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ABSTRACT

Colletotrichum species responsible for leaf anthracnose of black pepper in south India are reported. The anthracnose
of black pepper frequently occurs in the southern states of India causing losses up to 100%. Colletotrichum species
produces brown to dark brown necrotic irregular centers with a chlorotic halo on leaves. Twenty three
Colletotrichum isolates recovered from leaves in Kerala, Karnataka and Tamil Nadu states of South India were
characterized based on the morphological and multi-loci molecular phylogeny using partial sequences of ITS, ACT,
CHS-1, GAPDH, TUB2, CYLH3, GS and ApMat gene regions. Multi-loci phylogenetic analysis revealed the five
groups representing C. syzygicola, C. queenslandicum, C. siamense, C. endophytica and C. guajavae. The
morphological characteristics of five groups were described and compared with similar species. Pathogenecity
assays confirmed that five species isolated from blackpepper are the causal agents of anthracnose. To our
knowledge, this is the first report of C. syzygicola, C. queenslandicum, C. siamense, C. endophytica and C. guajavae
causing anthracnose on blackpepper in India.
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INTRODUCTION

Black pepper (Piper nigrum L.), known as the  pre-historic period [3]. In India, the crop is grown
“King of Spices” or “Black Gold” originated in the  in about 2,01,381 hectares with annual production
tropical evergreen forests of Western Ghats in  of 55,000 tonnes. India produced 15,363 tonnes of
India. It is one of the most important agricultural  black pepper products and exported worth of Rs.
commodities of commerce and trade in India since 63,810 lakhs during 2012-13 [1]. Black pepper is
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affected by various diseases, of which
anthracnose/spike shedding/fungal pollu caused by
the fungus C. gloeosporioides (Penz.) Penz. and
Sacc., is an economically important disease
[23,3,1]. Anthracnose is a severe problem,
particularly during August to September months,
causing losses up to 100 per cent if infection
occurs on berries [36]. The fungus causes severe
damage both in the nursery and field, attacking all
the aerial parts including foliage, stem, spikes and
berries [1, 24, 2]. The Colletotrichum is the eighth
most important plant pathogenic fungi in the world
[10], which occur predominantly in tropical and
subtropical regions, causing anthrachose on wide
range of crops [5]. Due to overlapping of
morphological  characters, the traditional
identification of Colletotrichum sp. based on
morphology is limited [20]. For accurate species

analysis of multiple loci with morphological data
[4]. To our knowledge, attempts were not made to
characterize and describe of Colletotrichum
species responsible for anthracnose on black
pepper in India. The objective of the present study
was to characterize the species of Colletotrichum
associated with anthracnose of black pepper in
South India based on morphology, multi-loci gene
phylogeny and pathogenicity.

MATERIALS AND METHODS

Collection of anthracnose affected samples
Black pepper leaf showing typical symptoms of
anthracnose (Fig. 2) were collected from different
districts of Kerala, Karnataka and Tamil Nadu
where severe disease epidemics on leaves
occurred, during the September and October of
2012 and 2013 (Fig. 1).
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Fig. 1 A map showing the regions of anthracnose
affected in South India
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Fig. 2 Symptoms of anthracnose on black pepper leaves

Isolation of Colletotrichum species

To recover fungal isolates from black pepper leaf
the method described by Goh [15] was followed.
By sub-culturing at 4-week intervals, pure cultures
were maintained on PDA slants at 5°C. Three agar
plugs (3mm diam) from actively growing cultures
on PDA were suspended in 5 ml of 20 % glycerol:
17% skimmed milk (1:1) solution and stored at -
80° C for long term storage [8].

Morphological assessments

The morphological analysis was carried out as per
Rayner et al., [34]. The colony diameter was
measured daily and the mycelia growth rate (mm
day—1) was calculated. Colony morphologies were
determined from 12 independent experiments in
three replicates. Appressoria were produced in
slide culture technique [22]. Appressoria were
formed underside of the cover slip after 4-7 days.
For each isolate, length and width of 100 randomly
chosen conidia and appressoria were determined at
X 400 magnification under Zeiss bright field
microscope using Axio Vision software

DNA extraction

Fungal isolates were grown in potato dextrose
broth at 25 £1°C for 7 days DNA was
extracted as per the method of Raedor and Broda

P. Chowdappa, et al.

[32] and slightly modified by Chowdappa et al.,
[7].

