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Abstract

Cocoa phytosanitary problems in Colombia are one of the main causes of the decline in cocoa production, with losses
that can reach 100% due to inadequate management. Ceratocystis wilt is a prevalent disease affecting cocoa crops in the
country, with C. fimbriata identified as its causal agent. However, there are still inconsistencies at the morphological level
regarding the causal species, which contradict the causal relationship of the pathogen with the disease, affecting its diag-
nosis. Studies based on the phenotypic and genotypic characterization of Ceratocystis species are imperative for reliable
identification of the pathogen. The objective of this study was to morphologically and molecularly characterize isolates of
Ceratocystis spp. obtained from symptomatic samples in the cocoa-producing regions of Colombia. Morphological char-
acteristics were evaluated at the macro and microscopic levels. Additionally, isolates were identified at the species level
through multi-locus analysis and phylogenetic characterization using the B-tubulin (7-7), guanine nucleotide-binding
protein (MS204), second largest subunit of RNA polymerase II (RPBII), and 60 S ribosomal protein L37 (FG1093) gene
regions. The results revealed variations in the colony development and microscopic morphology. Molecular and phylo-
genetic analyses consistently classified all isolates as Ceratocystis cacaofunesta, confirming that this species is the causal
agent of cocoa Ceratocystis wilt in Colombia.

Keywords Ceratocystis Cacaofunesta - Theobroma cacao L - Ceratocystis wilt - Polyphasic characterization -
Multilocus analysis

Introduction

Cocoa (Theobroma cacao L.) a crucial tropical crop that
serves as the primary source of raw materials for chocolate
and confectionery production, as well as for pharmaceu-
ticals and cosmetic products (Reyes et al. 2023). In 2017,
global cocoa production reached an estimated 4.7 million
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metric tons annually, with the majority originating from
countries across Africa, Latin America and Asia (Marelli
et al. 2019; Cabrera et al. 2016). In Latin America and the
Caribbean, cocoa is classified as a commercial alternative
with more than 1.8 million hectares available for produc-
tion (Diaz-Valderrama et al. 2020; Fontagro 2020) and
constitutes the primary source of livelihood for small-scale
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farmers. Colombian cocoa is internationally renowned for
its unique flavour and aromatic characteristics, is part of
the specialty cocoa group, and occupies the 5th position in
global exports (Escobar et al. 2021; FEDECACAO 2022).
However, cocoa crops are severely affected by the preva-
lence of fungal phytopathogens, which cause losses of up
to 40% in global and national production (Ten Hoppen et al.
2012; Cabrera et al. 2016).

The most significant diseases affecting Latin America,
and the Caribbean are frosty pods and witches’ broom,
caused by fungi Moniliophthora roreri and M. perniciosa.
These diseases can result in losses of 100 and 90%, respec-
tively (Jaimes and Aranzazu 2010; Marelli et al. 2019; Reyes
et al. 2023). Additionally, cocoa productivity can be affected
by other diseases such as black pod rot (BPR) caused by the
oomycete Phytophthora spp., cocoa swollen shoot disease
caused by cocoa swollen shoot virus (CSSV), and vascu-
lar stem dieback (VSD) caused by the basidiomycete Cera-
tobasidium theobromae. Emerging diseases, such as wilt
caused by Ceratocystis sp. (Mal de machete) and Rosellinia
spp. (root rot), have increased significantly over the past two
decades, destroying large areas of cocoa plantations (Muller
and Sackey 2004; Guest and Keane 2007; Kouakou et al.
2012; Cabrera et al. 2016; Rodriguez-Polanco et al. 2020).
Ceratocystis wilt disease is re-emerging worldwide, par-
ticularly in tropical and subtropical regions where cocoa is
grown. This disease poses a significant threat to cocoa-pro-
ducing countries owing to its widespread distribution and
rapid spread, identifying it as a high-priority fungal patho-
gen on a global scale (Cabrera et al. 2016; Lloren 2023).

Ceratocystis wilt is a necrotic vascular disease that
affects cocoa plants by damaging the xylem and caus-
ing tree death. The incidence of Ceratocystis wilt closely
relates to transmission modes that naturally occur through
the insect Xyleborus ferrugineus, recognized as the dis-
ease vector (Engelbrecht 2004; Firmino 2011; Santos et al.
2011; Paladines-Rezabala et al. 2022). This insect likely
perceives semiochemical signals from the tree, attracting it
and facilitating hosting, reproduction, and pathogen spread
to healthy trees (Paladines-Rezabala et al. 2022). Addition-
ally, improper human practices, such as using contaminated
tools during pruning or pod harvesting, can also transmit
this disease (Ferreira et al. 2010; Cabrera et al. 2016). The
early identification of Ceratocystis wilt symptoms poses a
significant challenge, as only advanced stages of this dis-
ease are visually detectable, thereby impeding effective
control efforts (Tumura et al. 2012; Magalhaes et al. 2016;
Paladines-Rezabala et al. 2022). The Ceratocystis genus
comprises approximately 42 species and is divided into four
geographical clades: the Latin American clade (LAC), the
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Asian-Australian clade (AAC), the North American clade
(NAC), and the Central African clade (AFC). These clades
were established based on phylogenetic analyses using
multi-locus (MLST) and combined dataset from several
genes (Liu et al. 2018; Marincowitz et al. 2020). How-
ever, classifying Ceratocystis species is challenging due
to the molecular and morphological variability observed
within the genus. Many of these species are believed to
remain undiscovered, underestimating the diversity of this
genus (Ferreira et al. 2010; Oliveira et al. 2015b; Holland
et al. 2019). The causal agent of Ceratocystis wilt has been
associated with different species within the Ceratocystis
genus as part of a fungal complex termed the Ceratocystis
fimbriata complex, represented by a group of cryptic spe-
cies, often classified as an independent species (Marin and
Wingfield 2006; Ferreira et al. 2010; Valdetaro et al. 2015;
Cabrera et al. 2016).

