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Abstract: Fusarium circinatum (anamorph of Gibberella circinata) is the etiological agent of resinous
canker in conifers, especially within the genus Pinus. This pathogen can impact all phases of tree
development. Infections caused by F. circinatum in pine forests have been catastrophic in numerous
countries globally, underscoring the necessity of understanding the geographical distribution of this
fungus to enhance ecological comprehension and inform effective control measures. This study aims
to report the existence of F. circinatum as a potential pathogen of pine trees in Honduras. Samples
were obtained from mature trees and tree nurseries of Pinus oocarpa in three departments of
Honduras, exhibiting symptoms such as chlorosis, needle wilting, and progressive mortality.
Samples underwent microbiological and molecular identification. The isolates were identified using
phenotypic approaches focused on micro and macro morphology, followed by the amplification
and sequencing of three genes: ITS, EF-1a, and Beta-tubulin. Three isolates of the fungus were
identified as F. circinatum. No genetic diversity was seen among the three isolates; nevertheless,
some diversity was evident in comparison to sequences deposited in databases from different
geographic regions. This is the first report and molecular characterization of F. circinatum isolated
from Pinus oocarpa in Honduras.
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1. Introduction

The genus Pinus, member of the Pinaceae family, encompasses approximately 100 species found
across the northern hemisphere, including areas of Europe, Asia, North Africa, North America, and
extending to Central America [1]. Pine forests in these regions serve crucial roles in local and global
ecosystems, affecting meteorological events, controlling the hydrological cycle, safeguarding
watersheds and their flora, and supporting a wide array of species across various domains [2,3]. Also,
as one of the most significant timber trees globally, pines constitute a substantial source of financial
resources for the economies of various countries, especially those classified as medium and low
income [4,5]. Pine forests provide numerous benefits; however, they are subjected to various threats
from both biotic and abiotic agents that compromise their health [6,7].

Fungi are significant biotic agents responsible for diseases in forests, compromising biodiversity
and impacting aesthetic, commercial, and recreational values [8]. Pine infections have intensified
recently due to climate change and human activities, resulting in a notable deterioration of global
forest health [9,10].

Fungi are heterotrophic eukaryotes that play a crucial role in the composition of forest
ecosystems [11,12]. Although certain fungal species contribute significantly to ecological balance,
numerous others exert detrimental impacts on forest ecosystems [13]. Fusarium spp. represents a
primary genus of endophytic fungi associated with pine species [13-15]. Key species linked to pine
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disease include Fusarium oxysporum, F. solani, and F. circinatum [16,17]. Fusarium spp. are primarily
associated with diseases such as wilting and root rot in nurseries, leading to inadequate seedling
establishment in external plantations [18]. This genus has also been associated with diseases in
mature trees, including pine resin canker [18,19]. Resin canker is a significant disease impacting
nurseries and pine plantations globally, leading to forest losses, hindering the establishment of pine
trees across various ecosystems, and affecting national economies [20-26]. This pathogen has been
demonstrated to impact all stages of pine development, including seeds, seedlings, and mature trees
[27]. Advanced stages of the disease are characterized by the presence of resinous cankers on the
main stem and branches, along with treetop dieback [27,28].

F. circinatum has been documented in 14 countries across 4 continents, with its presence on the
American continent limited to 7 countries [29,30]. Honduras, situated in the central region of the
Central American isthmus (15°00'N 86°30'W), encompasses an area of 112,777 km? and exhibits
significant biological diversity, including seven species of pine, with Pinus oocarpa being the most
notable due to its wide distribution and significant economic and environmental relevance [31,32].
Pine forests constitute 30.9% of the nation’s total forest cover, which spans 6,314,815 hectares,
primarily located in the central, eastern, and western regions [32]. Recognized as part of the
Mesoamerican biodiversity hotspot [33,34], Honduras emphasizes the safeguarding of its forest
ecosystems, which are crucial for biodiversity and climate change mitigation, in accordance with
Sustainable Development Goal (SDG) 15 [35].

