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Abstract The aim of this study was to identify the
Colletotrichum species associated with anthracnose
symptoms in coffee (Coffea arabica L.) plantations in
northern Puebla, Mexico. In 2013, five surveys were
conducted in different production areas and at different
altitudes. Symptomatic leaves, shoots, and ripe and un-
ripe fruits of the coffee variety Red Caturra were col-
lected. Isolates were obtained and the Colletotrichum
species were identified morphologically and character-
ized by multilocus sequence analyses of the ACT, CAL,
GAPDH, and TUB2 genes and the rDNA region.
Additionally, pathogenicity tests were conducted using
six isolates. We identified C. gigasporum, C.
gloeosporioides, C. karstii (two isolates), C. siamense,
and C. theobromicola. This is the first report of these
five species infecting leaves of coffee. The symptoms
caused by these species were characterized, but the
species causing Coffee Berry Disease was not found.
This is the first report of a complex of species affecting
coffee plants in the same geographical area in Mexico,
and suggests that other complexes of species may be
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important pathogens in coffee-producing areas
elsewhere.
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Introduction

Coffee (Coffea arabica L.) is a major export crop in many
countries including Brazil, Vietnam, Indonesia, Colombia,
and India (FAOSTAT 2013). Coffee diseases caused by
Colletotrichum species are especially important as they
directly affect yield (Pinkert 2004). Colletotrichum species
that affect coffee have been reported from several countries
as epiphytes, endophytes, or pathogens (causing anthrac-
nose symptoms). To date, 16 species of Colletotrichum
have been reported to affect coffee crops worldwide. Six
species were reported in Vietnam (C. acutatum, C.
boninense, C. capsici, C. gloeosporioides, C. karstii, and
C. walleri), three in Thailand (C. asianum, C. fructicola,
and C. siamense), two in Angola (C. cuscutae and
C. fragariae), and one species in each of the following
five countries: Australia (C. theobromicola), Colombia
(C. gigasporum), Costa Rica (C. costarricense), Fiji
(C. queenslandicum), and Kenya (C. kahawae subsp.
kahawae) (Damm et al. 2012b, c; Nguyen et al. 2010;
Prihastuti et al. 2009; Rakotoniriana et al. 2013; Silva et al.
2012; Weir et al. 2012). Of these 16 species, only one,
C. kahawae subsp. kahawae J. M. Waller & P.D. Bridge,
which is restricted to Afiica, is of major concern (Waller
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et al. 1993). There have been reports of C. kahawae subsp.
kahawae in Kenya, Angola, Cameroon, and Malawi (Weir
et al. 2012). C. kahawae subsp. kahawae causes Coffee
Berry Disease (CBD), which is devastating, damaging
green berries and inducing premature fruit drop and/or
fruit mummification (Omondi et al. 2000). In Mexico,
coffee is cultivated in 15 states, among which Puebla
State is a major producer (SIAP 2014) and only
C. coffeanum (CNC 1952), which was considered to be
C. gloeosporioides (Waller et al. 1993), was thought to
infect coffee. The species has a worldwide distribution and
affects several different crops: coffee in Vietnam (Nguyen
et al. 2010), Brazil (Prihastuti et al. 2009), and possibly
other Asian countries; and a wide range of other hosts in
many other countries (Belize, Colombia, Guyana, Israel,
Italy, Japan, Mexico, Nigeria, Spain, Taiwan, Thailand,
South Africa, and the USA) (Cannon et al. 2008; Doyle
et al. 2013; Nguyen et al. 2010). Diseases caused by
Colletotrichum spp. cause symptoms of anthracnose on
leaves, stems, and fruits; they have been identified based
on their morphology (Sutton 1980) and, more recently,
using molecular tools (Damm et al. 2012b, c).

The survey area was located in the mountains of north-
ern Puebla, where there is a warm humid climate. In
Puebla, coffee plants are cultivated between 300 and
1400 m (Evangelista et al. 2010). The aim of this study
was to identify and characterize the Colletotrichum species
present in coffee plantations using multilocus sequence
analyses. We hypothesized that several Colletotrichum
species cause anthracnose in coffee plantations in Mexico.

