
© 2023   Naturalis Biodiversity Center & Westerdijk Fungal Biodiversity Institute

You are free to share - to copy, distribute and transmit the work, under the following conditions:
Attribution:	 You	must	attribute	the	work	in	the	manner	specified	by	the	author	or	licensor	(but	not	in	any	way	that	suggests	that	they	endorse	you	or	your	use	of	the	work).
Non-commercial:	 You	may	not	use	this	work	for	commercial	purposes.
No	derivative	works:	 You	may	not	alter,	transform,	or	build	upon	this	work.
For	any	reuse	or	distribution,	you	must	make	clear	to	others	the	license	terms	of	this	work,	which	can	be	found	at	https://creativecommons.org/licenses/by-nc-nd/4.0/.	Any	of	the	above	conditions	can	be	waived	
if	you	get	permission	from	the	copyright	holder.	Nothing	in	this	license	impairs	or	restricts	the	author’s	moral	rights.

Persoonia 51, 2023: 229–256 ISSN	(Online)	1878-9080
www.ingentaconnect.com/content/nhn/pimj	 https://doi.org/10.3767/persoonia.2023.51.06RESEARCH  ARTICLE

Citation:	Xiao	XE,	Liu	YD,	Zheng	F,	et	al.	2023.	High	species	diversity	in	Diaporthe	associated	with	citrus	diseases	in	China.	
Persoonia	51:	229–256.	https://doi.org/10.3767/persoonia.2023.51.06.
Effectively	published	online:	27	November	2023	[Received:	17	February	2023;	Accepted:	8	September	2023].

INTRODUCTION

Citrus	is	one	of	the	most	important	fruit	crops	in	the	world.	China	
represents one of the centres of origin for Citrus, with more 
than	4	000	years	of	cultivation	history	(Deng	et	al.	2008,	Wu	et	
al.	2018,	Guo	et	al.	2019).	Citrus is widely grown in southern 
China	with	a	production	of	46.7	M	tons	in	2021	(FAO	2021),	
making China the largest producer of Citrus.	However,	fungal	
diseases associated with Citrus, especially dieback, gummosis, 
canker, melanose and stem-end rot caused by Diaporthe spe-
cies,	are	commonly	encountered	in	orchards.	These	diseases	
can severely impact Citrus production, including affecting tree 

vigour or even resulting in tree death, as well as reducing fruit 
production	and	marketability	(Cai	et	al.	2011,	Chen	et	al.	2014).
The	genus	Diaporthe	 (syn.	Phomopsis)	was	established	by	
Nitschke	(1870)	with	D. eres	as	the	type	species.	Species	in	
this genus have a cosmopolitan distribution and broad host 
range, occurring as endophytes, saprobes and plant patho-
gens	(Santos	&	Phillips	2009,	Santos	et	al.	2011,	Udayanga	
et	al.	2011,	2012,	2015,	Gomes	et	al.	2013,	Dissanayake	et	
al.	2017,	Yang	et	al.	2018).	The	identification	of	Diaporthe has 
traditionally relied mainly on host associations and morpholo-
gical characteristics such as shape and size of ascomata, asci, 
ascospores,	 conidiomata,	 conidia	 and	 conidiophores	 (Weh-
meyer	1933,	Uecker	1988,	Rehner	&	Uecker	1994,	Mostert	 
et	al.	2001a,	Udayanga	et	al.	2011).	Previous	studies	have	iden-
tified	more	than	2	000	species	names	as	belonging	to Diaporthe 
and Phomopsis	(Index	Fungorum,	http://www.indexfungorum.
org/,	accessed	25	July	2022).	However,	there	has	been	some	
controversy over the reliance on host tree association and 
morphological	features	for	species	identifications	in	this	genus.	
Indeed, studies have shown that morphological features for 
many Diaporthe species are not always stable, as they may 
change	 in	 response	 to	 environmental	 changes	 (Wehmeyer	
1933,	Nitimargi	1935,	Gomes	et	al.	2013).	With	the	development	
of	molecular	phylogenetics,	Rehner	&	Uecker	(1994)	used	inter-
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Abstract   Species in Diaporthe have broad host ranges and cosmopolitan geographic distributions, occurring as 
endophytes,	saprobes	and	plant	pathogens.	Previous	studies	have	indicated	that	many	Diaporthe species are as-
sociated with Citrus.	To	further	determine	the	diversity	of	Diaporthe species associated with citrus diseases in China, 
we	conducted	extensive	surveys	in	major	citrus-producing	areas	from	2017–2020.	Diseased	tissues	were	collected	
from leaves, fruits, twigs, branches and trunks showing a range of symptoms including melanose, dieback, gummosis, 
wood	decay	and	canker.	Based	on	phylogenetic	comparisons	of	DNA	sequences	of	the	internal	transcribed	spacer	
regions	(ITS),	calmodulin	(cal ),	histone	H3	(his3),	translation	elongation	factor	1-alpha	(tef1)	and	beta-tubulin	(tub2),	
393	isolates	from	10	provinces	were	identified	as	belonging	to	36	species	of	Diaporthe, including 32 known species, 
namely D. apiculata, D. biconispora, D. biguttulata, D. caryae, D. citri, D. citriasiana, D. compacta, D. discoidispora, 
D. endophytica, D. eres, D. fusicola, D. fulvicolor, D. guangxiensis, D. hongkongensis, D. hubeiensis, D. limonicola, 
D. litchii, D. novem, D. passifloricola, D. penetriteum, D. pescicola, D. pometiae, D. sackstonii, D. sennicola, D. sojae, 
D. spinosa, D. subclavata, D. tectonae, D. tibetensis, D. unshiuensis, D. velutina and D. xishuangbanica, and four 
new species, namely D. gammata, D. jishouensis, D. ruiliensis and D. sexualispora. Among the 32 known species, 
14	are	reported	for	the	first	time	on Citrus, and	two	are	newly	reported	from	China.	Among	the	36	species,	D. citri 
was	the	dominant	species	as	exemplified	by	its	high	frequency	of	isolation	and	virulence.	Pathogenicity tests indi-
cated that most Diaporthe species obtained in this study were weakly aggressive or non-pathogenic to the tested 
citrus varieties.	Only	D. citri produced the longest lesion lengths on citrus shoots and induced melanose on citrus 
leaves.	These	results	further	demonstrated	that	a	rich	diversity	of	Diaporthe species occupy Citrus, but only a few 
species are harmful and D. citri is the main pathogen for Citrus	in	China.	The	present	study	provides	a	basis	from	
which	targeted	monitoring,	prevention	and	control	measures	can	be	developed.

http://www.indexfungorum.org/
http://www.indexfungorum.org/
mailto:hyli%40zju.edu.cn?subject=
http://www.ingentaconnect.com/content/nhn/pimj
http://www.indexfungorum.org/
http://www.indexfungorum.org/
mailto:hyli%40zju.edu.cn?subject=
mailto:hyli%40zju.edu.cn?subject=
mailto:hyli%40zju.edu.cn?subject=


230 Persoonia – Volume 51, 2023

nal transcribed spacer sequences	(ITS1	and	ITS2)	to	conduct	a	
phylogenetic analysis of Diaporthe isolates from different hosts 
and	regions.	These	results	further	demonstrated	that	species	in	
Diaporthe	were	not	host-specific,	but	that	many	species	have	
broad	host	 ranges	 that	overlap	with	each	other. Since then, 
molecular	identification	has	been	widely	applied	in	Diaporthe 
(Uddin	et	al.	1998,	Mostert	et	al.	2001a,	b,	Murali	et	al.	2006,	
Van	Rensburg	et	al.	2006,	Santos	et	al.	2011,	Udayanga	et	
al.	2012,	Gomes	et	al.	2013).	A	polyphasic	approach	based	
on a combination of morphological characteristics, multi-locus 
phylogenetic and phytopathological analyses is commonly 
used	for	the	identification	of	Diaporthe	species	(Guarnaccia	&	
Crous	2017,	2018,	Guarnaccia	et	al.	2018,	Guo	et	al.	2020).	In	
phylogenetic	analyses,	five	loci,	namely	the	internal	transcribed	
spacer	 regions	 (ITS),	 calmodulin	 (cal),	 histone	H3	 (his3),	
translation	 elongation	 factor	 1-alpha	 (tef1)	 and	 beta-tubulin	
(tub2),	have	been	considered	as	the	optimal	combination	for	
Diaporthe species delimitation	(Santos	et	al.	2017), and have 
been	 commonly	 used	 for	molecular	 identification	 in	 recent	
studies (Guarnaccia	&	Crous	2017,	2018,	Guarnaccia	et	al.	
2018,	Yang	et	al.	2018,	Manawasinghe	et	al.	2019,	Guo	et	al.	
2020,	Sun	et	al.	2021).
Previous studies have shown that many species of Diaporthe 
are associated with Citrus.	Diaporthe citri represents one of 
the most important pathogens in Citrus, causing gummosis or 
blight of perennial branches and trunks, stem-end rot of fruits, 
and melanose of fruits, young leaves and shoots (Mondal	et	
al.	2007,	Huang	et	al.	2013,	Udayanga	et	al.	2014b).	Of	these	
symptoms, the most concerning is melanose, which affects 
all Citrus species and occurs in most citrus-growing regions 
worldwide	(Timmer	et	al.	2000,	Huang	et	al.	2013,	Udayanga	
et	al.	2014a,	Guarnaccia	&	Crous	2018,	Chaisiri	et	al.	2022).	
Based	on	morphology,	multigene	phylogeny	(ITS,	cal, tef1 and 
tub2)	and	pathogenicity	 traits	of	Diaporthe isolates obtained 
from	citrus	fruits	and	shoots,	Huang	et	al.	(2013)	revealed	that	
D. citri was the dominant species responsible for citrus mela-
nose	in	China,	and	two	new	taxa	(D. citriasiana and D. citri
chinensis)	were	 described.	However,	 isolates	 in	 that	 study	
mainly came from citrus melanose tissues, and seldom from 
diseased	branches.	In	a	subsequent	study,	Huang	et	al.	(2015)	
obtained eight known and seven novel Diaporthe species from 
asymptomatic citrus tissues in China, suggesting a high species 
diversity of Diaporthe in	China.	Based	on	DNA	sequences	from	
ITS,	cal, his3, tef1 and tub2	gene	regions,	Guarnaccia	&	Crous	
(2017)	conducted	a	 large-scale	survey	for	citrus	branch	dis-
eases in Europe and reported that three known and two newly 
described Diaporthe species were associated with Citrus in 
Europe.	Pathogenicity	tests	demonstrated	that	these	five	spe-
cies	exhibited	different	levels	of	aggressiveness.	While	D. citri 
was not reported in this survey, it was found associated with 
shoot blight on Citrus reticulata in another survey conducted on 
small	islands	of	Portugal	(Guarnaccia	&	Crous	2018).	Based	
on	DNA	sequences	at	five	gene	loci	(ITS,	cal, his3, tef1 and 
tub2),	Chaisiri	 (2018)	 reported	22	known	Diaporthe species 
obtained	from	citrus	tissues	with	melanose	symptoms	in	Jiangxi	
Province,	China,	13	of	which	represented	first	reports	on	citrus.	
However,	pathogenicity	results	revealed	only	D. passifloricola 
as pathogenic to citrus fruits, while the pathogenicity status 
of	the	other	species	remained	unresolved.	In	a	recent	study,	
Cui	et	al.	(2021)	reported	two	Diaporthe	species	(D. taoicola 
and D. siamensis)	 identified	by	morphology	and	multi-locus	
phylogeny	of	ITS,	tef1 and tub2, on C. sinensis causing fruit 
rot	 in	China,	and	 their	pathogenicity	was	confirmed	 through	
artificial	inoculation	on	healthy	fruits	of	C. sinensis.	Similarly,	
Dong	et	al.	(2021)	identified	11	endophytic	Diaporthe species, 
including two novel species, isolated from healthy tissues of 
C. grandis	(Table	1).	

