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Abstract
Different criteria have been used to define fungal species. Due to the increasing availability of DNA sequence 

information, the phylogenetic species concept (PSC) has become popular among fungal taxonomists. However, 
controversies remain about the criteria used to define the “phylogenetic distinctiveness” between closely related taxa 
and what other criteria are needed in order to derive more robust species. In a recent study, we reported the DNA 
sequences of four gene loci for each of 199 strains of the fungal pathogen Colletotrichum gloeosporioides species 
complex (CGSC) causing leaf anthracnose on the tea-oil tree Camellia oleifera in southern China. Our combined 
sequence analyses clustered 194 of the 199 isolates into four of the 22 previously described species within CGSC: 
Colletotrichum fructicola (167 isolates), Colletotrichum siamense (19 isolates), Colletotrichum gloeosporioides (6 
isolates) and Colletotrichum camelliae (2 isolates). The remaining five isolates clustered distinctly from all 22 known 
species. Using the data, here we further investigate the extent of reproductive isolation among these species in our 
samples. Our analyses revealed extensive allele - sharing among three of the “phylogenetic species” and between 
them and the five unassigned isolates. Furthermore, there was extensive evidence for prevalent recombination 
among three of the four species. Our results suggest that caution should be taken in naming new species and 
highlight the importance of large-scale population genetic studies in helping define reproductive isolation and 
species boundaries.

Keywords: Species concepts; Gene genealogy; Phylogenetic
incompatibility; Recombination

Introduction
It’s generally agreed that a species should represent a distinct 

evolutionary entity. However, how to define such entities remains 
controversial. For fungi, early studies relied on microscopic and 
macroscopic morphological features to define and identify species. 
However, subsequent research identified that many genetically 
divergent species couldn’t be distinguished based on morphological 
features alone. As a result, polyphasic systems were introduced to 
include information on many different types of traits into classification 
[1,2]. These traits include the utilization profiles of carbon and nitrogen 
sources, the metabolites that they produce (chemotyping), and DNA-
DNA hybridization/melting curve analyses, to complement the 
structural and morphological features. In addition, for fungi capable of 
mating and sexual reproduction, mating tests against standard testers 
of known mating types are also commonly used. However, many fungi 
can’t mate in artificial laboratory conditions or it’s difficult to observe 
their mating in nature [3]. Thus, while the biological species concept is 
the dominant species concept for animals and plants, it has not been 
used broadly to define fungal species. As a result, the evolutionary 
or phylogenetic species concept (PSC) based on DNA sequences has 
attracted increasing attention among fungal biologists [4,5].

Broadly speaking, the PSC states that a species should represent 
a distinct evolutionary entity containing its own unique phylogenetic 
signal(s) not shared with other closely related entities. In practical 
terms to identify such phylogenetic species, DNA sequences from 
multiple genetic loci are typically analyzed. Groups of strains that are 
always clustered together at the analyzed loci but show differences 
from other groups of strains would constitute a distinct phylogenetic 

species. However, it has been very difficult to define and generalize the 
number of phylogenetic signals (e.g. unique nucleotides at specific base 
positions in a gene) required to separate strains into different species. 
Indeed, different groups of fungal species have been defined based on 
different degrees of sequence divergence, creating abundant confusions 
and ambiguities among fungal biologists [6].

To reduce ambiguity and avoid confusion, one broadly agreed 
criterion to separate closely related species is to examine whether 
genealogies from multiple genes consistently separate them from 
each other, as originally proposed [4] and introduced for fungi 
later [5]. In this approach, if the different gene trees share the same 
branching node for a group of isolates, all the isolates descending 
from this node would constitute a phylogenetic species. Any conflict 
among gene trees is interpreted as evidence of genetic exchange and 
recombination among individuals within a species. The transition 
from genealogy concordance to conflict determines the boundaries 
between species. 
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Practical issues with phylogenetic species recognition

