan Shikoku 33°	12′ 133°	02′ 1,336 22	(10)

aThe	numbers	in	bracket	are	the	number	of	individuals	used	in	the	DNA	analysis	of	both	X. germanus	and	its	symbiotic	fungi.
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all	sites	and	used	1–31	mature	females	from	each	site	(Table	1).	We	
also	 trapped	 adult	 females	 of	 Xylosandrus brevis	 (Eichhoff)	 in	 Aichi	
Prefecture	 (AIT)	 and	 Scolytoplatypus mikado	 (Blandford)	 in	 AIT	 and	
Wakayama	 Prefecture	 (WKT).	 Two	 species	 of	 Xylosandrus	 beetles	
and	 S. mikado	 were	 identified	 according	 to	 Nobuchi	 (1981,	 1980),	
respectively.

We	isolated	fungal	conidia	from	mycangia	of	X. germanus,	X. brevis,	
and	S. mikado	living	adult	females.	All	collected	beetles	were	preserved	
at	−20°C	in	99.5%	ethanol	after	fungal	isolation.	Isolates	from	mycan-
gia	were	directly	placed	on	potato	dextrose	agar	(PDA)	plates	in	90-	
mm	sterile	Petri	dishes	and	incubated	at	20°C	for	5	days	in	the	dark.	
The	isolates	were	grouped	by	cultural	characteristics	and	identified	at	
the	generic	level	using	the	ambrosia	fungi	keys	of	Batra	(1967).

2.2 | DNA extraction, polymerase chain reaction 
(PCR), and DNA sequencing

Total	DNA	was	extracted	using	the	methods	of	Walsh,	Metzger,	and	
Higuchi	(1991)	and	Suzuki,	Taketani,	Kusumoto,	and	Kashiwagi	(2006),	
with	 some	modifications.	A	 small	 amount	of	mycelium	was	 scraped	
from	the	surface	of	cultures	grown	on	PDA,	and	all	muscle	tissue	from	
the	abdomen	of	each	adult	female	was	sampled	to	extract	DNA.	The	
mycelium	and	muscle	tissue	were	macerated	in	200	μl	of	Chelex	100	
sodium	 (0.26	g/5	ml,	 Bio-	Rad	 Laboratories,	Hercules,	 CA,	USA)	 and	
4 μl	of	Proteinase	K	 (600	mAU/ml,	Qiagen,	Valencia,	CA,	USA).	The	
samples	were	incubated	at	56°C	for	at	least	10	hr.	After	incubation,	
the	samples	were	vortexed	for	10	s	and	then	heated	at	99°C	for	3	min	
to	 inactivate	 the	proteinase.	 The	 solutions	were	 vortexed	 again	 for	
10	s	and	centrifuged	at	15,027	g	for	2	min.	The	supernatant	was	ad-
justed	to	a	standard	mixture	density	(1	ng/μl)	by	adding	Tris	EDTA	(pH	
8.0)	and	used	for	PCR	analysis.

PCR	amplification	for	the	symbiotic	fungi	was	performed	using	
the	primer	pairs	NS1	(5′-	GTA	GTC	ATA	TGC	TTG	TCT	C-	3′;	White,	
Bruns,	Lee,	&	Taylor,	1990)	and	NS4	(5′-	CTT	CCG	TCA	ATT	CCT	TTA	
AG-	3′;	White	et	al.,	1990),	NL1	 (5′-	GCA	TAT	CAA	TAA	GCG	GAG	
GAA	AAG-	3′;	 O’Donnell,	 1993)	 and	 NL4	 (5′-	GGT	 CCG	 TGT	 TTC	
AAG	ACG	G-	3′;	O’Donnell,	1993),	and	Bt2a	(5′-	GGT	AAC	CAA	ATC	
GGT	GCT	GCT	TTC-	3′;	Glass	&	Donaldson,	1995)	and	Bt2b	(5′-	ACC	
CTC	AGT	GTA	GTG	ACC	CTT	GGC-	3′;	Glass	&	Donaldson,	 1995)	
to	amplify	a	portion	of	the	small	subunit	(18S)	rDNA,	large	subunit	
(28S)	rDNA,	and	partial	β-	tubulin	genes,	respectively.	PCR	amplifi-
cation	 for	 the	 insects	was	performed	using	 the	primer	pairs	C1-	J-	
2183	(5′-	CAA	CAT	TTA	TTT	TGA	TTT	TTT	GG-	3′;	Simon	et	al.,	1994)	
and	TL-	2-	N-	3014-	ANT	(5′-	TGA	AGT	TTA	AGT	TCA	ATG	CAC-	3′;	Ito	
et	al.,	2008)	to	amplify	a	portion	of	the	COI	mtDNA	gene.	For	the	
PCR	analysis,	we	mixed	1	μl	of	extracted	DNA,	2	μl	of	each	primer	
(5	pmol/μl),	0.8	μl	of	dNTPs	(Takara,	Otsu	City,	Shiga,	Japan),	1	μl	of	
10	×		PCR	buffer	 (Takara),	0.1	μl	 of	Taq	DNA	polymerase	 (5	units/
μl,	Takara),	and	3	μl	of	distilled	water	in	a	total	volume	of	10	μl. The 
PCR	 conditions	 for	NS1/NS4	were	 as	 follows:	 one	 cycle	 of	 dena-
turation	at	94°C	for	2	min;	followed	by	40	cycles	of	denaturation	at	
94°C	for	1	min,	annealing	at	56°C	for	1	min,	and	extension	at	72°C	
for	2	min;	and	one	 final	cycle	of	extension	at	72°C	for	2	min.	The	

PCR	conditions	 for	NL1/NL4	and	Bt2a/Bt2b	were	as	 follows:	one	
cycle	of	denaturation	 at	94°C	 for	2	min,	 followed	by	40	 cycles	of	
denaturation	at	94°C	for	2	min	and	annealing	at	54°C	for	1	min,	and	
one	final	cycle	of	extension	at	72°C	for	10	min.	The	PCR	conditions	
for	C1-	J-	2183/TL-	2-	N-	3014-	ANT	were	as	follows:	one	cycle	of	de-
naturation	at	94°C	for	1	min;	followed	by	40	cycles	of	denaturation	
at	 94°C	 for	 1	min,	 annealing	 at	 48°C	 for	 1	min,	 and	 extension	 at	
72°C	for	2	min;	and	one	final	cycle	of	extension	at	72°C	for	2	min.	
The	samples	were	refrigerated	at	4°C	until	the	reaction	tubes	were	
removed	from	the	PCR	machine.

The	PCR	products	were	purified	using	a	QIAquick	PCR	purifica-
tion	kit	(Qiagen).	Direct	sequencing	was	performed	using	the	ABI	Big	
Dye	Terminator	v3.1	Cycle	Sequencing	Kit	(Applied	Biosystems,	Foster	
City,	CA,	USA)	with	the	same	primer	sets	as	used	for	the	PCR	reac-
tions.	Sequencing	was	performed	using	an	ABI	PRISM-	3100	Genetic	
Analyzer	(Applied	Biosystems).

2.3 | Data analysis

Sequences	 were	 aligned	 using	 the	 BioEdit	 v.7.0.2	 software	 (Hall,	
1999).	BLAST	searches	were	performed	with	sequences	of	each	iso-
late	 in	 the	 NCBI	 GenBank	 database	 (http://www.ncbi.nlm.nih.gov),	
and	published	sequences	of	relevant	and	related	species	were	incor-
porated	 into	the	datasets	 (Tables	2	and	3).	Calculations	 for	 the	G-	C	
composition	were	 performed	using	 the	MEGA	4	 software	 (Tamura,	
Dudley,	Nei,	&	Kumar,	2007).	For	the	phylogenetic	analysis,	we	chose	
maximum-	parsimony	 (MP)	 method	 (Nei	 &	 Kumar,	 2000),	 using	 the	
MEGA	4	software.	The	MP	analysis	also	used	1,000	bootstrap	 rep-
lications.	 A	 phylogenetic	 analysis	was	 also	 performed	 for	 the	 three	
loci	(18S,	28S,	and	β-	tubulin)	using	MP	methods.	Concordance	among	
the	 three	 different	 gene	 datasets	 was	 evaluated	 by	 the	 incongru-
ence	 length	 difference	 (ILD)	 test	 (Farris,	 Källersjö,	 Kluge,	 &	 Bult,	
1995)	implemented	with	PAUP*4.0b10	(Swofford,	2003),	using	1,000	
replicates.

3  | RESULTS

3.1 | Morphological characters of symbiotic fungi 
isolated from X. germanus mycangia

Based	on	the	color	and	growth	pattern	of	colonies	(mycelia	tuft),	iso-
lates	obtained	from	X. germanus	mycangia	were	separated	into	three	
cultural	 types	 (Types	 I,	 II,	and	 III)	 (Figure	1).	Five	days	after	 inocula-
tion,	colony	characteristics	of	Types	I	and	II	were	similar	to	those	of	
A. hartigii	and	A. grosmanniae	shown	in	Batra	(1967)	and	Mayers	et	al.	
(2015),	 respectively,	 but	 aerial	mycelia	were	observed	only	 in	Type	
I	colonies.	Five	day	old	Type	 III	colonies	were	tinged	with	white	on	
agar	media.	Type	 III	colonies	did	not	have	cottony	aerial	mycelia	as	
the	Type	I	colonies.

Type	I	was	found	in	all	11	populations	(HKF,	HKS,	IWI,	YMT,	NGM,	
NGS,	TYN,	AIT,	KTN,	WKT,	and	HRM),	except	for	SIC,	NGC,	and	KUH;	
Type	II	was	found	in	six	northern,	eastern,	central,	and	western	pop-
ulations	(HKF,	HKS,	IWI,	SIC,	NGC,	and	KUH);	and	Type	III	was	only	

http://www.ncbi.nlm.nih.gov
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TABLE  2 List	of	ambrosia	fungi	used	in	this	study,	including	their	sequences	obtained	from	GenBank

Species Source

GenBank accession no.