Based	on	these	findings,	it	is	clear	that	a	rich	and	diverse	as-
sembly of Diaporthe species occur on Citrus	in	China.	Indeed,	
the	fact	that	Chaisiri	(2018)	isolated	so	many	Diaporthe species 
from	melanose	 samples	 in	 Jiangxi	 province	alone	 suggests	
that there are likely more undiscovered Diaporthe species on 
Citrus.	In	addition,	most	attention	was	paid	to	the	symptoms	
of	melanose	on	young	leaves,	shoots	and	fruits	(Huang	et	al.	
2013,	Chaisiri	et	al.	2021,	Zeng	et	al.	2021),	and	few	studies	
have addressed the species diversity of Diaporthe on infected 
citrus	branches	in	China.	Moreover,	previous	surveys	have	been	
limited	in	scope,	or	had	relatively	small	sample	sizes.	Consider-
ing	the	expansion	of	citrus	planting	areas	and	the	replacement	
of citrus varieties in China in recent years, Diaporthe species 
and populations on Citrus	may	have	also	changed	over	time.	
Furthermore, the pathogenicity of most reported species has 
not been tested, and their potential economic impact on Citrus 
remains	unknown.	During	2017–2020,	 a	 large-scale	 survey	
of citrus diseases was therefore conducted in all major citrus 
production	regions	in	China.	The	host	investigated	included	all	
species in Citrus	genus	in	China,	and	allied	genera	(Fortunella, 
Poncirus)	in	the	Rutaceae	family.	The	objectives	of	this	study	
were	to:	a)	identify	the	species	of	Diaporthe associated with 
citrus diseases, especially branch diseases based on morpho-
logical	traits	and	phylogenetic	analysis;	b)	identify	the	dominant	
species associated with Citrus	diseases;	and	c)	determine	the	
potential risk to Citrus of Diaporthe species other than D. citri.

MATERIALS AND METHODS

Sampling and isolation
From	2017	to	2020,	diseased	citrus	samples	showing	dieback,	
decay, canker and gummosis of twigs, branches and trunks, 
and melanose of fruits, leaves and shoots were collected from 
the major citrus-cultivation regions in 10 provinces of China, 
including	Chongqing,	Fujian,	Guangdong,	Guizhou,	Hunan,	
Jiangxi,	Shanghai,	Sichuan,	Yunnan	and	Zhejiang.	The	investi-
gated citrus species included C.	limon, C.	maxima, C. reticulata, 
C. sinensis, Fortunella margarita, Poncirus trifoliata and hy-
brids.	Whenever	possible,	multiple	samples	of	diseased	tissues	
at	each	site	and	each	host	tree	species	were	collected.	The	
isolation of fungal strains was conducted following the protocol 
of	Xiao	et	al.	 (2021).	Type	specimens	of	new	species	were	
deposited	 in	Zhejiang	University,	and	ex-type	 living	cultures	
were	deposited	in	the	China	General	Microbiological	Culture	
Collection	Centre	(CGMCC),	Beijing,	China.

DNA extraction, PCR amplification and sequencing
Isolates	used	for	DNA	extraction	were	grown	on	potato	dex-
trose	agar	(PDA,	200	g	potatoes,	20	g	glucose	and	15	g	agar/L	
water)	and	incubated	at	25 °C.	Genomic	DNA	was	extracted	
from	axenic	cultures	according	to	the	Cetyl	trimethylammonium	
bromide	(CTAB)	method	(Van	Burik	et	al.	1998).	Partial	regions	
of	 five	 loci	were	amplified.	The	 internal	 transcribed	 spacers	
(ITS)	of	the	nuclear	ribosomal	gene	cluster	were	amplified	with	
primers	ITS1	and	ITS4	(White	et	al.	1990).	Part	of	the	calmo-
dulin	(cal)	was	amplified	with	primers	CAL228F	and	CAL737R	
(Carbone	&	Kohn	1999);	histone	H3	gene	(his3)	was	amplified	
with	primers	CYLH3F	(Crous	et	al.	2004)	and	H3-1b	(Glass	
&	Donaldson	1995);	the	translation	elongation	factor	1-alpha	
gene	(tef1)	was	amplified	with	primers	EF1-688F	(Alves	et	al.	
2008)	or	EF1-728F	and	EF1-986R	(Carbone	&	Kohn	1999),	
and	the	beta-tubulin	gene	(tub2)	was	amplified	with	Bt2a	and	
Bt2b	(Glass	&	Donaldson	1995).	All	amplification	reactions	were	
performed in a total volume of 25 μL	mixture	consisted	of	12.5	μL 
of 2×	Taq	Master	Mix	(Dye	Plus)	(Vazyme),	9.5	μL	ddH2O,	1 μL 
of each forward and reverse primer, and 1 μL	DNA	template.	
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The	amplification	conditions	consisted	of	an	initial	denaturation	
step	at	94 °C for 5 min, followed by 35 cycles of denaturation 
at	94 °C for 30 s, annealing at a suitable temperature for 30 s 
(55 °C	for	ITS,	54 °C for cal,	57 °C for his3, 55 °C for tef1 and 
tub2),	 and	extension	at	 72 °C for 1 min,	 followed	by	a	 final	
extension	at	72 °C for 5 min.	The	PCR	products	were	sent	to	
Shangya	Biotechnology	(Hangzhou,	China)	 for	Sanger	DNA	
sequencing.	The	nucleotide	sequences	were	assembled	and	
edited	with	MEGA	v.	7.0.26	(Kumar	et	al.	2016).	Sequences	
obtained	in	this	study	were	deposited	in	the	GenBank	nucleotide	
database	(http://www.ncbi.nlm.nih.gov;	Table	2).

Phylogenetic analyses
Sequences	obtained	in	this	study	were	generated	and	com-
pared	against	the	NCBIs	GenBank	nucleotide	datasets	(https://
blast.ncbi.nlm.nih.gov/Blast.cgi)	to	determine	the	closest	rela- 
tives	for	a	taxonomic	framework	of	the	studied	isolates.	Align-
ments	 of	 the	 five	 individual	 loci	 (ITS,	cal, his3, tef1, tub2),	
including	sequences	obtained	from	this	study	and	those	down-
loaded	 from	GenBank	 (Table	3),	were	 initially	performed	by	
using	MAFFT	v.	7	online	service	(https://mafft.cbrc.jp/alignment/
server/index.html)	(Katoh	et	al.	2019),	with	iterative	refinement	
methods	 (FFT-NS-i),	 and	 then	manually	 edited	with	MEGA	
v.	7.0.26	software.	
Two	separate	phylogenetic	analyses	were	conducted	based	
on concatenated loci for the D. eres	species	complex	and	the	
remaining Diaporthe	spp.	 included	 in	 this	study.	Because	of	
heterogeneity	among	copies	of	the	ITS	sequences	within	strains	
of the D. eres	species	complex,	the	analysis	of species within 
this	species	complex	may	 lead	 to	overestimation	of	species	
diversity	(Udayanga	et	al.	2014a).	Therefore,	only	the cal, his3, 
tef1 and tub2	sequences	were	combined	for	the	phylogenetic	
analyses of the D. eres	species	complex.	Phylogenetic	ana-
lyses of the remaining species were performed for combined 
sequences	of	ITS,	cal, his3, tef1 and tub2.	The	Incongruence	
Length	Difference	test	(ILD)	was	conducted	in	PAUP	(Phylo-
genetic	Analysis	Using	Parsimony)	v.	4.0b10	(Swofford	2002)	
to	determine	if	a	conflict	existed	among	these	four	or	five	loci	
datasets	were	concatenated	(Farris	et	al.	1994,	Cunningham	
1997).	 Bayesian	 inference	 (BI)	 analyses	were	 conducted	
using	MrBayes	v.	3.2.7	(Ronquist	&	Huelsenbeck	2003),	and	
MrModeltest	 v.	2.4	 (Nylander	 2004)	was	used	 to	 determine	
the	best	nucleotide	substitution	model	for	each	partition.	The	
Markov	Chain	Monte	Carlo	(MCMC)	analyses	used	four	simul-
taneous chains and started from random trees for 100 000 000 
generations	and	 trees	were	 sampled	every	10	generations.	
Analyses stopped automatically when standard deviation of 
split	frequencies	fell	below	0.01.	The	burn-in	fraction	was	set	
to	0.25,	after	which	the	50	%	majority	rule	consensus	trees	and	
posterior	probability	(PP)	values	were	calculated.
Maximum-likelihood	(ML)	analyses	for	each	dataset	were	per-
formed	on	the	multi-locus	alignment	using	IQtree	v.	2.1.3	(Nguyen	 
et	al.	2015),	and	selected	the	GTR	site	substitution	model	to	
conduct	analyses.	Bootstrap	analysis	was	conducted	with	1	000	
replicates	to	evaluate	branch	support	(Hillis	&	Bull	1993).	For	
both	BI	and	ML	analyses,	the	phylogenetic	trees	were	viewed	
in	 FigTree	 v.	1.4.4	 (http://tree.bio.ed.ac.uk/software/figtree).	
Aligned datasets and phylogenetic trees were deposited in 
TreeBASE	(http://treebase.org;	study	number	S30134).