While the overall principle for the phylogenetic species concept 
is straight forward, its application has been problematic. For several 
reasons, identifying the true transition from phylogenetic concordance 
to conflict may be complicated when dealing with natural samples. 
First, the lack of evidence for phylogenetic conflict (i.e., the presence 
of evidence for phylogenetic concordance) only means that there was 
no statistical evidence showing conflict in the given dataset involving 
the specific strains and set of genes. The inclusion of other genes and/
or other samples in the analyses may result in phylogenetic conflict 
between the analyzed “species”. In many fungi, asexual propagation 
is the main mode of reproduction and sexual recombination may be 
very rare [7,8]. As a result, evidence for sexual recombination (i.e., 
phylogenetic conflict) may not be evident when only a small sample 
is analyzed using a limited number of gene sequences. Second, in the 
case of genealogical conflicts being observed due to recombination, if 
the conflicts were due to very short branch lengths separating groups 
of species and strains, the null hypothesis of concordant genealogies 
may be difficult to reject using phylogenetic methods [9]. Indeed, 
most fungal systematic studies have used conserved protein-coding 
genes where purifying selection is prevalent and the closely related 
species may have no to very few mutations separating them [10]. As 
a result, phylogenetic approaches will be ineffective at rejecting the 
null hypothesis of congruent genealogies. Third, traditionally, most 
taxonomic studies use relatively few isolates from diverse geographic 
and ecological niches as representatives [10,11]. However, due to both 
the small sample size and the potential inability of these strains to mate 
each other in nature, the signals of recombination and phylogenetic 
transition from genealogical conflict to concordance may not be found 
in such samples. Finally, when genetic isolation failed to fix formerly 
polymorphic loci into different species, incomplete lineage sorting may 
cause genealogy conflicts and lead to underestimate of species [5].

Below we describe how the different samples and/or increased 
sample sizes can have an impact on the interpretations of species 
boundaries and species recognition among several species within the 
fungal phytopathogen Colletotrichum gloeosporioides species complex 
(CGSC).

Our case study organisms and issues with current taxonomy

The ascomycete genus Colletotrichum has had a complicated 
taxonomic history and currently is recognized as containing over 60 
species [11-15]. The genus is distributed throughout the tropical, 
subtropical and temperate regions and causes some of the most 
devastating diseases in plants including major groups of agricultural 
crops such as cereals, vegetables and fruits, in both pre- and post- 
harvest stages [11,12,16,17]. Among the species in this genus, 22 belong 
to CGSC and they can infect most plant organs, including stems, leaves, 
flowers and fruits and cause diseases in many vegetables and fruits, 
including peppers, cocoa, oranges, apples, bananas, mangos, ramie, 
mulberry, pistachio, persimmon, strawberries and tea oil trees [17-
26]. The most common disease is anthracnose that can result in 30-
50% of crop failure [16-27]. Thus, a clear understanding of the species 
boundaries would have a significant impact on the diagnosis of these 
disease agents and the control and prevention of the diseases.

Until recently, CGSC was regarded as one morphological species, 
C. gloeosporioides [12-15]. Recent molecular phylogenetic analyses 
based on sequences from five loci suggested that the C. gloeosporioides 
species complex contain at least 22 phylogenetic species [11]. The five 
loci encode the actin (ACT), the internal transcribed spacers (ITS) of 

the nuclear ribosomal RNA gene cluster, calmodulin (CL), glutamine 
synthetase (GS) and glyceraldehyde-3-phosphate dehydrogenase (GD). 
In this study [11], a total of 156 isolates were sequenced at these loci and 
these isolates represented a broad range of genetic, geographic, and host 
plant diversity. The number of isolates analyzed for each species varied 
widely, from 1 to 22 isolates, with a mean of 7 isolates per species.