PCR amplification and DNA sequencing

Eight loci including the partial rDNA-ITS (ITS),
actin  (ACT), chitin synthase 1 (CHS-1),
glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), B-tubulin (TUB2), Histone (CYLH3),
glutamine synthetase (GS) and ApMat were
amplified and sequenced using the primer pairs
ITS-1F [13] /ITS-4 [48], ACT512F/ACT783R [6],

CHS-79F/CHS-354R  [6], GDF1/GDR1 [45],
Bt2a/B2b  [14],  CYLH3F/CYLH3R  [9],
GSF1/GSRL [37] and  AM-F/AM-R [38]

respectively.

Each 50-ul PCR mixture included 39.75 pl of
PCR-grade water, 5 pl, reaction buffer, 1 ul of 2.5
mM of each dNTP’s, 1 pul of each primer
(20pmol/ul), 1 ul of DNA template and 0.25 pl of
Tag DNA polymerase. PCR reactions were carried
out in a thermal cycler (Eppendorf Master cycler).
The cycling parameters for ITS consisted of a
denaturation step at 95 °C for 3 min followed by
35 cycles at 95 °C for 30 sec, 55 °C for 45 s, 72 °C
for 45sec and a final step at 72 °C for 15 min. The
cycling parameters for ACT were initiated at 95 °C
for 3 min followed by 35 cycles at 95 °C for 30
sec, 54 °C for 45 s, 72 °C for 1 min and a final
step at 72 °C for 15 min.

The cycling parameters for partial CHS and
CYLH3 region consisted of a 4 min denaturing step
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at 95 °C followed by 35 cycles at 95 °C for 30 sec,
58 °C for 45 s, 72 °C for 45 sec and a final cycle
of 15 min at 72 °C. GAPDH and GS consisted of
94 °C for 4 min, followed by 35 cycles at 94 °C
for 45 s, 60 °C for 45 s, 72 °C for 1 min and a final
cycle at 72 °C for 15 min. The cycling parameters
for The cycling parameters for TUB2 contained of
95 °C for 4 min followed by 35 cycles at 95 °C
for 30 sec, 54 °C for 45 s, 72 °C for 60sec and a
final step at 72 °C for 15 min. The cycling
parameters for ApMat were initiated at 94 °C for 3
min followed by 30 cycles at 94 °C for 45 sec, 62
°C for 45 s, 72 °C for 1 min and a final step at 72
°C for 7 min. PCR amplification products were
separated by 1.5 % agarose electrophoresis gels in
1.0 x TBE buffer and were observed under UV
light after staining with ethidium bromide (0.5 pg/
ml). Amplified DNA products of ITS, ACT, CHS-
1, GAPDH, TUB2, CYLH3, GS and ApMat were
purified using a Nucleospin® gel and PCR Clean-
up (Macherey-nagel, Germany). Products were
sequenced using the sequencing service from
Merck Specialities Pvt Ltd, Bangalore. Sequencing
of the PCR product was performed in both
directions. Sequencing reactions contained the
same primers of all genes that were used in the

PCR. Multiple sequence alignments and
comparisons of nucleotide sequences were
performed.

Phylogenetic analysis

Reference sequences downloaded from Fungal
Biodiversity Centre (CBS-KNAW)
(http://www.cbs.knaw.nl/Colletotrichum/)  were
included in the analysis along with combined
dataset of ITS, ACT, CHS-1, GAPDH, TUB2,
CYLH3, GS and ApMat gene regions of our
isolates (Table 1). Sequences were aligned with
Clustal W, Bioedit v.7.05.3 [18] and the
alignment gaps were treated as missing data for
each gene, then multiple sequence alignments i.e a
combined dataset of all gene done by Clustal W as
implemented in MEGA v.5 [44], and manually
done where ever necessary. Mr Model test 2.3 [28]
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under the Akaike Information Criterion (AIC)
implemented in Mr Bayes v.3.1.2. Phylogenetic
reconstructions of concatenated and individual
gene-trees were performed using Bayesian (BI)
Markov Chain Monte Carlo and Maximum
Likelihood (ML) criteria. Bayesian analysis (BI)
were performed using MrBayes v. 3.1.2 [19,35].
MCMC were run for 20 million generations and
for every 1000 generations sampling was done
with the first 50% of samples discarded as burn-in.
Maximum likelihood (ML) analysis was
performed in RAXML v7.0.4 [40], all free modal
parameters where estimated by RAxXML for the
concatenated dataset with ML estimate of 25 per
site rate categories. In RAxXML platform, the
concatenated dataset was partitioned by loci. The
RAXML software accommodated the GTR model
of nucleotide substitution with the additional
options of modeling rate heterogeneity (I') and
proportion invariable sites (I) with the thorough
bootstrap algorithm of RAXML with 1000
replications were implemented with nodal support
in act. Phylogenetic trees and data files were
viewed in MEGA v. 5 [44] and Fig Tree v1.2.2
[33]. The sequences of all black pepper isolates
used in multi-gene analysis were deposited in
GenBank (Table 1).