References18S rDNA 28S rDNA β- tubuline gene

Ambrosiella batrae C3130 KR673881 — — Mayers	et	al.	(2015)

Ambrosiella beaveri CBS	121751 — EU825650 EU825656 Six,	Stone,	de	Beer,	and	Woolfolk	(2009)

CMW26179 — KM495315 — De	Beer	et	al.	(unpublished)

PL5329 — KT803728 — Bateman	et	al.	(unpublished)

C2749 KR673882 KF646765 — Harrington,	McNew,	Mayers,	Fraedich,	and	
Reed	(2014)

Ambrosiella grosmanniae C3151 KR673884 — — Mayers	et	al.	(2015)

1002HHS1 — LC175288 — Lin	et	al.	(unpublished)

Ambrosiella nakashimae C3445 KR673883 — — Mayers	et	al.	(2015)

0414XX7 — LC175285 — Lin	et	al.	(unpublished)

Ambrosiella hartigii TUB	F4276 AY858656 — — Gebhardt,	Weiss,	and	Oberwinkler	(2005)

CBS	403.82 — AF275506 — Paulin-	Mahady,	Harrington,	and	McNew	
(2002)

CBS	404.82 EU984256 EU984288 EU977463 Alamouti,	Tsuib,	and	Breuil	(2009)

CMW20920 — — EU825654 Six	et	al.	(2009)

CMW25525 — KM495317 — De	Beer	et	al.	(unpublished)

C1573 KR673885 — — Mayers	et	al.	(2015)

Ambrosiella roeperi C2448 KR673886 KF646767 — Mayers	et	al.	(2015)

B239U1 — LC175297 — Lin	et	al.	(unpublished)

Ambrosiella xylebori CBS	110.61 AY858659 — — Gebhardt	et	al.	(2005)

CBS	110.61 — EU984294 EU977469 Alamouti	et	al.	(2009)

AFTOL-	ID	1285 DQ471031 DQ470979 — Spatafora	et	al.	(2006)

C3051 KR673887 — — Mayers	et	al.	(2015)

Hulcr5114 KU961668 KU961669 — Bateman,	Sigut,	Skelton,	Smith,	and	Hulcr	
(2016)

Ceratocystis adiposa CMW2573 — KM495320 — De	Beer	et	al.	(unpublished)

CCFC212707 — AY283562 — Seifert,	Louis-	Seize,	and	Sampson	(2003)

CBS600.74 EU984263 EU984304 EU977479 Alamouti	et	al.	(2009)

VPCI	2818/12 — KF060720 — Agarwal	et	al.	(2014)

Ceratocystis fagacearum C999 KR673891 — — Mayers	et	al.	(2015)

Ceratocystis major C927 KR673892 — — Mayers	et	al.	(2015)

Ceratocystis fimbriata CMW3189 — KM495350 De	Beer	et	al.	(unpublished)

C1099 KR673893 — — Mayers	et	al.	(2015)

CBS	146.53 U43777 — — Issakainen,	Jalava,	Eerola,	and	Campbell	
(1997)

Ceratocystis norvegica WIN(M)87 DQ318209 — — Reid,	Iranpour,	Rudski,	Loewen,	and	
Hausner	(2010)

C3124 KR673894 — — Mayers	et	al.	(2015)

Meredithiella norrisii C3152 KR673888 — — Mayers	et	al.	(2015)

Phialophoropsis ferruginea CBS	408.68 — — EU825653 Six	et	al.	(2009)

CBS	408.68 — AF275505 — Paulin-	Mahady	et	al.	(2002)

CBS	378.68 EU984254 EU984285 EU977461 Alamouti	et	al.	(2009)

JB13 EU984255 EU984286 EU977462 Alamouti	et	al.	(2009)

CBS	460.82 — EU825651 EU825652 Six	et	al.	(2009)

M243 KR673889 — — Mayers	et	al.	(2015)

Phialophoropsis	sp. CBS460.82 KR673890 Mayers	et	al.	(2015)
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found	 in	 two	 northern	 populations	 (HKF	 and	YMT;	 Figure	2).	 Type	
I	 fungi	were	distributed	 throughout	Japan,	 but	 the	other	 two	 types	
were	located	in	Japan.

3.2 | DNA sequencing and phylogenetic analyses

The	 amplicons	 obtained	 from	 the	 18S	 regions	 of	 ambrosia	 fungi	
sequenced	 in	 this	 study	 were	 997	bp	 in	 length.	 These	 fragments	
had	 45.5%	G/C	 content.	 Two	 haplotypes	were	 defined	 from	132	
isolates.	 Haplotype	 XgF18S01	 was	 detected	 in	 all	 cultural	 types	
(Figure	3).	 Haplotype	 XgF18S02	 was	 detected	 only	 in	 Type	 II.	
The	 haplotypes	 of	 ambrosia	 fungi	 isolated	 from	 X. germanus	 my-
cangia	 were	 clustered	 as	 a	 monophyletic	 group	 with	 those	 of	
A. grosmanniae	 (KR673884),	 A. hartigii	 (AY858656,	 EU984256,	
and	 KR673885),	 Ambrosiella xylebori	 Brader	 ex	 Arx	 &	 Hennebert	
(AY858659,	 DQ471031,	 KR673887,	 and	 KU961668),	Ambrosiella 

roeperi	Harr.	&	McNew	(KR673886),	and	Ambrosiella batrae	Mayers,	
McNew	&	Harr.	(KR673881).

Sequencing	of	the	28S	rDNA	from	A. hartigii	aligned	607	bp.	These	
fragments	had	47.6%	G/C	content.	Five	haplotypes	were	defined	from	
132	isolates.	Haplotypes	XgF28S01,	XgF28S02,	and	XgF28S03	were	
detected	 in	 two	culture	 types	 (Types	 I	and	 II)	 (Figure	4).	Haplotypes	
XgF28S04	and	XgF28S05	were	detected	only	in	Type	III.	The	X. ger-
manus	 fungi	 haplotypes	 were	 clustered	 as	 a	 monophyletic	 group	
with	 those	of	A. grosmanniae	 (LC175288),	A. roeperi	 (KU961669	and	
LC175297),	A. hartigii	 (AF275506,	EU984288,	and	KM495317),	and	
A. xylebori	 (DQ470979,	 EU984294,	 and	 KU961669).	 Within	 this	
clade,	 three	 haplotypes	 of	 X. germanus	 fungi,	 XgF28S01–03,	 and	
A. hartigii	and	A. xylebori	were	clustered	with	high	bootstrap	value	of	
64,	 63,	 and	 63,	 respectively.	Within	XgF28S01–03	 clade,	 two	 hap-
lotypes,	XgF28S02	and	03,	were	clustered	with	high	bootstrap	value	
of	73.	Five	haplotypes	of	X. germanus	 fungi	were	not	clustered	as	a	
monophyletic	group.

β-	tubulin	sequences	of	approximately	440	bp	had	52.0%	G/C	con-
tent.	These	fragments	varied	from	436	to	442	nucleotides.	Six	haplo-
types	were	defined	from	125	isolates.	Haplotypes	XgFBt01,	XgFBt02,	
XgFBt03,	 and	 XgFBt04	 were	 detected	 only	 in	 Type	 I	 (Figure	5).	
Haplotypes	XgFBt05	and	XgFBt06	were	detected	only	in	Types	II	and	
III,	respectively.	The	X. germanus	fungi	haplotypes	were	clustered	as	a	
monophyletic	group	with	one	strain	of	A. hartigii	 (EU825654).	Type	I	
and	II	haplotypes	were	also	clustered	with	high	bootstrap	value	of	65.

The	 ILD	test	 indicated	that	the	18S,	28S,	and	β-	tubulin	datasets	
were	concordant	(p = .635).	On	the	basis	of	the	three	combined	loci,	
11	multilocus	 haplotypes	were	 defined	 from	 129	 isolates	 (Table	4).	
Haplotypes	 07	were	 detected	 only	 in	Type	 I	 (Figure	6).	 Haplotypes	
XgF08–09	and	XgF10–11	were	detected	only	 in	Types	II	and	III,	re-
spectively.	Symbiotic	fungi	 isolated	from	X. germanus	mycangia	clus-
tered	 as	 a	 monophyletic	 group	 with	 one	 strain	 of	 A. hartigii,	 CBS	
404.82,	and	A. xylebori,	CBS	110.61.	Within	this	clade,	symbiotic	fungi	
of	X. germanus	formed	a	subclade	(clade	XgF).	Within	clade	XgF,	Type	I	
and	II	haplotypes	formed	subclades	I–II,	and	Type	III	haplotypes	were	
clustered	as	a	monophyletic	group.	Within	subclade	I–II,	only	Type	II	

TABLE  3 List	of	ambrosia	beetles	used	in	this	study,	including	
their	sequences	obtained	from	GenBank

Species

GenBank 
accession no.