However, similar to the issues mentioned above for identifying 
phylogenetic species for fungi in general, there were several issues 
with the current species delineations proposed for CGSC [11]. First, 
most of these species were distinguishable based only on the combined 
gene sequences from the five loci, making the species identification 
difficult for practitioners to follow. Indeed, allele-sharing was common 
among many of the phylogenetic species at one or more loci. Second, 
though the species phylogeny based on combined sequences had high 
bootstrap support, it was not uncommon to see individual gene trees 
being different from each other and from the species tree constructed 
based on the concatenated sequences of five genes. Third, though the 
sample size for each species is similar to or slightly larger than most 
fungal taxonomy/systematics studies, most strains from within the 
same species were from diverse geographic and/or ecological niches. 
While this is a common and recommended practice for taxonomic and 
systematic studies, such an approach could lead to missed opportunities 
for detecting genetic exchange and recombination that might have 
occurred within individual geographic and/or ecological populations. 
Because of their importance in agricultural and forestry, correctly 
defining and efficiently diagnosing species and strains of the CGSC 
could have significant practical implications for disease management. In 
addition, such information is also very important to better understand 
the pathogenesis and evolution of these pathogens [7,8,28]. 

Implications of our recent population genetic data on CGSC 
taxonomy

In the recent population genetic study of the C. gloeosporioides 
species complex (CGSC) from the tea-oil tree species Camellia oleifera, 
we analyzed 199 strains from 15 geographic populations in southern 
China [29] using sequences from the same four DNA fragments (except 
ACT1) as those analyzed by Weir et al. [11]. Even though our recent 
study was focused on the patterns of population genetic variations 
within the dominant species C. fructicola (containing 167 of the 199 
isolates), the availability of information from several other species 
and with all samples from the same host plant species in a defined 
geographic region enable us to further examine the species boundaries 
within CGSC. 

The endemic native tea-oil tree C. oleifera is an important economic 
plant species broadly distributed in southern China, contributing 
significantly to not only the economic welfare of the people in this 
region but also to environmental protection by limiting soil erosion 
[30,31]. Camellia oleifera is one of the major host plants of CGSC in 
southern China and several recent estimates suggested that up to 40% of 
C. oleifera yield were lost in some plantations due to CGSC anthracnose 
[18,27]. Strains of CGSC can infect the fruits, buds, and leaves of C. 
oleifera plants, resulting in premature leaf and fruit rot and drop as well 
as wilting of the leaves and buds. Anthracnose can occur from early 
April to late October, peaking in August [18,27,29]. 

Using the same species recognition approach and the reference 
data from the Weir et al. study [11], our recent analyses based on 
concatenated sequences unambiguously clustered 194 of the 199 
isolates from C. oleifera in southern China into four of the 22 previously 
described species within CGSC: Colletotrichum fructicola (167 isolates), 
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Colletotrichum siamense (19 isolates), Colletotrichum gloeosporioides (6 
isolates) and Colletotrichum camelliae (2 isolates). The remaining five 
isolates clustered distinctly from all 22 known species. Interestingly, 
these five isolates shared alleles at one or more loci with isolates 
belonging to three of the four known species [29-31]. Here we further 
examined the allelic relationships among the 199 strains at the four loci 
to determine the extent of genetic exchange and recombination in this 
species complex from tea-oil tree plantations in southern China. 

Two complementary methods are used to determine the allelic 
relationships among loci in our samples: the Index of Association (IA) 
that represents multilocus linkage equilibrium [32] and phylogenetic 
incompatibility [33]. These two tests have different null hypotheses. The 
null model for IA is random recombination while that for phylogenetic 
incompatibility is strict asexual reproduction and clonality. The 
presence of linkage equilibrium and phylogenetic incompatibility 
suggests evidence of recombination in the sample. The presence of 
recombination among strains in a population is the hallmark that 
these strains belonged to the same biological species. The underlying 
principles, methods of calculations and interpretations of the results for 
both tests are described in the Multilocus program manual [33].

To identify evidence of recombination within and among the 
species within CGSC from southern China, we focused on the clone-
corrected samples and eliminated the redundant genotypes. Because 

of sample size limitations, for within-species analyses, only samples 
from two “phylogenetic species” (C. fructicola and C. siamense) within 
CGSC were examined for evidence of recombination. For C. fructicola, 
both the total clone-corrected sample as well as individual geographic 
subpopulations failed to reject the null hypothesis of random mating 
(Table 1). Similarly, phylogenetic incompatibility test also indicated 
that variable proportions of loci were phylogenetically incompatible 
(Table 1). These results are consistent with different levels of recent or 
ongoing sexual recombination within the geographic populations of 
C. fructicola. For C. siamense, though the null hypothesis for random 
recombination was rejected, phylogenetic incompatibility tests 
provided robust evidence of recombination in the total sample as well 
as the Hunan sample, and Hunan Tianjiling plantation sample (Table 
1). Other samples with small population sizes were not tested for allelic 
associations.

