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Abstract

Coffee berry disease is caused by Colletotrichum kahawae, a quarantine
fungus still absent from most coffee-producing countries. Given the
potential adverse effects on coffee berry production, it is a severe
worldwide threat to farmers and industry. Current biosecurity manage-
ment focuses on exclusion by applying quarantine measures, including
the certification of coffee plants and their products. However, methods
for detecting C. kahawae by National Plant Protection Organization
(NPPO) laboratories still need approval. This research aims to func-
tionally demonstrate, standardize, and validate a method for detecting
and discriminating C. kahawae from other Colletotrichum species
that may be present in coffee plant samples. The method proposes
to use an end-point PCR marker for the mating type gene (MAT1-2-1)
and a confirmatory test with a real-time quantitative PCR (qPCR)

marker developed on the glutamine synthetase gene. The C. kahawae
amplicons for the Cen-CkM10 qPCR marker exhibited specific
melting temperature values and high-resolution melt profiles that
could be readily differentiated from other tested species, including
their relatives. Given the fungus’s quarantine status, specificity was
tested using artificial mixtures of DNA of C. kahawae with other
Colletotrichum species and coffee plant DNA. The described method
will enable NPPOs in coffee-producing and exporting countries, es-
pecially Colombia, to prevent this pathogen’s entry, establishment,
and spread.
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Quarantine pests are of constant concern for agriculture world-
wide, and their threat is high because of the globalization of in-
ternational markets (Ebbels 2003; Ghelardini et al. 2017; Mathys and
Baker 1980; Paini et al. 2016; Ristaino et al. 2021). Colletotrichum
kahawae J.M. Waller and Bridge is the fungus that causes coffee
berry disease (CBD) (Bridge et al. 2008; Cabral et al. 2020), a quarantine
pest absent in Colombia (Instituto Colombiano Agropecuario 2015) and
many other coffee-producing countries around the world.C. kahawae is
a severe threat to the Americas, which host the countries that have the
highest production of coffee in the world (Brazil, Colombia, Honduras,
Perú, and Guatemala) and other important coffee-producing countries in
Asia, such as Vietnam, Indonesia, and India (International Coffee
Organization 2023), all CBD free (CABI 2024).
At present, the disease is restricted to some African countries

(CABI 2024) where it causes coffee bean production losses and
increasing management costs between 40 and 100% (Etana 2018;
Giddisa 2016; Wubshet and Merga 2020). The prediction of the
effects of this fungus in pathogen-free areas is complex, and the

risk of damage is high because of the favorable environmen-
tal conditions for this disease in coffee-producing regions in
Colombia and other countries.
The spreading ofC. kahawae can occur passively through the legal

or illegal movement of contaminated coffee plant material. Disease
management in Colombia and other countries free of CBD focuses
on excluding, inspecting, and certifying plants and their products
(Augustin et al. 2012; Ebbels 2003; International Plant Protection
Convention 2018; Kahn 1991). Similarly, periodic field surveillance
to detect early introductions of exotic pests is essential for timely
management measures (Augustin et al. 2012; Ristaino et al. 2021).
Certification of imported material and field surveillance requires
laboratory diagnostic methods to support decision-making (Martin
et al. 2016; Ristaino et al. 2021). However, there are no validated
methodologies for C. kahawae detection.
The high diversity of Colletotrichum species in coffee plantations

(Table 1), wild hosts, and other plant species cultivated near coffee
fields creates a risk for misidentification. Wrong identification of
C. kahawae can potentially compromise the phytosanitary status of the
crop and country, as happened withC. cigarro in Colombia (Pardo-De
la Hoz et al. 2016; Rojas et al. 2018). The morphological discrimi-
nation of the Colletotrichum species is impossible because of the su-
perposition of characters among species and the high intraspecific
variability (Cannon et al. 2012; Nguyen et al. 2009; Weir et al. 2012).
Technical approaches for the discrimination of C. kahawae from

taxonomically related species include (i) the in vitro growth rate in
culture media, (ii) assimilation of carbon sources (Prihastuti et al.
2009; Waller et al. 1993; Weir et al. 2012), (iii) vegetative compat-
ibility groups (Varzea et al. 2002), (iv) multilocus analysis of DNA
sequences (Weir et al. 2012), (v) and pathogenicity tests on hypo-
cotyls and green coffee fruits (Cabral et al. 2020; Prihastuti et al.
2009; Waller et al. 1993). However, these approaches are time-
consuming and do not allow rapid diagnostic screening.
Methods based on DNA can reduce the laboratory’s analysis time

and provide fast and reliable results. Previous approaches from
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2013 were made for C. kahawae detection and discrimination by
real-time quantitative PCR (qPCR) (Tao et al. 2013) and loop-
mediated isothermal amplification (LAMP) (Tao and Cai 2013).
These technologies were developed before the taxonomic rearrange-
ment of C. kahawae from its closest relative species, C. cigarro, in
2020 (Cabral et al. 2020; Weir et al. 2012). Therefore, this relevant
taxonomic rearrangement to further diagnostics development was not
considered during these detection assay designs. It is essential to
highlight that C. cigarro has a broad host and geographic range, in-
cluding wild and cultivated crops (Weir et al. 2012).
Owing to its sensitivity, precision, and speed, the qPCR technique

has become a gold standard routinely used in diagnostic laboratories
(Grosdidier et al. 2017; Vincelli and Tisserat 2008). qPCR, combined
with high-resolution melting (HRM) analysis, allows the discrimi-
nation of genotypes based on the melting temperature (Tm) of the
amplified DNA fragment (Kanderian et al. 2015; Papavasileiou et al.
2016; Schiwek et al. 2020; Słomka et al. 2017).
This research hypothesizes that qPCR combined with HRM analysis

allows the discrimination of C. kahawae from other Colletotrichum
species commonly found on coffee plants. The objective was to develop
a method for specific and reliable detection and differentiation of
C. kahawae. We obtained a set of PCR markers for different genomic
regions of C. kahawae based on the availability of sequences in the
public databases and those recommended as appropriate for diagnosis in
Colletotrichum spp. (Liu et al. 2015; Sharma et al. 2013; Silva et al.
2012; Vieira et al. 2020; Weir et al. 2012).
The developed method is based on the selective amplification of