Pathogenicity

The pathogenicity of the isolates was determined
by inoculating intact black pepper leaves cv
Panniyur 2 according to the method with slight
modifications Silva et al. [39].

RESULTS

Collection of isolates

Twenty three isolates of Colletotrichum spp. were
recovered from infected black pepper leaves
showing typical symptoms of anthracnose (Table
1). Of the 23 isolates, one isolate each identified as
C. endophytica, C. queenslandicum, C. siamense,
five isolates as C. syzygicola and fifteen isolates as
C. guajavae based on morphology and multilocus

gene phylogeny.

330



Table 1 Details of Colletotrichum isolates used in this study
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It bank i .
Species cu .ure Host Location Gen bank accession no Reference
Accession No.
ITS GAPDH ACT CHS-1 GS TUB2 CYLH3 AP-MAT
Malus
CBS 128530, domestica, New
C. acerbum ICMP 12921 bitter rot of Zealand JQ948459 JQ948790 JQ949780 JQ949120 - JQ950110 JQ949450 - Damm et al. [11]
fruit
. . th
C. acutatum CBS 110735 Pinus radiata i?rL:ca JQ948354 JQ949675 JQ948685 JQ949345 - JQ949015 JQ950005 - Damm et al. [11]
. P .
C. aenigma ICMP 18686 pyrﬁslsia Japan JX010243 JX009913 JX009519 JX009789 JX010079 JX010390 - - Weir et al. [47]
C. Aesch
ICSMP 17673 | " escrynomene USA JX010176 | JX009930 | JX009483 | JX009799 | JX010081 | JX010392 - - Weir et al. [47]
aeschynomenes virginica
Dioscorea - ;
C. alatae ICMP 18122 alata Nigeria JX010191 JX010011 JX009470 JX009846 JX010136 JX010449 - - Weir et al. [47]
C. alienum ICMP 12068 Malus New JX010255 | JX009925 | JX009492 | JX009889 - - - - Weir et al. [47]
domestica Zealand
Kunzea New .
C. aotearoa ICMP 17324 L JX010198 JX009991 JX009538 JX009770 JX010109 JX010418 - - Weir et al. [47]
ericoides Zealand
. Mangifera . .
C. asianum ICMP 18696 indica Awustralia JX010192 JX009915 JX009576 JX009753 JX010073 JX010384 - - Weir et al. [47]
Trach: th
C. australe CBS 116478 rigrfj:;pus i‘f)::ca JQU48455 | JQU48786 | JQU49776 | JQ949116 - JQU50106 | JQU49446 - Damm et al. [11]
. Capsicum .
C. brisbanense CBS 292.67 annuum Awustralia JQ948291 JQ948621 JQ949612 JQ948952 - JQ949942 JQ949282 - Damm et al. [11]
Chrysanthemu
. m coronarium,
C. chrysanthemi CBS 126519 vascular Netherlands JQ948272 JQ948602 JQ949593 JQ948933 - JQ949923 JQ949263 - Damm et al. [11]
discoloration
C. clidemiae ICMP 18706 Vitis sp. USA JX010274 JX009909 JX009476 JX009777 JX010128 JX010439 - - Weir et al. [47]
C. cordylinicola ICMP 18579 Cf?ﬁ:;?z:l)lsr;e Thailand JX010226 JX009975 HM470235 JX009864 JX010122 JX010440 - JQ899274 Weir et al. [47]
LC856/ BCC Codyline Phoulivong et al.
38872 fruticosa HM470246 HM470240 HMA470234 - HM470243 HM47029 - - [30]
. Cosmos sp.,
C. cosmic CBS 853.73 seed Netherlands JQ948274 JQ948604 JQ949595 JQ948935 - JQ949925 JQ949265 - Damm et al. [11]
Coffea
C. costaricense CBS 330.75 arabica, cv. Costa Rica JQ948180 JQ948510 JQ949501 JQ948841 - JQ949831 JQ949171 - Damm etal. [11]
Typica, berry
C. cuscutae IMI 304802 Cuscuta sp. Dominica JQ948195 JQ948525 JQ949516 JQ948856 - JQ949846 JQ949186 - Damm et al. [11]
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DNCLO75/ I
C. endophytica MFLUCC 10- wild fruit Thailand KF242123 KF242181 KF157827 - - - - - Udayanga et al. [46]
0676
tal.
LC 1216 P.purpureum | Thailand | KC633853 | KC832853 | KC692467 ; ; ; ; ; Manam[gz%(]’a eta
OBP5 Piper nigrum India KJ947310 | KJ947279 | KJ947187 | KJ947233 | KJ947287 | KJ947210 | KJ947256 N.S This study
C.fioriniae | A1 CC 12097, | Rhododendron USA JQ948307 | JQU48637 | JQU49628 | JQ948968 ; JQ949958 | Q949298 ; Damm et al. [11]
CPC 19392 .
P .
C.fructicola | ICMP 12568 am::iscza Australia | JX010166 | JX009946 | JX009529 | JX009762 ; ; ; ; Weir et al. [47]
c IMI 356878 | Citrus sinensis ltaly JX010152 | JX010056 | JX009531 | JX009818 | JX010085 | JX010445 ; ; Weir et al. [47]
