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CHAPTER 1

PHYLOGENETIC DIVERSITY OF ENDOPHYTIC
COLLETOTRICHUM SPECIES AND THEIR
BIOTECHNOLOGICAL POTENTIAL

GUNJAN SHARMA', MARCEL MAYMON?,
STANLEY FREEMAN?

'Department of Plant Biotechnology, Gujarat Biotechnology University,
Gandhinagar, Gujarat, India.
2Department of Plant Pathology and Weed Research, Agricultural
Research Organization, Volcani Institute, Rishon LeZion, Israel.

Abstract

Colletotrichum 1is a phylogenetically complex fungal genus exhibiting
pathogenic, saprobic, and endophytic lifestyles with their host plants. This
genus is reported to be associated with diverse host crops, including
ornamentals, fruits, and vegetables worldwide. The growth and physiology
of a host plant may benefit from the occurrence of endophytic fungal
species. Additionally, fungal endophytes have been reported to protect their
hosts from plant pests and pathogens. Colletotrichin, Colletotric acid, and
Colletotricone are some commonly reported secondary metabolites from
Colletotrichum species, with phytotoxic, antimicrobial, and cytotoxic
activities, respectively. Colletotrichum acutatum, C. boninense, and C.
gloeosporioides are some of the common species complexes reported as
pathogens and endophytes. It is important to study and characterize in detail
the various secondary metabolites produced by Colletotrichum species, to
understand more about their survival strategies and sustainability. This
chapter discusses the diversity of endophytic Colletotrichum species, the
secondary metabolites produced, and their potential biotechnological
applications.
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1. Colletotrichum genus: a cluster of complexes

Colletotrichum is a genus of filamentous fungi (family Glomerellaceae,
class Sordariomycetes). Colletotrichum taxonomy has experienced multiple
revisions over the past decade. Currently, there are more than 200 accepted
species names in this genus that are designated within 15 species complexes
(Hyde et al. 2009, Damm et al. 2012a, b, Cannon et al. 2012, Weir et al.
2012, Crouch 2014, Liu et al. 2014, Bhunjun et al. 2021, Damm et al. 2019,
Talhinhas and Baroncelli 2021). Colletotrichum is a common plant
pathogen causing anthracnose disease in a wide range of plant hosts,
including ornamentals, cereals, legumes, and fruits (Dean et al. 2012,
Sharma et al. 2013a, 2015, 2017, 2022); and is considered a model genus to
study plant-pathogen interactions (Perfect et al. 1999). Colletotrichum
species are also common foliar endophytes within a wide range of host
plants (Manamgoda et al. 2013, De Silva et al. 2017) and a variety of
bioactive secondary metabolites have been reported from endophytic
Colletotrichum species (Kim and Shim 2019).

2. Colletotrichum: versatile lifestyles

Colletotrichum species exhibit diverse lifestyles and survival strategies
(Agrios 2004). An endophytic fungal species exists as a beneficial symbiont
within its host and has no detrimental effects on its growth. Necrotrophic
fungi are responsible for causing disease and tissue damage in their host
plant. Hemibiotrophic fungi require a living plant host for their existence
and eventually switch to a necrotrophic lifestyle causing disease. Colletotrichum
species commonly exhibit a hemibiotrophic lifestyle (Miinch et al. 2008)
but can also be present in its host as a necrotroph and an endophyte (Peres
et al. 2005, O'Connell et al. 2012, Crouch et al. 2014, De Silva et al. 2017).
Some Colletotrichum species are host-specific, whereas others have a broad
host range (Freeman et al. 1998, De Silva et al. 2017, Talhinhas and
Baroncelli 2021), others can cause disease in certain hosts while the same
species can remain asymptomatic in weeds and other crops (Freeman et al.
2001).