C. kahawae and nearby species using one marker for end-point PCR
and a qPCR discriminatory marker. The detection is done using a
qPCR DNA intercalating agent, and the discrimination of the
Colletotrichum species uses the cycle threshold (Ct), the amplicon’s
Tm, and HRM analysis. Validation of the limit of detection (LOD),
analytical specificity, selectivity, reproducibility, and repeatability
was performed with the qPCR markers.

Materials and Methods

Fungal isolates and DNA extraction
Fungal isolates associated with coffee crops were obtained by

sampling or donation (Afanador-Kafuri et al. 2014; Cruz et al. 2006)
(Supplementary Tables S1 and S2). C. kahawae DNA from four
reference isolates (International Collection of Plant Microorganisms
[ICMP]) was imported to Colombia following biosecurity international
procedures. DNA was sourced by the Plant Health and Environment
Laboratory-Biosecurity (New Zealand). Native Colletotrichum isolates
and other fungal species associated with coffee plants in Colombia were
obtained by sampling symptomatic coffee plants in four different mu-
nicipalities. Monosporic cultures were obtained from each Colombian
isolate. Isolates were identified by genus morphology and assigned to
theColletotrichum species complex by sequence analysis of the internal
transcribed spacer (ITS) region (ITS1, 5.8S rRNA gene, ITS2) using the
ITS5/ITS4 primers (White et al. 1990).
DNA extraction from the fungal cultures was performed using

the DNeasy Plant Mini Kit (Qiagen) following the manufacturer’s
instructions. The quality and quantity of the genomic DNA were
evaluated with a NanoDrop 2000 spectrophotometer (Thermo
Scientific) and agarose gel electrophoresis. The DNA was ad-
justed to a 10 ng/ml concentration and stored at 4°C until use.
Owing to the quarantine status of C. kahawae in Colombia, the ge-

nomic regions selected for this study were cloned and used as positive
controls. Each target regionwas amplified by end-point PCR,withDNA
from the C. kahawae reference isolates, using high-fidelity Platinum
Taq DNA polymerase (Invitrogen). Amplification was verified in aga-
rose gels. The PCR fragments were ligated into the plasmid vector
pCR 2.1-TOPO TA (Thermo Fisher), and ElectroMAX DH5a-E cells
(Invitrogen) were transformed. The presence of the insert was verified
by end-point PCR and Sanger sequencing, and sequences were de-
posited in the NCBI nucleotide database (Supplementary Table S1).

Primer design and qPCR standardization
Primers were designed for six genomic regions. After in silico

analysis, markers for qPCR from the GAPDH and GS genes were
selected for standardization and validation, and a marker for end-
point PCR was developed for the MAT 1-2-1 gene.
The qPCR mix consisted of 7.5 ml of Precision Melt Supermix for

HRMAnalysis (Bio-Rad), 0.1mMof each primer, and 50 ng of DNA in
15 ml reactions. qPCR reactions were carried out in a CFX96 thermal
cycler (Bio-Rad) programmed as follows: initial denaturation at 94°C
for 3min, followed by 45 cycles of denaturation (94°C for 30 s), specific
annealing temperatures for each primer pair for 20 s, and extension
(72°C for 20 s) (Table 2). The emitted fluorescence was measured after
the annealing steps. Themelting curves of the amplicons were generated
by adding a denaturation step at 95°C for 30 s, followed by the formation
of the heteroduplex at 60°C for 1min, and reading from 65°C to 95°C in
0.2°C increments for 10 s. EachDNA samplewas analyzed in duplicate.
The thermal cycler outputs were analyzed using Bio-Rad CFXMaestro
V5.0.021.0616 software. The Ct was determined, and the typical am-
plification curves were verified. The qPCR amplification products were
confirmed in agarose gel electrophoresis to corroborate specificity.

Table 1. Colletotrichum species reported in coffee crops per species complex

Colletotrichum
species complex Species

C. gloeosporioides C. kahawae, C. cigarroa, C. gloeosporioides,
C. theobromicola (syn C. fragariae), C. siamense,
C. asianum, C. queenslandicum, and C. fructicola
(Cabral et al. 2020; Waller et al. 1993; Weir et al.
2012)

C. acutatum C. costaricense, C. cuscutae, C. walleri, and
C. acutatum (Damm et al. 2012a)

C. boninense C. boninense and C. karsti (Damm et al. 2012b;
Nguyen et al. 2009)

C. gigasporum C. gigasporum and C. vietnamense (Liu et al. 2014)
C. orchidearum C. plurivorum (Damm et al. 2019)
No information C. coffeophilum (Jayawardena et al. 2021; Prihastuti

et al. 2009)

a Not reported in coffee plants but in crops in the same geographic areas where
coffee is cultivated in Colombia.