C. fimbriata complex includes important plant pathogens
with variations in geographic origin and host specialization
(Engelbrecht and Harrington 2005; de Beer et al. 2014).
Over the past decade, there has been a significant increase in
the number of studies describing other Ceratocystis species
within this complex. This can be attributed to the enhanced
discriminatory power and precision of molecular informa-
tion in phylogenetic inference complemented by traditional
morphological characterization methods. Together, these
approaches contribute to the comprehensive characteriza-
tion and effective management of the disease (Wyk et al.
2011). In Colombia, C. fimbriata Ellis & Halst. 1890, is
considered the causal species of Ceratocystis wilt disease
(Mal de machete) (Arbelaez-Giraldo 1957; ICA 2012).
However, there are still inconsistencies among authors that
contradict the causal relationship between this pathogen
and the disease. Studies comparing DNA sequences have
identified new taxa distinct from this species (Marin et al.
2003; Rodas et al. 2008; Van Wyk et al. 2010). For example,
Engelbrecht and Harrington (2005) identified C. cacaofu-
nesta as a new species within the C. fimbriata complex that
has been identified as the causal agent for the wilt and death
of cacao trees. Therefore, there is a need to correctly iden-
tify pathogens in cocoa-producing areas in the country.

This study aimed to clarify and confirm the causal
agent responsible for Ceratocystis wilt disease (Mal del
machete) in cocoa crops in Colombia. To achieve this goal,
we characterized isolates of Ceratocystis spp. collected
from cocoa-producing areas in Colombia at both morpho-
logical and molecular levels. The morphological features
and molecular information generated in this study will sig-
nificantly contribute to the accurate and timely diagnosis
of this disease.
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Materials and methods
Sampling and isolations

The Ceratocystis spp. isolates were obtained from symp-
tomatic cacao plants found in four departments of Colom-
bia (Table 1). The strains were collected in 2020, under
AGROSAVIA framework collection permit No.1466 from
2014, updated by the 04039 resolution on July 19, 2018.
Fungal propagules were obtained from stems and sawdust.
The sawdust, found in the surrounding soil, was released by
the vector Xyleborus ferrugineus. The preparation of woody
samples involved cutting the logs into smaller pieces to
expose the cambium, using an electric tool previously dis-
infected with 70% ethanol. For sawdust samples, 50 g of
fresh sawdust and soil mixture were collected and placed
in labeled paper bags, which were then transported to the
laboratory for processing. Ceratocystis spp. was isolated
following the methodology described by Comissdo Execu-
tiva do Plano da Lavoura Cacaueira (CEPLAC). This pro-
cess involves washing the wood chunks with detergent and
distilled water and disinfecting them with 70% ethanol and
5% sodium hypochlorite (NaClO) for 2 min, two rinses with
distilled water, and a drying process using paper towels.
Clean stem pieces and 1 g of the soil and sawdust mixture
were placed inside a sandwich-type trap (Barnes et al. 2018)
made from treated cocoa pods. The traps were incubated in
a humid chamber in darkness at 24 +2 °C for 10 days until
characteristic structures of the fungus, such as perithecia
and ascospores, were detected (Firmino 2011). The masses
of ascospores were then removed and placed on Petri dishes

containing potato dextrose agar (PDA; OXOID), followed
by incubation at approximately 24 +2 °C for 10 days until
the colonies were obtained. Finally, isolates were preserved
on filter paper at room temperature and in agar slant at 4 °C.
All isolates were subcultured to ensure a backup culture
for subsequent experiments. To differentiate Ceratocystis
isolates between others genus related to Ophiostoma and
Ceratocystopsis, a cycloheximide sensitivity test was used
according to Harrington (1981).

Morphological characteristics of the isolates
Morphologic colony characterization

Monosporic cultures of the selected isolates were con-
ducted following the protocol described by Rodas et al.
(2008), with modifications. Sporulated colonies were gently
scraped from 10-day-old growth cultures on 2% MEA agar
using a soft bristle brush. The scraped spores were homog-
enized with a sterile solution (5 mL) of distilled water and
1% tween-20, and subsequently agitated for 3 min. Then,
100 pL of the suspension was transferred onto a 2% MEA
plates incubating at 24 +2 °C for 18 h. Single ascospores
were placed in a new Petri dish with 2% MEA.

The morphology of the colonies was assessed accord-
ing to the growth pattern on the PDA and 2% MEA media
after 14 days of incubation at 24 +2 °C (Rodas et al. 2008;
Firmino 2011). The mycelial growth rate was measured
by determining the perpendicular diameter of the colonies
every three days over a 14 days incubation period (Firmino
2011). Four replicates were performed for each culture

Table 1 Origin of the isolates of Ceratocystis spp. obtained from cocoa producing regions in Colombia, used in this study

1D Department in Colombia Municipality Origin Map coordinates

NCFO01 Tolima Rioblanco Cambium 03°39x26.0” 75°35x45.4”
NCFO05 Huila Gigante Cambium NA NA

NCF07 Santander Playon Cambium 07°37°0.53” 73°17°7.62”
NCF10 Valle del Cauca Palmira Cambium 03°30°45.9” 76°19°36.6”
NCF15 Huila Gigante Cambium 02°24°02.7” 75°31°29.8”
NCF16 Huila Rivera Sawdust NA NA

NCF17 Huila Rivera Sawdust 02°45°19.9” 75°15°35.9”
NCF23 Tolima Chaparral Sawdust 03°40x0.09” 75°35x45.4”
NCF24 Tolima Chaparral Sawdust 03°40x%0.09” 75°35%x45.4”
NCF26 Tolima Falan Sawdust 05°6x57.5” 74°58 x40.2”
NCF27 Tolima Falan Sawdust 05°7x24.2” 74°58 x30”
NCF28 Tolima Falan Sawdust 05°7x24.2” 74°58 x30”
NCF29 Tolima Falan Sawdust 05°8%27.2” 74°57x37”
NCF30 Tolima Falan Cambium 05°8x%27.2” 74°57x37”
NCF35 Tolima Falan Sawdust 05°8x18.5” 74°58%10.7”
NCF36 Tolima Falan Cambium 05°8x18.5” 74°58x10.7”
NCF42 Tolima Palocabildo Sawdust 05°7x34.3” 74°59%49.1”
NCF45 Tolima Palocabildo Cambium NA NA

NCF47 Tolima Palocabildo Sawdust 05°7x46.46” 74°59%59.9”

NA not available

@ Springer



798

Journal of Plant Pathology (2025) 107:795-810

medium. Colony color was assessed on the last day of incu-
bation using the Pantone®™ color palettes (Table S1). The
production and distribution of perithecia and ascospores
were determined based on four parameters: central group,
middle group, entire colony surface, and formation of con-
centric rings, as described by Marin et al. (2003).