This report details the presence of F. circinatum in Honduras, within the framework of the
epidemiological surveillance program of the National Plan for Protection Against Forest Pests and
Diseases, managed by the National Institute of Forest Conservation and Development, Protected
Areas and Wildlife (ICF). This represents the first detection of F. circinatum in the country utilizing a
molecular approach and aims to enhance the comprehension of infections induced by this pathogen
in pine trees and to contribute to the global understanding of its effects.

2. Materials and Methods
2.1. Sample Collection

Samples were collected from pine trees exhibiting symptoms including needle chlorosis, root
rot, and dieback as part of a national surveillance program. The samples were collected from three
geographical regions in Honduras, the departments of Comayagua, Francisco Morazan, and El
Paraiso. The affected plant tissues were dispatched to the Center for Research on Infectious and
Zoonotic Agents (CIAIZ) at the National Autonomous University of Honduras for examination.

For the processing of the samples, the methodology previously described by Stone et al., 2004
was followed [36]. Briefly, some twigs were selected in which the transition zone between healthy
and diseased plant tissue was identified. Three 1 cm samples were randomly selected from each
sampling site. The exterior of the plant tissue was sterilized with 5% sodium hypochlorite solution
for 3 min, then rinsed with sterile distilled water and immersed in 70% alcohol for 3 minutes, and
then rinsed three times with sterile distilled water. Once the plant tissue was disinfected, it was
cultured on PDA (Potato Dextrose Agar). The Petri dishes were incubated at 25 °C and observed daily
for 10 days to detect the appearance of colonies, then all isolates were purified by hyphal tip or single
spore method. Subsequently, with the aim of identifying the genus of the fungus, the isolates were
evaluated microscopically, by staining cotton blue with lactophenol.

2.2. DNA Extraction

DNA extraction was performed following a previously described protocol [37]. Briefly, the
mycelium of each strain was inoculated into 3 ml of GYEP broth (2% glucose, 0.3% yeast extract, 1%
peptone). Then, all cultures were incubated for 7 days at 26°C. The mycelium mats were subsequently
recovered and subjected to a protocol based on organic solvents. The mycelium was resuspended in
500 pL of lysis buffer composed of 10 mM Tris, pH 8; 1 mM EDTA, pH 8; and 100 mM NaCl. This
suspension was heated at 100 °C for 1 min in a water bath and then shaken three times in the
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Disruptor Genie System (Scientific Industries, Inc. USA) with 0.1 mm glass beads for 2 min with rest
intervals of 1 min between each shake. 400 uL of phenol-chloroform-isoamyl alcohol (25:24:1) was
added, mixed by vortex, and centrifuged at 13,000 rpm for 15 min. The supernatant was recovered
and one volume of chloroform-isoamyl alcohol (24:1) was added. The solution was mixed with vortex
and centrifuged at 13,000 rpm for 5 min. The aqueous phase was transferred to a new vial and
precipitated with one volume of cold absolute ethanol and 1/10 volume of sodium acetate (3 M, pH
5.2), mixed by inversion, and centrifuged at 13,000 rpm for 10 min. The supernatant was removed
and subsequently washed with 70% ethanol. The dried pellet was resuspended in 50 uL of nuclease-
free water. The DNA concentration was calculated with a NanoDrop spectrophotometer (Thermo
Fisher Scientific Inc. Waltham, MA, USA), and diluted to a final concentration of 40 ng/pL and stored
at —20-C until further use.

2.3. Molecular Identification

The identification of all isolates was carried out through the amplification and sequencing of
three polymorphic molecular markers: the internal transcribed spacer (ITS) of the nuclear ribosomal
DNA gene, the elongation factor 1 alpha (EF-1a), and the beta tubulin (BT) gene, using the primers
proposed by White et al. (1990) [38], O'Donnell et al., 1998 [39], and Glass et al., 1995 [40] respectively.