Table 2. Laboratory standardized markers for PCR amplification

Marker label Primer name Primer sequence (59–39)
Primer

length (b)
Annealing

temperature (�C)
Amplicon
size (bp)

Cen-CkM22, End-point PCR Collm-MAT121-F2 CTCAGCCTCAATCCCCTCAA 20 57 428a

Collm-MAT121-R TACTGGTCAGCACCTGTTCC 20
Cen-CkM05 real-time quantitative PCR Collrt-GADPHF1 TGACTCTCATCCACCACCAA 20 56 111a

Collrt-GADPHR GTCCCGGCCCATGATTTCA 19
Cen-CkM10 real-time quantitative PCR Collrt-GSF1 ATTGGAGCTCCCCGCTTGA 19 55 110a

Collm-GSR GTGGATGTGGCGTTATGATG 20
Cen-Coff-02 real-time quantitative PCR Coff-CoxF CTTCGGGTATCTAGGCATGG 20 55 113b

Coff-CoxR AGTAGGCACGGGTATCAACG 20

a Expected amplicon size for Colletotrichum kahawae.
b Expected amplicon size for Coffea arabica.
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qPCR marker validation
LOD or analytical sensitivity. Serial dilutions of plasmid with the

insert and genomic DNA of the reference isolate ICMP17915 were
analyzed. For the genomic DNA, nine dilutions were prepared to
obtain concentrations from 5 × 104 to 5 × 10−4 pg of DNA per qPCR
reaction. Ten serial dilutions were prepared for plasmid DNA to
obtain approximately 2 × 109 to two copies of the plasmid per qPCR
reaction. The number of plasmid copies was calculated based on
Whelan et al. (2003). Three plates were analyzed for each marker and
DNA source (Hard-Shell 96-Well PCR Plates, sealed with microfilm
‘B’ Seals –Bio-Rad). Each plate contained six replicates for a total of
18 PCR reactions for each dilution. The PCR plates were run on
different days. The data of Ct and Tm, the standard deviation (SD) of
Ct values by eachmarker, dilution, and the run quality per plate (qPCR
efficiency andR2) were obtained. Finally, the LOD and the cutoff point
for Ct were defined based on the individual results of each run, and the
results of the joint analysis per marker were performed using the script
qPCR_LOD_Calc (Klymus et al. 2020) on the R platform.

Exclusivity and inclusivity
Exclusivity was evaluated with genomic DNA from the C. kahawae

reference isolates and DNA from 84 nontarget species. Most ana-
lyzed species comprised fungal taxa of the Colletotrichum species
complexes recorded in coffee crops and fungi commonly found as
pathogens or natural inhabitants in coffee plants (Supplementary
Table S2). DNA from coffee leaves (Coffea arabica var. Caturra)
was verified by qPCR with the Cen-Coff-02 marker (Table 2) and
used as a control. Two dilutions of plasmid DNA were included as
positive controls. Two replicates of each sample were run at different
times using 50 ng of genomic DNA. The amplification and specificity
of the PCR products were verified by agarose gel electrophoresis. The
same samples were evaluated using 30 ng of DNA per reaction. For
analysis, native Colletotrichum spp. samples were grouped as species
complexes according to the ITS sequence analysis. The Ct and Tm
values range was determined for each taxonomic group and analyzed
with the ggplot package on the R platform (Wickham 2009).
HRM analysis was accomplished for samples with Ct values lower

than 30 cycles, typical curve amplification, and only one Tm peak
using the Precision Melt Analysis software (v1.2, Bio-Rad). Melted
regions were automatically detected, and clusters were obtained using
plasmid standards and C. kahawae DNA as the baseline genotypes.
For inclusivity, four C. kahawae isolates and the corresponding

plasmid DNA were evaluated using three dilutions (50, 5, and 0.5 ng
of genomic DNA and 2 × 106, 2 × 104, and 2 × 102 copies of the
plasmid per 15ml qPCR reaction). Three replicates were analyzed for
each dilution.

Repeatability
The obtained data in the LOD test were analyzed in three con-

centrations of genomic DNA (5 × 104, 5 × 103, and 5 × 102 pg/
reaction) and three concentrations of plasmid DNA (2 × 106, 2 ×
104, and 2 × 102 copies of the plasmid/reaction) at three different
times. The results of the six replicates of each concentration were
visualized with the ggplot package (Wickham 2009). Repeated-
measures analysis of variance was performed with the R platform’s
rstatix package (Kassambara 2022). The dispersion of the Ct values
was evaluated with the SD of the mean in the tested times.

Selectivity
Artificial mixtures of DNA were analyzed. Genomic C. kahawae

DNA from the reference isolate ICMP17915 was mixed with DNA
from other Colletotrichum species and DNA from coffee leaves.
Individual samples and mixtures were prepared for a final DNA
concentration of 50 ng per 15 ml qPCR reaction. Decreasing volumes
of DNA from C. kahawae and increasing volumes of DNA from
each nontarget organism were used. For the Cen-CkM05 marker,
five C. kahawae nontarget DNA proportions were analyzed (50:0,
25:25, 12.5:37.5, 5:45, and 0.5:49.5) using five nontarget species.
For the Cen-CkM10 marker, two isolates of C. kahawae and
24 Colletotrichum spp. isolates were analyzed. Two proportions of

DNA were evaluated (25:25 and 12.5:37.5). All sample mixtures
were processed in duplicate.