Materials and methods
Colletotrichum isolates

During 2013, five coffee plantations were selected to
sample the coffee cultivar Red Caturra in three munici-
palities in Puebla State, Mexico (Table 1). The plants at
each of the five coffee plantations sampled were located
at 229, 578, 810, 1060, and 1128 m above sea level,
respectively. At each of the five sites, 10 leaves, stems,
ripe fruit, and unripe fruit with typical anthracnose symp-
toms were collected (Table 1). Leaf samples usually had
typical and atypical lesions of Cercospora in addition to
the anthracnose symptoms (Nelson 2008), and these le-
sions were also used for isolations of Colletotrichum spp.
The symptomatic tissues were disinfested by immersion
in 1.5 % sodium hypochlorite for 2 min, rinsed three
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times with sterile distilled water, and dried on sterile
paper. Three sections of the symptomatic leaves, stems,
and fruit were plated onto 2 % malt extract agar (MEA;
Oxoid, Basingstoke, England) adjusted to pH 4.86 and
containing 85 % lactic acid (0.1 ml/L) (Reasol, Mexico
City, Mexico) (to avoid bacterial contamination). The
plates were incubated for four days under constant near
ultraviolet light (nUV) at 20-22 °C. Monosporic conidial
suspensions of Colletotrichum isolations (Crous et al.
2009) were stored in 25 % glycerol (Hersch Trading,
Mexico) at —80 °C, and in slant tubes with potato dex-
trose agar (PDA; 200 g potato broth, 15 g dextrose, 20 g
agar per L) covered with sterile mineral oil (Quimica
Meyer, Mexico City, Mexico).

Morphological characteristics

Of the 719 symptomatic tissues plated onto MEA, 49 %
developed colonies of Colletotrichum (observed colony
morphology and hyaline conidia form) (Damm et al.
2012a). In a first screen, 60 (17 %) colonies were selected
on the basis of different conidia morphology (Sutton 1980;
Damm et al. 2012a) and/or colony morphology (Crous
et al. 2009; Damm et al. 2012a). The 60 isolates were
plated on PDA and incubated for 7 days under laboratory
lighting conditions before evaluating the colony character-
istics, conidia form and size, and the presence or absence
of pseudothecia (after 25 days). In a second screen of these
60 isolates, 10 isolates were selected (Fig. 1) based on the
same criteria. This double screening process allowed us to
select 10 isolates that were representative of typical exam-
ples of the different morphologies among the isolations
(Table 1, Fig. 1). The proportion (percentage) of identified
species among the 10 selected isolates represented 17 % of
the 60 colonies (Table 1).

Culture characteristics Aliquots of monosporic isolates
were plated onto four media: PDA, 2 % PDA (Damm
et al. 2012c), synthetic-nutrient-poor agar (SNA; 1 g
KH,PO,, 1 g KNO;3, 0.5 g MgS0,.7H,0, 0.5 g KCl,
0.2 g glucose, 0.2 g saccharose per L water) plus filter
paper (Crous et al. 2009), and oatmeal extract agar
(Crous et al. 2009). Plates were incubated under three
environments: constant white fluorescent light (Osram
40 W, Brazil), constant darkness, and nUV (General
Electric, 40 W, USA) with a 12 h photoperiod. The
cultures were also incubated at different temperatures
depending on the requirements of each species and
according to information reported in the literature for
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Table 1 Species of Colletotrichum isolated and identified from coffee plants in five plantations of the variety Red Caturra in three
municipalities in northern Puebla State, Mexico

Municipality * Isolate number ®  Colletotrichum species © ¢ Culture © Tissue  Plantation location {  Altitude (m)
Venustiano Carranza 8 C. theobromicola (1.7 %) CP-CC028 Fruit® S.B.E. 229
Jalpan 13 C. karstii (3.4 %) CP—CC029 Leaf® PT 578
21 C. gloeosporioides (3.4 %) CP—CC032 Friit' P. T 578
Xicotepec 22 C. siamense (4.8 %) CP-CC035 Leaf! S.L. 956
27 C. siamense CP-CC036 Leaf" S.L. 956
38 C. siamense CP-CC037 Frit* L.P 1060
41 C. gigasporum (2.0 %) CP-CC033 Frit* L.P 1060
51 C. sp. (1.7 %) CP—CC034 Leaf® L.P 1060
42 C. karstii CP—CC030 Fruit® L.P. 1060
60 C. karstii CP-CC031 Fruit* D.C. 1128