Morphology
To	observe	sporocarps,	we	induced	sporulation	by	inoculating	
isolates	onto	2	%	PDA,	and	2	%	tap	water	agar	supplemented	
with	sterile	pine	needles	(PNA)	(Smith	et	al.	1996)	and	alfalfa	
stems	(ASA)	(Udayanga	et	al.	2014b).	Cultures	were	incubated	

at	 25	°C	 in	12/12	h	 fluorescent	 light/dark	 cycle.	Sporocarps	
were	embedded	in	a	Leica	Biosystem	Tissue	Freezing	Medium	
(Leica	Biosystems	Nussloch	GmbH,	Nussloch,	Germany)	and	
sectioned	(5–8	μm	thick)	using	a	freezing	microtome	(CryoStar	
NX50	HOP,	Thermo	Fisher	Scientific,	Walldorf,	Germany)	at	
-20	°C	(Chen	et	al.	2018).	Morphological	observations	of	repro-
ductive	structures	were	examined	with	a	compound	microscope	
(Eclipse	80i,	Nikon,	Japan)	and	images	were	recorded	with	a	
Nikon	digital	camera	(NIS-Elements	F3.0,	Nikon,	Japan).	Mea-
surements	were	made	with	Fiji-ImageJ	software	 (Schindelin	
et	al.	2012).	Fifty	conidia	were	measured	per	isolate,	and	30	
measurements	were	taken	of	other	morphological	structures.	
Colony morphology was characterised from cultures grown on  
PDA,	malt	extract	agar	(MEA,	15	g	malt	extract	and	15	g	agar /L	
water)	and	oatmeal	agar	(OA,	30	g	oatmeal	and	15	g	agar/L	
water)	after	15	d	at	25	°C	in	12/12	h	fluorescent	light /dark	cycle,	
and colony colours were determined according to the colour 
charts	of	Rayner	(1970).

Pathogenicity tests
Two	 representative	 isolates	 from	each	 identified	Diaporthe 
species,	except	for	those	with	only	one	isolate,	were	selected	
for	pathogenicity	testing	in	this	study.	Given	that	Diaporthe is 
widely distributed on citrus, citrus varieties were randomly se-
lected	for	pathogenicity	tests.	Inoculation	tests	were	conducted	
both	in	shoots	and	leaves.	For	shoot	inoculation,	the	pathoge-
nicity test was conducted in vitro first.	Healthy	green	shoots	
(0.6–1.5	cm	diam)	were	collected	from	C. paradisi trees and 
C. reticulata	cv.	ponkan	trees,	and	10	shoots	were	inoculated	
with	each	isolate.	Shoots	were	superficially	wounded	between	
two	nodes	using	a	cork	borer	(5	mm	diam).	Inoculations	were	
conducted	by	placing	a	7-d-old,	5	mm	diam	mycelial	plug	from	
the	margins	of	colonies	on	a	wound.	The	inoculated	area	was	
covered	with	Parafilm.	The	 negative	 control	 treatment	was	
inoculated	with	sterile	PDA	plugs.	The	inoculated	shoots	were	
covered	with	paraffin	at	their	ends	to	prevent	desiccation	and	
incubated	at	25	°C	in	moist	chambers.	Following	inoculation,	
the disease incidences were calculated and the internal lesions 
or	wound	lengths	were	measured.	Data	were	analysed	by	one-
way	analysis	of	variance	(ANOVA)	using	SPSS	Statistics	20	
software	(SPSS	2011).	
Based on the results of in vitro inoculation, isolates with dif-
ferent pathogenicity were selected for in vivo inoculation on 
healthy plants of C. limon,	citrus	hybrid	cv.	cocktail	grapefruit 
and F. margarita.	Each	representative	isolate,	as	well	as	the	
control,	was	inoculated	onto	five	shoots.	After	10	d,	the	symp-
toms	were	assessed.
Pathogenicity tests on leaves were performed on seedlings 
of C. tangerina	cv.	Hongjv,	plants	of	C. limon and C. sinensis.	
Based on the pathogenicity test results of shoots, only moder-
ate to highly aggressive isolates were selected for testing on 
leaves.	Conidial	suspensions	were	used	for	inoculation,	at	a	
concentration of 105–106	conidia /mL.	Firstly,	alcohol-soaked	
cottonwool	was	used	to	disinfect	the	leaf	surface.	After	air	dry-
ing, conidial suspensions were spread on the leaf surface, and 
finally	the	inoculated	seedlings	were	each	enclosed	in	a	plastic	
bag to ensure high humidity, and the bag was removed after 
3	d.	The	negative	control	treatment	was	sprayed	with	sterile	
water.	Three	seedlings	or	shoots	with	newly	generated	leaves	
were	inoculated	for	each	isolate.	To	confirm	Koch’s	postulates,	
the inoculated fungi were re-isolated by cutting small pieces of 
necrotic tissue from the edges of each lesion and plating them 
onto	PDA	plates	at	25	°C.	Species	identities	were	confirmed	
based	on	morphology.

http://www.ncbi.nlm.nih.gov
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://mafft.cbrc.jp/alignment/server/index.html
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http://tree.bio.ed.ac.uk/software/figtree
http://treebase.org
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RESULTS

Sampling and isolation
In the surveyed citrus orchards, we collected twigs and branch-
es that withered from top to bottom, sometimes accompanied 
by	a	small	amount	of	gum	exudation,	and	in	severe	cases,	the	
whole	dead	branch	(Fig.	1a,	b).	The	affected	branch	and	trunk	
tissues	appeared	cracked,	with	dark	discolouration,	exuding	
light brown gum, and as the disease progressed, lesions gra-
dually	dried	up	and	sank	(Fig.	1c–f),	and	a	large	number	of	
protruding	small	granules	(conidiomata)	formed	on	the	dead	
branch	 in	 the	 late	 stage	 of	 disease	 development	 (Fig.	1h).	
The	pathogenic	 fungus	 colonized	 the	 bark	 of	 sunburned	or	
frostbitten	 trucks	or	 branches,	 then	 invaded	 the	 xylem,	 and	
gradually	extended	upwards	and	downwards	(Fig.	1g).	Light	
brown sunken dots, surrounded by yellow halos, appeared on 
the surface of newly generated leaves and shoots in the early 
stage	of	 being	affected	 (Fig.	 1i),	 and	 later	 the	 yellow	halos	

disappeared	and	turned	into	black	raised	dots	(Fig.	1j,	k).	Scat-
tered black or reddish brown protruding small dots appeared 
when	symptoms	on	the	fruit	surface	were	mild	(Fig.	1l),	and	
the small dots merged to form flaky lesions when the infection 
was	severe	(Fig.	1m).
A total of 1 103 isolates were recovered from leaves, shoots 
and	fruits	with	melanose	symptoms.	These	Diaporthe isolates 
were	initially	identified	using	D. citri-specific	primers	(Zeng	et	
al.	2022)	and	894	isolates	identified	as	D. citri.	The	remaining	
209	isolates	initially	identified	as	non-D. citri and	184	of	these	
Diaporthe isolates from diseased twigs, branches and trunks 
were	included	for	further	study.	Among	them,	14	isolates	were	
collected	from	Chongqing,	19	from	Fujian,	18	from	Guangdong,	
12	from	Guizhou,	139	from	Hunan,	26	from	Jiangxi,	21	isolates	
from Shanghai, two from Sichuan, nine from Yunnan, and 133 
from	Zhejiang.	In	terms	of	Diaporthe isolate distribution among 
host Citrus tree species, 15 were recovered from C.	limon,	71	
from C.	maxima,	81	from	C.	reticulata,	73	from	C. sinensis,	118	

Fig. 1   Disease symptoms on Citrus caused by Diaporthe.	a.	Twig	blight;	b.	branch	dieback;	c–d.	gummosis	on	branch	and	trunk;	e–f.	gummosis	and	decay	on	
trunk,	peeled	off	the	bark	and	a	clear	discolouration	of	the	xylem	could	be	observed;	g.	gummosis	and	decay	on	trunk;	h.	conidiomata	formed	on	dead	branch	
(white	arrow	indicates	a	conidioma);	i.	melanose	initially	developed	in	leaf	with	small	brown	spots	surrounded	by	yellow	halo;	j–k.	dark	brown	to	black	and	raised	
spots	formed	on	leaves	and	shoot	caused	by	melanose;	l.	melanose	on	citrus	fruit;	m.	the	small	dots	on	the	fruit	are	dense	in	patches	when	disease	is	severe.
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	 Chongqing	 Fujian	 Guangdong	 Guizhou	 Hunan	 Jiangxi	 Shanghai	 Sichuan	 Yunnan	 Zhejiang	 Total