Reproducibility
The consistency of results was evaluated by introducing variations

in the method, such as the operator and the brand of the HRM kit.
Samples were prepared with low, medium, and high concentrations
of genomic DNA and the cloned plasmid controls. Three opera-
tors handled the samples with the Precision Melt Supermix (Bio-
Rad), and a test was performed using the FastGene 2× Optima
PCR HotStart Ready Mix kit (Nippon Genetics).

Marker for end-point PCR
The analytical specificity (inclusivity and exclusivity) was evaluated

with DNA from C. kahawae, Colletotrichum spp., DNA of other fungi
associated with coffee plants, and DNA from C. arabica leaves. PCR
reactions contained 1× PCR buffer, 2.5 mMMgCl2, 0.5 U of TaqDNA
polymerase (Invitrogen), 0.15 mM of each primer, 0.2 mM of DNTP
mixture (Invitrogen), and 40 ng of genomic DNA in a final volume of
15 ml. PCR was performed in a Bio-Rad T100 thermal cycler with the
following conditions: 95°C for 5 min, followed by 25 cycles (95°C for
25 s, 57°C for 25 s, and 72°C for 35 s), and a final step at 72°C for
10 min. The amplicons were verified by 2% agarose gel electrophoresis
in a 1× TAE buffer with SYBR Safe staining (Thermo Fisher).

Results

The availability of gene sequences for all the Colletotrichum
species reported in coffee plants and for the close relatives of
C. kahawae was limited. Genes selected for primer design were
based on the diversity of species and previous reports of their utility
for Colletotrichum taxonomy studies (Liu et al. 2015; Sharma et al.
2013; Silva et al. 2012; Vieira et al. 2020; Weir et al. 2012).
Two qPCR markers (Cen-CkM05 and Cen-CkM10) and one end-

point PCR marker (Cen-CkM22) were standardized in the laboratory
after in silico specificity and quality analysis (Supplementary Table
S3; Table 2). The Cen-CkM05 marker was designed for the GAPDH
gene. Although this region is conserved for both C. kahawae and
C. cigarro, it is helpful in separating those species from others in
the C. gloeosporioides complex. Primers for marker Cen-CkM10
were designed on the GS gene, a region reported to differentiate
C. kahawae from C. cigarro (Weir et al. 2012) and other relatives,
including C. jiangxiense. Although a low diversity of sequences
was found for theMAT1-2-1 gene in the public databases, a marker
was designed (Cen-CkM22) based on previous studies in the
C. gloeosporioides complex taxonomy (Sharma et al. 2013).

qPCR markers validation
LOD. The LOD or analytical sensitivity determines the capacity to

detect an assay target at low levels with reasonable certainty (95%
probability is commonly used) (Bustin et al. 2009; Klymus et al.
2020; OEPP/EPPO 2021). Bustin et al. (2009) proposed a theoretical
minimum of three copies per PCR reaction, assuming a Poisson
distribution, a 95% chance of including at least one copy in the PCR,
and single-copy detection. Both markers detected 20 plasmid copies
in 94% of the samples (Table 3; Supplementary Fig. S1) and 5 pg of
C. kahawae genomic DNA per qPCR reaction for Cen-CkM05marker
and 0.5 pg/reaction for Cen-CkM10 (Table 3; Supplementary Fig. S2).
For the final dilutions, the Ct values were higher than 35 cycles, and the
curves did not reach the stabilization phase, representing late ampli-
fications. A Ct threshold of 30 cycles was determined for the two
markers to avoid false positives in samples amplifying nontarget or-
ganisms. Ct values equal to 30 were obtained with approximately 2 ×
104 plasmid copies (Supplementary Fig. S1) and 5 × 104 pg of genomic
DNA by qPCR reaction (Supplementary Fig. S2).
For the analyzed serial dilutions, quality variables were in the

expected range (Table 3). The efficiency of qPCR ranged between
80.9 and 87.2% for plasmid DNA and between 73 and 88.7% for
genomic DNA. The linearity (R2) was between 0.984 and 0.994 for
genomic DNA, and it was close to 1 (0.988 to 0.998) for plasmid
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DNA, which agrees with the optimal value reported (R2 > 0.98) (Bustin
et al. 2009). In most samples, the SD was less than one unit among
the 18 replicates. It was higher for the lowest concentrations (2 to
2,000 copies), resulting from the lower target concentration in the ana-
lyzed sample, as reported (Forootan et al. 2017; Klymus et al. 2020).
DNA Tm. The Tm value, driven by the amplicon length and the

guanine-cytosine content, allows the verification of primer speci-
ficity (Słomka et al. 2017; Winder et al. 2011). Additionally, the Tm
values can discriminate PCR products from nearby organisms with
differences of up to one nucleotide in the sequence (Lipsky et al.
2001; Winder et al. 2011). The predominant Tm of the amplicons of
the marker Cen-CkM05 was 82.2°C, whereas for the marker Cen-
CkM10 two values were obtained (84.8 and 85°C) with DNA from
the ICMP17915 reference isolate (Table 3; Supplementary Fig. S3).