Microscopic isolates characterization

Ceratocystis isolates were grown on 2% malt extract
agar (MEA) and maintained at 24 +2 °C for a period of
14 days. Fungal structures were collected from each dish
using 5 mL distilled water, after which 30 pL of the col-
lected material was placed on a sterile slide and observed
under a microscope for visualization (Marin and Wingfield
2006; Firmino 2011; Jabeen and Asad 2017). Morphologi-
cal characterization included measurement of the perithe-
cial base diameter, neck length, and diameter of ascospores,
hyaline endoconidia, and chlamydospores. For each iso-
late, 50 randomly selected measurements were obtained
for each structure. (Marin et al. 2003; Van Wyk et al. 2010;
Valdetaro et al. 2015; Liu et al. 2018). Observations also
involved the description of the shape of the ostiolar hyphae
and conidiophores (Holland et al. 2019). All observations
were performed using a light microscope (Carl Zeiss Primo
Star, Heidenheim, Germany) coupled with a digital camera
(Zeiss Axio CamERcS5s) and Zen Blue 3.4 software, with
magnification of 10X, 20X and 40X.

Statistical analysis

In the morphological study, the daily growth data of Cera-
tocystis isolates in the culture media were fitted to a mixed
linear model using the R package nlme v. 3.1-155 (Pinheiro
et al. 2022). The study followed a completely randomized
design with isolation, culture medium as fixed effects, and
repetition as a random factor. The Fisher LSD test (least
significant difference) was performed at a 5% significance
level using R v. 4.1.3. (R Core Team 2022). The relationship
between the growth of the isolates in the two-culture media
was modeled using simple linear regressions, with the slope
identified as the average growth rate. Microscopic measure-
ment records were used to determine the mean (mean), stan-
dard deviation (SD), maximum (max), and minimum (min)
of the evaluated structure width and length for each isolate.
Measurements are presented as [(min—) (mean — SD) —
(mean+ SD) (—max)] (Rodas et al. 2008; Van Wyk et al.
2010; Oliveira et al. 2015a; Liu et al. 2018).

Principal Component Analysis was applied to examine
the inter-relationship between the isolates of Ceratocystis
and the morphological traits that significantly contributed
to the variation (Jollife and Cadima 2016). The analysis was
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conducted using the statistical software R v. 4.1.3, employ-
ing the FactoMineR and Factoextra packages (L& et al.
2008; Kassambara and Mundt 2020). The correlation coef-
ficient (r) was based on the Pearson’s correlation between
a variable and its principal component (Abdi and Williams
2010).

A conglomerate grouping methodology was used to
categorize the 19 tested isolates of Ceratocystis spp. This
method grouped individuals based on their similarity, using
morphological and microscopic characteristics, origin
region, and the originating tissue or substrate (Ward 1963;
Mota-Gutierrez et al. 2018). Each cluster was described
according to the average values of the morphological and
microscopic features observed. The analysis was performed
using R software version 4.1.3, with the FactoMineR pack-
age and the HCPC (Hierarchical Clustering on Principal
Components) function.

Molecular characterization of isolates
DNA extraction

DNA was extracted from the morphologically character-
ized monosporic isolates. To get started, four discs (5 mm)
of growing mycelia were inoculated into 250 mL of malt
extract broth and incubated at 24 +2 °C under shaking con-
ditions for 7 days (de Beer et al. 2014; Suwandi et al. 2021).
The resulting mycelia were filtered using miracloth (Merck
Millipore) and dried overnight. Subsequently, dry mycelia
were collected in 50 mL Falcon tubes for DNA extraction.
Dry mycelium lysis was achieved by macerating in a sterile
mortar with liquid nitrogen until pulverization. DNA extrac-
tion was performed using CTAB Buffer (Griffith and Shaw
1998) following the standardized method established in
the Laboratory of Sustainable Perennial Crops of the Agri-
cultural Research Service (ARS) USDA (US Department
of Agriculture). The DNA concentrations were measured
using an ND-2000 spectrophotometer (NanoDrop® Thermo
Scientific). Working stock solutions were prepared by dilut-
ing DNA samples with TE buffer to a final concentration of
50 ng/pL.

PCR and sequencing

Molecular characterization of Ceratocystis isolates was car-
ried out using the nucleotide sequences of four gene regions,
including the B-tubulin gene (f7-1), guanine nucleotide-
binding protein (MS204), second largest subunit of RNA
polymerase II (RPBII), and 60 S ribosomal protein L37
gene (FG1093) (Suwandi et al. 2021; Liu et al. 2018; Fou-
rie et al. 2014). The primer sequences used for the ampli-
fication of the four loci are summarized in Table 2. PCR
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reactions were conducted in a 25 pL volume containing 1
U Taq DNA polymerase, 0.2 mM dNTPs, 1.5 mM MgCl,,
1X Buffer, 0.5 uM of each primer, and 2 pL of DNA (50
ng/uL) and were run in a Biorad T100 thermocycler. Loci
amplification included an initial denaturation step at 94 °C
for 2 min, followed by 35 cycles of 30 s at 94 °C, 30 s at
57 °C for gene region ST1, RPBII, MS204, and 60 °C for
gen F'G1093, extension at 72 °C for 1 min, and final exten-
sion phase at 72 °C for 5 min. The PCR products were visu-
alized using 1.5% agarose gel electrophoresis with SYBR
Safe (Invitrogen). For locus sequencing, PCR amplicons
were purified and sequenced using the Sanger method. The
resulting sequences were edited using BioEdit v. 7.2.5.0
(Hall 2004). Sequence analysis was performed by compari-
son with the National Center for Biotechnology Information
database (NCBI) using the Basic Local Alignment Search
Tool (BLAST) (Firmino 2011; Liu et al. 2018).