At the between “phylogenetic species” level, genotypic comparisons 
among isolates identified several pieces of evidence for recombination/
hybridization among three of the four phylogenetic species within the 
CGSC samples in our study (Tables 1-3). First, we found allele sharing 
at three of the four loci in different isolates between C. fructicola and C. 
siamense, the two most frequently isolated species in our samples (Table 
2). Second, our allelic association tests revealed additional phylogenetic 
incompatibilities when samples of C. fructicola and C. siamense were 

c C. fructicola C. siamense Total Samples
Sample size PrPC1 IA

2 Sample size PrPC IA Sample size PrPC IA

All strains 167 0.33 0.211** 19 0.83 0.194* 199 0.00 0.646**

Unique genotypes 53 0.33 0.268 19 0.83 0.194* 85 0.00 0.379**

Jiangxi Province 49 0.83 0.108 2 - - 56 0.50 0.459**
    JXGS 25 0.83 0.147 1 - - 30 0.50 0.512**
       JXGSA 19 0.83 0.136 1 - - 21 0.83 0.126
    JXCB 24 0.83 0.067 1 - - 26 0.83 0.418**

Hunan 80 0.5 0.049 15 0.83 0.264 96 0.00 0.865**
    HNTJL 12 1.0 0.030 8 1.0 0.185 20 0.50 0.877**
    HNMJH 11 0.83 0.225 4 - - 15 0.83 0.668**
    HNLY 27 0.83 0.040 0 - - 27 0.83 0.040
    HNHH 15 0.83 0.006 2 - - 18 0.83 0.972**
    HNCD 4 -3 - 1 - - 10 1.00 0.645**

HBSZ 14 0.83 0.038 0 - - 14 0.83 0.038

FJLY 11 0.83 0.188 0 - - 11 0.83 0.188

Table 1: Allelic associations within and among samples of the C. gloeosporioides species complex infecting leaves of Camellia oleifera trees in Southern China (Modified 
from Li et al. [29])
1 PrPC: proportion of phylogenetically compatible pairs of loci; 2 IA, index of association; **, P<0.01; 3 Sample sizes are too small for these samples to be meaningful so 
results are not presented

C. fructicola C. siamense C. camelliae C. gloeosporioides
C. siamense Allele sharing at ITS, GS, and GD loci
C. camelliae Allele sharing for one strain at ITS No allele sharing
C. gloeosporioides No allele sharing No allele sharing No allele sharing
Strain GXNN1 Allele sharing at ITS and CL loci Allele sharing at GD locus No allele sharing No allele sharing
Strain CQXS4 Allele sharing at ITS and GD loci Allele sharing at ITS and GD loci Allele sharing at CL and GS loci No allele sharing
Strain JXGS-B11 Allele sharing at ITS, GS and GD loci Allele sharing at ITS, GS, and GD loci Allele sharing at CL locus No allele sharing
Strain JXGS-B12 No allele sharing No allele sharing Allele sharing at ITS, CL and GS loci No allele sharing
Strain JXGS-A28 Allele sharing at GS and GD loci Allele sharing at GD locus Allele sharing at ITS and CL loci No allele sharing