ReferencesCOI mtDNA

Xylosandrus 
germanus

AB373682 Ito	et	al.	(2008)

AB373683 Ito	et	al.	(2008)

AB373684 Ito	et	al.	(2008)

AB373703 Ito	et	al.	(2008)

AB373704 Ito	et	al.	(2008)

AB373711 Ito	et	al.	(2008)

EF433438 Lakatos	&	Kajimura	(2007)

EF433439 Lakatos	&	Kajimura	(2007)

Xylosandrus brevis AB476316 Ito	&	Kajimura	(2009a)

Xylosandrus 
crassiusculus

AB462579 Ito	&	Kajimura	(2009b)

F IGURE  1 Colonies	of	symbiotic	fungi	isolated	from	Xylosandrus germanus	mycangia.	(a)	Type	I.	(b)	Type	II.	(c)	Type	III.	Fungal	cultures	were	
held	at	20°C	for	5	days	on	potato	dextrose	agar	in	the	dark

(a) (b) (c)
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haplotypes	were	 clustered	 in	 a	 subclade	 (subclade	 II)	 and	 five	Type	
I	 haplotypes,	 XgF02,	 and	 XgF04–07,	were	 clustered	 in	 a	 subclade.	
We	 compared	 geographical	 distribution	 of	 seven	Type	 I	 haplotypes	
using	 chi-	square	 test.	 Seven	 Type	 I	 haplotypes	were	 not	 uniformly	
distributed	in	Japan	(χ2-	test,	p < .05;	Figure	7).	XgF01	was	only	found	
in	three	northern	populations	(HKF,	HKS,	and	YMT).	XgF02	was	dis-
tributed	in	four	northern	populations	(HKF,	HKS,	IWI,	and	YMT)	and	
in	two	other	populations	along	the	Japan	Sea	(TYN	and	KTM).	Both	
XgF03	and	XgF04	were	found	in	four	northern,	central,	and	western	
populations	(YMT,	NGS,	TYN,	and	KTM).	Moreover,	XgF03	and	XgF04	
were	found	in	two	other	populations,	HKS	and	AIT,	and	IWI	and	NGM,	
respectively.	 XgF05	was	 detected	 from	 seven	 northern	 to	western	
populations	(YMT,	NGM,	TYN,	AIT,	KTM,	WKT,	and	HRM).	XgF06	and	
XgF07	were	only	found	in	TYN	and	HRM,	respectively.

Sequencing	 of	 COI	 from	 the	 mtDNA	 of	 X. germanus	 aligned	
794	bp.	Twenty	haplotypes	were	defined	from	133	individuals.	These	
fragments	had	a	34.6%	G/C	content.	The	X. germanus	haplotypes	were	
clustered	 as	 a	monophyletic	 group	 together	with	 the	 haplotypes	 of	
the	outgroups	of	X. brevis	 (AB476316)	 and	Xylosandrus crassiusculus 
(Motschulsky)	 (AB462579;	 Figure	8).	 The	 phylogenetic	 analysis	 re-
vealed	three	distinct	clades	(A–C)	with	high	bootstrap	values.	Clade	A	
had	13	haplotypes	(XgCOI01–13),	clade	B	six	haplotypes	(XgCOI14–
19),	and	clade	C	one	haplotype	 (XgCOI20).	X. germanus	 clades	A,	B,	
and	C	were	unexceptionally	associated	with	symbiotic	fungi	Types	I,	II,	
and	III,	respectively	(Table	4,	Appendix	1).	However,	no	specific	asso-
ciations	were	observed	between	clade	A	and	Type	I	at	the	haplotype	

level.	For	example,	XgCOI03	of	clade	A	had	all	haplotypes	of	Type	 I	
fungi	in	its	mycangia,	expect	for	XgF01.	The	numbers	of	Type	II	and	III	
fungi	haplotypes	were	too	small	to	evaluate	the	relationships	between	
the	fungal	and	beetle	haplotypes.

Nucleotide	sequences	obtained	in	this	study	were	submitted	to	the	
DDBJ/EMBL/GenBank	 databases	 (accession	 numbers:	 LC140885-	
LC140924)	(Table	5).

4  | DISCUSSION

Symbiotic	fungi	 isolated	from	X. germanus	mycangia	 in	Japan	had	all	
three	 cultural	 types	 (Figures	1	 and	 2).	 The	 three	 types	 formed	 one	
clade	with	A. grosmanniae,	A. roeperi,	A. hartigii and A.xylebori in	 18S	
and	28S	(Figures	3	and	4).	 In	β-	tubulin	gene,	X. germanus	 fungi	clus-
tered	 as	 a	 monophyletic	 group	 together	 with	 A. beaveri,	 A. hartigii 
and A. xylebori	 clade	 (Figure	5).	 In	 combined	 three	 loci,	X. germanus 
fungi	clustered	as	a	monophyletic	group	together	with	A. hartigii	and	
A. xylebori	 clade	 (Figure	6).	Therefore,	 all	 fungal	 isolates	obtained	 in	
this	study	were	 identified	as	closely	related	species	 to	four	species,	
A. grosmanniae, A. roeperi, A. hartigii,	 and	 A. xylebori.	 Phylogenetic	
analyses	based	on	28S	rDNA,	β-	tubulin,	and	the	combined	three	loci	
revealed	that	Types	I	and	II	haplotypes	formed	subclade	within	X. ger-
manus	fungi	clade	with	high	bootstrap	values	(Figures	4–6).	These	re-
sults	suggest	that	three	types	of	X. germanus	fungi,	which	are	distinct	
from	each	 other	 as	 per	morphological	 and	 phylogenetic	 characters,	

F IGURE  2 Distribution	of	symbiotic	
fungi	cultural	types	across	14	Japanese	
Xylosandrus germanus	populations.	Pie	
charts	represent	frequencies	of	Types	I–III	
(Figure	1)	in	each	population.	The	size	of	
the	circle	is	proportional	to	the	sample	size.	
Population	names	are	defined	in	Table	1
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are	distributed	in	Japan.	These	results	also	suggest	that	Type	III	first	
differentiated	 from	 ancestral	members,	 common	 to	 all	 three	 types,	
and	subsequently,	ancestral	members	of	Types	I	and	II	have	differen-
tiated	into	Types	I	and	II.

The COI	haplotypes	of	X. germanus	were	divided	 into	 three	dis-
tinct	 lineages	 (Figure	8).	This	 result	was	 the	 same	 that	 of	 Ito	 et	al.	
(2008).	The	beetles	had	a	 specific	 type	of	 symbiotic	 fungi	 for	each	
clade	 (Figure	8	and	Table	4).	These	results	suggest	 that	X. germanus 
are	unable	 to	exchange	mycangial	 fungi	between	clades	of	beetles.	
However,	horizontal	transmission	of	mycangial	fungi	may	occur	within	
the	same	beetle	lineage,	because	no	specific	relationships	were	found	
between	beetle	 and	 fungal	 haplotypes	within	 same	 clade	 (Table	4).	
Some	bark	beetles	 likely	exchange	their	 fungi	between	neighboring	
nests	in	the	same	host	tree	(Six,	2003;	Six	&	Bentz,	2007).	Each	Type	
I	 haplotype	 showed	 a	 nonrandom	distribution	 on	 the	 Japanese	 ar-
chipelago	 (Figures	7	 and	 8).	These	 distributions	may	 be	 formed	 by	
X. germanus,	because	fungal	dispersion	depends	on	beetle	migration.	
X. germanus	cannot	migrate	between	Hokkaido	and	other	regions	in	
Japan	 because	 of	 the	Tsugaru	 Strait	 geographical	 barrier	 (Ito	 et	al.,	
2008).	However,	scolytine	beetles	have	a	flying	range	of	10–15	km	

(Gries,	1985;	Wood,	1982).	Thus,	the	migration	ability	of	the	beetle	
may	regulate	fungal	dispersion,	resulting	in	the	lack	of	random	distri-
bution	in	the	Type	I	haplotypes.	Additionally,	COI	clades	of	X. germa-
nus	can	be	distinguished	by	the	cultural	types	of	its	symbiotic	fungi,	
because	the	clades	have	strong	correlations	with	the	cultural	 types	
(Figure	8	and	Table	4).

The	phylogenetic	divergence	patterns	of	 the	symbiotic	 fungi	did	
not	coincide	with	those	of	X. germanus	(Figures	6	and	8).	In	mycangial	
fungi,	Type	III	lineage	was	sister	to	a	clade	containing	Type	I	and	Type	
II	 lineages	 (Figure	6).	 In	 contrast,	 ancestral	members	 of	X. germanus 
branched	into	clade	A	and	clades	B	and	C	lineages	first,	and	clade	B	
and	clade	C	 lineages	divided	subsequently	 from	the	clades	B	and	C	
(Figure	8).	These	 results	 suggest	 that	 the	 first	 fungal	 differentiation	
may	 have	 occurred	 together	with	 the	 first	 beetle	 differentiation.	 In	
particular,	Types	I	and	II	and	Type	III	may	have	concurrently	diverged	
from	fungal	ancestors	when	clade	A	and	clades	B	and	C	differentiated	
from	beetle	ancestors.	Ito	(2009)	showed	the	differentiation	between	
clade	A	and	a	clade	composed	of	clades	B	and	C,	and	clade	B	and	clade	
C	of	X. germanus	occurred	six	MYA	and	5.2	MYA,	respectively.	Based	
on	this	molecular	clock,	first	differentiations	between	beetle	and	their	

F IGURE  3 Phylogram	obtained	from	
997	bp	of	the	18S	rDNA	of	symbiotic	fungi	
isolated	from	mycangia	of	Xylosandrus 
germanus	and	related	fungus	species.	
One	of	228	maximum-	parsimony	(MP)	
trees.	CI	=	0.741,	RI	=	0.920,	length	=	40	
steps.	Bootstrap	values	(left)	and	branch	
support	values	(right)	(>50%)	are	given	
above	the	branches.	Bold	letters	indicates	
sequences	obtained	in	this	study.	Cultural	
types	(Type	I-	III)	defined	in	Figure	1	are	
shown	in	bracket	after	haplotype	codes	
(XgF18S01-	02).	XbF	and	SmF	represent	
symbiotic	fungi	isolated	from	mycangia	
of	Xylosandrus brevis	and	Scolytoplatypus 
mikado,	respectively

 Ceratocystis adiposa KR673891

 Ceratocystis adiposa EU984263

 Ceratocystis fagacearum KR673892

 Meredithiella norrisii KR673888

 Phialophoropsis ferruginea KR673889

 Phialophoropsis sp. KR673890

 Phialophoropsis ferruginea EU984254

 Phialophoropsis ferruginea EU984255

 Ceratocystis norvegica KR673894

 Ceratocystis norvegica DQ318209

 SmF18S01

 Ceratocystis fimbriata U43777

 Ceratocystis fimbriata KR673893

 XbF18S01

 Ambrosiella nakashimae KR673883

 Ambrosiella beaveri KR673882

 Ambrosiella xylebori AY858659

 Ambrosiella xylebori DQ471031

 Ambrosiella roeperi KR673886

 Ambrosiella xylebori KR673887

 Ambrosiella batrae KR673881

 Ambrosiella xylebori KU961668

XgF18S02 (Type II)