2.3.1. Amplification of ITS Regions

The amplifications were carried out in a 50 uL volume: 25 uL of PCR Master Mix (Promega Corp.
Madison, WL, USA), 1 uL of 10 pM ITS1 and ITS4 primers: 5-TCC GTA GGT GAA CCT GCG G -3'/
5-TCC TCC GCT TAT TGA TAT GC—3’, and 1 puL of DNA (40 ng/ puL). Reactions were carried out
with an initial denaturation step at 95 °C for 5 min, 37 cycles of 95 °C for 30 s, 55 °C for 30 s, and 72
°C for 30 s, with a final extension at 72 °C for 10 min.

2.3.2. Amplification of the Elongation Factor 1 Alpha

Amplifications were performed in a volume of 50 uL: 25 PCR Master Mix (PromegaCorp.
Madison, WI, USA), using 1 puL of 10 uM primers EF1 and EF2: 5-ATG GGT AAG GAR GAC AAG
AC-3'/5"-GGA RGT ACC AGT SAT CAT GTT—3"and 1 pL of DNA (40 ng/uL). The reactions were
carried out with an initial denaturation step at 95 °C for 5 min, 35 cycles of 95 °C for 1 min 30s, 52 °C
for 1 min and 72 °C for 2 min, with a final extension at 72 °C for 10 min.

2.3.3. Amplification of Beta Tubulin

Likewise, for partial amplification of the BT gene, 25 puL of Master Mix (Promega Corp. Madison,
WI, USA) and 1 pL of the 10 uM primers Btla” and Btlb: 5- TTC CCC CGT CTC CAC TTC TTC
ATG—3 /5- GAC GAG ATC GTT CAT GIT GAA CTC -3'. The amplification conditions were as
follows. An initial denaturation at 95 °C for 5 min, 35 cycles of 95 °C for 1 min, 56 °C for 1 min and 72
°C for 1 min, with a final extension at 72 °C for 5 min. All amplicons were visualized in 1.5% agarose
gel electrophoresis with ethidium bromide.

2.4. Sequencing

The amplified products were sequenced on both flanks with their same primers used for the
PCR reactions, and according to Psomagen company protocols (https://lims.psomagen.com/). The
quality of the sequences was analyzed in the Geneious® software v. 2023.1.2. The sequences were
curated and then aligned to search for nucleotide polymorphisms (SNP) among the isolates.
Subsequently, the sequences were imported and analyzed using the BLAST tool in the NCBI database
(https://www.ncbinlm.nih.gov/), where they were compared with the available sequences and
subsequently the highest similarity index was recorded.

To elucidate the phylogeny of the isolates, 30 homologous sequences corresponding to the ITS
marker and 29 sequences of the EF-1a gene were retrieved from GenBank, based on reports of F.
circinatum isolated from various geographic regions worldwide. The downloaded sequences and
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those obtained in this study were aligned using the Geneious alignment tool of the Geneious
software. The aligned sequences were edited to produce a homogeneous length of 461 and 471 bp for
the ITS and BT regions respectively. Similarly, the EF-1a marker sequences were delimited to a length
of 600 bp. With the alignments, an unrooted dendrogram for EF-la was constructed using the
Neighbor-Joining algorithm and Tamura Nei’s genetic distance model with 1000 Bootstrap replicates
with a homologous sequence from Fusarium oxysporum as outgroup.

3. Results

This study evaluated samples of Pinus oocarpa specimens exhibiting symptoms compatible with
resinous canker, and collected from three departments in central Honduras, as illustrated in Figure
1. Samples were collected from nursery seedlings in the departments of Francisco Morazan and El
Paraiso while madure pine samples were collected from natural forests in the Comayagua
department. Samples were collected between July and September 2023, coinciding with the rainy
season in Honduras. Table 1 presents the sampling sites along with the observed symptoms and
signs.