Phylogenetic Diversity of Endophytic Colletotrichum Species and their 3
Biotechnological Potential

3. Colletotrichum: as an endophyte

Endophytic Colletotrichum species have been reported from boninense
(Damm et al. 2012b, Huang et al. 2013), caudatum (Tao et al. 2013),
dematium (Damm et al. 2009; Jayawardena et al. 2016), dracaenophilum
(Noireung et al. 2012), gigasporum (Silva et al. 2018, Ma et al. 2018; Zhou
et al. 2019), gloeosporioides (Rojas et al. 2010, Weir et al. 2012, Manamgoda
et al. 2013, Diao et al. 2017; Ferreira et al. 2017, Vieira et al. 2017, Ma et
al. 2018, De Silva et al. 2019a, Wang et al. 2019, De Silva et al. 2021, Silva
etal. 2021), graminicola (Crouch and Beirn 2009, Tao et al. 2013), magnum
(Damm et al. 2019), orbiculare (Katoch et al. 2017) and spaethianum (Tao
et al. 2013) species complexes (Talhinhas and Baroncelli 2021). Besides,
two singleton species, C. bambusicola and C. guangxiense are also reported
as endophytic (Wang et al. 2021).

The diversity of Colletotrichum endophytes associated with common
tropical grass species: Pennisetum purpureum (dwarf Napier) and
Cymbopogon citratus (lemon grass) in Thailand was investigated, and C.
endophytica, C. fructicola, C. tropicale and C. siamense species with
gloeosporioides species complex were reported (Manamgoda et al. 2013).
Colletotrichum aeschynomene belonging to gloeosporioides species complex,
was reported as an endophytic species associated with Vellozia gigantea, an
endangered plant species in Brazil (Ferreira et al. 2017). In a study on
Colletotrichum diversity associated with Mangifera indica in Brazil, C.
asianum, C. fructicola, C. tropicale, C. karstii, C. cliviae, C. endomangiferae,
C. dianesei were reported (Vieira et al. 2014). Colletotrichum endophytes
have also been reported from the model plant Arabidopsis thaliana in Spain
(Hiruma et al. 2016).

Within the gigasporum species complex, an endophytic species was isolated
from Cattleya jongheana, a rare orchid species, in Brazil and described as
C. serranegrense based on multilocus phylogenetic analysis (Da Silva et al.
2018). In China, C. jishouense belonging to gigasporum species complex
and C. tongrenenses belonging to the dracaenophilum species complex were
isolated from tissue extracts of the Nothapodytes pittosporoides plant,
which is widely used in traditional Chinese medicine, suggesting the role of
these endophytic fungi in the therapeutic properties of N. pittosporoides
(Zhou et al. 2019). In another study with three orchid species, Dendrobium
cariniferum, D. catenatum, and D. harveyanum; multiple Colletotrichum
species were identified as endophytes (Ma et al. 2018). Similarly, two
endophytic species, C. yulongense and C. rhombiforme were reported from
Vaccinium dunalianum var. urophyllum, a cultivated blueberry and an
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important medicinal plant in China (Wang et al. 2019). Endophytic
Colletotrichum species belonging to boninense and gloeosporioides species
complexes were also reported from aquatic plants in China (Zheng et al.
2022). Furthermore, mutations in C. magna resulted in the conversion of a
pathogenic strain to a nonpathogenic endophytic mutualist (Freeman and
Rodriguez, 1993).

4. Endophytic Colletotrichum species: phylogenetic
diversity and distribution

To perform phylogenetic analysis and create a neighbour-joining tree (NJ),
(Saitou and Nei 1987), more than 600 sequences of the internal transcribed
spacer/5.8S rRNA gene (ITS) of the endophytic Colletotrichum species
were downloaded from NCBI-GenBank (accessed on May 01, 2023), of
which 150 sequences were used for phylogenetic analysis (selected based
on sequence length and unique names). As previously described (Sharma et
al. 2013b), a phylogenetic tree was created using MEGA 11 software (Tamura
et al. 2021) with bootstrap analysis (Felsenstein 1985) of 100 replicates
(Figure 1), representing the most reported endophytic Colletotrichum species.
Endophytic species of Colletotrichum are widely reported within
gloeosporioides and boninense species complexes; however, accurate
species designation using multilocus phylogenetic analysis is lacking in
most cases. This chapter uses the ITS sequence to create a representative
phylogenetic tree, as it is the widely sequenced marker available at NCBI-
GenBank (accessed on May 01, 2023).