Table 2: Patterns of allele-sharing among the phylogenetic species of the C. gloeosporioides species complex from tea-oil tree leaves in Southern China. Five strains with 
uncertain phylogenetic placements are included to illustrate their allelic relationships with genotypes of known species.
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analyzed together (Tables 1 and 3). Indeed, when these two species were 
analyzed together, all pairs of loci were phylogenetically incompatible 
(Table 1). The additional phylogenetic incompatibilities were found in 
both the total sample of the two species as well as in the Hunan sample 
of the two species (Table 1). Specifically, the two pairs of loci (ITS vs. 
GS and CL vs. GS) that showed phylogenetic compatibility (i.e., no 
evidence of recombination) within either species are phylogenetically 
incompatible in the combined dataset (Tables 1 and 3). Third, upon 
further genotype/allele comparisons, the five genetically novel and 
phylogenetically uncertain isolates (GXNN1, CQXS4, JXGS-B11, 
JXGS-B12 and JXGS-A28) identified in the recent study [29] could 
almost all be explained by recombination/hybridization among three 
of the four known phylogenetic species isolated from the tea-oil tree 
plantations (Table 2). Indeed, only one locus at each of two isolates 
(locus GS in isolate GXNN1 and locus GD in isolate JXGS-B12) 
contained unique alleles not found in other existing “species”. Taken 
together, among the four known phylogenetic species isolated and 
analyzed here, only C. gloeosporioides sensu stricto showed no evidence 
of allele-sharing with other three phylogenetic species, consistent with 
C. gloeosporioides sensu stricto as a species distinctly different from the 
others isolated here.

There are two possibilities to explain the observed phylogenetic 
incompatibilities between species. In the first, the isolates grouped into 
three of the previously identified phylogenetic species (C. fructicola, C. 
siamense and C. camelliae) as well as the five “unclassified isolates” in 
fact all belonged to one biological species that are currently recombining 
in nature. In the second possibility, the observed phylogenetic 
incompatibilities among the species were due to incomplete lineage 
sorting during the speciation of these species from a common ancestor. 
However, if the second hypothesis was correct and that speciation 
among C. fructicola, C. siamense and C. camelliae were completed 
(i.e., there is complete reproductive isolation in nature among them), 
sexual reproduction within each of the species should have generated/
maintained phylogenetic incompatibility for all loci pairs within each of 
the “species”. In addition, ancient phylogenetic incompatibilities before 
the speciation should be lost due to mutation and the generation of new 
alleles. The facts that phylogenetic compatibilities were found within 
each of the phylogenetic species but absent when samples from multiple 
phylogenetic species were analyzed together strongly suggest that the 
second hypothesis is not supported.

Conclusion and Perspective
Using samples from infected tea-oil tree leaves in southern China, 

this study revealed incomplete reproductive isolation in nature among 
several phylogenetic species recently identified within CGSC. Of the 
four phylogenetic species identified in our sample of 199 isolates, 
only one species C. gloeosporioides (6 isolates) was found to not share 
allele or not create new phylogenetic incompatibility with the other 
three species at the four analyzed loci. In contrast, allele sharing and 
evidence for recombination were found for samples belonging to 
other three phylogenetic species C. fructicola, C. siamense and C. 
camelliae. Furthermore, this two-species concept for our strains also 
eliminated the uncertain taxonomic status of five strains (GXNN1, 
CQXS4, JXGS-B11, JXGS-B12, and JXGS-A28), allowing us to assign 
all 199 strains to the two biological species. As shown above, the most 
significant evidence for the two species hypothesis was the finding of 
additional phylogenetic incompatibilities when our samples from two or 
all three different “phylogenetic species” (C. fructicola, C. siamense and 
C. camelliae) were analyzed together (Tables 1 and 2). Indeed, evidence 
for recombination was found in all pairs of loci in this new biological 
species and that the five strains not clustered with known species could 
be explained as recombinants of other observed genotypes among the 
three “species” in our sample (Table 1).

Previous studies have noted that allele - sharing is common among 
many of the proposed phylogenetic species and that concatenated 
sequences at multiple loci are often needed to separate the phylogenetic 
species within CGSC [11]. For example, no single locus was found 
capable of discriminating all the 22 phylogenetic species within CGSC 
due to allele sharing or limited sequence divergence. These results 
are also consistent with incomplete reproductive isolation among 
many of the proposed phylogenetic species in nature. However, due 
to the sampling problems mentioned above, it was difficult to track 
phylogenetic incompatibilities. Our results highlight the importance 
of using allelic association tests of large samples to critically evaluate 
these and other proposed phylogenetic species within CGSC. More 
broadly, our results suggest significant caution should be taken when 
describing closely related genotypes as distinct phylogenetic species. 
We suggest that stringent population genetic tests should be performed 
based on data from large population samples at multiple loci in order 
to determine species boundaries. The approach based on allelic 
association tests as shown here can be broadly applied for delineating 
species in other fungal species complexes.