Exclusivity
qPCR amplification. Formarker Cen-CkM05, only theC. kahawae

and C. cigarro samples had Ct values lower than 30 cycles when 50 ng
of DNA per qPCR reaction was used (Table 4; Supplementary Fig. S4).
Ct values are below the threshold for four Colletotrichum species for

marker Cen-CkM10. Some isolates of theC. boninense andC. acutatum
complexes and other fungi associated with coffee plants also amplified
but over the threshold point (30 cycles). In some cases, the amplifi-
cation and dissociation curves were atypical; similarly, this was ob-
served with DNA extracted from healthy coffee leaves (Table 4).
When using 30 ng of genomic DNA, low Ct values forC. kahawae

were registered compared with the nontarget species. However,
the Ct value increased in all the samples, and the proportion of
nonamplified samples decreased for nontarget species (Supplementary
Fig. S5). Although this result is acceptable, one sample of C. kahawae
exceeded the established threshold Ct value of 30 cycles with both
markers, causing the threshold Ct criterion of 30 for C. kahawae not to
be correct, leading to false negatives or uncertainty reports when they
are close to the Ct threshold of 30.
Tm and HRM analysis to differentiate C. kahawae. The Tm

value was variable for samples tested with the Cen-CkM10 marker.
Those differences were particularly relevant in discriminating
C. kahawae from C. cigarro and nearby species (Table 4; Fig. 1),
showing the pertinence of HRM analysis. HRM was sensitive to
distinguishing C. kahawae (blue lines) from C. cigarro and close

Table 4. Results of the exclusivity test for the markers using 50 ng of genomic DNA per reaction

Taxonomic group Na Code Ct group

Marker Cen-CkM05 Marker Cen-CkM10

Samples
%b

Tm values
(�C)

Samples
%b

Tm values
(�C)

C. gloeosporioides
species complex

17 Coll-Colc <30 0.0 – 35.3 86.0, 86.4, 86.6, 87.0
>30 58.8 82.0, 82.2, 82.4 17.6 84.8, 86.4
NA 41.2 – 47.1 –

C. gloeosporioides 1 ICMP12938 <30 0.0 – 100 86.2
C. cigarro 3 R046, S007, ICMP6999 <30 100 82.0, 82.2 66.7 86.8, 87.2

>30 0.0 – 33.3 87.2, 87.4
C. fructicola 1 ICMP17921 >30 100 82.2 100 86.6, 86.8
C. theobromicola 1 ICMP18649 >30 100 82.0, 82.4 100 86.0, 86.6
C. kahawae 4 ICMP17811, ICMP17816,

ICMP17905, ICMP17915
<30 100 81.8, 82.0, 82.2 100 84.8, 85.0, 85.2

Ck-915 (−3) 2 C+ (Plasmid) <30 100 82.0, 82.2 100 84.8, 85.0, 85.2
C. acutatum species
complex

25 Coll-Colc <30 0 – 0.0 –

>30 60 82.0, 82.2, 82.4, 83.0 60 84.8, 85.0, 85.2
NA 40 – 40 –

C. acutatum 1 ICMP20568 >30 100 82.2 100 84.8, 85.0
C. boninense species
complex

12 Coll-Colc >30 33.3 82.0, 82.2 25 84.8, 85.0
NA 66.7 – 75 –

Colletotrichum spp. 7 Coll-Colc >30 42.9 82.0, 82.2 28.6 84.8, 85.0
NA 57.1 – 71.4

Coffee fungi 14 Fung-Colc,d >30 50 78.2, 82.0, 82.2, 82.4, 82.6, 86.0 0.0 –

NA 50 – 100 –

Coffea arabica cv.
Caturra

2 MEGe >30 100 79.2, 82.4 0.0 –

NA 0 100 –

a Number of samples evaluated in each taxonomic group (Supplementary Table S2).
b Percentage of samples in each range of values. Categories according to cycle threshold (Ct) values: (i) less than 30, (ii) higher than 30, and (iii) nonamplified
samples (NA). When applicable, the melting temperature (Tm) value was registered for each category.

c Colletotrichum isolates collected in coffee crops in Colombia as part of this research.
d Isolates of coffee-inhabiting fungi collected in this research or donated.
e DNA from C. arabica leaves donated by Plant Breeding in Cenicafé.

Table 3. Summary of the features obtained in the LOD test

Marker label DNA analyzeda LOD95b Tm (�C) (%)c
Quality values for LOD tests

Efficiency% Linearity R2 Ct_SDd

Cen-CkM05 Plasmid (PCN) 20 82.0 (10%), 82.2 (90%)* 84.8–85.2 0.997–0.998 0.068–1.173
Genomic (pg) 50 82.0 (3.5%), 82.2 (96.5%)* 73.8–83.1 0.984–0.994 0.136–1.068

Cen-CkM10 Plasmid (PCN) 20 84.8 (57%)*, 85.0 (42%), 85.2 (1%) 80.9–84.2 0.988–0.998 0.056–2.448
Genomic (pg) 5 84.8 (49%), 85.0 (51%) 73.0–88.7 0.976–0.994 0.097–0.919

a Plasmid containing the target gene or genomic DNA from Colletotrichum kahawae reference isolate ICMP17915. PCN = plasmid copy number; pg =
picograms.

b DNA concentration (PCN or pg) at which fluorescence was detected over the threshold in 95% of the samples, no matter the Ct value. LOD = limit of detection.
c Percentage of samples (%) in each melting temperature (Tm) value is presented in parentheses. The most frequent values are those with an asterisk (*).
d Ct_SD = standard deviation of the cycle threshold value.
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species, identifying C. kahawae as a different Colletotrichum
species. The interpretation of HRM results was made consider-
ing the following: (i) the low-resolution melting derivative plot
(−d [RFU]/dT against temperature) (Fig. 1A and B), (ii) the nor-
malized data derived from plots of raw data (Fig. 1C and D), and (iii)
the difference curve (Fig. 1E and F). The minus difference graphs
derived from the normalization data show clear differences between
species, as seen by the colored lines (Fig. 1). The HRM analysis did
not show discrimination power for the Cen-CkM05 marker. This
result was expected, given the slight variation in the Tm value, as a
consequence of the similarity of the GAPDH gene for the amplified
samples.
Inclusivity and repeatability. For inclusivity, the amplifications

were as expected according to the three plasmid and genomic DNA
dilutions with the four C. kahawae reference isolates (Table 5).
Results were repeatable in the same trial and DNA concentration.