Based on sequence search, endophytic Colletotrichum species are reported
from tropical medicinal hosts such as Ageratina adenophora (Mexican
devil), Albizia lebbeck (Siris tree), Anemopsis californica (Yerba mansa),
Artemisia spp., Blepharocalyx salicifolius (Kunth), Cinnamomum malabatrum
(Country cinnamon), Citrus limon (Lemon), Dacrycarpus dacrydioides
(Kahikatea), Dendrobium aqueum (Orchid), Fraxinus spp. (Ash tree),
Ginkgo biloba (Maidenhair tree), Gynura procumbens (Longevity spinach),
Huperzia serrata (Toothed clubmoss), Lycium spp. (Goji berry),
Phragmites australis (Common reed), Tibouchinha granulosa (Purple
Glory Tree), Vitex negundo (Chinese chastetree) etc.; and countries
including Argentina, Brazil, Cameroon, China, Denmark, India, Malaysia,
New Zealand, Panama, South Korea, Spain and USA; as detailed in
Supplementary Table 1.
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5. Endophytic Colletotrichum species: biotechnological
potential

Endophytic microbes possess a unique symbiotic relationship with their host
plant species (Ludwig-Miiller 2015). Endophytic fungi secrete secondary
metabolites and enzymes that benefit plants’ growth and development, and in
return, plants provide nutrition and shelter to endophytic fungi (Mishra et al.
2021, Poveda et al. 2021, Baron and Rigobelo 2022). Secondary metabolites
produced by endophytic fungi can act as effector molecules and facilitate
multifaceted plant-microbe interactions (Alam et al. 2021). These intricate
plant-microbe interactions lead to the production of bioactive metabolites,
which exhibit a variety of properties such as antimicrobial, antioxidant,
anticancer, immunosuppressive, and cardioprotective activities (Wen et al.
2022, Omomowo et al. 2023). Endophytes also have a role in biocontrol
against various plant pathogens and pests (Latz et al. 2018, De Silva et al.
2019b, Fontana et al. 2021). In this chapter, we focus on the latest reports
of endophytic fungi and their metabolites and bioactivities from 2010
onwards. The structures of selected secondary metabolites (Table 1) derived
from Colletotrichum species, discussed in this chapter are provided in
Figure 2.

6. Colletotrichum: epigenetic regulation and secondary
metabolite biosynthesis

Endophytic Colletotrichum species produce secondary metabolites that are
organic, natural, and bioactive compounds having significant role in
ecological interactions as well as in pharmaceutical industries. The structural
and biological properties of secondary metabolites from Colletotrichum such
as Colletotrichins, Colletotric acid, and Colletotricones are well documented
(Garcia-Pajon and Collado 2003, Kim and Shim 2019, Moraga et al. 2019).
However, there are limited reports on the molecular mechanisms of the
synthesis and epigenetic regulation of Colletotrichum secondary metabolites
(Brakhage et al. 2011).

Histone modification via methylation, demethylation, acetylation, and
deacetylation has a role in the secondary metabolite production of various
fungi (Bok et al. 2009, Connolly et al. 2013, Studt et al. 2016). In C.
higginsianum that causes anthracnose in brassica species, deletion of the
CclA subunit of the COMPASS complex mediating methylation of Histone
H3 lysine K4 (H3K4) in eukaryotes resulted in the enrichment of the
production of three terpenoid family secondary metabolites: colletochlorins
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(colletorin A and colletochlorins A, B, and D, colletorin D, colletorin D
acid,), higginsianins (higginsianin A, B, and C, 13-epi-higginsianin C), and
sclerosporide (Dallery et al. 2019).

Huperzine A (HupA) is a secondary metabolite important as a therapeutic
for the treatment of Alzheimer’s disease. Hup A is produced by C.
gloeosporioides isolate Cg01 under the activity of histone methyltransferase
(HMT) and histone deacetylase (HDAC) (Kang et al. 2019). Previously, it
was reported that ethanol and methanol treatment of C. gloeosporioides
isolate ES026 mycelia can improve Huperzine production (Zhao et al.
2013). This is another cogent evidence of the importance of epigenetic
regulation to produce industrially important fungal secondary metabolites.