* Climate types (Képpen 1936) in the municipalities as follows: Venustiano Carranza is at low altitude, yearly medium temperature 24—
26 °C, 94 % RH, and has a tropical monsoon climate (4m); Jalpan is at a medium altitude, yearly medium temperature 22-24 °C, 85 % RH
and has a tropical rainforest climate (A4f"); Xicotepec is at high altitude, yearly medium temperature 20-22 °C, 63 % RH and also has a
tropical rainforest climate (Af)

b Isolate number specific to this study

¢ Species identification cited references: C. gigasporum (Rakotoniriana et al. 2013), C. gloeosporioides (Cannon et al. 2008; Liu et al. 2013),
C. karstii (Damm et al. 2012c; Youlian et al. 2011), C. siamense (Prihastuti et al. 2009), C. theobromicola (Rojas et al. 2010)

4Species proportion of the 17 % of the total (60) colonies selected for morphological identification
¢ Colegio de Postgraduados (CP) — Culture Collection (CC) number

fSB.E. = San Bartolo del Escobal (20° 25’ 29 N, 97°40' 06 W); P.T. = Pozo del Tigre (20° 25’ 45 N, 97° 52’ 28 W); S.L. = San Lorenzo
(20°20"3.3 N,97°56' 58 W); L.P.=Las Pilas (20° 19’22 N, 97°57'5.29 W); and D.C. =Dos Caminos (20° 13'37 N, 97° 55" 1.79 W)

& Mummified fruit
" Atypical Cercospora lesion

Symptomatic ripe fruit

i Typical Cercospora lesion symptom (Nelson 2008) where C. siamense was isolated

¥ Symptomatic unripe fruit

Colletotrichum species. The colony diameters were
measured after 7 and 10 days of incubation.

Morphology Structures were measured on slide mounts
in lactic acid under an Eclipse E-400 compound micro-
scope (Nikon, Tokyo, Japan) at 100x. Conidia were
measured and minimum and maximum, average (av.),
standard deviation (SD), rank (95 % interval) (Crous
et al. 2009), and median (Mdn.) were calculated. In
some species the L/'W (length/width) ratio was calculat-
ed. Appressoria formation was analyzed as described by
Weir et al. (2012).

Pathogenicity tests
Six isolates were selected for pathogenicity tests. Six-

month-old plants of the coffee cultivar Red Caturra with
and without wounds were inoculated with each isolate

(three plants per isolate). The plants (60 cm tall, average
of six branches and nine leaves) were grow in organic
matter compost in black plastic bags (215 cm?®) in a
greenhouse and watered regularly.

Before inoculation, the plants were surface
disinfested as described above; they were allowed to
dry at room temperature in a moist chamber for 72 h at
22-29 °C, 80 %—100 % relative humidity, and 12 h
photoperiod under fluorescent light (Osram 40 W,
Brazil). Environmental conditions in the chamber were
monitored using an Onset HOBO data logger (Onset
Computer Corp., Bourne, MA, USA). A 50,000
conidia/ml suspension was prepared from cultures of
each isolate grown on 2 % PDA media, the conidial
density was confirmed using a hemocytometer (Bright-
Line, Buffalo, NY, USA). All the leaves of the inocu-
lated plants were sprayed (using a Mini Glass Trigger
Sprayer, 230 ml; China) to run-off with the conidia
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Fig. 1 Comparative colony morphology of 10 isolates of
Colletotrichum selected in a second screen for species identifica-
tion. Isolates re-selected for study from 60 initial isolates are

suspension. The controls (three plants) were sprayed
with distilled sterile water to run-off. After 3 days’ in-
cubation (22-29 °C, 80 %—100 % relative humidity and
a 12 h photoperiod), the plants were transferred to a
greenhouse (21-27 °C, 45 %—60 % relative humidity,
with natural light conditions). After a further 30 days,
the leaf lesions were measured, photographed, and the
symptoms described. Isolations were made from each
lesion and the causal pathogens grown on PDA as
described above so as to fulfil Koch’s postulate.