The interassay variation was higher, with significant differences in
tests carried out at different times (Supplementary Fig. S6). The SD
of the Ct values ranged between 0.08 and 0.96 in the evaluated times
(Table 5).
Selectivity. For marker Cen-CkM05, mixtures of C. kahawae

DNA with DNA from other Colletotrichum species generated a
variable response, depending on the DNA proportions and the
combination of evaluated species. High interference was observed
betweenC. kahawae and samples in theC. gloeosporioides complex.
In the mixtures of C. kahawae DNA with nonrelated species, Ct
values increased as the concentration ofC. kahawaeDNA decreased,
showing that nontarget DNA would not interfere with the detection
of C. kahawae. The obtained Ct values were under the 30 Ct in
mixtures containing DNA ofC. cigarro (Fig. 2). AlthoughC. cigarro
is not yet reported to infect coffee plants, its presence as a contam-
inant in a sample would generate false-positive results. The Tm value

Fig. 1. Discrimination of Colletotrichum kahawae isolates for the Cen-CkM10 marker by melting temperature and melting profiles. Results for two independent runs (Run 1:
A, C, and E and Run 2: B, D, and F). Blue lines identify C. kahawae samples, green lines C. cigarro isolates, and red lines Colletotrichum spp. A and B, Melting peak.
C and D, Normalized HRM melting curves. E and F, Difference graph using C. kahawae as the baseline genotype. RFU = relative fluorescence units.
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of the Cen-CkM05marker was similar forC. kahawae andC. cigarro. If
both are present in the same sample, it is not possible to discriminate the
identity as in previous studies (Tao et al. 2013).
The tests with the marker Cen-CkM10 showed that the nontarget

Colletotrichum DNA interfered with detecting C. kahawae. High
heterogeneity was observed in the Ct values for most of the assessed
DNA combinations, with most Ct values over the threshold (Table 6).
In 84% of the cases, the Tm value agreed with the Tm expected for
C. kahawae, showing that although there was interference in the am-
plification, the primers preferentially amplified C. kahawae. Several
peaks were obtained in the Tm curve in some DNA combinations,
showing simultaneous amplification of the two species in the DNA
mixture (Table 6; Supplementary Fig. S7).

Reproducibility
The obtained Ct values were within those expected for each DNA

concentration. Heterogeneity was observed in the results for the same
sample when processed by three different operators, and the variation
was higher for samples with medium and low concentrations of
C. kahawaeDNA (Fig. 3). These results confirmed the optimal DNA
concentration for qPCR as 50 ng of genomic DNA. DNA below the
recommended level generated false negatives. With the optimal
concentration of C. kahawae genomic and plasmid DNA, the three

operators usually reached Ct values below the established threshold
of 30 cycles.
With the FastGene 2× Optima PCR HotStart kit (Nippon Genetics),

the results were according to the expected (Ct values below 30 cy-
cles). The Tm value was preserved, and no differences were asso-
ciated with the used HRM kit. The results showed that the markers
can be used with another brand of HRM kit, at least with the two
tested brands. The obtained Ct values were within the expected range
for the analyzed DNA levels when processed by different operators
with a different brand of HRM kit, highlighting the robustness of
the developed method (Groth-Helms et al. 2023) (Supplementary
Fig. S8).

Standardization of a marker for end-point PCR
The standardized Cen-CkM22 marker for end-point PCR has an

expected amplicon size of 428 bp. For the exclusivity test, amplifi-
cation was obtained exclusively with C. kahawae and C. cigarro
samples (Supplementary Fig. S9). Although the marker was not
specific for C. kahawae, the amplification was restricted to these two
species. Therefore, this marker is recommended for laboratories
without facilities for qPCR. However, samples have to be subject to
confirmation with the qPCR Cen-CkM10 marker developed in this
research.

Table 5. Ct values obtained in inclusivity and repeatability tests with three concentrations of DNA

Marker DNA analyzed DNA levela
Inclusivity Repeatabilityb

Ct Ct SD

Cen-CkM05 Plasmid DNA (PCN) High 20.0–25.6 21.6–22.6 0.08–0.31
Medium 27.3–34.1 28.9–30.5 0.12–0.96
Low 35.3–44.3 36.6–38.2 0.20–0.30

Genomic DNA (ng) High 26.7–32.1 26.6–27.6 0.13–0.24
Medium 30.6–33.3 31.1–32.3 0.12–0.48
Low 34.3–38.3 35.1–36.6 0.19–0.24

Cen-CkM10 Plasmid DNA (PCN) High 23.4–25.0 21.6–22.6 0.08–0.31
Medium 31.6–33–3 28.9–30.5 0.12–0.96
Low 39.5–41.3 36.6–38.2 0.20–0.30

Genomic DNA (ng) High 27.6–29.8 26.3–26.7 0.16–0.28
Medium 31.8–36.4 30.3–31.1 0.08–0.22
Low 36.2–38.1 34.5–35.3 0.15–0.20

a Plasmid DNA concentration (plasmid copy number [PCN]): high: 2 × 106, medium: 2 × 104, and low: 2 × 102. Genomic DNA concentration (ng): high: 50,
medium: 5, and low: 0.5.

b Range of cycle threshold (Ct) and SD values for three evaluation times.