D. apiculata –	 –	 –	 2	 1	 1	 –	 –	 –	 –	 4
D. biguttulata – – – – 6 – – – – – 6
D. bioconispora – – – – 1 1 – – – – 2
D. caryae – – – – 3 – – – – – 3
D. citri 1	 3	 8	 5	 48	 10	 19	 –	 1	 97	 192
D. citriasiana –	 –	 –	 –	 4	 –	 –	 –	 –	 19	 23
D. compacta – – – – 6 – – – – – 6
D. discoidspora –	 –	 –	 –	 7	 –	 –	 –	 –	 1	 8
D. endophytica 2 1 – – – – – – – – 3
D. eres 2	 –	 –	 1	 16	 7	 1	 –	 1	 8	 36
D. fulvicolor 4	 –	 –	 –	 –	 –	 –	 –	 –	 –	 4
D. fusicola – – – – 1 – – – – – 1
D. gammata 2 – – – 1 – – – – – 3
D. guangxiensis – – – – – 1 – – – – 1
D. hongkongensis – 1 1 1 11 1 – – – – 15
D. hubeiensis – – – – 2 – – – – – 2
D. jishouensis –	 1	 –	 1	 8	 1	 –	 –	 –	 –	 11
D. limonicola – – – – – – 1 – – – 1
D. litchii – – 6 – – – – – – – 6
D. novem – – – – – – – – 1 – 1
D. passifloricola – 1 – – – – – – – – 1
D. penetriteum – – – 1 2 – – – 2 – 5
D. pescicola – 1 – – – – – – – – 1
D. pometiae –	 8	 1	 –	 –	 –	 –	 –	 –	 –	 9
D. ruiliensis – – – – – – – – 1 – 1
D. sackstonii 2	 –	 –	 –	 3	 –	 –	 2	 1	 –	 8
D. sennicola – – 1 – – – – – – – 1
D. sexualispora – – – – 1 – – – – – 1
D. sojae 1	 –	 –	 1	 8	 2	 –	 –	 –	 2	 14
D. spinosa – – – – – – – – – 1 1
D. subclavata –	 1	 –	 –	 4	 –	 –	 –	 –	 –	 5
D. tectnoae – – – – 1 – – – – – 1
D. tibetensis – – – – 1 – – – – – 1
D. unshiuensis –	 2	 –	 –	 2	 1	 –	 –	 2	 1	 8
D. velutina –	 –	 –	 –	 2	 1	 –	 –	 –	 4	 7
D. xishuangbanica – – 1 – – – – – – – 1

Total	 14	 19	 18	 12	 139	 26	 21	 2	 9	 133	 393

Table 4   Number of isolates collected for each Diaporthe	species	identified	and	province	investigated.

from C.	unshiu, three from F. margarita, four from P. trifoliata, 
and	28	from	citrus	hybrids.	As	for	symptoms,	81	isolates	were	
obtained	from	twig	blight	and	gummosis;	75	associated	with	
branch	dieback,	canker	and	gummosis;	26	from	trunk	canker,	
decay	and	gummosis;	two	from	asymptomatic	twig;	139	asso-
ciated	with	leaf	melanose;	nine	from	shoot	melanose,	and	61	
from	fruit	melanose.	Most	of	these	symptoms	were	observed	
on	most	citrus	varieties	(Table	4,	S1).	

Phylogenetic analyses
The	ITS	sequences	were	amplified	for	all	393	isolates	obtained	
in	 this	study.	Based	on	geography	and	host	 tree	affiliations,	
representative isolates were selected from isolates with identical 
ITS	and	tub2	sequences,	and	then	131	isolates	were	selected	in	
the same manner for their cal, his3 and tef1	sequences	(Table	2).	 
The	partition	homogeneity	test	for	both	four-	and	five-loci	com-
bined alignments generated a low p-value	(p	=	0.01),	indicating	
that	 these	genes	were	unsuitable	 for	combination.	Although	
the p-values	were	low,	sequences	of	the	four	and	five	regions	
were	combined	for	presentation	purposes.	Phylogenetic	ana-
lyses were performed based on the concatenation of multigene 
sequence	data	for	the	131	isolates	obtained	in	this	study	and	
148	related	strains	downloaded	from	NCBI	as	reference	strains	
(Table	3).
In the D. eres	species	complex,	phylogenetic	analyses	based	
on	 the	 four	genes	 (cal, his3, tef1, tub2)	consisted	of	59	se-
quences,	 including	 the	outgroup	sequences	of	D. citri	 (CBS	
135422),	with	a	total	of	1 481	characters	including	gaps	(cal: 

1–343,	his3:	 344–783,	 tef1:	 784–1 123, tub2: 1 124–1 481).	
For	 the	BI	analyses,	MrModeltest	recommended	model	K80	
for cal,	model	HKY+I	for	his3	and	model	HKY+G	for	tef1 and 
tub2.	In	the	phylogenetic	construction	based	on	four	loci,	23	
isolates clustered in the D. eres	species	complex,	of	which	19	
isolates resided in one of the clades within the D. eres species 
complex	and	four	isolates	grouped	with	D. penetriteum	(Fig.	2).	
For the remaining Diaporthe	 spp.,	 phylogenetic	 analyses	
based	on	the	five	genes	(ITS,	cal, his3, tef1, tub2)	consisted	of	
256	sequences,	including	the	outgroup	sequences	of	Diapor
thella corylina	(CBS	121124),	with	a	total	of	2	352	characters	
including	gaps	(ITS:	1–517,	cal:	518–914,	his3: 915–1	420,	
tef1:	 1	421–1 913, tub2:	 1	914–2	352).	 For	 the	BI	 analyses,	
MrModel	test	 recommended	models	GTR+I+G	 for	 ITS,	his3 
and tef1,	and	HKY+I+G	for	cal and tub2.	In	the	phylogenetic	
analyses	based	on	five	 loci,	92	 isolates	were	clustered	with	
30 species respectively, including D. apiculata (4	 isolates),	
D. biconispora	(1),	D. biguttulata	(3), D. caryae (2),	D. citri (11),	
D. citriasiana (5),	D. compacta (6),	D. endophytica	(3),	D. dis
coidispora	(3),	D. fusicola	(1),	D. fulvicolor (2),	D. guangxiensis 
(1),	D. hongkongensis (7),	D. hubeiensis	(2),	D. limonicola (1),	
D. litchii	(3),	D. novem (1),	D. passifloricola	(1),	D. pescicola	(1),	
D. pometiae (4),	D. sackstonii	(4),	D. sennicola	(1),	D. sojae (5),	
D. spinosa	(1),	D. subclavata	(5),	D. tectonae	(1),	D. tibetensis 
(1),	D. unshiuensis (4),	D. velutina (7)	and	D. xishuangban
ica (1).	 In	addition,	16	 isolates	 formed	 four	 lineages	distinct	
from	 the	other	species	 (Fig.	3).	These	 four	distinct	 lineages	
were therefore considered novel species of Diaporthe, which 
are	described	below. 
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Taxonomy

Diaporthe gammata	X.E.	Xiao,	Crous	&	H.Y.	Li,	sp. nov.	—	 
MycoBank	MB	847573;	Fig.	4

 Etymology.	Named	for	the	presence	of	gamma	conidia.

 Typus.	China,	Chongqing	Municipality,	Fengjie	County,	from	twig	dieback	
of Citrus reticulata,	2	Apr.	2019,	T.J. Huang	(holotype	ZJUE	H-0318,	culture	
ex-type	CGMCC3.24384	=	ZJUE	0318).		

Sexual morph	not	observed.	Conidiomata pycnidial, produced 
on	PNA,	dark	brown	to	black,	globose	or	irregular,	superficial	
or	semi-immersed,	solitary	or	aggregated,	300–820	μm	diam.	
Conidiophores hyaline, smooth, 1–2-septate, unbranched, cy- 
lindrical,	 9–27	×	 1.5–3	 μm.	Conidiogenous cells phialidic, 
hyaline,	cylindrical,	tapered	towards	the	apex,	5–11	×	1–4	μm.	

Alpha conidia aseptate, ellipsoid to cylindrical, obtusely rounded 
at	both	ends,	hyaline,	biguttulate,	5.5–10	×	1.5–3	μm,	av.	± 
SD	=	7.7	±	1.1	×	2.5	±	0.3	μm,	L /W	ratio	=	3.1	(n	=	50).	Beta 
conidia	hyaline,	aseptate,	filiform,	straight	or	curved,	tapering	
towards	both	ends,	29–48.5	×	1–2	μm,	av.	±	SD	=	38.2	±	1.6	
×	1.6	±	0.2	μm,	L/W	ratio	=	23.9	(n	=	50).	Gamma conidia not 
observed on PNA but on PDA, hyaline, aseptate, fusoid to 
obclavate,	tapering	towards	both	ends,	16–31.5	×	1.5–4	μm,	
av.	±	SD	=	24.3	±	4	×	2.8	±	0.4	μm,	L /W	ratio	=	8.7	(n	=	50).
	 Culture	characteristics	—	Colonies	on	PDA	with	fluffy	aerial	
mycelium, growing in a concentric ring pattern, initially white, 
turning grey olivaceous at the centre, becoming dark brick on 
the surface and sepia to black in reverse, conidiomata distri-
buted	in	a	concentric	ring	pattern.	On	MEA	with	flattened	and	
dense mycelium, developing in a whorl pattern, initially white, 