Epigenetic regulation mediated by histone modification is also important in
the pathogenesis of Colletotrichum species. In C. fructicola, causing
Glomerella leaf spot in apples, deletion of the HDAC gene Cfhos2 along
with transcriptome sequence data suggests its role in secondary metabolism
and virulence (Cao et al. 2022). In China, Histone Acetyltransferase (HAT)
gene CfGen) of C. fructicola, causing anthracnose of Camellia oleifera, was
revealed to be involved in the regulation of autophagy-related genes and
pathogenesis (Zhang et al. 2022).

7. Colletotrichum: therapeutics

With a rise in lifestyle-related diseases and increasing awareness of
traditional herbal medications and supplements, researchers are focused on
discovering novel bioactive metabolites for therapeutics. Colletotrichum
endophytes have also been explored for their potential to produce bioactive
metabolites for therapeutics. Endophytic C. gigasporum isolated from
Withania somnifera produced pentacyclic triterpenoids (PTT) that had
inhibitory effects on pancreatic lipase (PL) providing an alternative
treatment for obesity (Patil et al. 2021). Kojic acid derived from C.
gloeosporioides isolated from Sonneratia apetala exhibited antimicrobial
activity against Pseudomonas aeruginosa and Micrococcus luteus
(Nurunnabi et al. 2018). Colletotrichum coccodes isolated from the healthy
leaf tissues of Houttuynia cordata (chameleon plant) exhibited antimicrobial
activity against Staphylococcus aureus strain MTCC 737, Pseudomonas
aeruginosa strain MTCC 424, Escherichia coli strain MTCC 443, and
Candida albicans strain MTCC 227. Further characterization of secondary
metabolites revealed that C. coccodes isolate HCS3 produced antimicrobial
metabolites such as geranylgeraniol, farnesol, hexacosanol, oleic acid, and
squalene (Talukdar et al. 2020). In another study, a widely known
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phenylethanoid compound, tyrosol was reported from the same fungal
isolate that exhibited antimicrobial activity (Talukdar et al. 2021).
Colletotrichum gloeosporioides isolate LC585212 which was isolated as an
endophyte from Ocimum indicum produced thirty-five different bioactive
compounds that exhibited antitumor and antiproliferative activity by
altering the expression of apoptosis-related genes (Rai et al. 2023).

Phosphoinositide 3-kinases (PI3Ks) is an enzyme family involved in cell
growth and proliferation. PI3Ks are important targets for anti-cancer
therapy. Colletotrichum gloeosporioides GT-7 isolated from Uncaria
rhynchophylla produced nine compounds, of which Cyclo(L-leucyl-L-
leucyl) and Brevianamide F compounds exhibited PI3Ka-inhibitory activity
suggesting their potential use as anticancer compounds (Yang et al. 2019).
Five isocoumarins and a novel phthalide compound were isolated from an
endophytic Colletotrichum sp. that exhibited potent radical scavenging and
antioxidant activities (Tianpanich et al. 2011). Endophytic C. dematium
isolated from Pteromischum sp. produced a novel immunosuppressive
peptide, Colutellin A, that is active against the pathogenic fungal species
Botrytis cinerea and Sclerotinia sclerotiorum (Ren et al. 2008).

8. Colletotrichum: plant growth properties

Endophytic fungi co-exist within plant tissues and support the overall growth
and development of their host plant. Lu et al. (2000) reported endophytic
Colletotrichum sp. isolated from the stem of Artemisia annua, that produced
three new antimicrobial compounds, along with seven known bioactive
metabolites and the plant hormone Indole-3-acetic acid (IAA). These
compounds displayed antimicrobial activity against plant pathogenic bacterial
species such as Bacillus subtilis, Staphylococcus aureus, Sarcina lutea, and
Pseudomonas sp.; and plant pathogenic fungi such as Gaeumannomyces
graminis var. tritici, Rhizoctonia cerealis, Helminthosporium sativum, and
Phytophthora capisici. Colletotrichum siamense isolates JB224.g1 and
JB252.g1 had positive effects on the growth of tomato plants, including
protection against vascular wilt pathogen F. oxysporum (Silva Santos et al.
2022). Colletotrichum tofieldiae was isolated as a root endophyte from
natural Arabidopsis thaliana populations in Spain and exhibited plant
growth promotion properties by assisting in the transfer of phosphorus to
shoots under phosphorus stress conditions (Hiruma et al. 2016). Colletotrichum
tofieldiae isolate Ct0861 conferred growth and enhanced silique production
in A. thaliana under low phosphate conditions (Diaz-Gonzalez et al. 2020).
In another study, the role of the phosphorylated pathway of serine
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biosynthesis (PPSB) was linked to the biosynthesis of indolic glucosinolate
and plant growth promotion activity of the root endophyte C. tofieldiae in
A. thaliana (Zimmermann et al. 2021).