Multi-gene phylogenetic analyses

Phylogenetic analysis of the strains obtained in this study
within the genus Ceratocystis was performed based on the
selected loci. To enhance taxonomic analysis, we included
loci sequences published in public databases, including
Ceratocystis species with publicly available information,
including Ceratocystis albifundus M.J. Wingf., De Beer &
M.J. Morris 1996, Ceratocystis cacaofunesta Engelbr. &
T.C. Harr. 2005, Ceratocystis colombiana M. van Wyk &
M.J. Wingf. 2010, Ceratocystis eucalypticola M. van Wyk
& M.J. Wingf. 2012, Ceratocystis fimbriata Ellis & Halst.
1890, Ceratocystis harringtonii Z.W. de Beer & M.J. Wingf.
2013, Ceratocystis lukuohia 1. Barnes, T.C. Harrin. & L.M.
Keith 2018, Ceratocystis manginecans M. van Wyk, Al-
Adawi & M.J. Wingf. 2007, Ceratocystis platani (J.M. Wal-
ter) Engelbr. & T.C. Harr. 2005, and Ceratocystis smalleyi

Table 2 Primers utilized for amplification and sequencing of Cerato-
cystis spp. isolates from cacao crops

Gen Primer Primer sequence (5'-3") Reference
FG1093 FG1093.ceratoF GCG CCA CAA CAA Fourie et
FG1093.ceratoR ~ GTC GCA CGT al. (2014)
TTC TCC GCT TGC
CCT TGT CRS
MS204 MS204F.ceratoB  GGC TGA GCA GCT Liuetal.
MS204R.ceratoB  GAT CCTT (2018) and
ATG TCC GGG TAG  Fourie et
TGT TAC CG al. (2014)
RPBII RPB2 5Fb GAY GAY CGT GAT Liuetal.
RPB2 7Rb CACTTY GG (2018)
CCC ATR GCY TGY
TTR CCC AT
pI-1 Btla TTCCCCCGTCTCCA Liuetal.
Btlb CTTCTTCATG (2018) and
GACGAGATCGTTCA Glass and
TGTTGAACTC Donaldson
(1995)

J.A. Johnson & T.C. Harr. 2006. Additionally, we included
four loci sequences from Ceratocystis sp. with genome
assemblies published in the databases. To achieve this, we
extracted each locus from the genomic sequences, using C.
fimbriata Ellis & Halst. 1890 locus sequences as seeds. The
location of the loci in the genomes was determined by align-
ing the seed to every genome using BLASTn v. 2.2.3 and
extracting them with getfasta tool from the BEDTools suite
v. 2.30.0 (Quinlan 2014).

The consensus sequences were aligned using the ‘auto’
alignment option in MAFFT v. 7.515 (Katoh et al. 2018).
Poorly aligned regions were identified and removed using
TrimAl v. 1.4.1 (Capella-Gutiérrez et al. 2009), and Jalview
Software v. 2.11.2.6 (Procter et al. 2021). We conducted a
phylogenetic analysis using IQTree v. 2.2.0.3 (Quang-Minh
et al. 2022), utilizing a partition matrix created with FAS-
conCAT-G v. 1.05.1 (Kiick and Longo 2014). Maximum
likelihood (ML) and Bayesian inference (BI) were applied
to the combined datasets of the four genes for tree construc-
tion. ML analyses were conducted with 1QTree v. 2.2.0.3
(Quang-Minh et al. 2022), and the most appropriate models
for each locus were as follows: f7-1: K2P+R2, FG1093:
HKY+F+G4, MS204: K2P+G4, and RPBII: TNe+1.
1000 bootstrap replicates with Shimodaira-Hasegawa-
like Approximate Likelihood Ratio Test (SH-aLRT) and
Ultra-fast Bootstrap (UFBoot) were used to determine
node confidence levels. Ceratocystis pirilliformis 1. Barnes
& M.J. Wingf. 2003, was chosen as the outgroup to root
trees. Bayesian analyses were performed using the Markov
Chain Monte Carlo (MCMC) algorithm implemented in the
MrBayes v. 3.2.7 program (Ronquist et al. 2020), which
lasted until the average standard deviation of the split fre-
quencies was <0.01 and the model of nucleotide substitu-
tions used was GTR +G+1. The tree search involved four
separate chains for 1.000.000 generations, with tree sam-
pling occurring every 100th tree. Additionally, the first 25%
of trees were discarded. The consensus tree was viewed in
Figtree v. 1.4.4 (Rambaut 2018).

Results
Isolates and morphologic colony characterization

A collection of 19 isolates of Ceratocystis spp. was obtained
from different substrates (sawdust and cambium) on a PDA
culture medium. In the cycloheximide sensitivity test, no
growth was observed in any of the isolates, confirming that
the obtained isolates belonged to the genus Ceratocystis and
not to Ceratocystopsis or Ophiostoma, which are tolerant to
this antibiotic.

@ Springer
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The isolates were categorized into three distinct groups
according to morphological characteristics, including color,
texture, and colony shape, as well as microscopic features,
such as the distribution of ascospores and perithecia dur-
ing colony growth on PDA and 2% MEA medium (Fig. 1).
Isolates NCF16 and NCFO01, representing group 1, exhibited
colony morphology characterized by dense hyaline aerial
mycelium, irregular margins, and scattered perithecia with
limited presence of ascospores. Group 2 consisted of iso-
lates (NCF05, NCF07, NCF10, NCF15, NCF17, NCF23,
NCF24, NCF26, NCF27, NCF28, NCF29, NCF30, NCF35,
NCF36, NCF42, and NCF47), displaying a colony with a
woolly appearance, limited elevation, and wavy and irregu-
lar light-colored edges, accompanied by abundant produc-
tion of salmon-colored perithecia and ascospores. Group

3 consisted of isolate NCF45, whose colony had a cottony
texture on both media with irregular edges and limited pro-
duction of perithecia and ascospores.