Acknowledgement

The research in our labs was supported by grants from National Science 
Foundation of China (grant numbers: 31570641), the Natural Sciences and 
Engineering Research Council (NSERC) of Canada, and the Lotus Scholar Visiting 
Professorship program of Hunan Province. We thank Liao Yu for helping with 
sample collections.

References
1.	 Alexopoulos CJ, Mims CW, Blackwell M (1996) Introductory Mycology. 4th 

(Edn), John Wiley and Sons, Inc., New York, NY. 

2.	 Brandt ME, Warnock DW (2011) Taxonomy and classification of fungi. In: 
Manual of Clinical Microbiology (10th Edition), ASM Press, Washington DC. 

3.	 Xu J (2007) Origin, evolution and extinction of asexual fungi: experimental 
tests using Cryptococcus neoformans. In: Sex in Fungi. American Society for 
Microbiology Press. 

4.	 Avise JC, Ball RM Jr. (1990) Principles of genealogical concordance in species 
concepts and biological taxonomy. In: Oxford Surveys in Evolutionary Biology. 
D Futuyma and J Antonovics (Eds.), Oxford University Press, Oxford. 

ITS (allele 4) ITS (allele 7) ITS (allele 10)

GS (allele 14) 1 1 68
GS (allele 20) 2 1 5

a)

CL (allele 3) CL (allele 6) CL (allele 7)

GS (allele 13) 26 1 0
GS (allele 17) 1 1 1
GS (allele 20) 2 0 5

(b)

Table 3: Allelic combinations showing evidence of recombination/hybridization 
between two phylogenetic species Colletotrichum fructicola and Colletotrichum 
siamense obtained from tea oil plantations in southern China. All six possible 
allelic combinations were found between (a) alleles 4, 7 and 10 of the ITS and 
alleles 14 and 20 of locus GS. Before samples of the two phylogenetic species 
were combined, these two loci were phylogenetically compatible. Similarly, loci 
pair CL and GS were phylogenetically compatible within each of the two species. 
However, after the two species were combined in the analyses, the two loci were 
phylogenetically incompatible (b). The allelic designations correspond to those in 
Supplementary Table 2 in Li et al. [29]. The number of strains with each allelic 
combination is presented in corresponding boxes.

http://www.vetserv.moag.gov.il/NR/rdonlyres/E5C2EC2F-FCFC-4B59-986E-38CA6C77E368/0/ManualofClinicalMicrobiology.pdf
http://www.vetserv.moag.gov.il/NR/rdonlyres/E5C2EC2F-FCFC-4B59-986E-38CA6C77E368/0/ManualofClinicalMicrobiology.pdf
http://www.asmscience.org/content/book/10.1128/9781555815837.ch28
http://www.asmscience.org/content/book/10.1128/9781555815837.ch28
http://www.asmscience.org/content/book/10.1128/9781555815837.ch28


Citation: Xu J, Li H, Zhou GY, Liu JA (2016) When Do We Call Genetically Distinct Strains Different Species? - A Cautionary Case Study of the 
Colletotrichum gloesporioides Species Complex. Fungal Genom Biol 6: 146. doi:10.4172/2165-8056.1000146

Page 5 of 5

Volume 6 • Issue 2 • 1000146
Fungal Genom Biol
ISSN: 2165-8056 FGB, an open access journal 

5. Taylor JW, Jacobson DJ, Kroken S, Kasuga T, Geiser DM, et al. (2000) 
Phylogenetic species recognition and species concepts in fungi. Fungal Genet
Biol 31: 21-32.

6. Xu J (2016) Fungal DNA barcoding. Genome 59: 913-932.

7. Xu J (2005) Evolutionary genetics of fungi. Horizon Bioscience, Norwich, UK. 

8. Xu J (2010) Microbial population genetics. Horizon Bioscience, Norwich, UK. 

9. Barker FK, Lutzoni F (2002) The utility of the incongruence length difference
test. Syst Biol 51: 625-637. 

10.	Wu G, Li YC, Zhu XT, Zhao K, Han LH, et al. (2016) One hundred noteworthy
boletes from China. Fungal Divers 81: 25-188. 