 Ambrosiella hartigii KR673885

 Ambrosiella hartigii AY858656

 Ambrosiella grosmanniae KR673884

 Ambrosiella hartigii 18S EU984256

XgF18S01 (Types I, II and III)

97/100

66/100

45/75

36/73

30/52

54/100

99/100

62/75
46/60

36/63

40/75

38/86

47/100

1 nucleotide change
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F IGURE  5 Phylogram	obtained	from	
approximately	440	bp	of	the	β-	tubulin	
gene	from	symbiotic	fungi	isolated	
from	mycangia	of	Xylosandrus germanus 
and	related	fungus	species.	One	of	
56	maximum-	parsimony	(MP)	trees.	
CI	=	0.840,	RI	=	0.898,	length	=	358	
steps.	Bootstrap	values	(left)	and	branch	
support	values	(right)	(>50%)	are	given	
above	the	branches.	Bold	letters	indicate	
sequences	obtained	in	this	study.	Cultural	
types	(Type	I–III)	defined	in	Figure	1	are	
shown	in	bracket	after	haplotype	codes	
(XgFBt01-	06).	XbF	and	SmF	represent	
symbiotic	fungi	isolated	from	mycangia	
of	Xylosandrus brevis	and	Scolytoplatypus 
mikado,	respectively
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F IGURE  4 Phylogram	obtained	from	
607	bp	of	the	28S	rDNA	of	symbiotic	fungi	
isolated	from	mycangia	of	Xylosandrus 
germanus	and	related	fungus	species.	
One	of	376	maximum	-	parsimony	(MP)	
trees.	CI	=	0.900,	RI	=	0.979,	length	=	22	
steps.	Bootstrap	values	(left)	and	branch	
support	values	(right)	(>50%)	are	given	
above	the	branches.	Bold	letters	indicate	
sequences	obtained	in	this	study.	Cultural	
types	(Type	I-	III)	defined	in	Figure	1	are	
shown	in	bracket	after	haplotype	codes	
(XgF28S01-	05).	XbF	and	SmF	represent	
symbiotic	fungi	isolated	from	mycangia	
of	Xylosandrus brevis	and	Scolytoplatypus 
mikado,	respectively
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mycangial	fungi	may	have	occurred	six	MYA.	X. germanus	had	already	
developed	into	three	lineages	before	colonization	of	the	Japanese	ar-
chipelago	(Ito	et	al.,	2008).	After	colonization,	clade	A	and	B	beetles	
secondarily	came	 into	contact	during	 the	 last	glacial	epoch	 in	Japan	
(Ito	 et	al.,	 2008).	Type	 II	was	 not	 differentiated	within	 subclade	 I–II	
(Figure	6),	suggesting	that	clade	B	ancestors	may	have	symbiotically	
associated	with	Type	II	when	clade	B	occurred	and	contacted	to	clade	
A.

We	 obtained	 two	 important	 results	 related	 to	 the	 phylogeny	
of	X. germanus	 and	 its	 symbiotic	 fungi:	 a	 single	 beetle	 lineage	 is	
consistently	associated	with	a	single	fungal	type	in	the	X. germanus 
fungal	symbiont	system,	although	more	than	two	types	of	symbi-
otic	fungi	were	found	in	northern	populations	(Figure	2),	and	excep-
tional	horizontal	 transmission	 in	 symbiotic	 fungi	between	beetles	
lineages	 occurred	 at	 least	 once,	 sustaining	 novel	 beetle-	fungus	
symbiotic	 relationships.	Why	 are	 the	 beetles	 unable	 to	 exchange	

symbiotic	fungi	from	the	existing	type	to	other	types?	In	ambrosia	
beetles,	glandular	secretions	into	the	mycangium	can	facilitate	the	
growth	of	specific	ambrosia	fungi	(Harrington,	2005;	Norris,	1979).	
Some	bark	beetles	such	as	the	southern	pine	beetle	(Dendroctonus 
frontalis	 Zimmermann)	 also	 have	 glandular	 cells	 in	 their	 mycan-
gia	 and	 carry	one	 specific	 fungal	 symbiont	 (Bridges,	 1985).	Thus,	
it	 is	 possible	 that	 specific	 ambrosia	 fungi	 lineages	 in	X. germanus 
are	 selected	 by	mycangia	 secretion.	 Colony	 growth	 rate	 on	 PDA	
and	 the	 competitive	 race	 of	 each	 fungal	 type	 vary	 according	 to	
thermal	 conditions	 (Ito	 &	 Kajimura,	 2011).	 Some	 symbiotic	 fungi	
of	 bark	beetles	 also	have	 thermal	 traits	 in	 the	 field	 (Six	&	Bentz,	
2007;	 Six	&	 Paine,	 1997;	 Solheim	&	Krokene,	 1998).	The	 fitness	
level	of	ambrosia	and	bark	beetles	decreases	or	increases	depend-
ing	on	the	symbiotic	fungal	species	used	for	nutrition	(Harrington,	
2005;	Kajimura,	2000;	Six	&	Bentz,	2007).	Therefore,	X. germanus 
and	their	mycangial	fungi	mutual	systems	may	experience	constant	

F IGURE  6 Phylogram	obtained	from	about	2,000	bp	of	the	combined	loci	(the	18S,	the	28S	rDNA,	and	the	β-	tubulin	gene)	of	symbiotic	fungi	
isolated	from	mycangia	of	Xylosandrus germanus	and	related	fungi	species.	One	of	10	maximum-	parsimony	(MP)	trees.	CI	=	0.863,	RI	=	0.913,	
length	=	519	steps.	Bootstrap	values	(left)	and	branch	support	values	(right)	(>50%)	are	given	above	the	branches.	Bold	letters	indicate	
sequences	obtained	in	this	study.	Cultural	types	(Type	I-	III)	defined	in	Figure	1	are	shown	in	bracket	after	haplotype	codes	(XgF01-	11).	XbF	and	
SmF	represent	symbiotic	fungi	isolated	from	mycangia	of	Xylosandrus brevis	and	Scolytoplatypus mikado,	respectively

 Phialophoropsis ferruginea strain CBS 408.68

 Phialophoropsis ferruginea strain JB13

 Phialophoropsis ferruginea strain CBS 378.68

 Ceratocystis adiposa strain CBS600.74
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 Ambrosiella hartigii strain CBS 404.82

 XgF10 (Type III)

 XgF11 (Type III)
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 XgF08 (Type II)
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selection	 pressure	 from	 environmental	 and	 ecological	 factors.	
These	 selection	 pressures	would	 help	maintain	 the	 specific	 rela-
tionships	between	X. germanus	 and	 their	mycangial	 fungi.	Further	

investigations,	 particularly	 those	 focusing	 on	 glandular	 cells	 and	
thermal	conditions,	will	clarify	the	factors	 involved	 in	maintaining	
the	X. germanus–fungal	symbiosis.

F IGURE  7 Distribution	of	haplotypes	
based	on	the	combined	loci	(18S	rDNA,	
28S	rDNA,	and	β-	tubulin	genes)	of	
symbiotic	fungi	across	14	Japanese	
Xylosandrus germanus	populations.	Pie	
charts	represent	the	frequencies	of	the	
haplotypes	in	each	population.	The	size	of	
the	circles	is	proportional	to	the	sample	
size.	Population	names	are	defined	in	
Table	1.	Cultural	types	(Types	I–III)	and	
haplotype	codes	(XgF01–11)	are	defined	in	
Figures	1	and	6,	respectively.	Type	I,	II,	and	
III	fungi	include	the	XgF01–07,	XgF08–09,	
and	XgF10–11	haplotypes,	respectively
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F IGURE  8 Phylogram	obtained	
from	794	bp	of	the	COI	mtDNA	
from	Xylosandrus germanus.	One	of	
370	maximum-	parsimony	(MP)	trees.	
CI	=	0.737,	RI	=	0.924,	length	=	223	
steps.	Bootstrap	values	(left)	and	branch	
support	values	(right;	>50%)	are	given	
above	the	branches.	Bold	letters	indicate	
sequences	obtained	in	this	study.	Cultural	
types	(Type	I–III)	defined	in	Figure	1	are	
shown	in	bracket	after	haplotype	codes	
(XgCOI01-	20).	Capital	letters	A,	B,	and	C	
stand	for	the	three	clades Xylosandrus germanus HT-1 EF433438

XgCOI03 (Type I)
Xylosandrus germanus Xg01 AB373682
XgCOI02 (Type I)

XgCOI11 (Type I)
XgCOI05 (Type I)
XgCOI09 (Type I)

XgCOI01 (Type I)
XgCOI13 (Type I)

XgCOI10 (Type I)
Xylosandrus germanus Xg03 AB373684

XgCOI07 (Type I)
XgCOI08 (Type I)

Xylosandrus germanus Xg02 AB373683
XgCOI06 (Type I)
Xylosandrus germanus HT-2 EF433439
XgCOI12 (Type I)

XgCOI04 (Type I)
XgCOI17 (Type II)
XgCOI15 (Type II)
Xylosandrus germanus Xg23 AB373704
XgCOI18 (Type II)
XgCOI19 (Type II)

XgCOI14 (Type II)
Xylosandrus germanus Xg22 AB373703

XgCOI16 (Type II)
XgCOI20 (Type III)
Xylosandrus germanus Xg30 AB373711

Xylosandrus brevis AB476316  
Xylosandrus crassiusculus AB462579

10 nucleotide  change

100/100

86/100

92/100

100/100

61/100

100/100

79/100

94/100

25/100

A

B

C



9214  |     ITO and KaJIMURa

ACKNOWLEDGMENTS

We	 thank	 all	 those	 who	 helped	 with	 sample	 collection:	 K.	 Iguchi	
of	 the	 Hokkaido	 Forest,	 Tokyo	 University	 Forests	 (TUF);	 A.	 Ueda	
of	 the	 Hokkaido	 Research	 Center,	 Forestry	 and	 Forest	 Products	

Research	 Institute	 (FFPRI);	 K.	 Nakamura	 of	 the	 Tohoku	 Research	
Center,	FFPRI;	S.	Saito	of	the	Yamagata	Prefectural	Forest	Research	
and	 Institution	Center;	 K.	 Ishida	 of	 Tokyo	University;	D.	 Sakaue	 of	
the	 Tanashi	 Experimental	 Station,	 TUF;	 I.	 Murakawa	 of	 the	 Chiba	
Forest,	 TUF;	M.	 Hakariya	 of	 Tsukuba	 University;	M.	 Okada	 of	 the	

TABLE  5 List	of	GenBank	accession	no.	of	nucleotide	sequences	obtained	in	this	study

Species Locus Haplotype
GenBank 
accession no.