The isolates exhibited colonies with variations in gray-
ish color and light brownish tones (2325 C, 2328 C). Light
gray colors (423 C, 424 C, 2332 C, 2333 C) predominated
at the edges of the colonies with a woolly texture, and an
olive-green coloration (7761 C—5835 C) appeared at the
colony periphery due to submerged mycelium in the culture
medium. The reverse surface of the colonies showed dark
coloration (Black C, 3 C, and 7 C) (Pantone®™) (Table S1).

All the isolates emitted distinctive fruity odor character-
istics of Ceratocystis. The presence of perithecia and asco-
spores was evident in the colonies in both the culture media.
From the sixth day of growth, perithecia were observed on

Isolates Malt Extract Agar 2%

NCF16

NCFos

NCF10

Potato Dextrose Agar

NCF28

NCF30

NCF35

Potato Dextrose Agar |Isolates

Isolates Malt Extract Agar 2%

3 4 L N
NcF36 G -

Malt Extract Agar 2% Potato Dextrose Agar

Potato Dextrose Agar

Fig. 1 Growth of isolates in PDA and 2% MEA medium. Pictures were taken after 14 days of incubation at 24 +2 °C. Green, yellow, and blue-
colored boxes identify isolates belonging to groups 1, group 2, and group 3, respectively, based on morphological characteristics
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the surface or submerged in the medium, either individually
or in scattered groups. Salmon-colored ascospores were vis-
ible in the apical part of the perithecia. The identified distri-
bution pattern of the perithecium was central over the entire
surface of the colony, with the latter being the most promi-
nent. Growth data for all isolates were fitted to a polynomial
(linear) trend line for both media types, yielding determi-
nation coefficients (R?) of 0.99 for PDA (potato dextrose
agar) and 0.99 for 2% MEA (malt extract agar) (Fig. S1).
PDA medium consistently supported higher growth across
most isolates, with an average growth of 7.26 cm after 14
days and a daily growth rate of 0.53 cm, compared to MEA,
which averaged 6.73 cm and had a growth rate of 0.47 cm
per day. Among the isolates, NCF47 exhibited the great-
est growth on PDA, averaging 8.83 cm, while NCF35 had
the lowest growth at 4.96 cm. In MEA, NCF16 showed the
highest growth with an average of 8.75 cm, while NCF26
had the lowest at 5.03 cm. No significant differences were
observed between isolates NCF01, NCF28, and NCF36 in
MEA. Overall, the statistical analysis identified significant
differences (p <0.05) between isolates and media; however,
isolates NCF17, NCF30, NCF24, and NCF42 did not show
significant variation (Fig. S2). Based on this analysis, the
PDA culture medium was the most favorable for the growth
of all the isolates evaluated.

Microscopic characterization of the isolates

At the microscopic level, variations in the dimensions of
the analyzed structures were observed within each isolate
(Table 3). The isolates produced black perithecia with a
globose base, ranging in diameter from 97.0 to 412x 103—
449 pm, surrounded by a dense network of hyphae. The peri-
thecial necks were 120—1020 pm in length and dark in color.
At the apical part, ostiolar hyphae were observed, appear-
ing hyaline and divergent, non-septate, straight, or flexuous,
which made accurate measurement difficult. In this study,
cylindrical endoconidia were exclusively produced in all the
isolates, exhibiting different sizes (2.8-7.3 X 9.5-33.4 pm).
The endoconidia were produced on a light brown endoco-
nidiophore, septate, with thin walls, and adopting a tubular
shape towards the tip. Aleuroconidia were rarely observed
in chains, mostly singly, displaying a color range from
light to dark brown, a subglobose shape, and smooth wall
(6.8-15.0x8.0-16.3 um). Hyaline ascospores were noted
in droplets at the tips of the perithecia neck, exhibiting a
hat shape and diameters between 3.0 and 6.9 X 3.4-8.2 um.
The NCF16 isolate was distintive from the rest of the
group of Ceratocystis isolates. Its perithecia base (117-)
164-237 (—=412) x (121-) 192-246 (—449) um and neck
(702—) 766-944 (—1020) um were the widest and longest,
respectively. It also featured the longest endoconidia (3.2—)

4.0-5.2 (-7.3) x (17.3-) 19.5-26.7 (-=33.4) um, and the
ostiolar hyphae exhibited a different shape compared to the
other isolates. The ostiolar hyphae were longer and more
flexible, resembling a long brush, which was not observed
in any of the other isolates (Fig. 2).

Principal component analysis (PCA)

The PCA revealed an accumulated variability of 83.1%
among the microscopic characteristics of the Cerafocys-
tis spp. isolates (Fig. S3). This variability was explained
in three dimensions, dimension 1 (45.5%), dimension 2
(22.1%), and dimension 3 (15.5%). Dimension 1 was repre-
sented by all the microscopic morphological variables eval-
uated. The isolates NCF15, NCF23, NCF05, and NCF10
were influenced in this dimension by the size of the bases
of the perithecium and ascospores. Isolates NCF16 and
NCF30 in dimension 2 were influenced by the length of the
perithecium neck and the diameter of the endoconidia. In
dimension 3, the isolates NCF01, NCF07, NCF17, NCF24,
NCF26, NCF27, NCF28, NCF29, NCF35, NCF36, NCF42,
NCF45 and NCF47 were grouped according to the size of
the aleuroconidia (Fig. 3). This suggests that there is no
single predominant morphological characteristic to identify
Ceratocystis spp. of cocoa.