11. Weir BS, Johnston PR, Damm U (2012) The Colletotrichum gloeosporioides
species complex. Stud Mycol 73: 115-180. 

12.	Arx JAV (1970) A revision of the fungi classified as Gloeosporium. Bibliotheca
Mycologica 24: 1-203. 

13.	Cai L, Hyde KD, Taylor PWJ, Weir BS, Waller J (2009) A polyphasic approach
for studying Colletotrichum. Fungal Divers 39: 183-204. 

14.	Hyde KD, Cai L, Cannon PF, Crouch JA, Crous PW, et al. (2009) Colletotrichum
– names in current use. Fungal Divers 39: 147-182.

15.	Hyde KD, Cai L, McKenzie EHC, Yang YL, Zhang JZ, et al. (2009) Colletotrichum: 
A catalogue of confusion. Fungal Divers 39: 1-17. 

16.	Snowdon AL (1991) A colour atlas of post-harvest diseases and disorders of
fruit and vegetables. Wolfe Scientific. 

17.	Phoulivong S, Cai L, Chen H, McKenzie EHC, Abdelsalam K, et al. (2010) 
Colletotrichum gloeosporioides is not a common pathogen on tropical fruits. 
Fungal Divers 44: 33-43. 

18.	Liu W (2012) Studies of etiology, occurrence and control of Camellia oleifera
anthracnose. Huazhong Agricultural University, China (M.Sc. Thesis, in
Chinese). 

19.	Prihastuti H, Cai L, Chen H, McKenzie EHC, Hyde KD (2009) Characterization 
of Colletotrichum species associated with coffee berries in northern Thailand. 
Fungal Divers 39: 89-109. 

20.	Rojas EI, Rehner SA, Samuels GJ, Van Bael SA, Herre EA, et al. (2010) 
Colletotrichum gloeosporioides s.l. associated with Theobroma cacao and

other plants in Panama: Multilocus phylogenies distinguish host-associated 
pathogens from asymptomatic endophytes. Mycologia 102: 1318-1338. 

21.	Sanders GM, Korsten L (2003) Comparison of cross inoculation potential of
South African avocado and mango isolates of Colletotrichum gloeosporioides. 
Microbiol Res 158: 143-150. 

22.	TeBeest DO (1988) Additions to host range of Colletotrichum gloeosporioides f. 
sp. aeschynomene. Plant Disease 72: 16-18. 

23.	Wang XX, Wang B, Liu JL, Chen J, Cui XP, et al. (2010) First reports of 
anthracnose caused by Colletotrichum gloesporioides on ramie in China. Plant 
Disease 94: 1508. 

24.	Xie L, Zhang JZ, Cai L, Hyde KD (2010) Biology of Colletotrichum horii, the
causal agent of Persimmon anthracnose. Mycology 1: 242-253. 

25.	Yan J, Wu PS, Du HZ, Zhang QE (2011) First report of black spot caused by 
Colletotrichum gloeosporioides on paper mulberry in China. Plant Disease 95: 880. 

26.	Yang SY, Su SC, Liu T, Fan G, Wang J (2011) First report of anthracnose
caused by Colletotrichum gloeosporioides on pistachio (Pistacia vera) in China. 
Plant Disease 95: 1314. 

27.	Qing AX, Zhou GY, Li H (2009) Recent advances in tea-oil tree anthracnose
research. Chinese Forest Pathology 28: 27-31 (in Chinese). 

28.	Johnston PR (2000) The importance of phylogeny in understanding host
relationships within Colletotrichum. In: Colletotrichum: Host specificity, 
pathogenicity, and host-pathogen interactions. Prusky D, Dickman MB, 
Freeman S (eds.), APS Press, St Paul, Minnesota. 

29.	Li H, Zhou GY, Liu JA, Xu J (2016) Population genetic analyses of the fungal 
pathogen Colletotrichum fructicola on tea-oil trees in China. PLoS ONE 11: 
e0156841. 