Fungal	symbiont	isolated	from	X. germanus 
mycangium

18S	ribosomal	RNA XgF18S01 LC140885

XgF18S02 LC140886

28S	ribosomal	RNA XgF28S01 LC140889

XgF28S02 LC140890

XgF28S03 LC140891

XgF28S04 LC140892

XgF28S05 LC140893

β-	tubulin	gene XgFBt01 LC140897

XgFBt02 LC140898

XgFBt03 LC140899

XgFBt04 LC140900

XgFBt05 LC140901

XgFBt06 LC140902

Fungal	symbiont	isolated	from	X. brevis 
mycangium

18S	ribosomal	RNA XbF18S01 LC140887

28S	ribosomal	RNA XbF28S01 LC140894

β-	tubulin	gene XbFBt01 LC140903

Fungal	symbiont	isolated	from	S. mikado 
mycangium

18S	ribosomal	RNA SmF18S01 LC140888

28S	ribosomal	RNA SmF28S01 LC140895

SmF28S02 LC140896

β-	tubulin	gene SmFBt01 LC140904

Xylosandrus germanus COI	mtDNA XgCOI01 LC140905

XgCOI02 LC140906

XgCOI03 LC140907

XgCOI04 LC140908

XgCOI05 LC140909

XgCOI06 LC140910

XgCOI07 LC140911

XgCOI08 LC140912

XgCOI09 LC140913

XgCOI10 LC140914

XgCOI11 LC140915

XgCOI12 LC140916

XgCOI13 LC140917

XgCOI14 LC140918

XgCOI15 LC140919

XgCOI16 LC140920

XgCOI17 LC140921

XgCOI18 LC140922

XgCOI19 LC140923

XgCOI20 LC140924

info:ddbj-embl-genbank/LC140885
info:ddbj-embl-genbank/LC140886
info:ddbj-embl-genbank/LC140889
info:ddbj-embl-genbank/LC140890
info:ddbj-embl-genbank/LC140891
info:ddbj-embl-genbank/LC140892
info:ddbj-embl-genbank/LC140893
info:ddbj-embl-genbank/LC140897
info:ddbj-embl-genbank/LC140898
info:ddbj-embl-genbank/LC140899
info:ddbj-embl-genbank/LC140900
info:ddbj-embl-genbank/LC140901
info:ddbj-embl-genbank/LC140902
info:ddbj-embl-genbank/LC140887
info:ddbj-embl-genbank/LC140894
info:ddbj-embl-genbank/LC140903
info:ddbj-embl-genbank/LC140888
info:ddbj-embl-genbank/LC140895
info:ddbj-embl-genbank/LC140896
info:ddbj-embl-genbank/LC140904
info:ddbj-embl-genbank/LC140905
info:ddbj-embl-genbank/LC140906
info:ddbj-embl-genbank/LC140907
info:ddbj-embl-genbank/LC140908
info:ddbj-embl-genbank/LC140909
info:ddbj-embl-genbank/LC140910
info:ddbj-embl-genbank/LC140911
info:ddbj-embl-genbank/LC140912
info:ddbj-embl-genbank/LC140913
info:ddbj-embl-genbank/LC140914
info:ddbj-embl-genbank/LC140915
info:ddbj-embl-genbank/LC140916
info:ddbj-embl-genbank/LC140917
info:ddbj-embl-genbank/LC140918
info:ddbj-embl-genbank/LC140919
info:ddbj-embl-genbank/LC140920
info:ddbj-embl-genbank/LC140921
info:ddbj-embl-genbank/LC140922
info:ddbj-embl-genbank/LC140923
info:ddbj-embl-genbank/LC140924


     |  9215ITO and KaJIMURa

Nagano	 Prefectural	 Forestry	 Research	 Center;	 T.	 Matsuura	 of	 the	
Toyama	 Forestry	 and	 Forest	 Products	 Research	 Center;	 T.	Mizuno	
of	the	Nagoya	Plant	Protection	Station;	M.	Kobayashi	and	A.	Nozaki	
of	 the	 Kyoto	 Prefectural	 Forestry	 Experimental	 Station;	 T.	Hougen	
of	 the	Wakayama	 Research	 Center	 of	 the	 Ministry	 of	 Agriculture,	
Forestry	 and	 Fisheries;	 S.	 Jikumaru	 of	 the	 Hiroshima	 Prefectural	
Forestry	Research	Center;	 S.	 Sato	 of	 the	 Shikoku	Research	Center,	
FFPRI;	H.	Chikugi,	S.	Sato	of	the	Naha	Plant	Protection	Station;	and	
K.	Kawazoe	and	S.	Kobune	of	Nagoya	University.	We	also	thank	K.D.	
Klepzig	of	 the	USDA	Forest	Service	and	H.	Masuya,	K.	Hamaguchi,	
and	 E.	 Kagaya	 of	 FFPRI	 for	 valuable	 suggestions,	 as	well	 as	 all	 the	
members	of	 the	Forest	Protection	Laboratory	of	Nagoya	University	
and	 the	Nagoya	University	 Forest	 for	 their	 helpful	 assistance.	 This	
study	was	supported	by	Grants-	in-	Aid	for	Scientific	Research	from	the	
Japan	Society	 for	 the	Promotion	of	Science	 (20405025,	23405025,	
23658046,	26292083,	and	17H03831).

CONFLICT OF INTEREST

None	declared.

AUTHOR CONTRIBUTIONS

M.	 Ito	designed	the	study,	wrote	the	 initial	draft	of	 the	manuscript,	
and	analyzed	and	interpreted	data	in	the	study.	H.	Kajimura	contrib-
uted	to	interpretation	of	data,	assisted	in	the	preparation	of	the	manu-
script,	 and	 critically	 reviewed	 the	manuscript.	 All	 authors	 approved	
the	final	version	of	the	manuscript,	and	agree	to	be	accountable	for	all	
aspects	of	the	work	in	ensuring	that	questions	related	to	the	accuracy	
or	integrity	of	any	part	of	the	work	are	appropriately	investigated	and	
resolved.

ORCID

Masaaki Ito  http://orcid.org/0000-0002-8988-1216 

REFERENCES

Agarwal,	K.,	Kathuria,	S.,	Sundar,	G.,	Singh,	P.,	Khanna,	G.,	&	Chowdhary,	
A.	 (2014).	A	 case	 of	 allergic	 fungal	 rhinosinusitis	 due	 to	Ceratocystis 
adiposa. Diagnostic Microbiology and Infectious Disease,	78,	196–198.

Alamouti,	S.	M.,	Tsuib,	C.	K.	M.,	&	Breuil,	C.	(2009).	Multigene	phylogeny	of	
filamentous	ambrosia	fungi	associated	with	ambrosia	and	bark	beetles.	
Mycological Research,	113,	822–835.

Bateman,	C.,	Sigut,	M.,	Skelton,	J.,	Smith,	K.	E.,	&	Hulcr,	J.	 (2016).	Fungal	
associates	 of	 the	 Xylosandrus compactus	 (Coleoptera:	 Curculionidae,	
Scolytinae)	are	spatially	segregated	on	the	insect	body.	Environmental 
Entomology,	45,	883–890.

Batra,	 L.	R.	 (1967).	Ambrosia	 fungi:	A	 taxonomic	 revision	and	nutritional	
studies	of	some	species.	Mycologia,	59,	976–1017.

Beaver,	 R.	 A.	 (1989).	 Insect–fungus	 relationships	 in	 the	 bark	 and	 am-
brosia	 beetles.	 In	N.	Wilding,	N.	M.	Collins,	 P.	M.	Hammond,	&	J.	 F.	
Webber	(Eds.),	Insect-fungus interactions	(pp.	121–143).	San	Diego,	CA:	
Academic	Press.

Bouget,	C.,	&	Noblecourt,	T.	 (2005).	 Short-	term	development	 of	 ambro-
sia	 and	 bark	 beetle	 assemblages	 following	 a	 windstorm	 in	 French	

broadleaved	 temperate	 forests.	 Journal of Applied Entomology,	 129,	
300–310.

Bridges,	 J.	 R.	 (1985).	 Relationships	 of	 symbiotic	 fungi	 to	 southern	 pine	
beetle	 population	 trends.	 In	 S.	 J.	 Branham,	 &	 R.	 C.	 Thatcher	 (Eds.),	
Integrated pest management research symposium: The proceedings	 (pp.	
127–135).	Asheville,	NC:	USDA	Forest	Service.

Cai,	Y.,	Cheng,	X.,	Xu,	R.,	Duan,	D.,	&	Kirkendall,	L.	R.	(2008).	Genetic	diver-
sity	and	biogeography	of	red	turpentine	beetle	Dendroctonus valens	in	
its	native	and	invasive	regions.	Insect Science,	15,	291–301.

Cognato,	A.	I.,	&	Rubinoff,	D.	(2008).	New	exotic	ambrosia	beetles	found	
in	 Hawaii	 (Curculionidae:	 Scolytinae:	 Xyleborina).	 The Coleopterists 
Bulletin,	62,	421–424.