gloeosporioides
. CBS 125972, Fragaria x
C. godetiae D et B Ireland JQU48423 | JQU4BTS4 | JQUA9744 | Q949084 ; JQ950074 | JQ949414 ; Damm et al. [11]
— CBS 130836,
C. graminicola M 1.001 Zea mays USA JQO05767 - JQ005830 JQO005788 - JQO005851 HQO005809 DQ002857 Cannon et al. [5]
C. guajavae IMI 350839 gu;:\‘j;“r:rui . India JQ948270 | JQU48600 | JQU49591 | JQU48931 ; JQ949921 | JQ949261 ; Damm et al. [11]
OBP13 Piper nigrum India KJ947288 | KJ947257 | KJ9AT165 | KJ947211 N.S KJ947188 | KJ947234 N.S This study
OBP14 Piper nigrum India KJ947289 | KJ947258 | KJ947166 | KJ947212 NS KJ947189 | KJ947235 N.S This study
OBP15 Piper nigrum India KJ947200 | KJ947259 | KJ947167 | KJ947213 NS KJ947190 | KJ947236 N.S This study
OBP16 Piper nigrum India KJ947201 | KJ947260 | KJ947168 | KJ947214 NS KJ947191 | KJ947237 NS This study
OBP20 Piper nigrum India KJ947202 | KJ947261 | KJ947169 | KJ947215 NS KJ947T192 | KJ947238 N.S This study
OBP11 Piper nigrum India KJ947203 | KJ947262 | KJ947170 | KJ947216 NS KJ947193 | KJ947239 N.S This study
OBP2 Piper nigrum India KJ947204 | KJ947263 | KJ947T171 | KJ947217 NS KJ947104 | KJ947240 NS This study
OBP1 Piper nigrum India KJ947205 | KJ947264 | KJ947172 | KJ947218 NS KJ947195 | KJ947241 NS This study
OBP26 Piper nigrum India KJ947206 | KJ947265 | KJ947173 | KJ947219 NS KJ947196 | KJ947242 NS This study
OBP3 Piper nigrum India KJ947207 | KJ947266 | KJ947174 | KJ947220 NS KJ947197 | KJ947243 NS This study
OBP6 Piper nigrum India KJ947208 | KJ947267 | KJ947175 | KJ947221 NS KJ947198 | KJ947244 NS This study
OBP25 Piper nigrum India KJ947209 | KJ947268 | KJ947176 | KJ947222 NS KJ947199 | KJ947245 N.S This study
OBP12 Piper nigrum India KJ947300 | KJ947260 | KJ947177 | KJ947223 NS KJ947200 | KJ947246 N.S This study
OBP17 Piper nigrum India KJ947301 | KJ947270 | KJ947178 | KJ947224 NS KJ947201 | KJ947247 NS This study
OBP19 Piper nigrum India KJ947302 | KJ947271 | KJ947179 | KJ947225 NS KJ947202 | KJ947248 NS This study
C. horii ICMP 12942 D"g’g’ims z;TZVn 4 | ©Q329687 | GQ29685 | JX009533 | IX009748 | JX0L0072 | IX010875 - - Weir et al. [47]
C. indonesiense CBS 127551 Eucalyptus sp. Indonesia JQ948288 JQ948618 JQ949609 JQ948949 - JQ949939 JQ949279 - Damm et al. [11]
N
C. johnstonii IMI 357027 Citrus sp. Ze;g] . JQU4B443 | JQUASTTA | Q949764 | JQ949104 ; JQ950004 | JQ949434 ; Damm et al. [11]
C. kahawae L :
cubep. Ciggaro | 'CMP 19122 | Vaccinium sp USA JX010228 | JX009950 | JX009536 | JX009902 | JX010134 | JX010433 ; ; Weir et al. [47]
C. kahawae ICMP 17816 Coffea Kenya IX010231 | JX010012 | JX009452 | JX0098L3 | JX010130 | JX010444 - - Weir et al. [47]
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subsp. Kahawae arabica
C.kinghornii | CBS198.35 | Phormium sp. UK JQU48454 | JQU48785 | JQUA9775 | JQ949115 - JQU50105 | Q49445 - Damm et al. [11]
- H .
C.laticiphilum | CBS 112989 brasﬁ\;gssis India JQU48289 | JQU48619 | JQU49610 | JQU48950 - JQ949940 | Q949280 - Damm etal. [11]
Citrus USA
C.limetticola | CBS114.14 | aurantifolia, Floic JQU48193 | JQU48523 | JQUA9514 | JQ948854 - Q949844 | Q49184 - Damm et al. [11]
young twig
: Lupi —
C. lupine CBS 100216 m:gg: iss Bolivia JQU48156 | JQU48486 | JQUA9477 | JQU488L7 - JQU49807 | Q949147 - Damm etal. [11]
C. musae ICMP 12930 Musa sp. ZL\';:; L | 9x010141 | 1x009986 | IX009566 | 1X009881 - - - - Weir et al. [47]
Nuphar lutea
C.nupharicola | ICMP 17938 subsp. USA JX010189 | JX009936 | JX009486 | JX009834 | JX010087 | JX010397 - - Weir et al. [47]
Polysepala
C. nymphaeae CBS 100064 Anemone sp. Netherlands JQ948224 JQ948554 JQ949545 JQ948885 - JQ949875 JQ949215 - Damm et al. [11]
C. paxtonii M1 165753 Musa sp. Saint Lucia | JQO48285 | JQU48615 | JQU49606 | JQO48946 - Q949936 | JQ049276 - Damm etal. [11]