30.	He F, He B (2002) The distribution of tea-oil tree plantations. Forestry Research
38: 64-72. 

31.	Liang YL, Yang ZG, Huang HL (2010) On tea-oil tree breeding in China. Jiangxi
Forestry Technology 2: 24-28. 

32.	Brown AH, Feldman MW, Nevo E (1980) Multilocus structure of natural
populations of Hordeum spontaneum. Genetics 96: 523-536.

33.	Agapow PM, Burt A (2001) Indices of multilocus linkage disequilibrium. Mol
Ecol Notes 1: 101-102.

http://dx.doi.org/10.1006/fgbi.2000.1228
http://dx.doi.org/10.1006/fgbi.2000.1228
http://dx.doi.org/10.1006/fgbi.2000.1228
http://dx.doi.org/10.1139/gen-2016-0046
http://dx.doi.org/10.1080/10635150290102302
http://dx.doi.org/10.1080/10635150290102302
http://dx.doi.org/10.1007/s13225-016-0375-8
http://dx.doi.org/10.1007/s13225-016-0375-8
http://dx.doi.org/10.3114/sim0011
http://dx.doi.org/10.3114/sim0011
http://www.fungaldiversity.org/fdp/sfdp/FD39-8.pdf
http://www.fungaldiversity.org/fdp/sfdp/FD39-8.pdf
http://www.fungaldiversity.org/fdp/sfdp/FD39-7.pdf
http://www.fungaldiversity.org/fdp/sfdp/FD39-7.pdf
http://www.fungaldiversity.org/fdp/sfdp/FD39-1-E.pdf
http://www.fungaldiversity.org/fdp/sfdp/FD39-1-E.pdf
http://dx.doi.org/10.1007/s13225-010-0046-0
http://dx.doi.org/10.1007/s13225-010-0046-0
http://dx.doi.org/10.1007/s13225-010-0046-0
http://www.fungaldiversity.org/fdp/sfdp/FD39-4-E.pdf
http://www.fungaldiversity.org/fdp/sfdp/FD39-4-E.pdf
http://www.fungaldiversity.org/fdp/sfdp/FD39-4-E.pdf
http://dx.doi.org/10.3852/09-244
http://dx.doi.org/10.3852/09-244
http://dx.doi.org/10.3852/09-244
http://dx.doi.org/10.3852/09-244
http://dx.doi.org/10.1078/0944-5013-00186
http://dx.doi.org/10.1078/0944-5013-00186
http://dx.doi.org/10.1078/0944-5013-00186
https://www.apsnet.org/publications/PlantDisease/BackIssues/Documents/1988Articles/PlantDisease72n01_16.pdf
https://www.apsnet.org/publications/PlantDisease/BackIssues/Documents/1988Articles/PlantDisease72n01_16.pdf
http://www.tandfonline.com/doi/pdf/10.1080/21501203.2010.526644?needAccess=true
http://www.tandfonline.com/doi/pdf/10.1080/21501203.2010.526644?needAccess=true
http://dx.doi.org/10.1094/PDIS-03-11-0186
http://dx.doi.org/10.1094/PDIS-03-11-0186
http://dx.doi.org/10.1094/PDIS-04-11-0269
http://dx.doi.org/10.1094/PDIS-04-11-0269
http://dx.doi.org/10.1094/PDIS-04-11-0269
http://dx.doi.org/10.1371/journal.pone.0156841
http://dx.doi.org/10.1371/journal.pone.0156841
http://dx.doi.org/10.1371/journal.pone.0156841
http://www.genetics.org/content/genetics/96/2/523.full.pdf
http://www.genetics.org/content/genetics/96/2/523.full.pdf
http://dx.doi.org/10.1046/j.1471-8278.2000.00014.x
http://dx.doi.org/10.1046/j.1471-8278.2000.00014.x

	Title
	Corresponding Author
	Abstract 
	Keywords
	Introduction
	Practical issues with phylogenetic species recognition 
	Our case study organisms and issues with current taxonomy 
	Implications of our recent population genetic data on CGSC taxonomy 

	Conclusion and Perspective 
	Acknowledgement
	Table 1
	Table 2
	Table 3
	References