Molecular analysis

DNA was extracted from 10 isolates (Castellanos et al.
2013), and three genes/genetic regions were amplified:
the actin gene, ACT (primers ACT — 512F/ACT — 783R,;
Carbone and Kohn 1999), the {3-tubulin gene, TUB2
(primers Bt2a/Bt2b; Glass and Donaldson 1995), and
the rDNA regions of the inner /7S regions (primers
ITS1/ITS4; Gardes and Bruns 1993; White et al. 1990).
Two additional genes were amplified from some isolates;
the calmodulin gene, CAL (primers CL1/CL2A) and the
glyceraldehyde-3-phosphate dehydrogenase gene,
GAPDH (primers GDF/GDR) (Weir et al. 2012). Gene-
specific amplification conditions were used for ACT
(Damm et al. 2012c), TUB2 (Prihastuti et al. 2009) and
ITS (Woudenberg et al. 2009). The amplified products
were sequenced in both directions by Macrogen CIA
(http://dna.macrogen), Korea. The sequences were
analyzed by DNASTAR (2001) and Sequencher (2014),
and the alignment was performed with Clustal W in
MEGA 6.0 (Tamura et al. 2013). Sequences were com-
pared using NCBI BLAST Blastx (http:/blast.ncbi.nlm.
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shown in Table 1. Isolates were selected at 4 days old plate on
PDA under a 12-h light photoperiod at 20-22 °C

nih.gov/Blast.cgi). Accession numbers of the sequences
from each isolate are listed in Table 2.

Phylogenetic analysis

Phylogeny reconstruction was implemented in MEGA
6.0 (Tamura et al. 2013), and was performed indepen-
dently for each gene and region. The dataset was ana-
lyzed using the Neighbor-Joining method (NJ) and the
nucleotide substitution model obtained based on
Bayesian Information Criterion. Concatenated analysis
was performed using T3 models (Tamura 3 parameters)
with maximum likelihood; in both cases a “bootstrap”
of 500 permutations was performed. Later, phylogeny
reconstruction was implemented in Mr. Bayes 3.1.2
(Ronquist and Huelsenbeck 2003). The dataset was
analyzed using the Bayesian inference and two
MCMC (Markov chain Monte Carlo). Concatenated
analysis of the two genes (ACT and TUB2) and ITS
regions was performed using 250,000 generations, sam-
pled every 10,000 generation. The tree has been depos-
ited at TreeBase (Accession number: Tr95552).

Results
Morphological descriptions

The ten isolates, representing 17 % of the 60 colonies,
corresponded to six species: C. karstii (3.4 %) from the
C. boninense species complex; C. gigasporum (2.0 %)
and C. sp. (1.7 %) (a possible species of this complex)
from the C. gigasporum species complex; and
C. gloeosporioides (3.4 %), C. siamens (4.8 %), and
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Table 2 The genes and GenBank accession numbers of the se-
quences from each isolate/species of Colletotricum identified from
coffee plants in five plantations of the variety Red Caturra in three

municipalities in northern Puebla State, Mexico (further details are
listed in Table 1)

Isolate number *  Colletotrichum species Culture © Gene ¢ and associated GenBank accession no. (NCBI) ©
ACT ITS TUB2 CAL GAPDH

8 C. theobromicola CP—-CC028 KTI122919  KTI122929  KTI122909

13 C. karstii CP—CC029 KTI122920 KTI122930 KTI122910

21 C. gloeosporioides CP-CC032  KTI122923  KTI122933 KTI122913  KTI122943  KT122939
22 C. siamense CP—-CC035 KTI122926 KTI122936  KTI122916 KT122940
27 C. siamense CP—CCO036  KTI122927 KTI122937 KTI122917 KT122941
38 C. siamense CP—-CC037  KTI122928  KT122938  KTI122918 KT122942
41 C. gigasporum CP—-CC033  KTI122924  KTI122934 KTI122914

51 C. sp. CP—CC034 KTI122925 KTI122935 KTI122915

42 C. karstii CP—-CCO030 KTI122921  KTI122931 KTI122911

60 C. karstii CP—-CCO031  KTI122922  KTI122932  KTI122912

#Isolate number specific to this study

" Species identification cited references: C. gigasporum (Rakotoniriana et al. 2013), C. gloeosporioides (Cannon et al. 2008; Liu et al. 2013),

C. karstii (Damm et al. 2012c; Youlian et al. 2011), C. siamense (Prihastuti et al. 2009), C. theobromicola (Rojas et al. 2010)

¢ Colegio de Postgraduados (CP) — Culture Collection number

4 ACT = Actin; ITS = Internal transcribed spacer regions; TUB2 = (3-tubulin2; CAL = Calmodulin; and GAPDH = Glyceraldehyde-3-

phosphate dehydrogenase

¢National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/genbank/)

C. theobromicola (1.7 %) from the C. gloeosporioides
species complex (Table 1 and Fig. 3). The following
species descriptions are based on isolates cultured on
PDA (C. gigasporum, C. gloeosporioides, C. sp.,
C. karstii, C. siamense, and C. theobromicola) and
SNA (C. karstii and C. theobromicola) media. Growth
on these media allowed us to reconfirm the culture
characteristics and structural morphology reported else-
where (Damm et al. 2012c; Rojas et al. 2010).