Conglomerate analysis categorized the Ceratocystis spp.
isolates into three clusters, based on the similarity of their
morphological microscopic characteristics (Fig. 4). Clus-
ter 1 (21%) comprised isolates identified by the base of the
perithecia and the size of the ascospores. It included two
isolates from Huila (NCFO05 and NCF15), one from Valle
del Cauca (NCF10), and one from Tolima (NCF23). Clus-
ter 2 (5.2%) contained only one isolate (NCF16) character-
ized by the longest perithecia and endoconidia. This isolate
was obtained from a sawdust sample collected from the
Huila region. Cluster 3 (73.6%), the largest cluster, encom-
passed 14 isolates, including 12 from Tolima (NCFOI,
NCF24, NCF26, NCF27, NCF28, NCF29, NCF30, NCF35,
NCF36, NCF42, NCF45, and NCF47), one from Santander
(NCFO07), and one from Huila (NCF17), associated with the
size of the aleuroconidia.

Molecular characterization of isolates

DNA extraction and PCR sequencing

DNA extraction was effectively carried out for the 17 iso-
lates evaluated, with concentrations ranging from 236.1 ng/
pL to 2771.0 ng/uL. Electrophoresis on a 1.5% agarose gel

confirmed the high quality of the extracted DNA with mini-
mal levels of degradation and contamination detected.
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Fig. 2 NCF16 isolation from the Huila Department. Microscopic fea-
tures observed from 14 days growth on 2% MEA medium at incu-
bation at 24+ 2 °C. a Perithecia with globose base and long neck; b
elongated brush-shaped ostiolar hyphae; ¢ blunt tipped ostiolar hyphae

Amplicons of 600 bp were obtained for p7-1 and
FG1093, 1200 bp for RPBII, and 970 bp for MS204 locus.
All analyzed sequences were similar to those from Cera-
tocystis cacaofunesta when compared with the information
available in GenBank. The similarity values for this species
varied from 98.28 to 100% for the f7-1 gene, from 97.35
to 99.30% for the MS204 gene, from 99.44 to 100% for the
RPBII marker, and from 98.01 to 99.61% for the FG1093.
A few isolates presented high similarity percentages with
C. fimbriata, C. papillata, C. platani, C. acaciivora and C.
adelpha, species ranging from 98.97 to 99.67%, respec-
tively (Table S2). This suggests that the identity of the Cer-
atocystis isolates evaluated is most likely C. cacaofunesta,
based on the BLASTn analysis conducted.

Multi-gene phylogenetic analyses
Compiling the information from the selected markers

resulted in a partitioned matrix consisting of 3417 base
pairs. The contributions of each marker used in phylogenetic

observed in the other isolates evaluated; d hat-shaped ascospores; e
aleuroconidia in solitary; f cylindrical endoconidia and g endoconidio-
phore with emerging cylindrical conidia. Scale bars =20 um

inference were as follows: S7-1 (632pb), MS204 (944pb),
FG1093 (635pb), and RPBII (1206pb). Phylogenetic infer-
ence was conducted using concatenated sequences of the
four genomic loci based on the Maximum likelihood (ML)
and Bayesian inference (BI) methods, which provided a
consistent tree topology (Van Wyk et al. 2010; Fourie et al.
2014). In the phylogenetic tree (Fig. 5), four major clades of
Ceratocystis species, labeled A, B, C, and D, were strongly
supported.

In this study, all collected isolates were most closely
grouped in Clade A within the species C. cacaofunesta.
Clade A was very well supported (99.1% SH-aLRT, 97%
UFBoot) Bootstrap (BS) and (1.0) Posterior Probability
(PP), and three subgroups were found: the first group con-
tained the isolates NCF16 (Huila-sawdust), NCF36 (Tol-
ima-cambium), and NCF30 (Tolima-cambium). However,
branch support was weak (81.1% SH-aLRT, (—) UFBoot)
BS and (0.51) PP; the subgroup with isolates NCF17
(Huila-sawdust) and NCF05 (Huila-cambium) had support
of (86.8% SH-aLRT, 81% UFBoot) BS and (0.92) PP; the

@ Springer
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Fig. 3 Biplot for quantitative variables. Principal Component Analysis
(PCA). Relationship between microscopic morphological characteris-
tics and isolates of Ceratocystis spp. Plots of different morphologi-
cal variables. Dimension 1, diameter of perithecia, ascospores, endo-
conidia, and aleuroconidia (NCF05, NCF10, NCF15, and NCF23).

Fig. 4 Cluster dendrogram based
on morphological, microscopic
characteristics, and the origin of
the isolates of Ceratocystis spp.
evaluated in this study. Cluster

1 (NCF15, NCF10, NCF23, and
NCFO05); Cluster 2 (NCF16);
Cluster 3 (NCF26, NCF24,
NCF36, NCF30, NCF42, NCF17,
NCF29, NCF27, NCF45, NCFO01,
NCF35, NCF28, NCF47, and
NCFO07)
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Dimension 2, length of perithecia necks and endoconidia (NCF16 and
NCF30). Dimension 3, diameter of aleuroconidia (NCFO1, NCF07,
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Fig.5 Consensus phylogenetic tree derived from both Maximum-like-
lihood and Bayesian Inference methods based on combined sequence
data from the ft-1, MS204, FG1093, and RPBII genes. It shows rela-
tionships between reference Ceratocystis species (C. albifundus, C.
colombiana, C. cacaofunesta, C. fimbriata, C. platani, C. harringto-
nii, C. smalleyi, C. pirilliformis, C. manginecans, C. eucalypticola,

subgroup with isolates NCF10 (Valle del Cauca-cambium)
and NCF15 (Huila-cambium) had supported of (96.8% SH-
aLLRT, 89% UFBoot) BS and (0.96) PP. Clade B included the
reference species, C. platani, C. lukuohia, C. colombiana,
C. eucalypticola, C. manginecans and C. fimbriata. This
clade was strongly supported the values (98.4% SH-aLRT,
100% UFBoot) BS and (1.0) PP. The third group (Clade C)
corresponded to C. albifundus, and the branch nodes were
supported by a probability value of (1.0) PP. The Clade D
provided support for (100% SH-aLRT, 100% UFBoot) BS,
and (1.0) PP for two different species C. smalleyi, and C.
harringtonii.