0.006

D. fukushii MAFF 625034

ZJUE 0316

D. momicola MFLUCC 16-0113

ZJUE 0156

D. betulae CFCC 50469

D. chensiensis CFCC 52567

ZJUE 0298

D. citrichinensis CBS 134242

D. penetriteum CGMCC 3.17532

ZJUE 0317

D. zaofenghuang TZFH1

D. celastrina CBS 139.27

D. zaofenghuang TZFH3

D. neilliae CBS 144.27
D. alnea CBS 146. 46

D. ellipicola CGMCC 3. 17084

ZJUE 0389

D. cotoneastri CBS 439.82

D. padina CFCC 52590

ZJUE 0363

ZJUE 0167

D. eres DP0438

ZJUE 0148
ZJUE 0162

D. alleghaniensis CBS 495.72

D. celeris CBS 143349

D. vaccinii CBS 160.32

D. bicincta CBS 121004

D. virgiliae CMW40748

D. eres FAU506

ZJUE 0182

D. nobilis CBS 200.39

ZJUE 0422

D. castaneae-mollissimae DNP 128

ZJUE 0267

ZJUE 0387

ZJUE 0304

ZJUE 0394

D. eres AR5193

ZJUE 0405

D. camptothecicola CFCC 51632

ZJUE 0404

ZJUE 0391

ZJUE 0414

ZJUE 0149

D. helicis CBS 138596

D. biguttusis CGMCC 3.17081

ZJUE 0360

D. phragmitis CBS 138897

D. betulina CFCC 52560

D. maritima NB365-71

ZJUE 0395

D. mahothocarpus CGMCC 3.15181

D. eres CBS 101742

ZJUE 0248

D. longicicola CGMCC 3.17089

Diaporthe citri CBS 135422

D. eres DLR12a

D. pulla CBS 338. 89

1/100

1/97

0.97/*

0.85/82

1/97

0.96/67

0.99/53

1/80

1/81

*/53

1/95

1/100

0.99/55

0.96/-

0.95/70

0.96/-

1/96

0.99/87

1/93

0.93/-

0.95/61

0.81/72

0.9/*

0.93/51

1/81 1/95

1/86

0.81/68

0.99/54

1/99

0.81/81

10×

10×

滚滚长江东逝水

4×

D. eres

D. penetriteum

Fig. 2 		Phylogenetic	tree	generated	by	Bayesian	inference	analyses	based	on	multiple	gene	loci	(cal, his3, tef1, tub2)	for	species	in	the	D. eres species 
complex.	Bayesian	posterior	probability	(PP	≥	0.9)	and	IQtree	bootstrap	support	values	(ML	≥	50	%)	presented	above	branches	as	follows:	PP/ML.	PP	<	0.9	
and	ML	<	50	%	of	branches	marked	with	*,	and	absent	marked	with	-.	Ex-type	strains	in	bold.	The	tree	is	rooted	to	Diaporthe citri	(CBS	135422).	The	clades	
marked with colour blocks contain isolates of Diaporthe obtained	in	this	study.
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Fig. 3			Phylogenetic	tree	generated	by	Bayesian	inference	analyses	based	on	multiple	gene	loci	(ITS,	cal, his3, tef1, tub2)	for	species	in	Diaporthe	spp.	
Bayesian	posterior	probability	(PP	≥	0.9)	and	IQtree	bootstrap	support	values	(ML	≥	50	%)	presented	above	branches	as	follows:	PP/ML.	PP	<	0.9	and	ML	
<	50	%	of	branches	marked	with	*,	and	absent	marked	with	-.	Ex-type	strains	in	bold.	The	tree	is	rooted	to	Diaporthella corylina	(CBS	121124).	The	clades	
marked with colour blocks contain the isolates of Diaporthe	obtained	in	this	study.
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being hazel on the surface, olivaceous in the reverse, and 
brown vinaceous in the whorl, conidiomata distributed in the 
whorl.	On	OA	with	fluffy	aerial	mycelium,	growing	in	a	petaloid	
pattern, initially white, turning ochreous at the centre, brown 
vinaceous pigment irregularly distributed in the petaloid pattern, 
reverse with umber at the centre and dark mouse grey at the 
margin, conidiomata distributed in the petaloid pattern irregu-
larly.	Colony	diam	50–51	mm,	39–42	mm	and	50–55	mm	on	
PDA,	MEA	and	OA,	respectively,	in	5	d	at	25	°C.

 Additional materials examined.	China,	Chongqing	Municipality,	Fengjie	
County, from twig dieback of C. reticulata,	2	Apr.	2019,	T.J. Huang	(culture	
ZJUE	0319);	Hunan	Province,	 Luxi	County,	 from	 leaf	with	melanose	 of 
C. reticulata,	22	Aug.	2019,	S.S. Tan & D.H. Li	(culture	ZJUE	0401).

	 Notes	—	Three	isolates	represent	the	D. gammata cluster 
in a clade distinct from other species of Diaporthe known from 

DNA	sequence	data.	Phylogenetically,	D. gammata is most 
closely related to D.	bohemiae	 (Fig.	 3,	S2a–e),	 but	 can	be	
distinguished from D.	bohemiae based on morphology in the 
production of beta and gamma conidia, which are not observed 
in D.	bohemiae (Guarnaccia	et	al.	2018)	(Table	5).	Moreover,	
D. gammata differs from D.	bohemiae in	sequence	similarity	
on	ITS	(98.6	%),	cal	(90.4	%),	his3	(91.3	%),	tef1	(83.7	%)	and	
tub2	(96.9	%). 

Diaporthe jishouensis	X.E.	Xiao,	Crous	&	H.Y.	Li,	sp. nov.	—	
MycoBank	MB	847574;	Fig.	5

 Etymology.	Referring	to	Jishou	City	where	the	fungus	was	isolated.

 Typus.	China,	Hunan	Province,	Jishou	City,	from	twig	dieback	of	Citrus 
unshiu,	31	Mar.	2019,	H.Y. Li	(holotype	ZJUE	H-0265,	culture	ex-type	CG-
MCC3.24382	=	ZJUE	0265).		

Fig. 4   Diaporthe gammata.	a–c.	Colonies	on	PDA,	MEA	and	OA,	respectively;	d.	conidiomata	formed	on	PNA;	e,	f.	section	view	of	conidiomata;	g–i.	conidiophores;	 
j.	alpha	conidia;	k.	beta	conidia;	l.	gamma	conidia.	—	Scale	bars:	d	=	200	μm;	e,	f	=	50	μm;	g–l	=	10	μm.
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Fig. 5   Diaporthe jishouensis.	a–c.	Colonies	on	PDA,	MEA	and	OA,	respectively;	d.	pale	yellow	conidial	mass	oozing	from	conidiomata	formed	on	PNA;	 
e,	f.	section	view	of	conidiomata;	g–i.	conidiophores;	j.	alpha	and	beta	conidia.	—	Scale	bars:	d	=	400	μm;	e,	f	=	50	μm;	g–j	=	10	μm.

Sexual morph	not	observed.	Conidiomata pycnidial, produced 
on	PNA,	dark	brown	to	black,	globose	or	irregular,	superficial	
or	semi-immersed,	solitary	or	aggregated,	175–750	μm	diam,	
often	releasing	pale	yellow	conidial	drops	from	the	ostioles.	Co
nidiophores hyaline, smooth, 1-septate, unbranched, cylindrical, 
9.5–18	×	 1.5–3	μm.	Conidiogenous cells phialidic, hyaline, 
cylindrical,	tapered	towards	the	apex,	5–13.5	×	1–3	μm.	Alpha 
conidia aseptate, ellipsoidal to cylindrical, obtusely rounded at 
both ends or acutely round at one end, hyaline, bi- or multi-gut-
tulate,	5.5–9	×	1.5–3.5	μm,	av.	±	SD	=	7.2	±	0.6	×	2.7	±	0.3	μm,	
L/W	ratio	=	2.7	(n	=	50).	Beta conidia	hyaline,	aseptate,	filiform,	
straight	or	curved,	tapering	towards	both	ends,	30.5–54.5	× 
1–2	μm,	av.	±	SD	=	44.9	±	5	×	1.6	±	0.2	μm,	L/W	ratio	=	28.1	
(n	=	50).	Gamma conidia	not	observed.
	 Culture	characteristics	—	Colonies	on	PDA	and	MEA	have	
fluffy aerial mycelium, initially white, becoming dark yellow 
with age, conidiomata releasing cream white to pale yellow 
conidial drops, reverse with sepia pigmentation in a concentric 
ring	 pattern.	On	OA	with	 few	arial	mycelium,	 initially	white,	
producing dark brick pigment soon, becoming dense, felted, 
pale greenish olivaceous at the centre and vinaceous buff at 
the margin, conidiomata releasing cream white to pale yellow 
conidial	drops,	reverse	with	hazel.	Colony	diam	79–82	mm,	
25–39	mm	and	42–47	mm	on	PDA,	MEA	and	OA,	respectively,	
in 5 d at 25 °C.

 Additional materials examined.	China,	Hunan	Province,	Jishou	City,	from	
twig dieback of C. reticulata,	31	Mar.	2019,	H.Y. Li	(culture	ZJUE	0291);	Fujian	
Province, Zhangzhou City, from leaf with melanose of C. maxima, 2 July 
2019, T. Xiong	(culture	ZJUE	0353);	Guizhou	Province,	Congjiang	County,	
from leaf with melanose of C. reticulata,	8	June	2019,	J.R. Long & G.F. Liang 
(culture	ZJUE	0356);	Hunan	Province,	Luxi	County,	from	leaf	with	melanose	
of C. sinensis,	24	Aug.	2019,	S.S. Tan & D.H. Li	(culture	ZJUE	0372,	ZJUE	
0374,	ZJUE	0376,	ZJUE	0382);	Hunan	Province,	Shaoyang	City,	from	leaf	
with melanose of C. reticulata,	21	Aug.	2019,	Y.T. Zeng	(culture	ZJUE	0421);	
Jiangxi	Province,	Ganzhou	City,	from	leaf	with	melanose	of C. sinensis, 25 
May	2019,	X. Yan	(culture	ZJUE	0423). 