C. gigasporum E. F. Rakotoniriana & F. Munaut.
Colonies on PDA after 7 days at 25 °C in darkness,
8.0 cm in diam., gray aerial mycelium, dense and cot-
tony, whitish margin, colony reverse black; brown ap-
pressoria, clavate, oval, and irregular, crenate or lobed
margin, and a germ pore, (10-)12.5-17.5(—22.5) x 7.5—
12.5 um; after 2 weeks abundant acervuli conidiomata
in periphery of plate, conidia mass pale pinkish and pale
grayish with age; abundant light to dark brown setae,
septated with round or truncated apex, rough apical
wall, 90-140 x 5-6 pum; phialidic conidiogenous cell,
cylindrical; cylindrical conidia, hyaline, gutulate,
straight, both ends rounded, 20-26(—29) x 7-8 pum
[av. (£SD) 23 (£1.9) x 7 (£0.4); Mdn. 23 x 7)]
(Rakotoniriana et al. 2013). Teleomorph not observed.

BLAST search reached 99.6 %—100 % similarity to
C. gigasporum for three genes/genetic regions (ACT,
TUB2 and ITS).

C. gloeosporioides (Penz.) Penz. & Sacc. Colonies
on PDA at 20 °C, fluorescent light and nUV, 12-h
dark/12-h light photoperiod, 4.8-5.0 cm in diam., after
7 days and 7.0-7.5 cm in diam., after 10 days; abundant
cottony mycelia, dark gray with white margins and
conidiomata at center of colony, salmon-colored conidia
mass, reverse colony beige with blackish areas in zonate
arrangement. On same media and in same environmental
conditions, colonies after 7 days 6.4-6.6 cm in diam., flat,
center of colony with dense cottony aerial mycelium, rest
of colony slightly cottony, whitish to slightly grayish, fine
erose and whitish margin; reverse colony pale salmon to
orange with dark gray flecks at center, beige to white
margin; abundant orange conidiomata, few brown setae,
brown oval, lobulated and clavate appressoria, one germ
pore, (4.6-)7.6-9.7(—13.7) x 4.4-7.9(9.8) um; cylindri-
cal and sub-cylindrical conidia with rounded ends, some
with slightly truncated base, gutulate, 13—-16 x 5—
6 um [av. (£SD) 14.8 (£1.1) x 5 (£0.3); Mdn. 15 x 5)],
L/A: 2.6. Teleomorph not observed. BLAST search
matched 100 % to C. gloeosporioides for five genes
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(ACT, ITS, TUB2, CAL, and GAPDH). Morphology
consistent with that described by Cannon et al. (2008)
and Liu et al. (2013).

Colletotrichum sp. Colonies on PDA after 7 days
growth at 25 °C in darkness, 8.0 cm in diam., gray woolly
aerial mycelia (less dense and shorter than those of isolate
number 41; Table 1) with abundant scattered and semi-
immersed structures; colonies rounded, and formed by a
center of hyphae with a hard compact mass and covered
with abundant cottony mycelia; colony with whitish mar-
gin and blackish reverse; brown appressoria, ovoid, cre-
nate, with germ pore, (6-)8—17.5(—20) x 4-7(—10) um
after 2 weeks, some conidiogenous cells and conidia in
black mucilaginous mass on surface of compact or hard-
ened structures, no setaec observed; hyaline conidia,
gutulate, cylindrical and some clavate, straight and some
curved, with both ends rounded and some truncated with
marked hilum, aseptate, one or two septa in some aged
conidia, (11-)15-27(=28) x (5-)6-8(-9) pm [av. (£SD)
22 (£3.9) x 7 (0.7); Mdn. 23 x 7)]; under white fluores-
cent lightnUV with 12-h light/12-h dark photoperiod,
same described morphology but larger conidia, (19-)20—
32(—33) x 6-8 um [av. (£SD) 26 (£3.7) x 7 (0.4); Mdn.
27 x 7)]. Teleomorph not observed. In BLAST search,
only ACT'sequence differed (by four nucleotides) from that
of C. gigasporum (98.8 %; difference was reflected in
conidiomata and conidia size and shape). Other two se-
quences (/7S and TUB2) had 99.6 %—100 % similarity.
This isolate should be further studied under different incu-
bation conditions.