- Phormium sp., th
C. phormii CBS 118101 orr:;:fm * i?rt:ca JQU48453 | JQU48784 | JQUA9774 | JQU49114 - JQ950104 | JQU49444 - Damm et al. [11]
C. psidii ICMP 19120 |  Psidium sp. ltaly JX010219 | JX009967 | JXO009515 | JX009901 | JX010133 | JX010443 - KC888931 Weir et al. [47]
Pyrus
. CBS 128531, _ New
C. pyricola "oMP 12024 | communis ey | JQ948445 | 1QU4ET76 | 1Qu49766 | Q949106 - JQ950096 | JQU49436 - Damm et al. [11]
fruit rot
C. . . .
queenslandicum ICMP 1778* Carica papaya Awustralia JX010276 JX009934 JX009447 JX009899 JX010104 JX010414 - KC888928 Weir et al. [47]
P
ICMP 12564 amg:ff:na Australia | JX010184 | JX009919 | JX009573 | JX009759 - - - - Weir et al. 2012
OBP22 Piper nigrum India KJ947308 | KJ947277 | KJ947185 | KJ947231 | KJ947285 | KJ947208 | KJ947254 This study
. i
C. rhombiforme | CBS 120953 eu:);Zea Portugal | JQU48457 | JQ948788 | JQ949778 | JQ949118 - JQU50108 | JQU49448 - Damm et al. [11]
Malus
domestica, cv.
C. salicis CBS 113.14 Manks Germany | JQU48478 | JQU48809 | JQU49799 | JQ949139 - JQ950129 | Q949469 - Damm et al. [11]
Kichenapfel,
fruit
A Capsicum .
C. scovillei CBS 120708 e Thailand | JQU48269 | JQU48599 | JQ949590 | JQ948930 - JQ949920 | JQ949260 - Damm et al. [11]
CBS126529 | Capsicumsp. | Indonesia | JQU48267 | JQO48597 | JQO49588 | JQ948928 - Q949918 | Q949258 : Damm et al. [11]
CBS126530 | Capsicumsp. | Indonesia | JQU48268 | JQU48598 | JQU49589 | JQU48929 - JQ949919 | Q949259 ; Damm et al. [11]
C. siamense ICMP 12567 ar:::f;a Australia | JX010250 | JX009940 | JX009541 | JX009761 | JX010076 | JX010387 - ; Weir et al. [47]
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Mal
ICMP 17795 domaelsLtIiSCa USA JX010162 JX010051 JX009506 JX009805 JX010082 JX010393 - - Weir et al. [47]
OBP24 Piper nigrum India KJ947309 K J947278 KJ947186 KJ947232 K J947286 KJ947209 KJ947255 N.S This study
. . Prot
C.simmondsii | CBS 111531 Cyn;‘;oeiges USA JQ948282 | JQU48612 | JQU49603 | JQU48943 ; Q949933 | JQ949273 ; Damm et al. [11]
. Theobroma .
C. sloanei IMI1 364297 cacao. leaf Malaysia JQ948287 JQ948617 JQ949608 JQ948948 - JQ949938 JQ949278 - Damm et al. [11]
DNCLO018/ . .
. Citrus Thailand
C. syzygicola MFLUCC 10- - KF242093 KF242155 KF157800 - KF242124 KF254879 - - Udayanga et al. [46]
aurantifolia
0621
DNCLO028/ Syzygium
MFLUCC 10- | samarangense Thailand KF242095 KF242157 KF157802 - KF242126 KF254881 - - Udayanga et al. [46]
0630
OBP10 Piper nigrum India KJ947303 KJ947272 KJ947180 KJ947226 K J947280 KJ947203 KJ947249 This study
OBP18 Piper nigrum India KJ947304 KJ947273 KJ947181 KJ947227 K J947281 KJ947204 KJ947250 This study
OBP21 Piper nigrum India KJ947305 KJ947274 KJ947182 KJ947228 K J947282 KJ947205 KJ947251 This study
OBP23 Piper nigrum India KJ947306 KJ947275 KJ947183 KJ947229 K J947283 KJ947206 KJ947252 This study
OBP7 Piper nigrum India KJ947307 K J947276 KJ947184 KJ947230 K J947284 KJ947207 KJ947253 This study
Solanum
C. tamarilloi CBS 129811 betaceum, Colombia JQ948185 JQ948515 JQ949506 JQ948846 - JQ949836 JQ949176 - Damm et al. [11]
fruit
C. Acca New .
. ICMP 15445 . JX010290 JX010027 JX009509 JX009893 - - - - Weir et al. [47]
theobromicola sellowiana Zealand
. . N .
C.ti ICMP 4832 Cordyline sp ZeaTZé q JX010269 JX009952 JX009520 JX009898 JX010123 JX010442 - - Weir et al. [47]
cBS Annona
C. tropicale 124943,,ICM . Panama JX010277 JX010014 JX009570 JX009868 - - - - Weir et al. [47]
muricata
P 18651
. Coffea sp., .
C. walleri CBS 125472 leaf tissue Vietnam JQ948275 JQ948605 JQ949596 JQ948936 - JQ949926 JQ949266 - Damm etal. [11]
C. Xanthorrhoea . .
IMI1 350817 Awustralia JX010260 JX010008 JX009479 JX009814 - - - - Weir et al. [47]
xanthorrhoeae sp.
Glomerella Camellia
cingulata "f.sp. ICMP 18542 sasanqua USA JX010223 JX009994 JX009488 JX009857 JX010118 JX010429 - - Weir et al. [47]