@ Sample collection points
£5National boundary

; Municipal boundaries i

Figure 1. A. Map of Honduras showing sample collection sites in three departments. B. Flagging of
branches on adult trees of P. oocarpa. C. Chlorosis observed in Pinus oocarpa seedlings in the nursery.
D. A seedling of P. oocarpa with wilting and dieback symptoms.

Table 1. Details regarding the collection sites and the symptoms noted in the plant material.

llecti llecti
Code Collection Department Co e.c ton Sample Symptoms
season coordinates

0l e C X: 409008; Y: Tree in I\tlee‘iles ;".lts dliloros, 1S

2023 M€ OMAYABUA 1614567, A: 1133 natural forest b Clooac TSI
exudation

02- July 18 Francisco X:475338; Y: Nursery Needles with yellow and
2023 y Morazan 1559190; A:1082 seedling reddish color

09- X: 545270;Y: Nursery  Lack of growth, discoloration

September 19  El Paraiso

2023 2 1550795, A: 745 seedling and wilting in the needles

3.1. Isolation and Phenotypic Identification

Following a 10-day incubation period in PDA at 25 °C, colonies exhibiting a velvety white to
purple appearance were noted on the obverse (Figure 2A), accompanied by the production of purple
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pigment on the reverse of the plates. Staining with blue lactophenol revealed an abundance of
fusiform macroconidia (Figure 2B). The fungus was morphologically identified as Fusarium spp.
based on the taxonomic keys established by O’Donnell et al., 2000 [41].

Figure 2. A. Fungal growth from pine needles B. Lactophenol cotton blue stain showing fusiform
macroconidia, suggestive of Fusarium spp.

3.2. Molecular Identification of the Isolates

The isolates were identified at the species level through the amplification and sequencing of
three markers (ITS, EF-1a, and BT). The PCR products for EF-1a showed a length of 710 bp, while
the lengths for the ITS and BT regions were 570 bp and 530 bp, respectively (Figure 3A). The
sequences were aligned, revealing no size or sequence polymorphisms (SNP) in any of the markers
across the three isolates examined in this study (Figure 3B). In contrast, a comparison of the sequences
obtained in this study with those previously deposited in GenBank for both ITS and EF-1a revealed
that the three isolates were identified as Fusarium circinatum, exhibiting 100% similarity for each gene.
The lack of annotated sequences for the BT gene in GenBank hindered the verification of this fungal
identification using this molecular marker.

2 3 C- s
—) = =

Figure 3. A. Agarose gel electrophoresis. Lanes 1-3 show the amplification products of the internal
transcribed spacer (ITS) of the ribosomal region of F. circinatum; lanes 5-7 show the amplification
products of the elongation factor 1-alpha (EF-1a); lanes 9- 11 show the amplification products of (3-
tubulin gene. (C -) Negative control. B-D. Alignment of the three sequences for ITS, EF-1a, and {3-
tubulin obtained in this study showing the absence of size or sequence polymorphism.
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A phylogenetic tree was constructed by comparing the EF-1a sequences obtained in this study
with 29 sequences of F. circinatum from various geographical regions worldwide. The isolates derived
from F. circinatum in Honduras demonstrated significant similarity with most previously
documented sequences for each molecular marker. Three clusters were identified: the first cluster
comprised two sequences from Korea, exhibiting a bootstrap value of 99.57. The second cluster, with
a bootstrap value of 81.99, included nine sequences from North America, Japan, Brazil, Guatemala,
and South Africa. The third cluster contained the largest number of sequences, incorporating
sequences from Honduras and 18 sequences from North America, Nicaragua, Colombia, the
Mediterranean, India, and South Africa (Figure 4). Thus, clustering based on the geographical origin
of the isolates of this species does not seem to be evident when analyzed using the EF-1a marker.