Cognato,	A.	I.,	&	Sperling,	F.	A.	H.	(2000).	Phylogeny	of	Ips	DEGEER	spe-
cies	 (Coleoptera:	Scolytidae)	 inferred	from	mitochondrial	cytochrome	
oxidase	 I	 DNA	 sequence.	Molecular Phylogenetics and Evolution,	 14,	
445–460.

Duan,	Y.,	Kerdelhué,	C.,	&	Lieutier,	F.	 (2004).	Genetic	study	of	the	forest	
pest	 Tomicus piniperda	 (Col.,	 Scolytinae)	 in	 Yunnan	 province	 (China)	
compared	to	Europe:	New	insights	for	the	systematics	and	evolution	of	
the	genus	Tomicus. Heredity,	93,	416–422.

Farrell,	 B.	 D.,	 Sequeira,	 A.	 S.,	 O’Meara,	 B.	 C.,	 Normark,	 B.	 B.,	 Chung,	
J.	 H.,	 &	 Jordal,	 B.	 H.	 (2001).	 The	 evolution	 of	 agriculture	 in	 bee-
tles	 (Curculionidae:	 Scolytinae	 and	 Platypodinae).	 Evolution,	 55,	
2011–2027.

Farris,	J.	S.,	Källersjö,	M.,	Kluge,	A.	G.,	&	Bult,	C.	(1995).	Testing	significance	
of	incongruence.	Cladistics,	10,	315–319.

Gebhardt,	H.,	Weiss,	M.,	&	Oberwinkler,	F.	 (2005).	Dryadomyces amasae: 
A	 nutritional	 fungus	 associated	with	 ambrosia	 beetles	 of	 the	 genus	
Amasa	 (Coleoptera:	 Curculionidae,	 Scolytinae).	Mycological Research,	
109,	687–696.

Glass,	N.	L.,	&	Donaldson,	G.	C.	 (1995).	Development	of	primer	sets	de-
signed	 for	 use	with	 the	 PCR	 to	 amplify	 conserved	 genes	 from	 fila-
mentous	 ascomycetes.	 Applied and Environmental Microbiology,	 61,	
1323–1330.

Grégoire,	J.	C.,	Piel,	F.,	Proft,	M.	D.,	&	Gilbert,	M.	(2001).	Spatial	distribution	
of	 ambrosia-	beetle	 catches:	A	possibly	useful	 knowledge	 to	 improve	
mass	trapping.	Integrated Pest Management Reviews,	6,	237–242.

Gries,	V.	G.	(1985).	As	to	the	question	of	dispersal	of	(Ips typographus	L.).	
Zeitschrift für Angewandte Entomologie,	99,	12–20	(in	German).

Hall,	T.	A.	 (1999).	 BioEdit:	A	 user-	friendly	 biological	 sequence	 alignment	
editor	 and	 analysis	 program	 for	 Windows	 95/98/NT.	 Nucleic Acids 
Symposium Series,	41,	95–98.

Hammond,	 P.	M.,	&	 Lawrence,	 J.	 F.	 (1989).	Appendix:	Mycophagy	 in	 in-
sect:	A	summary.	In	N.	Wilding,	N.	M.	Collins,	P.	M.	Hammond,	&	J.	F.	
Webber	(Eds.),	Insect-fungus interactions	(pp.	275–324).	San	Diego,	CA:	
Academic	Press.

Harrington,	T.	C.	(2005).	Ecology	and	evolution	of	mycophagous	bark	bee-
tles	and	their	fungal	partners.	In	F.	E.	Vega,	&	M.	Blackwell	(Eds.),	Insect-
fungal associations: Ecology and evolution	(pp.	317–359).	New	York,	NY:	
Oxford	University	Press.

Harrington,	T.	C.,	McNew,	D.,	Mayers,	C.,	Fraedich,	S.,	&	Reed,	S.	 (2014).	
Ambrosiella roper	 sp.	 nov.	 is	 the	 mycangial	 symbiont	 of	 the	 gran-
ulate	 ambrosia	 beetle,	 Xylosandrus crassiusculus. Mycologia,	 106,	 
835–845.

Henin,	 J.	 M.,	 &	 Versteirt,	 V.	 (2004).	 Abundance	 and	 distribution	 of	
Xylosandrus germanus	 (Blandford	 1894)	 (Coleoptera,	 Scolytidae)	 in	
Belgium:	New	observations	and	an	attempt	to	outline	its	range.	Journal 
of Pest Science,	77,	57–63.

Issakainen,	J.,	Jalava,	J.,	Eerola,	E.,	&	Campbell,	C.	K.	 (1997).	Relatedness	
of	 Pseudallescheria,	 Scedosporium	 and	 Graphium pro parte	 based	 on	
SSU	rDNA	sequences.	Journal of Medical and Veterinary Mycology,	35,	
389–398.

Ito,	M.	(2009).	Genetic	structures	and	its	determining	factors	of	three	spe-
cies	of	ambrosia	beetles	in	genus	Xylosandrus	(Coleoptera:	Scolytinae)	
in	Japan.	Nagoya University Forest Science,	27,	1–52	(in	Japanese).

http://orcid.org/0000-0002-8988-1216
http://orcid.org/0000-0002-8988-1216


9216  |     ITO and KaJIMURa

Ito,	 M.,	 &	 Kajimura,	 H.	 (2006).	 Modification	 of	 scarabaeid	 trap	 for	 live	
trapping	of	ambrosia	beetles	 (Coleoptera).	Chubu Forest Research,	54,	
227–230	(in	Japanese).

Ito,	 M.,	 &	 Kajimura,	 H.	 (2009a).	 Genetic	 structure	 of	 Japanese	 popula-
tions	 of	 Xylosandrus brevis	 (Curculionidae:	 Scolytinae).	 Environmental 
Entomology,	38,	1324–1335.

Ito,	M.,	 &	 Kajimura,	 H.	 (2009b).	 Phylogeography	 of	 an	 ambrosia	 beetle,	
Xylosandrus crassiusculus	 (Motschulsky)	 (Coleoptera:	 Curculionidae:	
Scolytinae),	in	Japan.	Applied Entomology and Zoology,	44,	549–559.

Ito,	M.,	&	Kajimura,	H.	(2011).	Intraspecific	competition	between	isolates	
of	 a	 mycangial	 fungus,	 Ambrosiella hartigii,	 associated	 with	 an	 am-
brosia	 beetle,	 Xylosandrus germanus	 (Coleoptera:	 Scolytinae),	 under	
low-	temperature	 condition.	 Chubu Forest Research,	 59,	 235–238	 (in	
Japanese).

Ito,	M.,	Kajimura,	H.,	Hamaguchi,	K.,	Araya,	K.,	&	Lakatos,	F.	(2008).	Genetic	
structure	of	Japanese	populations	of	an	ambrosia	beetle,	Xylosandrus 
germanus	 (Curculionidae:	 Scolytinae).	 Entomological Science,	 11,	
375–383.

Kajimura,	H.	(2000).	Reproductive	strategy:	Cultivation	of	microorganism–
ambrosia	beetles	and	ambrosia	fungi.	In	K.	Futai,	&	N.	Hijii	(Eds.),	Forest 
microbial ecology	 (pp.	179–195).	Tokyo,	Japan:	Asakura	Shoten	Co	(in	
Japanese).

Kajimura,	H.,	&	Hijii,	N.	(1994).	Electrophoretic	comparisons	of	soluble	my-
celial	proteins	from	fungi	associated	with	several	species	of	ambrosia	
beetles.	Journal of the Japanese Forestry Society,	76,	59–65.

Kaneko,	T.,	 &	Takagi,	 K.	 (1966).	 Biology	 of	 some	 scolytid	 ambrosia	 bee-
tles	attacking	tea	plants.	Bulletin of the Tea Research Station, Ministry of 
Agriculture and Forestry,	3,	1–24.

Kaneko,	T.,	Tamaki,	Y.,	&	Takagi,	K.	 (1965).	 Preliminary	 report	 on	 the	bi-
ology	 of	 some	 scolytid	 beetles,	 the	 tea	 root	 borer,	Xyleborus germa-
nus	Blandford,	attacking	tea	roots,	and	the	tea	stem	borer,	Xyleborus 
compactus	 Eicchoff,	 attacking	 tea	 twigs.	 Japanese Journal of Applied 
Entomology and Zoology,	9,	23–29.

Klepzig,	K.	D.,	Adams,	A.	S.,	Handelsman,	J.,	&	Raffa,	K.	F.	(2009).	Symbioses:	
A	key	driver	of	insect	physiological	processes,	ecological	interactions,	
evolutionary	 diversification,	 and	 impacts	 on	 humans.	 Environmental 
Entomology,	38,	67–77.

Kok,	L.	T.,	Norris,	D.	M.,	&	Chu,	H.	M.	(1970).	Sterol	metabolism	as	basis	for	
a	mutualistic	symbiosis.	Nature,	255,	661–662.

Lakatos,	 F.,	 Grodzki,	W.,	 Zhang,	Q.,	 &	 Stauffer,	 C.	 (2007).	 Genetic	 com-
parison	of	 Ips duplicatus	 (Shalberg,	1836)	 (Coleoptera:	Curculionidae,	
Scolytinae)	 populations	 from	 Europe	 and	 Asia.	 Journal of Forest 
Research,	12,	345–349.

Lakatos,	F.,	&	Kajimura,	H.	(2007).	Occurrence	of	the	introduced	Xylosandrus 
germanus	(Blandford,	1894)	in	Hungary-	a	genetic	evidence	(Coleoptera:	
Scolytidae).	Folia Entomologica Hungaria,	68,	97–104.

López,	 S.,	 Iturrondobeitia,	 J.	 C.,	 &	 Goldarazena,	 A.	 (2007).	 Primera	 cita	
de	La	Península	 Ibérica	de	Gnathotrichus materiarius	 (FITCH,	1858)	Y	
Xylosandrus germanus	 (BLANDFORD,	 1894)	 (Coleoptera:	 Scolytinae).	
Boletín Sociedad Entomológica Aragonesa,	40,	527–532	(in	Spanish).