C. karstii Youlian, Y., Cai, L., Yu, Z., Liu, Z., & K. D.
Hyde. Colonies on PDA at 20 °C and fluorescent light
and nUV with 12-h light/12-h dark photoperiod, 3.7-4.3 cm
in diam., after 7 days and 5.4-6.5 cm in diam., after 10 days;
white cottony mycelia abundant in center and moderate
along the rest of the colony, zonated; colony reverse pale
salmon to pale orange with dark areas and zonate; abundant
acervular conidiomata and conidia mass from salmon to
pale orange; conidia with granulated cytoplasm, straight,
cylindrical with rounded ends and some with rounded apex
and truncated base, prominent hilum, (12-)13—
17(=18) x 5-6 pum [av. (£SD) 15 (x1.4) x 5 (£0.4); Mdn.
15 x 5)]; on SNA, under nUV with 12-h light/12-h dark
photoperiod at 20 °C, smaller conidia, (11-)12-14 x 5-
6 um [av. (SD) 13 (#0.8) x 5 (£0.5); Mdn. 13 x 6)];
appressoria brown ovoid, ellipsoidal, subglobose and germ
pore, (4.9-)6.9-12.6(—18) x (3.4-)4.4-7.5 um; setae ab-
sent, and perithecia present after 30 days in PDA. BLAST
search showed 99.6 %—100 % similarity to C. karstii for
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three sequences (ACT, ITS, TUB?2), except for one isolate
(number 42) showed 98.6 % similarity to ACT sequence.
The description agreed with those of Damm et al. (2012c)
and Youlian et al. (2011).

C. siamense Prihastuti, L., Cai & K. D. Hyde. PDA
cultures at 28 °C in darkness, 8.0 cm in diam., after 7 days;
cottony aerial mycelia ranging from moderate to abundant
among isolates, colonies slightly grayish-whitish or brown-
ish; reverse colony pale beige-yellowish or orangeish,
abundant yellowish or orange conidiomata, fusiform co-
nidia, some oblong, straight, hyaline, 12-18(—19) x 4—
5 um [av. (£SD) 15 (#1.9) x 4 (x0.4); Mdn. 15 x 4)];
appressoria brown, ovoid and clavate, some subglobose,
and germ pore, 5.3-9.0(—13.4) x 3.9-5.9(—7.7) um; setae
present at the center of colony or absent. Teleomorph not
observed. BLAST search showed 99.1 %—100 % similarity
to C. siamense for analyzed genes except for ACT and
GAPDH, with two isolates (numbers 22 and 27) showing
98.5 % and 98.9 %, respectively. The description agreed
with that of Prihastuti et al. (2009).

C. theobromicola Delacr. Colonies on PDA at 25 °C in
12-h light/12-h photoperiod, 4.61 cm in diam., after 4 days,
and after 10 days dense cottony mycelia dark gray and
zonate; abundant conidiomata with orange conidia mass,
reverse colony dark gray; in SNA after 10 days: hyaline,
immersed, and light aerial hyaline hyphae, scattered
conidiomata in agar and huge on filter paper with orange
conidia mass; conidia on SNA at 10 days and mounted in
3 % KOH were straight 13-19 x (3—)4-5 um [av. (+SD)
16 (£1.6) x 4 (x0.4); Mdn. 16 x 4)], L/A: 3.25-3.8, sub-
cylindrical, some clavate; brown appressoria on SNA,
irregular with lobed margin, some proliferated, (7—)9—
11 X 6-8(—9) um; no setae and no teleomorph observed.
The description agreed with that of Rojas et al. (2010). The
BLAST search showed 99.6 %-100 % similarity to
C. theobromicola for ACT, ITS, and TUBZ2 sequences.

Cercospora lesions. Only three species, Colletotrichum
karstii, C. siamense (two isolates) and Colletotrichum sp.
were isolated from these lesions. Isolates number 13, 22
and 27, and 51 respectively (Table 1).