Plant biomass and the artemisinin content of Artemisia annua were
increased after treatment with an endophytic isolate of C. gloeosporioides
(Wang et al. 2001, Hussain et al. 2017). IAA production by endophytic
fungi is widely reported (Wagqas et al. 2012, Khan et al. 2015, Ikram et al.
2018, Mehmood et al. 2019) which accelerates plant growth. Among
endophytic fungi isolated from Coffea arabica in Thailand, C. fructicola
isolate CMU-A109 produced IAA via the indole 3-acetamide pathway and
induced elongation of rice, corn, and rye coleoptiles (Numponsak et al.
2018). Colletotrichum alatae R10 isolated from the roots of Dendrobium
moniliforme, produced high levels of IAA and contributed to the
development of the protocorms and higher chlorophyll content in
Rhynchostylis retusa (Shah et al. 2018).

9. Colletotrichum: biocontrol agents

Endophytic Colletotrichum species are important as biocontrol agents
against different plant pathogens, mainly fungi. In China, endophytic
Colletotrichum sp. D4115 exhibited antifungal activity against common
plant pathogens C. gloeosporioides, Scopulariopsis sp., and Trichoderma
viride (Li et al. 2005). Colletotrichum gloeosporioides isolate Mc-7 isolated
from the leaves of Michelia champaca exhibited antifungal activity against
phytopathogenic fungi Cladosporium cladosporioides and C. sphaerospermum.
Additionally, the same isolate displayed antitumor and acetylcholinesterase
inhibition properties by producing different bioactive metabolites (Chapla et
al. 2014). An endophytic C. gloeosporioides isolated from Camellia sinensis
in Assam, India, conferred resistance against two common tea pathogens,
Pestalotiopsis theae and Colletotrichum camelliae (Rabha et al. 2014). In
another study, C. crassipes was isolated as an endophyte from the leaves of
Casearia sylvestris that displayed antifungal activity and biosynthesis of a
novel natural product, 1-phenylethyl-O-a-L-rhamnopyranoside, along with
other known diketopiperazines and benzene derivatives (Chapla et al.
2018). Endophytic C. siamense isolated from healthy leaves of Paullinia
cupana var. sorbilis (Guarana plants), elicited the induction of defence-
related genes and exhibited antifungal activity against C. fructicola species
(Casas et al. 2021). Furthermore, a mutation in C. magna resulted in
conversion from a pathogen to an endophytic mutualist, conferring the
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protection of watermelon to the wild type and Fusarium wilt disease
(Freeman and Rodriguez, 1993).

10. Conclusions and future directions

Endophytic fungi are beneficial fungi that inhabit host plant tissues and
produce bioactive secondary metabolites and growth hormones that are
important for plant-microbe interactions. More than hundred secondary
metabolites have been reported so far from Colletotrichum species (Kim
and Shin 2019). The secondary metabolites produced by endophytic
Colletotrichum species are structurally diverse and have biotechnological
applications in various industries, such as agriculture, pharmaceuticals,
nutraceuticals, and cosmetics. The biosynthesis of secondary metabolites is
regulated via various regulatory genes and epigenetic mechanisms that
should be investigated in detail. The molecular understanding of
biosynthesis and regulation of fungal secondary metabolites could be
further utilised in industries for large-scale production of commercially
important metabolites.
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Figure 1: Neighbor-joining phylogenetic tree of selected endophytic
Colletotrichum species based on internal transcribed spacer (ITS) sequence.
The NCBI-GenBank accession number of the sequence has been
highlighted in dark blue and the isolate numbers are highlighted in red font
colour. Plagiostoma conradii strain CBS 109761 is the designated outgroup
taxon.
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