camelliae™
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Morphological comparisons
The Colletotrichum isolates grouped into five morphological groups based on colony characteristics,
growth rate and conidial morphology (Table 2) (Fig. 3).

Table 2. Morphological data of Colletotrichum isolates

Morphological and multi-loci gene analysis of five species of Colletotrichum responsible for anthracnose on black pepper in South India

Colony morphology Conidial morphology Appressoria morphology
Growth
Species Length Width
rate Colony color Shape Length x Width (um) Shape
(um) (um)
(mm/day)
Greyish white, pale | 12.78+2.15 cylindrical some
10.240.32 4.5+ 0.75 9.03+1.85%5.80+0.81
C. siamense yellowish with black | (10.29-16) with or without ovoid
(3.2-5.9) (6.3-11.3x4.6-6.8)
and orange sectoring guttules
Light orange with no cylindrical straight
16.2842.18 | 4.95+0.78 8.80£1.29%5.93+0.57 globose
C. queensladicum | 7.36+0.74 aerial mycelium with ends broadly
(13.2-19.7) | (3.9-5.2) (6.9-10.4x4.95-6.3)
reverse light brown rounded.
Orangish to white
cylindrical to
with grey sectoring, | 16.29+1.79 9.82+1.02%6.00+0.79 variable in
slightly ovoid, with
orange conidial mass | (13.7-17.1) | 4.42+0.98 (8.1-11.35x4.8-6.91) | shape, irregular
C. endophytica 6.6 +0.14 rounded ends and a
at the centre (3.2-5.9) unlobed or
single guttule at the
reverse orange with slightly lobed
centre.
black sectoring
Ovoid to
C. syzygicola 10.74£0.54 10.84+0.78 | 4.61+0.90 cylindrical with 18.4540.89%x7.33+0.25
White to grey clavate to lobed
9.9-11.7) | (3.2-5.67) rounded apices (16.9-19.4%6.9-7.7)
with guttules
Pale Olivaceous grey,
cylindrical to
brown to green with
9.17£1.75 | 3.82+0.21 | fusiform with both | 8.95+0.54 x5.52+0.66 | subglobose or
C. guajavae 10.31£0.82 sectoring reverse
(7.02-115) | (3.47-4.2) | ends slightly acute (8.24-9.2x4.7-6.82) elliptical
with grey and green
with guttules
sector
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Fig 3. Morphology of Colletotrichum species 1) C. siamense 2) C. queenslandicum, 3) C. endophytica 4) C.
syzygicola and 5) C. guajavae a) Culture on PDA upper, b) Culture on PDA reverse c) conidia, d) appressoria.