Qutgroup
,o»—Korea
mmKorea
EmUSA
WJapan
EmCanada
mmCanada
WmBrazil
Guatemala
mmSouth Africa
100} mmSouth Africa
mmSouth Africa
EmUSA
T Honduras
{Honduras
mmCanada
{Honduras
mmCanada

India
mmCanada
ESpain
73 mmSouth Africa
mitaly
EmCanada
EmCanada
EmCanada

Nicaragua

South Africa
mmColombia
mmColombia
EmColombia
mmSouth Africa

Figure 4. Phylogenetic analysis of F. circinatum utilizing EF-la from isolates across various
geographical regions. The Tamura—-Nei genetic distance model and the Neighbor-Joining method,
utilizing a bootstrap of 1000 replicates, were employed to construct a cladogram. The sequences
obtained in this study are presented within the light blue box.

In addition, the comparison of the three ITS sequences obtained in this study with 30 sequences
from various geographical regions indicated that the F. circinatum isolates from Honduras exhibited
high similarity, clustering into a homogeneous group with the other sequences. Thus, no
phylogenetic clustering pattern based on geographic origin was identified for ITS (Supplementary
Material 1). A sequence for each of the evaluated molecular markers was deposited in GenBank, with
the following accession numbers: ITS (PP453646.1), EF-1a (PQ368253), and BT (PQ368252).

4. Discussion

Resin canker, caused by F. circinatum, is recognized as one of the most detrimental diseases
affecting Pinus spp. in various countries globally [42]. The primary mode of propagation for this
fungus is through seeds and seedlings, which has been suggested to facilitate its introduction into
new countries [27,42-44]. In addition, the spread of F. circinatun is also usually facilitated by wind,
fires and insects [27,42,44-47], particularly when plants present wounds or suffer water stress, which
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in turn coincide with optimal environmental conditions such as humidity and temperature that favor
the colonization of the fungus [27,42].

The first report of F. circinatum as a pine pathogen was made in North Carolina in the United
States [48]. Subsequently, this fungus has been documented in 14 countries across 4 continents, with
no reports of its presence in Oceania to date [29,30]. The pathogen has been reported in France, Italy,
Portugal, Spain, Japan, South Korea, and South Africa [29,30]. In the Americas, it has been reported
in the USA, Mexico, Colombia, Brazil, Haiti, Chile, and Uruguay, with the USA exhibiting the highest
incidence globally [29,30]. Figure 5 illustrates the global distribution of F. circinatum, utilizing data
from the EPPO Global Database along with the analyses conducted by Drenkhan et al. (2020) and
Vettraino et al. (2018) [29,30,42].

nnnnnnn

AAAAAA

.....

Reports of Fusarlum circinatum o, sRazic

Croated wih mapchartnet

Figure 5. World map of the current distribution of Fusarium circinatum represented in yellow.

Currently, there are no documented reports of F. circinatum in Honduras. Our findings indicate
that two accession numbers, KX364413.1 and KX364414.1, are registered in GenBank for the EF-1a
gene from isolates of F. circinatum in Nicaragua and Guatemala. These records, however, are deficient
in epidemiological and ecological information, including the exact location of isolation and the
species of conifer from which they were derived. Consequently, this would be the first formal report
of the presence of this fungus in Central America.

This fungus has been documented in 24 species of pine, with P. radiata, P. taeda, P. echinata, and
P. patula being the most affected species [29]. To our knowledge, this would be the first report of F.
circinatum isolated from P. oocarpa. Dvorak et al. (2009) [49] highlighted the significant resistance
levels of P. oocarpa to F. circinatum. Consequently, our findings prompt several inquiries regarding
the presence of this pathogen in the pine species and the associated symptoms and signs observed.
Therefore, additional research is required to elucidate the development of infections in P. oocarpa
caused by F. circinatum and to identify the factors that facilitate the establishment of this fungus in
the conifer species.