	 Notes	—	Phylogenetically,	D. jishouensis is closely related 
to D. incompleta, D. ruiliensis and D.	shaanxiensis	 (Fig.	 3,	
S2a–e),	but	can	be	distinguished	from	these	species	based	
on	morphology.	Diaporthe jishouensis produces alpha co-
nidia, which are not known in D. incompleta (Gao	et	al.	2017)	
and D.	shaanxiensis	 (Yang	et	al.	2020),	and	beta	conidia	of	
D. jishouensis are longer than in D. incompleta (30.5–54.5	vs	
19–44	μm)	(Gao	et	al.	2017)	and	D. ruiliensis (30.5–54.5	vs	
29.5–47	μm)	(this	study)	(Table	5).	Moreover,	D. jishouensis 
has	the	following	sequence	similarities	with	the	sequences	of	
the	ex-types	of	D. incompleta, D. ruiliensis and D.	shaanxien
sis.	On	ITS: 98.2	%, 96.9	%	and	98.4	%,	respectively.	On	cal: 
95.5	%, 95.3	%	and	92.8	%,	 respectively.	On	his3: 87.5	%, 
94.4	%	and	94.9	%,	respectively.	On	tef1: 94	%, 94.1	%	and	
93.9	%,	respectively.	On	tub2: 87.4	%, 97.2	%	and	no	tub2 for 
D.	shaanxiensis,	respectively. 
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Species	 Alpha	conidia	(μm)	 Beta	conidia	(μm)	 Gamma	conidia	(μm)	 Reference

D. bohemiae 7.5–8.5	×	1.5–3	 –	 –	 Guarnaccia	et	al.	(2018)
D. diospyricola (5.5–)6–7(–7.5)	×	(2–)2.5(–3)	 (18–)25–27(–30)	×	1.5(–2)	 –	 Crous	et	al.	(2013)
D. gammata 5.5–10 × 1.5–3 29–48.5 × 1–2 16–31.5 × 1.5–4 This study
D. incompleta –	 19–44	×	0.5–1.5	 –	 Gao	et	al.	(2017)
D. jishouensis 5.5–9 × 1.5–3.5 30.5–54.5 × 1–2 – This study
D. oncostoma (7.5–)9–11(–12)	×	(2–)3(–4)	 –	 (11–)12–16	×	3(–3.5)	 Crous	et	al.	(2013)
D. ruiliensis 5.5–9 × 2–3 29.5–47 × 1–2 – This study
D. saccharata (11–)16–20(–24)	× (2.5–)3(–4)	 (15–)18–20(–27)	× (1–)1.5(–2)	 –	 Mostert	et	al.	(2001b)
D. sexualispora 8–12 × 3–4.5 15–29 × 1.5–2.5 – This study
D. shaanxiensis –	 (35.5–)37–47.5(–50)	×	1	 –	 Yang	et	al.	(2020)

* Isolates and measurements in bold	were	examined	in	this	study.

Table 5   Conidial measurements of novel Diaporthe	species	and	their	phylogenetically	closely	related	species	in	this	study.

Fig. 6   Diaporthe ruiliensis.	a–c.	Colonies	on	PDA,	MEA	and	OA,	respectively;	d.	yellow	conidial	mass	oozing	from	conidiomata	formed	on	PNA;	e,	f.	section	
view	of	conidio	mata;	g–i.	conidiophores	and	beta	conidia	developing	on	conidiophores;	j.	alpha	conidia;	k.	beta	conidia.	—	Scale	bars:	d	=	400	μm;	e,	f	=	 
50	μm;	g–k	=	10	μm.
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Diaporthe ruiliensis	X.E.	Xiao,	Crous	&	H.Y.	Li,	sp. nov.	—	
MycoBank	MB	847575;	Fig.	6

 Etymology.	Referring	to	the	Ruili	City	where	the	fungus	was	isolated.

 Typus.	China,	Yunnan	Province,	Ruili	City,	 from	twig	dieback	of	Citrus 
limon,	 2	Apr.	 2018,	H.Y. Li	 (holotype	ZJUE	H-0307,	 culture	ex-type	CG-
MCC3.24383	=	ZJUE	0307).		

Sexual morph	not	observed.	Conidiomata pycnidial, produced 
on	PNA,	dark	brown	to	black,	globose	or	irregular,	superficial	
or	semi-immersed,	solitary	or	aggregated,	145–560	μm	diam,	
often	releasing	in	pale	yellow	to	saffron	yellow	conidial	drops.	
Conidiophores hyaline, smooth, 1-septate, unbranched, cylin-
drical,	 8–18.5	×	 1.5–3.5	μm.	Conidiogenous cells phialidic, 
hyaline,	cylindrical,	tapered	towards	the	apex,	5–14.5	×	1.5–
4 μm.	Alpha conidia aseptate, ellipsoidal to cylindrical, obtusely 
rounded	at	both	ends,	hyaline,	bi-	or	multi-guttulate,	5.5–9	× 
2–3	μm,	av.	±	SD	=	7.4	±	0.6	×	2.5	±	0.2	μm,	L/W	ratio	=	3	
(n	=	50).	Beta conidia	 hyaline,	 aseptate,	 filiform,	 straight	 or	
curved,	tapering	towards	both	ends,	29.5–47	×	1–2	μm,	av.	
±	SD	=	37.3	±	3.6	×	1.4	±	0.1	μm,	L/W	ratio	=	26.6	(n	=	50).	
Gamma conidia	not	observed.
	 Culture	characteristics	—	Colony	on	PDA	with	white,	felted	
and dense aerial mycelium developing in a feathery pattern, 
being fluffy, greyish sepia on the surface and sepia to fuscous 
black	 in	 the	 reverse.	On	MEA	with	white	 felted	 and	 dense	
mycelium developing in a feathery pattern, turning smoke 
grey,	reverse	olivaceous.	On	OA	with	white	dense	and	felted	
aerial mycelium on the surface, turning vinaceous buff at the 
centre	and	honey	at	the	margin	in	the	reverse.	Colony	diam	
40–41 mm,	24–32	mm	and	42–47	mm	on	PDA,	MEA	and	OA,	
respectively,	in	5	d	at	25	°C.

	 Notes	—	Phylogenetically,	D. ruiliensis forms an independent 
lineage, closely related to D.	 incompleta, D. jishouensis and 
D.	shaanxiensis (Fig.	3,	S2a–e),	but	can	be	differentiated	from	
these	species	based	on	morphology.	Beta	conidia	of	D. ruili
ensis are longer than D.	incompleta (29.5–47	vs	19–44	μm)	
(Gao	et	al.	2017)	but	shorter	than	D. jishouensis	(29.5–47	vs	
30.5–54.5	μm)	and D.	shaanxiensis (29.5–47	vs	35.5–50	μm)	
(Yang	et	al.	2020)	 (Table	5).	Moreover,	D. ruiliensis has the 
following	sequence	similarities	with	the	sequences	of	the	ex-
types of D.	 incompleta, D. jishouensis and D.	shaanxiensis.	
On	 ITS:	 95.2	%,	 96.9	%	and	 92.5	%,	 respectively.	On	 cal: 
99.8	%,	 95.3	%	and	93.3	%,	 respectively.	On	his3:	 85.1	%,	
94.4	%	and	94.1	%,	respectively.	On	tef1:	100	%,	94.1	%	and	
92	%,	respectively.	On	tub2:	86.2	%,	97.2	%	and	no	tub2 for 
D.	shaanxiensis.	

Diaporthe sexualispora	X.E.	Xiao,	Crous	&	H.Y.	Li,	sp. nov.	—	
MycoBank	MB	847578;	Fig.	7

 Etymology.	Named	for	the	presence	of	its	sexual	morph.

 Typus.	China,	Hunan	Province,	Shaoyang	City,	from	leaf	with	melanose	
of Citrus unshiu,	20	Aug.	2019,	Y.T. Zeng	(holotype	ZJUE	H-0418,	culture	
ex-type	CGMCC3.24385	=	ZJUE	0418).

Ascomata produced on PNA, dark brown to black, ostiolate, 
250–750	μm	diam,	 deeply	 immersed,	 densely	 clustered	 in	
groups, multiple tapered, spiny perithecial necks producing 
through substrate,	 890–1	710	μm	 long.	Asci hyaline, unitu-
nicate,	 fasciculate,	 sessile,	 elongate	 to	 clavate,	 42.5–57	× 
7.5–10	μm.	Ascospores hyaline, two-celled, ellipsoid to fusoid, 
often	4-guttulate,	with	 larger	 guttules	 at	 centre	 and	 smaller	
ones	at	the	ends,	10–16.5	× 10–4	μm.	Conidiomata pycnidial, 
produced on PNA and PDA, dark brown to black, globose or 
irregular,	superficial	or	semi-immersed,	solitary	or	aggregated,	
290–400	μm	diam.	Conidiophores hyaline, smooth, 1-septate, 
unbranched,	cylindrical,	9–19.5	×	1.5–4	μm.	Conidiogenous 

cells	phialidic,	hyaline,	cylindrical,	tapered	towards	the	apex,	
7.5–12.5	×	2–4	μm.	Alpha conidia aseptate, fusoid to ovoid, 
acutely	 rounded	 at	 both	 ends,	 hyaline,	 biguttulate,	 8–12	× 
3–4.5	μm,	av.	±	SD	=	10.2 ± 0.9	×	3.8	±	0.3	μm,	L/W	ratio	=	2.7	
(n	=	50).	Beta conidia	 hyaline,	 aseptate,	 filiform,	 straight	 or	
curved, tapering towards one end, 15–29 ×	1.5–2.5	μm,	av.	
±	SD	=	20.8	±	2.9	×	2.1	±	0.2	μm,	L/W	ratio	=	9.9	 (n	=	50).	
Gamma conidia	not	observed.
	 Culture	 characteristics	—	Colony	on	PDA	with	 felted	and	
dense aerial mycelium, developing in a feathery pattern, initially 
white, reverse with honey pigmentation with age, conidiomata 
releasing	straw-coloured	conidial	drops	at	maturity.	On	MEA	
white, felted and with dense mycelium, growing in a feathery 
pattern,	 reverse	 honey	with	 buff	 pigments,	 conidiomata	 ex-
creting	straw	conidial	droplets	at	maturity.	On	OA	with	felted	
and dense mycelium, growing in a radial pattern, initially white, 
turning white to honey, becoming buff at the centre on the sur-
face and buff in the reverse, conidiomata releasing cream white 
to	yellow	conidial	drops	at	maturity.	Colony	diam	30–34	mm,	
19–20	mm	and	39–41	mm	on	PDA,	MEA	and	OA,	respectively,	
in	5	d	at	25	°C.