Maroja,	L.	S.,	Bogdanowicz,	S.	M.,	Wallin,	K.	F.,	Raffa,	K.	F.,	&	Harrison,	R.	
G.	(2007).	Phylogeography	of	spruce	beetles	 (Dendroctonus rufipennis 
KIRBY)	(Curculionidae:	Scolytinae)	in	North	America.	Molecular Ecology,	
16,	2560–2573.

Mayers,	C.	G.,	McNew,	D.	 L.,	Harrington,	T.	C.,	 Roeper,	 R.	A.,	 Fraedrich,	
S.	W.,	 Biedermann,	 P.	H.,	 …	 Reed,	 S.	 E.	 (2015).	Three	 genera	 in	 the	
Ceratocystidaceae	are	the	respective	symbionts	of	three	independent	
lineages	 of	 ambrosia	 beetles	 with	 large,	 complex	 mycangia.	 Fungal 
Biology,	119,	1075–1092.

Mueller,	 U.	 G.,	 Gerardo,	N.	M.,	Aanen,	D.	 K.,	 Six,	 D.	 L.,	 &	 Schultz,	T.	 R.	
(2005).	The	evolution	of	agriculture	in	insects.	Annual Review of Ecology, 
Evolution and Systematics,	36,	563–595.

Nei,	M.,	&	Kumar,	S.	(2000).	Molecular evolution and phylogenetics	(p.	333).	
New	York,	NY:	Oxford	University	Press.

Nobuchi,	 A.	 (1980).	 The	 ambrosia	 beetles	 of	 the	 subfamily	
Scolytoplatypinae	 (Coleoptera,	 Scolytidae)	 in	 Japan.	 Kontyû,	 48,	
42–52.

Nobuchi,	A.	 (1981).	Studies	on	Scolytidae	XXIII.	The	ambrosia	beetles	of	
the	genus	Xylosandrus	Reitter	 from	Japan	 (Coleoptera).	Bulletin of the 
Forestry and Forest Products Research Institute,	314,	27–37.

Norris,	D.	M.	(1979).	The	mutualistic	fungi	of	the	Xyleborini	beetles.	In	L.	R.	
Batra	(Ed.),	Insect-Fungus symbiosis: Nutrition, mutualism, and commen-
salism	(pp.	53–63).	New	York,	NY:	John	Wiley	&	Sons.

O’Donnell,	K.	(1993).	Fusarium	and	its	near	relatives.	In	D.	R.	Reynolds,	&	J.	
W.	Taylor	(Eds.),	The fungal holomorph: Mitotic, meiotic and pleomorphic 
speciation in fungal systematics	 (pp.	225–233).	Wallingford,	USA:	CAB	
International.

Paulin-Mahady,	A.	E.,	Harrington,	T.	C.,	&	McNew,	D.	(2002).	Phylogenetic	
and	taxonomic	evaluation	of	Chalara,	Chalaropis,	and	Thielaviopsis	ana-
morphs	associated	with	Ceratocystis. Mycologia,	94,	62–72.

Rabaglia,	R.	J.	 (2003).	Annotated	 list	of	 the	bark	and	ambrosia	beetles	
(Coleoptera:	 Scolytidae)	 of	 Maryland,	 with	 new	 distributional	 re-
cords.	 Proceedings of the Entomological Society of Washington,	 105,	
373–379.

Rabaglia,	 R.	 J.,	Dole,	 S.	A.,	 &	Cognato,	A.	 I.	 (2006).	 Review	 of	American	
Xyleborina	 (Coleoptera:	Curculionidae:	Scolytinae)	occurring	north	of	
Mexico,	with	an	 illustrated	key.	Annals of the Entomological Society of 
America,	99,	1034–1056.

Reid,	J.,	Iranpour,	M.,	Rudski,	S.	M.,	Loewen,	P.	C.,	&	Hausner,	G.	(2010).	A	
new	 conifer-	inhabiting	 species	 of	Ceratocystis	 from	Norway.	Botany- 
Botanique,	88,	971–983.

Seifert,	 K.	A.,	 Louis-Seize,	 G.,	 &	 Sampson,	 G.	 (2003).	Myrothecium	 aca-
diense,	a	new	hyphomycete	 isolated	from	the	weed	Tussilago farfara. 
Mycotaxon,	87,	317–327.

Simon,	C.,	Frati,	F.,	Beckenbach,	A.,	Crespi,	B.,	Liu,	H.,	&	Flock,	P.	 (1994).	
Evolution,	weighting,	 and	 phylogenetic	 utility	 of	 mitochondrial	 gene	
sequences	 and	 a	 compilation	 of	 conserved	 polymerase	 chain	 re-
action	 primers.	 Annals of the Entomological Society of America,	 87,	 
651–701.

Six,	D.	 L.	 (2003).	A	 comparison	 of	mycangial	 and	 phoretic	 fungi	 of	 indi-
vidual	mountain	pine	beetles.	Canadian Journal of Forest Research,	33,	
1331–1334.

Six,	D.	L.,	&	Bentz,	B.	J.	 (2007).	Temperature	determines	symbiont	abun-
dance	 in	 a	 multipartite	 bark	 beetle-	fungus	 ectosymbiosis.	Microbial 
Ecology,	54,	112–118.

Six,	D.	 L.,	&	Paine,	T.	D.	 (1997).	Ophiostoma clavigerum	 is	 the	mycangial	
fungus	of	the	Jeffrey	pine	beetle,	Dendroctonus jeffreyi. Mycologia,	89,	
858–866.

Six,	D.	L.,	Stone,	W.	D.,	de	Beer,	W.	Z.,	&	Woolfolk,	S.	W.	(2009).	Ambrosiella 
beaveri,	sp.	nov.,	associated	with	an	exotic	ambrosia	beetle,	Xylosandrus 
mutilatus	 (Coleoptera:	Curculionidae,	Scolytinae),	 in	Mississippi,	USA.	
Antonie van Leeuwenhoek,	96,	17–29.

Solheim,	 H.,	 &	 Krokene,	 P.	 (1998).	 Growth	 and	 virulence	 of	 mountain	
pine	 beetle	 associated	 blue-	stain	 fungi,	 Ophiostoma clavigerum	 and	
Ophiostoma montium. Canadian Journal of Botany,	76,	561–566.

Spatafora,	J.	W.,	Sung,	G.	H.,	Johnson,	D.,	Hesse,	C.,	O’Rourke,	B.,	Serdani,	
M.,	…	Schoch,	C.	L.	(2006).	A	five-	gene	phylogeny	of	Pezizomycotina.	
Mycologia,	98,	1018–1028.

Suzuki,	 S.,	 Taketani,	 H.,	 Kusumoto,	 K.,	 &	 Kashiwagi,	 Y.	 (2006).	 High-	
throughput	genotyping	of	filamentous	fungus	Aspergillus oryzae	based	
on	colony	direct	polymerase	chain	 reaction.	Journal of Bioscience and 
Bioengineering,	102,	572–574.

Swofford,	D.	L.	 (2003).	PAUP*. Phylogenetic analysis using parsimony (*and 
other methods). Version 4.	Sunderland,	MA:	Sinauer	Associates.

Takagi,	K.,	&	Kaneko,	T.	(1966).	Biology	of	some	scolytid	ambrosia	beetles	
attacking	tea	plant	V	chromosome	numbers	and	sex	determination	of	
tea	root	borer,	Xyleborus germanus	Blandford	(Coleoptera:	Scolytidae).	
Applied Entomology and Zoology,	1,	29–31.



     |  9217ITO and KaJIMURa

Tamura,	 K.,	 Dudley,	 J.,	 Nei,	 M.,	 &	 Kumar,	 S.	 (2007).	MEGA4:	Molecular	
Evolutionary	Genetics	Analysis	(MEGA)	software	version	4.0.	Molecular 
Biology and Evolution,	24,	1596–1599.

Vega,	 F.	 E.,	&	Blackwell,	M.	 (2005).	 Insect-fungal associations ecology and 
evolution	(p.	333).	New	York,	NY:	Oxford	University	Press.

Walsh,	P.	S.,	Metzger,	D.	A.,	&	Higuchi,	R.	(1991).	Chelex	100	as	a	medium	
for	simple	extraction	of	DNA	for	PCR-	based	typing	from	forensic	ma-
terial.	BioTechniques,	10,	506–513.

Wanat,	M.,	&	Mokrzycki,	T.	(2005).	A	new	checklist	of	the	weevils	of	Poland	
(Coleoptera:	Curculionoidea).	Genus,	16,	69–117.

Weber,	 B.	 C.,	 &	McPherson,	 J.	 E.	 (1983a).	 Life	 history	 of	 the	 ambrosia	
beetle	 Xylosandrus germanus	 (Coleoptera:	 Scolytidae).	 Annals of the 
Entomological Society of America,	76,	455–462.

Weber,	 B.	 C.,	 &	 McPherson,	 J.	 E.	 (1983b).	World	 list	 of	 host	 plants	 of	
Xylosandrus germanus	 (Blandford)	 (Coleoptera:	 Scolytidae).	 The 
Coleopterists Bulletin,	37,	114–134.

Weber,	B.	C.,	&	McPherson,	J.	E.	(1984).	Attack	on	black	walnut	trees	by	the	
ambrosia	beetle	Xylosandrus germanus	 (Coleoptera:	Scolytidae).	Forest 
Science,	30,	864–870.

White,	T.	J.,	Bruns,	T.,	Lee,	S.,	&	Taylor,	J.	(1990).	Amplification	and	direct	
sequencing	 of	 fungal	 ribosomal	 RNA	 genes	 for	 phylogenetics.	 In	M.	