Fig. 2. Cycle threshold (Ct) values of artificial DNA mixtures tested with the Cen-CkM05 marker. The dashed line shows the threshold Ct value of 30 cycles. Each tested sample
contained 50 ng of genomic DNA per real-time quantitative PCR reaction. The mixtures were decreasing concentrations of Colletotrichum kahawae DNA (50, 25, 12.5, 5, and
0.5 ng) and increasing concentrations of other species’ DNA (0, 25, 37.5, 45, and 49.5 ng).

2620 Plant Disease /Vol. 108 No. 9



Discussion

C. kahawae is a specific coffee plant pathogenic fungus restricted
to Africa. The availability of a method to detect this quarantine
fungus is fundamental for the biosecurity of coffee crops worldwide,
mainly in the Americas and Asia, which are still free of this fungus
and are the largest coffee producers worldwide (International Coffee
Organization 2023). Accurate and timely identification is essential to
support regulatory control decisions, namely, exclusion, eradication,
and containment (Groth-Helms et al. 2023; Martin et al. 2016;
Mathys and Baker 1980). Preventing the entry of C. kahawae sup-
ports the protection of coffee growers and agroecosystems and

avoids coffee berry production losses and fungicide use to control the
disease, its consequent environmental and economic impacts, and
additional investments required for crop management and disease
control.
The main restriction of previous diagnosis methods is their in-

ability to separate C. kahawae from taxonomically related species
associated with coffee plants (Table 1) or from Colletotrichum iso-
lates from diverse hosts (unrelated to coffee) and geographic origins
that are phylogenetically close and frequently placed as C. kahawae
(Cabral et al. 2020; Garibaldi et al. 2016; Pardo-De la Hoz et al. 2016;
Schena et al. 2014; Wei et al. 2022). The wrong identification of
C. cigarro as C. kahawae has compromised the phytosanitary status

Table 6. Ct and Tm values obtained for marker Cen-CkM10 with individual and artificial mixtures of fungi and coffee plant DNA

Evaluated samples N Typea

DNA proportions (ng:ng)

25:25 12.5:37.5d

Ctb Tm (�C)c Ct Tm (�C)

C. kahawae 2 Individual 27.1–27.3 85.0 NE NE
C. cigarro 2 Individual 31.8–33.6 87.0, 87.4 NE NE
C. kahawae + C. cigarro 2 Mixture 30.9–34.7 81.6, 85.0 34.1–36.0 81.6, 85.0
C. gloeosporioides 1 Individual 32.2 86.2 NE NE
C. kahawae + C. gloeosporioides 1 Mixture 29.1 85.0 32.8 85.2
C. fructicola 1 Individual 33.8 86.8 NE NE
C. kahawae + C. fructicola 1 Mixture 31.5 85.0 34.8 85.2
C. theobromicola 1 Individual 33.9 86.0 NE NE
C. kahawae + C. theobromicola 1 Mixture 30.1 85.0 32.5 85.0
C. gloeosporioides complex 6 Individual 28.2–33.3 86.2, 86.6 NE NE
C. kahawae + C. gloeosporioides complex 6 Mixture 28–31.5 85.0, 85.2, 86.6 – –

C. acutatum complexe 11 Individual 28.6–38.5 85.0, 86.6 NE NE
C. kahawae + C. acutatum complex 11 Mixture 29.7–34.6 85.0, 85.2 30.8–36.9 85.0, 85.2, 86.6
Colletotrichum sp. 1 Individual 38.3 86.8 NE NE
C. kahawae + Colletotrichum sp. 1 Mixture 35.1 85.0 33.6 85.2
C. boninense 1 Individual 37.9 85.0 NE NE
C. kahawae + C. boninense 1 Mixture 30.4 85.0 33.4 85.0
a Individual samples contained 50 ng of DNA from only one species. They were run once.
b Ct = cycle threshold.
c Melting temperature (Tm) expected values for C. kahawae are highlighted in bold.
d NE = not evaluated; – = no amplification.
e Eight samples from the C. acutatum complex did not amplify.

Fig. 3. Cycle threshold (Ct) values obtained by three operators. A, Cen-CkM05 marker. B, Cen-CkM10 marker. The boxplot shows the results for genomic (left) and plasmid (right)
DNA in three concentrations (high: 50 ng of genomic DNA and 2 × 105 copies of the plasmid, medium: 25 ng of genomic DNA and 2 × 104 copies of the plasmid, and low: 5 ng of
genomic DNA and 2 × 103 copies of the plasmid per 15 ml real-time quantitative PCR reaction).
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of the coffee crop in Colombia (Pardo-De la Hoz et al. 2016; Rojas
et al. 2018). This highlights the importance of developing and
updating the methods according to changes in the pathogen’s
taxonomy.
Previous methods for C. kahawae diagnosis (qPCR and LAMP)