	 Notes	—	Phylogenetically,	D. sexualispora forms an inde-
pendent lineage closely related to D. diospyricola, D. oncostoma 
and D. saccarata (Fig.	3,	S2a–e),	but	can	be	distinguished	from	
these	species	based	on	morphology.	Alpha	conidia	of	D. sexu
alispora are shorter than D. saccarata	 (8–16	vs	11–24 μm)	
(Mostert	et	al.	2001b)	but	 larger	 than	D. diospyricola (8–16	
×	3–4.5	vs	5.5–7.5	×	2–3	μm)	(Crous	et	al.	2013)	and	D. on
costoma	 (8–12	×	3–4.5	vs	7.5–11	×	2–4	μm)	 (Crous	et al.	
2013).	Besides,	D. sexualispora differs from D. oncostoma in 
the production of beta conidia not observed in D. oncostoma 
(Crous	et	al.	2013)	(Table	5).	Moreover,	D. sexualispora has 
the	following	sequence	similarities	with	the	sequences	of	the	
ex-types	of	D. diospyricola, D. oncostoma and D. saccarata.	
On	ITS: 95.7	%,	96.2	%	and	95.5	%,	respectively.	On	cal: no 
cal for D. diospyricola,	92.3	%	and	88.9	%,	 respectively.	On 
his3: no his3 for D. diospyricola,	90.2	%	and 92.7	%,	respec-
tively.	On tef1: no tef1 for D. diospyricola,	87.5	%	and 82.1	%,	
respectively.	On	tub2: no tub2 for D. diospyricola,	92.8	%	and 
92.5	%,	respectively.	

Species associated with disease symptoms
In total, 36 species of Diaporthe were	identified	from	citrus	tis-
sues	in	this	study.	Of	these	species,	four	were	obtained	from	
branch diseases with symptoms of dieback, decay, canker and 
gummosis, 19 recovered from melanose symptoms, and 13 
from	both	types	of	symptoms	(Table	S1).	Diaporthe citri was 
the dominant species for both symptom types, accounting for 
71.7	%	of	 the	 isolates	 obtained	 from	branch	 diseases	 and	
86.5	%	from	melanose	symptoms.	

Pathogenicity
For pathogenicity tests via C. paradisi shoot inoculations, all 
the tested Diaporthe isolates could induce discoloured and 
necrotic lesions 12 d	post	inoculation.	The	lesion	lengths	varied	
significantly	among	the	tested	isolates.	Overall,	both	isolates	
of D.	citri produced the longest lesions, with an average lesion 
length	of	more	than	9	cm.	Isolate	ZJUE	0378	of	D.	tectonae, 
ZJUE	0393	and	ZJUE	0400	of	D.	hubeiensis,	ZJUE	0418	of	
D.	sexualispora,	ZJUE	0217	and	ZJUE	0416	of	D. citriasiana 
produced	moderate-length	lesions	(4	cm	<	mean	lesion	length	
< 9	cm).	In	contrast,	the	remaining	Diaporthe isolates induced 
very	 limited	 lesions	 (mean	 lesion	 length	< 4	cm),	especially	
isolates of D.	apiculata, D.	bioconispora and 13 other species 
caused	only	slight	discolouration	around	the	inoculation	points.	
Diaporthe isolates produced shorter lesions on C. reticulata	cv.	
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Fig. 7   Diaporthe sexualispora.	a–c.	Colonies	on	PDA,	MEA	and	OA,	respectively;	d.	ascomata	on	PNA;	e,	f.	section	view	of	ascomata;	g.	asci;	h.	ascospores;	 
i.	conidio	mata	sporulating	on	PNA;	j.	section	view	of	conidioma;	k,	l.	conidiophores;	m.	alpha	conidia;	n.	beta	conidia.	—	Scale	bars:	d,	i	=	400	μm;	e,	f,	j	=	50	μm;	 
g,	h,	k–n	=	10	μm.

ponkan compared to the length of lesions produced on C. para
disi.	On	C. reticulata	cv.	ponkan,	two	isolates	of D. citri caused 
the	largest	lesions	(mean	lesion	length	>	4	cm),	followed	by	
isolate	ZJUE	0400	of	D. hubeinensis	and	isolate	ZJUE	0416	
of D. citriasiana	(2	cm	<	mean	lesion	lengths	<	4	cm),	and	the	
remaining	isolates	induced	shorter	lesions	(mean	lesion	lengths	
<	2	cm).	No	discoloured	lesions	were	produced	on	the	shoots	
inoculated	with	PDA	plugs	as	controls	(Fig.	8,	9).

Representative	isolates	were	selected	for	inoculation	in	vivo. 
These	isolates	were	chosen	from	isolates	exhibiting	different	
aggressiveness based on the in vitro pathogenicity results on 
C. paradisi and C. reticulata	cv.	ponkan.	These	isolates	included	
ZJUE	0254	and	ZJUE	0413	(D. citri),	ZJUE	0393	and	ZJUE	
0400	(D. hubeiensis),	ZJUE	0217	and	ZJUE	0416	(D. citriasi
ana),	and	ZJUE	0418	(D. sexualispora)	that	showed	moderate	
to high in vitro pathogenicity;	and	ZJUE	0265	and	ZJUE	0372	
(D. jishouensis),	ZJUE	0363	and	ZJUE	0394	(D. penetriteum)	
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Fig. 8			Mean	lesion	lengths	on	C. paradisi and C. reticulata	cv.	ponkan	shoots	inoculated	with	isolates	in	Diaporthe in vitro after	12	d.	Bars	represent	standard	
errors.	Columns	with	different	letters	indicate	significant	differences	according	to	LSD	test	with	confidence	level	α	=	0.05.	Control:	PDA	plugs.
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Fig. 9   Pathogenicity test results of inoculated isolates of Diaporthe in C. paradisi	 (a–e)	and	C. reticulata cv.	ponkan	(f– j)	shoots	12	d	post	 inoculation.	
a.	Isolate	ZJUE	0254	of	D. citri	produced	longer	lesion	length	(mean	lesion	length	>	9	cm);	b.	isolate	ZJUE	0217	of	D. citriasiana produced moderate lesion 
length	(4	cm	<	mean	lesion	length	<	9	cm);	c,	d.	isolate	ZJUE	0355	of	D. passifloricola	and	ZJUE	0347	of	D. unshiuensis produced short lesion lengths or only 
caused	slight	discolouration	around	the	inoculated	points	(mean	lesion	length	<	4	cm);	e,	j.	no	lesions	were	produced	on	the	shoot	inoculated	with	PDA	plug;	 
f.	isolate	ZJUE	0393	of	D. hubeiensis	caused	larger	lesion	(mean	lesion	length	>	4	cm);	g.	isolate	ZJUE	0347	of	D. unshiuensis caused moderate lesion length 
(2	cm	<	mean	lesion	length	<	4	cm);	h,	i.	isolate	ZJUE	0398	of	D. biguttulata	and	ZJUE	0311	of	D. fulvicolor caused short lesion lengths or only caused slight 
discolouration	around	the	inoculated	points	(mean	lesion	length	<	2	cm).	

that	showed	weak	in	vitro	pathogenicity.	After	10	d	post	inocula-
tion,	isolates	ZJUE	0254	and	ZJUE	0416	(D. citri),	ZJUE	0393	
and	ZJUE	0400	(D. hubeiensis)	produced	obvious	lesions	on	
all the tested varieties, and caused gummosis on shoots of 
C. limon	and	citrus	hybrid	cv.	cocktail	grapefruit.	The	symptoms	
were	similar	to	those	observed	in	the	field.	Isolates	of	D. citria
siana	exhibited	moderate	to	high	pathogenicity	on	detached	
shoots but produced shorter lesions on F. margarita and citrus 
hybrid	cv.	cocktail	grapefruit,	and	caused	slight	discolouration	
around the inoculated points or no necrosis on C. limon.	The	
remaining isolates caused only slight discolouration or no le-
sions	developed	on	the	shoots	of	all	tested	varieties.	In	parallel,	
no	necrosis	symptoms	were	observed	on	the	control	shoots.	
Interestingly, we found that Diaporthe isolates rapidly produced 

conidiomata at the point of inoculation in live shoots, even for 
those	weakly	pathogenic	isolates	(Fig.	10).
Based	on	the	pathogenicity	tests	on	shoots,	six	isolates	showing	
moderate to high aggressiveness were selected for inoculation 
on leaves of C. tangerina	cv.	Hongjv	seedlings	and	plants	of	
C. limon and C. sinensis.	These	isolates	included	ZJUE	0217	
and	ZJUE	0416	(D.	citriasiana),	ZJUE	0393	and	ZJUE	0400 
(D. hubeiensis),	and	ZJUE	0254,	with	ZJUE	0413	(D. citri)	used	
as	positive	control.	Ten	days	post	inoculation,	only	isolates	of	
D. citri	 induced	melanose	 symptoms	 in	 leaves	 (Fig.	 11).	All	
isolates inoculated in shoots and on leaves were re-isolated 
successfully	 from	 these	 lesions.	As	 expected,	 no	 isolate	 of	
Diaporthe	was	obtained	from	the	negative	control	inoculations.