Pathogenicity tests

The six isolates (one of each of the five identified species,
except for Colletotrichum sp.) were pathogenic to coffee
leaves. The leaves developed first signs of symptoms at
14 days after inoculation. Lesions on uninjured plants
were brown and formed mainly at the leaf apexes and
borders (Fig. 2a—f); initially small circular lesions of up to
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Fig. 2 Anthracnose symptoms on leaves of the coffee cultivar
Red Caturra inoculated with Colletotrichum isolates. Isolates were
inoculated onto unwounded (a—f) and wounded (g-1) leaves. Un-
wounded: b, d, f, necrosis at leaf apex and edges at 14 days after
inoculation; a, ¢, e, symptoms at 30 days after inoculation. Wound-
ed: g, h, i, k, I showing symptoms on and around wounds (indi-
vidual lesions) at 14 days after inoculation; j, necrosis (fused

1.0 cm in diameter formed. Plants inoculated with
C. karstii (Fig. 2c and d) and C. siamense (Fig. 2e)
showed symptoms of collapse (area, 3 x 25 cm) along
the leaf edges. Wounded leaves developed small circular
lesions of 0.5—-1.5 cm in diameter around the wound site,
which were light brown-olivaceous and later extended
over the entire leaf area causing the lamina to turn dark

lesions) around and on leaf at 30 days after inoculation; a, g,
Colletotrichum gloeosporioides (21*); b, h, Colletotrichum
gigasporum (41); ¢, i, Colletotrichum karstii (13); d, j, C. karstii
(42); e, k, Colletotrichum siamense (38); f, 1, Colletotrichum
theobromicola (8); Colletotrichum sp. (51), not inoculated.
* Isolate number

brown. Sometimes the center of the lesions was grayish,
and some leaves became distorted (Figs. 2g, ).
Although the leaf lesions caused by the five
Colletotrichum species were similar, the symptom devel-
opment differed among species. With wounded plants,
those inoculated with C. siamense (Fig. 2k) developed
symptoms 10 days before those inoculated with the
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remaining four species. Unwounded leaves inoculated
with C. gloeosporioides, C. karstii (isolate 13), and
C. siamense developed symptoms in approximately
30 days (Fig. 2a, c, e; respectively), while wounded plants
developed symptoms 16 days earlier (Fig. 2g, i, k;
respectively). The isolates of C. karstii developed symp-
toms within 30 days, whether or not the plants were
wounded (Fig. 2c, j). The other two species,
C. gigasporum and C. theobromicola, caused similar sized
symptoms whether or not the leaves were wounded
(Fig. 2b, f, h, 11). Acervuli formed in the lesions. The same
species that had been inoculated were recovered from the
symptoms and grew in pure culture. No Colletotrichum
colonies were isolated from the controls.

Phylogenetic analysis

The ACT gene differentiated the isolates into six phyloge-
netic species, with one clade per species. Of the 10 isolates
analyzed, three C. karstii isolates clustered together and
two C. siamense isolates clustered together in different
clades. The C. sp. was closely related to C. gigasporum,
even though these two isolates had different conidia mor-
phology and colony characteristics. The six species de-
scribed in this study were confirmed to be different from
the highly regulated species of Colletotrichum associated
with coffee, C. kahawae subsp. kahawae (tree root)

(Fig. 3).

Colletotrichum kahawae subsp. kahawae

Colletotrichum gloeosporioides 21

Colletotrichum siamense 27

100
Colletotrichum siamense 22

100
Colletotrichum siamense 38

Colletotrichum theobromicola 8

Discussion

Based on the results of the inoculation experiments, several
Colletotrichum species were found to be pathogenic to
coffee in Mexico. A similar diversity of pathogenic species
has been observed on coffee plants in Asia
(C. gloeosporioides, C. karstii and C. siamense) (Damm
et al. 2012b; Nguyen et al. 2010; Prihastuti et al. 2009). In
South America, three species had previously been reported
to be associated with coffee plants: C. gigasporum, an
endophyte (Colombia) (Rakotoniriana et al. 2013),
C. gloeosporioides and C. siamense (Brazil) (Prihastuti
et al. 2009). In Mexico, coffee anthracnose was first re-
ported in 1952 (CNC 1952), and the causal pathogen was
considered to be C. gloeosporioides (Waller et al. 1993).
However, the present study is the first formal report of
C. gloeosporioides infecting coffee plants in Mexico.
Among the six species identified, the fact that only
C. karstii, C. siamense and C. sp. were isolated from
typical and atypical Cercospora lesions could be an indi-
cation of pathogenic interaction between Cercospora and
Colletotrichum species. Colletotrichum was reported to
affect coffee plants in Hawaii (Nelson 2008), and was
associated with Cercospora lesions, although it was not
specified which Colletotrichum species was involved.
Moreover, from field observations, it can be inferred that
atypical Cercospora symptoms (Nelson 2008) and the
predominance of anthracnose increase leaf damage,