The morphological group | (C. endophytica) on sectoring and orange conidial mass at the centre
PDA exhibited orangish to white with grey with a growth rate of 6.6 +0.14 54 mm/day.
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Conidia are cylindrical to slightly ovoid, with
rounded ends and a single guttule at the centre
measured 13.7-17.1 x 3.2-5.9um (16.29 £1.79 x
4.42+ 0.98 um) in size. Appressoria are variable
in shape, irregular unlobed or slightly lobed,
rarely obviously lobed, 8.1-11.35x4.8-6.91um
(9.82£1.02x6.00+0.79 pum).

The colonies of morphological group Il (C.
guajavae) exhibited pale olivaceous grey, brown
to green with sectoring and grey and green sector
on reverse side with a growth rate of 10.3+0.82
mm/day. Conidia are cylindrical to fusiform with
both ends slightly acute with guttules measured
7.02-11.5x3.47-4.2um (9.17£1.75x3.82+0.21um)
in size. Appressoria are subglobose or elliptical,
8.24-9.2x4.7-6.82 um (8.95+ 0.54 x5.52 +0.66
um).

The colonies of morphological group 1l (C.
queenslandicum) showed light orange with no
aerial mycelium and reverse light brown with a
growth rate of 7.36+£0.74 mm/day. Conidia are
cylindrical straight with ends broadly rounded

measured 13.2-19.7x3.9-5.2 pm
(16.28+2.18x4.95+0.78 pum) in size. Appressoria
are globose, 6.9-10.4x4.95-6.3

um(8.80+1.29%5.93+0.57 pum).

The colonies of morphological group 1V- C.
siamense exhibited greyish white, pale yellowish
with black and orange sectoring with a growth
rate of 10.2+0.32mm/day. Conidia are cylindrical
some with or without guttules measured 10.29-
16x3.2-5.9 um(12.78+2.15x. 4.5+ 0.75um) in
size. Appressoria are ovoid 6.3-11.3x4.6-6.83
pm(9.03+1.85x5.80+0.81um).

The colonies of morphological group V (C.
syzygicola) displayed white to grey with a
growth rate of 10.7£0.54 mm/day. Conidia are
ovoid to cylindrical with rounded apices with
guttules measured 9.9-11.7x3.2-5.67um
(10.84£0.78%4.61+0.90um) in size. Appressoria
are clavate to lobed with 16.9-19.4%6.9-7.7um
(18.45+0.89x7.33+0.25um).

P. Chowdappa, et al.

Phylogenetic analysis

The trimmed sequences of the ITS gene ranged
from 595-608bp, ACT gene ranged from 259-
269bp, CHS1 gene ranged from 275-299bp,
GAPDH ranged between 273-277bp, TUB2 gene
ranged from 447-700bp, CYLH3 varied from
400-409bp, GS ranged between 860-871bp and
ApMat gene ranged from 886-901bp. In the data
set of combined eight genes used for
phylogenetic analysis, the gene boundaries of
ITS:1-614bp,  ACT:615-886bp, = CHS1:887-
1185bp, GAPDH:1186-1490bp, TUB2:1491-
2200bp, CYLH3:2201-2614bp, GS:2615-3485bp
and ApMat:3486-4410bp including twenty three
isolates of C. gloeosporioides, C. acutatum
species complexes and C. graminicola CBS
130836 (out group), 4410 characters including
the alignment gaps were processed, of which
2755 characters were conserved, 1635 characters
variable and 907 characters were parsimony
informative.

For Bayesian analysis, a GTR+G+l model was
selected for combined multi gene data analysis
and incorporated in the analysis. The consensus
tree obtained from Bayesian analysis confirmed
the tree topology rapid bootstrapping estimations
of RAXML (Fig.4).