The combination of the four molecular markers in the
phylogenetic analysis successfully distinguished and differ-
entiated eleven species of Ceratocystis (C. albifundus M.J.
Wingf., De Beer & M.J. Morris 1996, C. colombiana M.
van Wyk & M.J. Wingf. 2010, C. cacaofunesta Engelbr. &
T.C. Harr. 2005, C. fimbriata Ellis & Halst. 1890, C. platani
(J.M. Walter) Engelbr. & T.C. Harr. 2005, C. harringtonii

C. lukuohia), and Ceratocystis isolates (NCF01, NCF05, NCF07,
NCF10, NCF15, NCF16, NCF17, NCF24, NCF26, NCF28, NCF29,
NCF30, NCF35, NCF36, NCF42, NCF45, and NCF47) obtained from
cocoa producing regions in Colombia. Support values (SH-aLRT/
UFBoot) Bootstrap and (PP) Posterior Probability are shown above
the branches. Bootstrap values < 50% are marked with (—)

Z.W. de Beer & M.J. Wingf. 2013, C. smalleyi J.A. John-
son & T.C. Harr. 2006, C. pirilliformis 1. Barnes & M.J.
Wingf. 2003, C. manginecans M. van Wyk, Al-Adawi &
M.J. Wingf. 2007, C. eucalypticola M. van Wyk & M.J.
Wingf. 2012, C. lukuohia 1. Barnes, T.C. Harrin. & L.M.
Keith 2018) used as references in this study.

Discussion

In recent decades, climate change has accelerated the inten-
sification of diseases caused by both known and emerging
pathogens in cocoa cultivation, posing significant risks to
the global supply and yield of this food. These changes
increase outbreak risks by altering pathogen evolution and
host-pathogen interactions, which facilitates the emergence
and spread of new strains (Cilas and Bastide 2020; Singh et
al. 2023). Ceratocystis wilt, also known as Machete Wilt, is
recognized as a significant emerging disease in Central and
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South America and poses a severe threat to cocoa producers
globally (Engelbrecht et al. 2007). Ceratocystis fimbriata
has been reported to be the causative pathogen of machete
disease in cocoa in Colombia and has been identified in
other crops of interest such as coffee and citrus (Marin and
Wingfield 2006; Van WyK et al. 2010). However, the high
diversity of this species and the presence of cryptic species
in the genus Ceratocystis complicate the task of specifically
defining the causative agent.

A collection of Ceratocystis spp. isolates was established
from sawdust and symptomatic tissue samples collected
from four departments and nine cocoa-producing munici-
palities in Colombia. Sawdust samples offered a higher
recuperation of isolates in our study, which is particularly
significant because conventional isolation methods for such
purposes are typically destructive. Holland et al. (2019) and
Engelbrecht and Harrington (2005) reported that, in some
cases, the primary source of infection can be attributed to
soil contamination by aleuroconidia, which are produced by
the fungus or released into the soil through sawdust or the
excreta of the insect Xyleborus. Most species produce these
structures to survive in wood or soil (de Beer et al. 2014).

Comparisons of colony morphology revealed colonies
with different textures, colors, and forms of distribution
and production of perithecia and ascospores. This variabil-
ity has been previously reported, describing morphological
changes associated with growing conditions, such as culture
media and temperature (Engelbrecht 2004; Firmino 2011;
Oliveira et al. 2015a). In this study, the observed colony
growth patterns did not show a unique pattern specific to
this cocoa pathogen in Colombia in the evaluated culture
medium. Observations indicated that PDA and 2% MEA
media provided higher mycelial growth for all isolates
tested. These media seem to allow homogeneous growth of
the fungus compared to others, making them suitable for
the characterization and conservation of Ceratocystis at the
laboratory level (Santos et al. 2011; Oliveira et al. 2015a).
Furthermore, the production of perithecia and ascospores
was specific to each isolate regardless of the culture media
used. This suggests an isolate-dependent variation in these
reproductive structures.

Microscopic characterization of the isolates revealed
variations in the morphology and size of certain struc-
tures compared to those reported for C. fimbriata in dif-
ferent hosts. Differences were observed in aspects related
to perithecia and endoconidia. The observed size range for
the bases and necks of perithecia was slightly larger than
the ranges defined in previous studies (Marin et al. 2003;
Oliveira et al. 2015b; Xu et al. 2020), which reported ranges
of 80-268x110-262 um and 408—870 pm respectively. In
studies related to the morphology of Ceratocystis, the shape
of the perithecia has been an important feature for taxonomy

@ Springer

and classification (Johnson et al. 2005). The observed
variations in perithecia size and morphology may indicate
potential differences or adaptations within the Ceratocys-
tis isolates from this study, which could be of taxonomic
interest and contribute to the understanding of the diversity
within this fungal genus. Further studies and comparisons
with known species or strains may provide valuable insights
into the taxonomic significance of these morphological
variations.

The endoconidia produced by the isolates in this study
were exclusively cylindrical in shape and varied in size,
consistent with the description by Firmino (2011), who dis-
tinguished 12 types of spores among isolates. The observed
dimensions of the cylindrical endoconidia were within the
range reported for C. fimbriata in cocoa and eucalyptus.
Nevertheless, these dimensions differed from those reported
by Engelbrecht (2004) and Marin et al. (2003) for this spe-
cies in coffee crops in Colombia, which were considerably
smaller than those observed in our isolates. This suggests
the possible presence of a species distinct from C. fimbriata
in cocoa crops. The absence or presence of doliform conidia
in Ceratocystis isolates is an important characteristic for
identifying species within the C. fimbriata complex (Engel-
brecht 2004; Van Wyk et al. 2010). In this study, doliform
conidia were absent in all the evaluated isolates. Indeed,
this is a crucial taxonomic characteristic for identifying
Ceratocystis isolates from cocoa in Colombia. In contrast,
ascospores, aleuroconidia, ostiolar hyphae, and endoco-
nidiophores showed no discernible differences among the
isolates. This suggests that while certain morphological
characteristics, such as endoconidia shape and size, are con-
sistent with known characteristics of C. fimbriata, there may
be variations that are relevant for taxonomic identification
within the C. fimbriata complex.