A.	 Innis,	D.	H.	Gelfand,	J.	J.	 Sninsky,	&	T.	J.	White	 (Eds.),	PCR proto-
cols, a guide to methods and applications	(pp.	315–322).	San	Diego,	CA:	
Academic	Press.

Wood,	S.	L.	 (1982).	The	bark	and	ambrosia	beetles	of	North	and	Central	
America	(Coleoptera:	Scolytidae),	a	taxonomic	monograph.	Great Basin 
Naturalist Memoirs,	6,	1–1359.

Wood,	S.	L.,	&	Bright,	D.	E.	(1993).	A	catalog	of	Scolytidae	and	Platypodidae	
(Coleoptera),	part	2:	Taxonomic	index.	Great Basin Naturalist Memoirs,	
13,	1–1553.

Yang,	Q.	F.,	Ye,	H.	Z.,	&	Zhang,	M.	(2008).	Composition	and	variety	of	the	
ambrosia	fungi	associated	with	ambrosia	beetle,	Xylosandrus germanus 
(Blandford).	Acta Entomologica Sinica,	51,	595–600.

How to cite this article:	Ito	M,	Kajimura	H.	Landscape-	scale	
genetic	differentiation	of	a	mycangial	fungus	associated	with	
the	ambrosia	beetle,	Xylosandrus germanus	(Blandford)	
(Curculionidae:Scolytinae)	in	Japan.	Ecol Evol. 2017;7:9203–
9221. https://doi.org/10.1002/ece3.3437

https://doi.org/10.1002/ece3.3437


9218  |     ITO and KaJIMURa

APPENDIX  1   List	of	cultural	types	and	haplotypes	of	symbiotic	fungi	isolated	from	mycangia	of	Xylosandrus germanus	and	haplotypes	of	
X. germanus	samples

Acronyma ID Cultural types

Fungus haplotypes
Insect 
haplotypes

18S 28S β- tubulin Three locib COI

HKF HKF-	01 Type-	I 01 01 01 01 01

HKF-	02 Type-	I 01 01 01 01 01

HKF-	03 Type-	I 01 02 01 02 01

HKF-	04 Type-	I 01 02 01 02 01

HKF-	05 Type-	I 01 02 01 02 01

HKF-	06 Type-	I 01 01 01 01 01

HKF-	07 Type-	I 01 01 01 01 01

HKF-	08 Type-	I 01 02 01 02 02

HKF-	09 Type-	I 01 02 01 02 01

HKF-	10 Type-	I 01 02 01 02 01

HKF-	11 Type-	II 02 01 05 09 14

HKF-	12 Type-	II 02 01 05 09 14

HKF-	13 Type-	II 02 01 05 09 15

HKF-	14 Type-	II 02 01 05 09 15

HKF-	15 Type-	II 02 01 05 09 15

HKF-	16 Type-	III 01 04 06 10 20

HKF-	17 Type-	III 01 04 06 10 20

HKF-	18 Type-	III 01 04 06 10 20

HKF-	19 Type-	III 01 04 06 10 20

HKF-	20 Type-	III 01 04 06 10 20

HKF-	21 Type-	III 01 04 06 10 20

HKF-	22 Type-	III 01 04 06 10 20

HKF-	23 Type-	III 01 05 06 11 20

HKF-	24 Type-	III 01 04 06 10 20

HKF-	25 Type-	III 01 04 06 10 20

HKS HKS-	01 Type-	I 01 02 01 02 01

HKS-	02 Type-	I 01 01 02 03 01

HKS-	03 Type-	I 01 01 01 01 01

HKS-	04 Type-	I 01 01 01 01 01

HKS-	05 Type-	I 01 02 01 02 01

HKS-	06 Type-	I 01 02 01 02 01

HKS-	07 Type-	I 01 02 01 02 01

HKS-	08 Type-	I 01 02 01 02 01

HKS-	09 Type-	I 01 02 01 02 01

HKS-	10 Type-	I 01 02 01 02 01

HKS-	11 Type-	II 02 01 05 09 15

IWI IWI-	01 Type-	I 01 02 01 02 03

IWI-	02 Type-	I 01 02 02 04 03

IWI-	03 Type-	I 01 02 01 02 03

IWI-	04 Type-	I 01 02 02 04 03

IWI-	05 Type-	II 02 01 05 09 15

IWI-	06 Type-	II 02 01 05 09 15

IWI-	07 Type-	II 02 01 05 09 15

(Continues)
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Acronyma ID Cultural types

Fungus haplotypes
Insect 
haplotypes

18S 28S β- tubulin Three locib COI

YMT YMT-	01 Type-	I 01 02 03 05 03

YMT-	02 Type-	I 01 01 02 03 03

YMT-	03 Type-	I 01 02 03 05 04

YMT-	04 Type-	I 01 02 02 04 03

YMT-	05 Type-	I 01 01 01 01 05

YMT-	06 Type-	I 01 02 02 04 03

YMT-	07 Type-	I 01 02 01 02 05

YMT-	08 Type-	I 01 02 02 04 05

YMT-	09 Type-	I 01 02 01 02 04

YMT-	10 Type-	I 01 02 02 04 03

YMT-	11 Type-	III 01 04 06 10 20

SIC SIC-	01 Type-	II 01 01 05 08 15

SIC-	02 Type-	II 02 01 05 09 15

SIC-	03 Type-	II 02 01 05 09 15

SIC-	04 Type-	II 02 01 05 09 15

SIC-	05 Type-	II 02 01 05 09 15

SIC-	06 Type-	II 02 01 05 09 15

SIC-	07 Type-	II 02 01 05 09 15

SIC-	08 Type-	II 02 01 05 09 15

SIC-	09 Type-	II 02 01 05 09 15

SIC-	10 Type-	II 02 01 05 09 15

NGM NGM-	01 Type-	I 01 02 03 05 03

NGM-	02 Type-	I 01 02 03 04 06

NGC NGC-	01 Type-	II 02 01 05 09 15

NGC-	02 Type-	II 02 01 05 09 16

NGC-	03 Type-	II 02 01 05 09 16

NGC-	04 Type-	II 02 01 05 09 16

NGC-	05 Type-	II 02 01 05 09 15

NGC-	06 Type-	II 02 01 05 09 16

NGC-	07 Type-	II 02 01 05 09 16

NGC-	08 Type-	II 02 01 05 09 15

NGC-	09 Type-	II 02 01 05 09 16

NGC-	10 Type-	II 02 01 05 09 16

NGS NGS-	01 Type-	I 01 01 02 03 07

NGS-	02 Type-	I 01 02 02 03 07

NGS-	03 Type-	I 01 01 02 04 08

NGS-	04 Type-	I 01 01 02 03 07
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Acronyma ID Cultural types

Fungus haplotypes
Insect 
haplotypes

18S 28S β- tubulin Three locib COI

TYN TYN-	01 Type-	I 01 01 02 03 03

TYN-	02 Type-	I 01 02 02 04 03

TYN-	03 Type-	I 01 02 — — 10

TYN-	04 Type-	I 01 02 02 04 11

TYN-	05 Type-	I 01 01 02 03 11

TYN-	06 Type-	I 01 02 03 05 03

TYN-	07 Type-	I 01 02 01 02 03

TYN-	08 Type-	I 01 01 02 03 11

TYN-	09 Type-	I 01 02 03 05 03

TYN-	10 Type-	I 01 02 04 06 03

AIT AIT-	01 Type-	I 01 02 03 05 03

AIT-	02 Type-	I 01 01 02 03 03

AIT-	03 Type-	I 01 01 02 03 03

AIT-	04 Type-	I 01 01 02 03 03

AIT-	05 Type-	I 01 01 02 03 03

AIT-	06 Type-	I 01 01 02 03 09

AIT-	07 Type-	I 01 01 02 03 03

AIT-	08 Type-	I 01 01 02 03 03

AIT-	09 Type-	I 01 01 02 03 03

AIT-	10 Type-	I 01 01 02 03 03

KTN KTN-	01 Type-	I 01 02 03 05 03

KTN-	02 Type-	I 01 02 03 05 03

KTN-	03 Type-	I 01 02 03 05 03

KTN-	04 Type-	I 01 02 01 02 11

KTN-	05 Type-	I 01 02 03 05 03

KTN-	06 Type-	I 01 01 02 03 03

KTN-	07 Type-	I 01 02 03 05 12

KTN-	08 Type-	I 01 01 02 03 03

KTN-	09 Type-	I 01 02 03 05 03

KTN-	10 Type-	I 01 02 02 04 03

WKT WKT-	01 Type-	I 01 02 03 05 03

HRM HRM-	01 Type-	I 01 03 03 07 03

HRM-	02 Type-	I 01 02 — — 03

HRM-	03 Type-	I 01 02 03 05 03

HRM-	04 Type-	I 01 02 03 05 03

HRM-	05 Type-	I 01 02 03 05 03

HRM-	06 Type-	I 01 02 03 05 13

HRM-	07 Type-	I 01 02 03 05 03

HRM-	08 Type-	I 01 02 03 05 03

HRM-	09 Type-	I 01 02 03 05 03

HRM-	10 Type-	I 01 02 03 05 03

HRM-	11 Type-	I 01 02 03 05 03
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Acronyma ID Cultural types

Fungus haplotypes
Insect 
haplotypes

18S 28S β- tubulin Three locib COI

KUH KUH-	01 Type-	II 02 01 05 09 17

KUH-	02 Type-	II 02 01 05 09 17

KUH-	03 Type-	II 02 01 05 09 17

KUH-	04 Type-	II 02 01 — — 18

KUH-	05 Type-	II 02 01 05 09 17

KUH-	06 Type-	II 02 01 05 09 17

KUH-	07 Type-	II 01 01 05 08 19

KUH-	08 Type-	II 02 01 05 09 17

KUH-	09 Type-	II 01 01 05 08 17

KUH-	10 Type-	II 01 01 05 08 17
a	Site	names	are	defined	in	Table	1.
b	Conbined	18S	rDNA,	28S	rDNA	and	β-	tubulin	gene.
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