100 [— Colletotrichum gigasporum 41

100

|— Colletotrichum sp 51

Colletotrichum karstii 13
100 |_

0.1

Colletotrichum Karstii 42
78 . "
Colletotrichum Karstii 60

Fig. 3 Phylogenetic tree based on Bayesian Inference of
concatenated ACT, ITS, and TUB2 gene sequences of 10 isolates
(numbers on the right) of Colletotrichum species identified in this
study. Values indicate percentage based on 250,000 MCMC

@ Springer

(Markov chain Monte Carlo). C. kahawae subsp. kahawae
(concatenated accession numbers: JQ071912, FJ907446,
FJ972608) was the outgroup. Tree Accession number: Tr95552
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indicated a possible synergistic effect of these two patho-
gens on coffee. Furthermore, C. karstii is known to have a
wide host range (Sharma and Shenoy 2013), as well as
being the most common species of Colletotrichum and the
species with the greatest geographical diversity within the
C. boninense complex (Damm et al. 2012c¢). C. karstii was
isolated as a pathogen from the Orchidaceae and as an
endophyte in roots (Youlian et al. 2011). Other hosts of
C. karstii include grape (Vitis vinifera), chili (Capsicum
spp.), and tomato (Lycopersicon esculentum) (Youlian
et al. 2011). On coffee, C. karstii has been isolated from
fruit, but it was not reported to be pathogenic (Damm et al.
2012c¢). In the present study, it was pathogenic to coffee
leaves and was associated with Cercospora lesions.

Another species in this study, C. gigasporum, was
isolated as an endophyte from C. arabica in Colombia
(Rakotoniriana et al. 2013) and from Coffea sp. in Vietnam
(Liu et al. 2014). In Mexico, it was isolated as a foliar
endophyte from Stylosanthes guianensis (Rakotoniriana
et al. 2013) and it was associated with Musa sp. (Liu
et al. 2014). C. gigasporum is mentioned in the literature
as a potential coffee pathogen (Rakotoniriana et al. 2013),
and was shown to be a pathogen of coffee fruit (Prihastuti
et al. 2009). In the present study, C. siamense was patho-
genic on coffee and was isolated from leaves and symp-
tomatic unripe fruit.

C. theobromicola is a pathogen of Stylosanthes spp.,
Fragaria spp., and Theobroma cacao (Rojas et al. 2010;
Weir et al. 2012) and it is mentioned in the literature as a
possible pathogen of coffee. This species was only isolated
from low altitudes, where the temperatures are higher
(tropical monsoon climate) (4m) (Koppen 1936)
(Table 1); an environment characterized by wet and dry
seasons. C. theobromicola is generally restricted to warm
tropical environments (Rojas et al. 2010), and its pathoge-
nicity to coffee was demonstrated for the first time in this
study. C. gigasporum, C. gloeosporioides, C. kartii, C.
siamense, and C. sp. were isolated from a tropical
rainforest climate (4f) (Képpen 1936) (Table 1), an envi-
ronment lacking a dry season and where most
Colletotrichum species diversity was found. An intensive
and exhaustive sampling could reveal species diversity
higher than in Asia (Damm et al. 2012a) and elsewhere
in coffee plantations.

Anthracnose affecting coffee leaves is a novel observa-
tion, because most of the species identified elsewhere
cause damage to coffee fruit. Hence, foliar damage by
Colletotrichum species may affect coffee production due
to interference with photosynthesis, which would

ultimately affect fruit production and yield. Also, leaves
with anthracnose could be a source of inoculum for fruit.
More research regarding the incidence and severity of each
species of Colletotrichum, their aggressiveness, and ability
to infect different plant organs (leaves and fruit) will be
valuable to ascertain the importance of these pathogens.
The regulated species C. kahawae subsp. kahawae
was not among those identified in this study. This is an
encouraging result, because it has caused serious dam-
age in other countries. The results of this study show that
there is a complex of at least six Colletotrichum species
that are foliar pathogens of coffee in Mexico. This
information is a useful baseline for developing sustain-
able management strategies for anthracnose of coffee.
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