Fig. 10			Symptoms	developed	in	shoots	of:	a.	C. limon;	b.	citrus	hybrid	cv.	cocktail	grapefruit;	c.	F. margarita.	With	isolates	of	Diaporthe	10	d	after	inoculation.	
Yellow	arrows	indicate	gum	exudate	and	red	arrow	indicates	a	conidioma.

a
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DISCUSSION

In	this	study,	1	287	Diaporthe isolates were obtained from Citrus 
showing symptoms of melanose on leaves, shoots and fruits, 
dieback, local necrosis and gummosis, canker or wood decay 
of twigs, branches and trunks based on large-scale surveys in 
the	main	citrus	production	regions	in	China.	Based	on	multi-
locus phylogenetic analyses and morphological features, these 
isolates	were	identified	to	represent	36	species	of	Diaporthe, 
including	32	known	and	four	novel	species.	Of	the	32	known	

species	reported	here,	14	species	are	reported	on	Citrus for 
the	first	time	and	two	are	newly	reported	from	China	(Table	1).	
Our	results	revealed	significant	diversity	of	Diaporthe species 
associated with Citrus	in	China.
Among the Diaporthe species obtained, D. citri was the most 
frequently	isolated,	representing	71.7	%	of	the	isolates	in	dis-
eased	branch	samples	and	86.5	%	in	melanose	samples.	In	
addition, the pathogenicity tests on citrus leaves and shoots 
demonstrated that D. citri was more aggressive to Citrus than 
other species of Diaporthe.	 Therefore,	we	 rank	D. citri as 

c

b

Fig. 10			(cont.)
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the dominant pathogen of the genus Diaporthe on Citrus in 
China,	which	is	consistent	with	previous	research	(Huang	et	
al.	2013,	Chaisiri	2018).	A	recent	study	showed	that	D. citri has 
frequent	sexual	reproduction	in	orchards	(Xiong	et	al.	2021).	
The	occurrence	of	sexual	reproduction	is	more	suitable	for	the	
long-term survival of fungi and increasing their adaptability to 
changing	environments	(Nieuwenhuis	&	James	2016,	Drenth	et	
al.	2019).	However,	comparative	population	genetic	studies	of	
other Diaporthe species are needed to understand the potential 
ecological factors responsible for the dominance of D. citri over 
other Diaporthe	species	in	China.
Aside from the highly virulent isolates of D.	citri, isolates of 
D.	hubeiensis moderately aggressive on citrus shoots, and 
could	not	cause	melanose	on	leaves.	In	this	study,	only	two	
isolates of D. hubeiensis were recovered from leaf melanose of 
C.	reticulata and C.	sinensis.	Diaporthe hubeiensis was	first	re-
ported in the diseased trunk of Vitis vinifera in	Hubei	Province	of	
China.	A	pathogenicity	test	showed	that	D.	hubeiensis was the 
least aggressive compared to other Diaporthe species obtained 
from	diseased	grapevines	(Manawasinghe	et	al.	2019),	which	
is	contrary	to	the	pathogenicity	results	on	citrus	in	this	study.	
Pathogenicity results indicated that D. hubeiensis could cause 
moderate length lesions in citrus shoots in vitro, shoot dieback 
and gummosis on lemon and cocktail grapefruits plants, and 
wither-tip	on	kumquats	plants.	However,	the	number	of	isolates	
collected in this study was small, and more isolates will need 
to be obtained to evaluate their risk to Citrus.
Pathogenicity tests showed that the majority of the Diaporthe 
species obtained in this study are weakly aggressive or non-
aggressive	to	citrus	shoots.	Species	of	Diaporthe have endo-
phytic,	saprophytic	and	pathogenic	lifestyles.	Some	Diaporthe 
fungi can be both endophytic and pathogenic, depending on 
the	host	species	and	the	health	status	of	the	host	plant.	For	
example,	Guarnaccia	&	Crous	(2017)	reported	that	D. limonicola 
causes	cankers	on	lemon	branches,	while	Dong	et	al.	(2021)	
isolated this fungal species from healthy leaves of C. grandis 
cv.	Tomentosa.	Gao	et	al.	(2016)	isolated	the	same	Diaporthe 
species from leaves of both symptomatic and asymptomatic 
Camellia sinensis, suggesting that this species might be a 
latent	pathogen.	In	this	study,	several	Diaporthe species were 
isolated from diseased tissues, which had previously been re-
ported	from	healthy	citrus	tissues	(Huang	et	al.	2015)	(Table	1).	
In addition, weak or non-pathogenic Diaporthe isolates were 
isolated from branch cankers in this study, while other fungal 
taxa,	such	as	Lasiodiplodia, Colletotrichum and Alternaria were 
also	isolated	from	the	same	samples.	Thus,	we	speculate	that	
the strains of less aggressive Diaporthe species that were iso-
lated	from	diseased	tissues	could	be	latent	pathogens.	They	
occur in healthy citrus trees under normal growth conditions, 
but can transform into pathogens when the host is weakened 
or	experiencing	stress	conditions,	and	continue	to	survive	as	
saprophytes	in	decaying	plant	tissues.	

Previous studies have reported the presence of multiple Dia
porthe	spp.	 in	Citrus	 (Table	1),	and	 the	 results	of	 this	study	
further	 support	 these	 findings.	 Indeed,	more	 novel	 species	
will	 likely	be	 found	 in	 the	 future.	Several	 reasons	may	have	
contributed to the high species diversity of Diaporthe on Citrus.	
Firstly, our survey covered the broadest geographic and Citrus  
host	range	reported	thus	far	 from	China.	Secondly,	many	of	
the isolates obtained in this study are weakly aggressive or 
non-pathogenic and likely represent endophytes or latent 
pathogens.	Previous	studies	have	suggested	significant	undis-
covered	diversity	among	endophytic	fungi	(Arnold	et	al.	2000,	
Botella	&	Diez	 2011).	Thirdly,	 several	 species	 in	Diaporthe 
have a wide host range and can move between hosts among 
geographic	regions.	For	example,	D. unshiuensis was originally 
reported on Citrus	in	China	(Huang	et	al.	2015),	but	the	fungus	
has also been found on Vitis	(Manawasinghe	et	al.	2019)	and	
Pyrus	spp.	(Guo	et	al.	2020)	in	China.	Extended	surveys	over	
multiple	years	(2017–2020)	helped	us	reveal	that	some	of	these	
Diaporthe	species	likely	migrated	from	non-citrus	host	plants.	
These	three	factors	are	not	mutually	exclusive,	and	all	could	
contribute to the high Diaporthe species diversity observed in 
this	 study.	Additional	 research	on	Diaporthe from non-citrus 
plants in orchards adjacent to citrus plants are needed to test 
the	third	possibility.	In	addition	to	the	three	reasons	mentioned	
above, the high number of Diaporthe species on Citrus may 
also be due to the changing criteria for species delimitation. 
Recently,	Hilário	et	al.	(2021)	used	genealogical	concordance	
and coalescent-based species delimitation to assess species 
boundaries in the D. eres	complex	and	identified	that	the	D. eres 
complex	as	a	single	species,	suggesting	that	the	identification	of	
species in Diaporthe has	been	largely	overestimated. Therefore,	
a coherent approach consisting of genealogical concordance 
criteria and methods for detecting recombination should be 
implemented,	or	methods	based	on	whole-genome	sequence	
analyses developed in the future to circumscribe species in the 
genus Diaporthe (Xu	2020).
In conclusion, results of this study present a large-scale inves-
tigation into 36 species of Diaporthe associated with Citrus in 
China.	Overall,	D. citri was the most prevalent and aggressive 
species	causing	citrus	branch	diseases	and	melanose.	Among	
the	36	species,	we	found	a	range	of	frequency	and	pathogenic-
ity on citrus, consistent with a diversity of lifestyles and associa-
tions between Diaporthe species and Citrus	in	China.	Based	on	
previous	reports	and	the	results	of	this	study	(Table 1),	there	
are currently 59 species of Diaporthe associated with Citrus.	
Additional	novel	species	will	likely	be	found	in	the	future.	The	
speciation of these species, the potential hybridization among 
them, and their tissue and host ranges are all worthy of fur-
ther	 in-depth	 research	and	exploration.	The	DNA	sequence	
polymorphisms	among	species	identified	here	will	enable	the	
development of rapid molecular diagnosis of citrus diseases 
caused by Diaporthe.	Together,	our	increased	understanding	

Fig. 11			Melanose	symptom	induced	by	D. citri isolate	(ZJUE	0254)	10	d	after	inoculation	on:	a.	C. tangerina cv.	Hongjv;	b.	C. sinensis;	c.	after	3	d	inoculation	
on C. limon leaves.	
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of the diversity of Diaporthe pathogens, their pathogenicity, 
and potential rapid diagnosis and monitoring tools provide a 
solid foundation for accurate assessments of the threats of this 
group	of	pathogens	to	citrus	productions	in	China	(Xu	2022).	
Such assessments will be essential for developing targeted 
prevention and management strategies against the Diaporthe 
diseases	in	citrus	among	geographic	regions.
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Supplementary material

Fig. S1   Phylogenetic tree generated by Bayesian inference analyses based 
on the individual cal, his3, tef1 and tub2	(a–d)	sequence	alignment	of	spe-
cies in D. eres	species	complex.	Bayesian	posterior	probability	(PP	≥	0.9)	
and	 IQtree	bootstrap	support	values	 (ML	≥	50	%)	were	presented	above	
branches	as	follows:	PP/ML.	PP	<	0.9	and	ML	<	50	%	of	branches	marked	
with	*,	and	absent	marked	with	-.	Ex-type	strains	in	bold.	The	tree	is	rooted	to	
Diaporthe citri	(CBS	135422).	The	clades	marked	with	colour	blocks	contain	
isolates of Diaporthe obtained	in	this	study.

Fig. S2			Phylogenetic	tree	generated	by	Maximum	likelihood	(a)	and	Bayes-
ian	inference	analyses	(b–e)	based	on	the	individual	ITS,	cal, his3, tef1 and 
tub2	sequence	alignment	of	species	in	Diaporthe spp. Bayesian posterior 
probability	(PP	≥	0.9)	and	IQtree	bootstrap	support	values	(ML	≥	50	%)	were	
presented	above	branches	as	follows:	PP/ML,	except	for	ITS	gene	tree,	which	
only	presented	IQtree	bootstrap	support	values.	PP	<	0.9	and	ML	<	50	%	of	
branches	marked	with	*,	and	absent	marked	with	-.	Ex-type	strains	in	bold.	
The	tree	is	rooted	to	Diaporthe citri	(CBS	135422).	The	clades	marked	with	
colour blocks contain isolates of Diaporthe obtained	in	this	study.

Table S1   Details of all Diaporthe	isolates	obtained	in	this	study.
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