The combined analysis resulted in the detection
of five well separated clades and one isolate
included in the first clade corresponded to C.
siamense ss with a bootstrap support of 90% and
a Bayesian posterior probability value of 1, the
second clade had one isolate, representing C.
queenslandicum ss  with a  bootstrap
support/Bayesian posterior probability value of
95/1, third clade has one isolate representing C.
endophytica ss with 88/1, fourth clade has five
isolates representing C. syzygicola ss with 100/1
and fifth clade has fifteen isolates of C. guajavae
ss with 87/0.9 respectively.
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Fig. 4 Phylogenetic tree constructed with concatenated sequences of ITS, GADPH, ACT, CHS1, GS, TUB2,
CYLH3 and ApMat genes. Bayesian posterior probability values above 0.50 are shown at the nodes and bootstrap

support values (500 replicates) above 50% below BPP values.
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Pathogenicity

Typical brown necrotic centres surrounded with
yellow halo lesions were observed on the leaves
of blackpepper inoculated with isolates of C.
siamense, C. queenslandicum, C. endophytica, C.
syzygicola and C. guajavae after five days of
post inoculation. All of the isolates were re-
isolated from the leaves and showed the same
morphological characteristics that were observed
upon the initial isolation.

DISCUSSION

Colletotrichum species on black pepper is not
accurately identified and only C. gloeosporioides
(Penz.) Penz. and Sacc., has been reported as
cause of anthracnose [27,1,17,36,23,24,41, 3,2].
A single phenotypic approach proved to be
inadequate for identification of Colletotrichum
species [20, 4]. A polyphasic approach to
discriminate Colletotrichum species has been
strongly recommended for resolving
complexities of taxonomy in Colletotrichum [11,
47, 25]. In the current study, based on a
combined  application of  morphological
characters and multi-loci phylogeny using ITS,
ACT, CHS-1, GAPDH, TUB2, CYLH3, GS and
ApMat gene sequences, we have identified five
species C. siamense, C. queenslandicum, C.
endophytica, C. syzygicola and C. guajavae
responsible for anthracnose of black pepper for
the first time in India.

The isolate C. siamense ss fitted to the
description of C. siamense sl in cultural, conidial
and appressorial morphology [29]. Earlier
Colletotrichum  siamense  was  originally
described from coffee in Thailand [29]. Weir et
al. [47] reported C. siamense sl has a wide host
range and identified as one of the 23 taxa within
C. gloeosporioides sl species complex based on
multi-locus phylogenetic analysis. Udayanga et
al. [46] recognised C. siamense as a species
complex and suggested phylogenetic re-
assessment of this species complex.

P. Chowdappa, et al.

C. queenslandicum ss corresponded to the
description of Weir et al. [47]. Earlier this
species was first isolated from Carica papaya in
Queensland, where it was originally named C.
gloeosporioides var. minor [42] and later
epityped as C. queenslandicum and also reported
in Fiji by Weir et al. [47]. Recently, this species
was reported on Passiflora edulis from Northern
Territory, Australia [21].

C. endophytica ss fitted to the description of C.
endophytica reported by Manamgoda et al. [26].
This is a new species reported recently from
tropical grasses Pennisetum purpureum and
unknown wild fruit from northern Thailand and
this species clustered in a distant clade in the
multi-gene phylogenetic tree within the C.
gloeosporioides sl complex [26, 46].

C. syzygicola ss falls within the description of
Colletotrichum syzygicola a new species reported
on Citrus aurantifolia and  Syzygium
samarangense from northern Thailand [46]. This
C. syzygicola earlier was closely related to C.
cordylinicola  originally  described  from
Cordyline fruticosa an ornamental plant belongs
to Asparagaceae in Thailand [30]. To improve
phylogenetic resolution of the cryptic C.
gloeosporioides species complex, ApMat gene-
markers were reported to give a better resolution
[39, 12, 43]. In our study, ApMat gene-markers
were included for identification of C.
queenslandicum ss and C. syzygicola ss and both
species were supported with a good bootstrap
values.

Colletotrichum guajavae, was described within
the C. acutatum species complex. Peres et al.
[31] identified C. acutatum (sl.) from a guava
fruit in Brazil based on the ITS sequences which
was identical to that of C. guajavae in the clade
of C. acutatum complex identified by Damm et
al. [11]. Later, Guerber et al. [16], identified C.
acutatum (sl.) based on a phylogeny from
combined GAPDH and GS sequences. But it
belongs to the clade of C. guajavae where the
GAPDH sequence generated by that study differs
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in 5 bp from that of C. guajavae ex-holotype IMI
350839 of Damm et al. [11].

In conclusion, the results of this study
significantly enhanced our understanding of
Colletotrichum  species  associated  with
blackpepper anthracnose for developing effective
disease management strategies including the
development of resistant cultivars for use in
commercial blackpepper production in India.
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