used the GAPDH gene and Apn2/MAT locus as target regions (Tao
and Cai 2013; Tao et al. 2013). Those genes are helpful for
Colletotrichum taxonomic studies (Silva et al. 2012; Vieira et al.
2020), but not to distinguish C. kahawae from their relatives (Cabral
et al. 2020; Liu et al. 2015). We conducted a bioinformatics analysis
with primers and probes reported by Tao et al. (2013) and found that
they have 96 to 100% identity with other Colletotrichum species,
including C. cigarro. Primers for the LAMP test (Tao and Cai 2013)
had homology with C. cigarro and C. jiangxiense; the number of
sequences for the Apn2/MAT locus was low, limiting the analysis
and conclusions about their convenience (Supplementary Figs.
S10 and S11).
The present research study provides a more precise method for

distinguishingC. kahawae frommany relatedColletotrichum species
found naturally in coffee crops. We designed and tested two qPCR
markers (Cen-CkM05 for the GAPDH gene and Cen-CkM10 for the
GS gene) and one marker for end-point PCR (Cen-CkM22 on the
MAT1-2-1 gene). Primers designed for genesGAPDH andMAT1-2-1
still have homology with C. cigarro and C. jiangxiense.
Previous studies have shown that C. kahawae is distinguished

from its relatives based on the GS gene (Cabral et al. 2020; Liu et al.
2015; Weir et al. 2012). The marker designed in this study on the GS
gene differentiates C. kahawae by the Tm value or HRM analysis.
The Tm value was specific, and the normalized HRM curves gen-
erated particular melting profiles for C. kahawae (Fig. 2). HRM
analysis complements C. kahawae differentiation. However, it is
optional given that the differences in the amplicon Tm value were
sufficient to separate C. kahawae from nearby species.
The initial discrimination of species was based on a 30 cycles (Ct)

threshold for both qPCR markers. Ct values were consistently less
than 30 cycles for C. kahawae DNA and higher for most analyzed
taxonomic groups when we used 40 to 50 ng of DNA per qPCR
reaction. To define a Ct threshold is essential because it minimizes
the risk of false positives caused by sample contamination or the late
amplification of related species (Bustin et al. 2009; Caraguel et al.
2011; Grosdidier et al. 2017; Groth-Helms et al. 2023).
The parameters and the strategy used for validation were based on

the recommendations of international standards (International Orga-
nization for Standardization 2019, 2021, 2022; OEPP/EPPO 2021;
U.S. Food and Drug Administration 2020). Because C. kahawae is a
quarantine pathogen still not present in Colombia, we faced several
restrictions that limited the resources available for validation. For
example, DNA extraction from C. kahawae mycelium could not be
standardized, and the defined optimal concentration of genomic
DNA could change with an optimized DNA extraction protocol from
the mycelium of the fungus. Additionally, we could not assess a
wider diversity of C. kahawae isolates during the inclusivity test
as desirable (AOAC International 2019; Cardwell et al. 2018;
Groth-Helms et al. 2023; OEPP/EPPO 2021; U.S. Food and Drug
Administration 2020). However, the number of Colletotrichum
species tested in the exclusivity analysis may represent the natural
diversity of species in coffee crops in the central production zone
of Colombia because they included C. gloeosporioides, C. acutatum,
andC. boninense complexes, currently reported as the most frequent in
coffee plants worldwide (Damm et al. 2012a, b; Nguyen et al. 2009;
Weir et al. 2012) (Table 1).
In the artificial mixtures with C. kahawae DNA, the greatest in-

terferers were otherColletotrichum species, particularly those from the
C. gloeosporioides species complex. Interference from nontarget
Colletotrichum species was evident by cross-amplification or hetero-
geneity and higher Ct values. Currently, 17 species of Colletotrichum
are reported to be associated with coffee plants (Table 1) (Damm et al.
2012b, 2019; Liu et al. 2014; Nguyen et al. 2009;Weir et al. 2012). All
of them can coexist with C. kahawae, and some can prevail over
C. kahawae in advanced infections (Chen et al. 2005). Given that, in a

sample, it is not possible to know a priori whether there is more than
one Colletotrichum species mixed with C. kahawae or which of them
is prevalent, it is necessary to analyze a single species obtained from
monoconidial cultures. This avoids erroneous results in the diagnostic
test by cross-amplification and prevents the risk of detecting DNA
from dead C. kahawae cells in the tested sample (Henson and French
1993).
The results for the molecular markers developed in this research

were replicable and reproducible under independent conditions. Ct
values were those expected when using the optimal DNA concen-
trations. Low intra-assay variation was observed in tests carried out
over short time intervals, with the same DNA concentrations, in the
same laboratory, executed by the same operator, and with the same
equipment.
We reported an improved method for detecting and discriminating

C. kahawae from closely related species, particularly C. cigarro,
which is widely distributed and frequently confused withC. kahawae
even in crops different than coffee. The method is recommended for
laboratories performing qPCR and Tm analysis for the Cen-CkM10
marker. The end-point PCR marker (Cen-CkM22) is not specific for
C. kahawae, but its amplification was limited to C. kahawae and
C. cigarro, and it can be used as a preliminary test in laboratories
without qPCR facilities; the results must be confirmed with the Cen-
CkM10marker. As a summary, a sample test is positive forC. kahawae
if the following parameters are obtained: (i) a band of approximately
428 bp with the end-point PCRmarker (Cen-CkM22), (ii) Ct values less
than 30 cycles for the Cen-CkM10 qPCR marker, and (iii) a Tm value
of 84.8 or 85°C or differential curves using HRM analysis for the
Cen-CkM10 marker.
In the future, it will be possible to have additional markers to

complement the method presented here. Whole-genome sequencing
and comparative genomics open new possibilities for developing
specific markers for diagnosing C. kahawae and related species
based on variations associated with the Colletotrichum species.
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