A hypothesis regarding the presence of F. circinatum as a potential infectious agent in P. oocarpa
in Honduras suggests that climate change and human activities contribute to rising global
temperatures [50-52]. This increase affects drought frequency and water availability, resulting in
forest stress and heightened susceptibility to infections [53,54]. McDonald et al. (1994) demonstrated
a positive correlation between the distribution, establishment, and development of F. circinatum and
elevated temperature and humidity. Temperatures ranging from 14 to 26 °C promote the growth of
this fungus, whereas temperatures at or below 10 °C inhibit its development [55].

In Honduras, as in other regions globally, temperatures have risen during this century [54],
maintaining an average temperature of 32 °C throughout the national territory [56], which could have
favored the adaptation and development of F. circinatum in this pine species. The rise in average
temperatures, coupled with the epidemic caused by the beetle Dendroctonus frontalis from 2015 to
2017, resulted in a loss of approximately 23% of the forest cover in Honduras’ pine forests [52,57,58],
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whose outbreaks have coincided with long periods of drought, which are factors that are strongly
associated with infections by F. circinatum [59,60]. Another argument that could explain the presence
of this pathogen at least in the mature forest is that this and other microorganisms could act as
secondary pathogens in forests previously attacked by D. frontalis.

Furthermore, anthropogenic factors, especially forest fires, contribute to forest stress, resulting
in wildlife and biodiversity loss. This also leads to soil weakening and erosion, habitat fragmentation,
and a reduction in forest cover, which further diminishes trees’ resistance to biotic and abiotic pests
[61]. Likewise, it has been shown that smoke from forest fires could act as a vector of fungal
propagules [46,47]. Between 2023 and 2024, Honduras has averaged 2,800 fires, predominantly
located in the central eastern region of the country. This phenomenon may influence the prevalence
of this and other pathogens in Honduras’ forests [62].

Resin canker caused by Fusarium circinatum has been recognized as one of the most devastating
diseases in Pinus spp. worldwide [42]. The European Union has designated this pathogen as a
quarantine organism, categorizing it on list A2 of the EPPO (European and Mediterranean Plant
Protection Organization) [42]. England has also developed a contingency plan to address potential
outbreaks of F. circinatum in its coniferous forests [63]. The International Plant Protection Convention
(IPPC), through its protocol DP:22 Fusarium circinatum, establishes a standard protocol for the
detection and diagnosis of this pathogen in phytopathology laboratories and crop inspection systems.
It emphasizes that molecular-level EF-1a sequencing is adequate for confirming the identification of
this fungus [64].

Honduras currently lacks an action plan or specific legislation to prevent or manage outbreaks
of F. circinatum, despite the associated risks to the nation’s coniferous ecosystems and forest economy.
The lack of concrete measures underscores the necessity of developing national strategies that
encompass diagnosis, monitoring, and control protocols to prevent the introduction and/or
dissemination of F. circinatum to new locations or pine species within the country. By demonstrating
the presence of F. circinatum in Honduras, this information aims to assist decision makers in
identifying areas requiring prompt intervention and to guide future efforts in enhancing the
understanding of this fungus within the country.

5. Conclusions

F. circinatum is a virulent pathogen of pine, linked to seedling wilt and resinous canker in mature
trees. This is the first report of F. circumatum isolated from P. oocarpa in Honduras. This description
will enhance the understanding of infections in pine trees caused by this pathogen. The molecular
approach employed in this study, encompassing the amplification and sequencing of the ITS, EF-1q,
and BT genetic regions, enabled precise confirmation of the pathogen’s identification. This
underscores the significance of these tools for early and reliable diagnosis in future research and
management strategies within the region.

6. Limitations

This study did not include infection assays due to the necessity for controlled conditions,
appropriate physical space, and specialized equipment. While assessing the pathogenic potential of
F. circinatum would have been advantageous, our emphasis was on detecting and confirming the
fungus’s presence in Honduras. This focus remains pertinent, as our findings enhance the
understanding of the epidemiology of this fungus globally.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Figure S1: Alignment of 30 Fusarium circinatum ITS sequences from various
regions revealed no polymorphisms when compared to three sequences from Honduras.
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