The NCF16 isolate highlighted in this study showed
distinct morphological features compared to other isolates
evaluated, such as larger perithecial bases (117—) 164-237
(—412) x (121-) 192-246 (—449) um and necks, along with
endoconidia (3.2—) 4.0-5.2 (=7.3) x (17.3—) 19.5-26.7
(—33.4) um long, which are consistent with the descriptions
of Ceratocystis cacaofunesta by Engelbr and Harr (2005).
Additionally, this isolate had a unique shape of ostiolar
hyphae, resembling a long brush, which was not observed
in the other isolates. These findings contribute to the under-
standing of the morphology of Ceratocystis isolates and
suggest potential taxonomic implications. Comparisons
with known species and molecular analyses would contrib-
ute to a more complete understanding of the taxonomic sta-
tus of NCF16 and its significance in the genus Ceratocystis.

Principal Component Analysis (PCA) revealed that
microscopic morphological characteristics (perithecia,
ascospores, endoconidia, and aleuroconidia) were the most
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important variables for discriminating between isolates and
grouped them into three main clusters independent of the
region and substrate of origin; these findings support the
importance of these characteristics in distinguishing fungal
taxa (Johnson et al. 2005). Based on the morphological vari-
ability found in the Ceratocystis spp. isolates from cocoa, it
is suggested that macroscopic characteristics alone cannot
be used for their identification and characterization at the
laboratory level. At the microscopic level, the morphology
of the fungus can be influenced not only by natural variation
but also by environmental conditions, making species iden-
tification based solely on morphological traits potentially
confusing (Rodriguez-Polanco et al. 2020; Bejarano et al.
2021). However, considering the emergence of diseases and
new pathogens, it is necessary to continue the search for
traits that are stable across different species and that facili-
tate identification and diagnosis, complemented by molecu-
lar tools (Valdetaro et al. 2015).

The identification of many Ceratocystis species has been
associated with sequence data from the /7S region. How-
ever, the genus Ceratocystis presents phylogenetic incon-
gruence and the coexistence of various ITS types within
individual isolates, which has cast considerable doubt on
delineating species within Ceratocystis and the efficacy of
using this marker in taxonomic studies (Harrington 2013;
Kanzi et al. 2020). Given the degree of similarity between
Ceratocystis species and their difficult differentiation, the
use of conserved gene regions such f7-1, RPBII, MS204 and
FG1093, has been considered as an alternative to support
species boundaries within this genus (Fourie et al. 2014).
The utilization of appropriate genomic regions in a multi-
gene phylogenetic analysis yields dependable and strong
data, enabling the differentiation of various lineages within
C. fimbriata complex isolates (Fourie et al. 2014; Har-
rington et al. 2014). According to the above mentioned, in
this work, Ceratocystis spp. isolates from different Colom-
bian cocoa growing regions, were identified at the genus
and species level, such as C. cacaofunesta using the com-
bination of sequences from the four molecular markers f7-
1, RPBII, MS204 and FG1093, along with the maximum
likelihood (ML) and Bayesian inference (BI) methods. This
confirmed the discriminatory power of these markers, which
allowed placement of all Ceratocystis spp. isolates in the
C. cacaofunesta cluster, distinguished from the C. fimbriata
cluster and the C. fimbriata complex (s.1.) species. Similar
to PCA, phylogenetic analysis did not show grouping of iso-
lates according to their geographical region and substrate of
origin.

The findings of this study are congruent with those
obtained by Fourie et al. (2014), where the combination of
the same molecular markers provided significant support
and resolution for the identification of 11 of the 15 species

Ceratocystis evaluated. Similarly, Liu et al. (2018) identi-
fied a new Ceratocystis species responsible for black rot
symptoms in Colocasia esculenta corms in China’s YunNan
and ShanDong provinces, based on phylogenetic analysis of
ITS, BT1, TEF-1a, MS204, and RPBII regions. The use of
these conserved gene regions has also allowed taxonomic
classification of Ceratocystis species at the clade level. In
this study, Colombian cocoa isolates were placed in the
Latin American clade (LAC), distinguishing them from spe-
cies belonging to the Asian-Australian clade (AAC), North
American clade (NAC), and Central African clade (AFC).
Other studies have reported the use of these markers for
the clade-level classification of Ceratocystis isolates from
diverse hosts and geographical regions (de Beer et al. 2014;
Fourie et al. 2014; Barnes et al. 2018; Liu et al. 2018). Addi-
tional phylogenetic analysis based on ML and BI, applied to
each dataset individually for the RPBII and MS204 mark-
ers (data not shown) associated all the Ceratocystis spp.
cocoa isolates with the species C. cacaofunesta, similar to
the multilocus analysis. Additionally, it classified, differen-
tiated, and grouped the species within the C. fimbriata (s.1.)
complex. This demonstrated that RPBII and MS204 could
be candidates for use in diagnostic tests for species-level
identification of this fungus. According to Fourie et al.
(2014), these markers provide more information than other
commonly used regions.

According to the characterization of isolates from cocoa
plants in Colombia with symptoms of Ceratocystis wilt (Mal
de machete), the causal agent of this disease is C. cacaofu-
nesta. This pathogen exhibited morphological variability
at both the macro-and microscopic levels; however, at the
molecular level, there were no genetic differences associ-
ated with it with other species within the genus. This study
is the first to report the identity of the pathogen respon-
sible for this disease in Colombia. This finding represents
the first step in studying the epidemiology of the disease,
which is present in the main cocoa-producing departments
of the country, including Santander, Huila, and Tolima, and
in other departments such as the Valle del Cauca, which
currently represents a potential region for the crop (MADR
2019). To further characterize the isolates, we recommend
conducting pathogenicity tests with Colombian Ceratocys-
tis isolates from sawdust and plant tissues on cocoa cultivars
according to Koch’s postulates. This is essential for estab-
lishing host specificity and for generating valuable data to
support breeding programs.
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