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Abstract
Avocado (Persea americana Milll.) holds a pivotal position in global fruit crops, contributing significantly to the economies 
of tropical and subtropical regions. However, the rising incidence of diseases poses a substantial risk to avocado production. 
This comprehensive study investigated the disease landscape in Antalya, the largest avocado cultivation area in the Türkiye. 
A survey of 2537 avocado trees across 11 regions from 2020 to 2021 revealed alarming disease incidences, particularly in the 
eastern regions of Gazipasa and Alanya. Dieback, branch canker, anthracnose, and soil-borne root rot were identified as the 
primary diseases affecting tree canopies, twigs, and branches. Morphological and molecular analyzes unveiled a spectrum of 
pathogens, with Colletotrichum gloeosporioides dominating in the Mediterranean region. Notably, Phytophthora cinnamomi 
emerged as a severe threat, causing root rot and decline in avocado trees. Fusarium solani and Fusarium oxysporum, known 
for their association with tropical fruit crops, were identified in the western parts of Antalya. Additionally, we have detected 
Neofusicoccum parvum, Lasiodiplodia theobromae, and Neopestalotiopsis rosae in collected samples from avocado trees. 
The identified pathogens exhibited varying levels of severity in branch canker and anthracnose on avocado branches and 
leaves. Furthermore, pathogenicity evaluations shed light on the potential of these pathogens to induce severe symptoms, 
emphasizing the urgency for effective control measures. The exploration of cultural and biological control strategies are 
crucial for mitigating the impact of branch canker, dieback, and anthracnose diseases, ensuring the sustainability of avocado 
cultivation in the region.

Keywords  Anthracnose · Avocado · Fungal diseases · Soil-borne pathogens · Dieback · Branch canker

Introduction

Avocado stands as a pivotal fruit crop globally, thriving in 
tropical and subtropical regions. The Mediterranean region 
of Türkiye, boasting favorable climatic conditions, has 

emerged as a significant area for the cultivation of this exotic 
fruit. Notably, avocado has gained momentum in the Medi-
terranean regions of various countries, with Türkiye witness-
ing a remarkable surge in production. In the year 2019 alone, 
production reached 4209 tons, covering an expansive area 
of 949 hectares, and sustaining over 80,000 avocado trees.

However, various pathogens causing diseases in avo-
cado production have resulted in a drastic reduction in 
avocado growth and productivity, ultimately leading to 
increased production costs (Ramírez-Gil et  al. 2017). 
Foliar diseases, caused by airborne fungal pathogens 
such as Diplodia species and Dothiorella species (Botry-
osphaeriaceae: Ascomycota), along with many members 
of the Botryosphaeriaceae family, are associated with 
branch canker, dieback, and stem-end rot in avocados 
in various countries, resulting in significant economic 
losses (McDonald and Eskalen 2011; Valencia et  al. 
2019). However, the causal agent(s) of these diseases 
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in the Mediterranean region of Türkiye are not known. 
Although some fungal species can survive as endophytes 
in symptomless tissue, the fungi in the Botryospha-
eriaceae family are reported to be pathogenic on many 
host plants under stress conditions (Valencia et al. 2019; 
Wanjiku et al. 2020). Typical symptoms that develop on 
twigs, branches, and stems include shriveling, followed 
by brown to black rot that starts at the twig’s end. As the 
rot progresses, internal vascular bundles show black to 
brown discoloration, eventually causing the infected twigs, 
branches, and stems to be completely engulfed by the rot 
(Fiorenza et al. 2023).

Additionally, Soil-borne diseases of avocados contrib-
ute to yield decrease and deterioration in fruit quality, lim-
iting productivity and increasing costs. Under severe con-
ditions, these diseases may lead to complete plant death, 
posing a serious threat to sustainable avocado production 
(Ramírez-Gil et al. 2017). Soil-borne fungal pathogens 
thrive and adapt well under conditions of excessive soil 
moisture, over-irrigation, and poor drainage, resulting in 
an altered structure and composition of the avocado rhizo-
sphere microbial community (Solís-García et al. 2021). 
Infected trees produce a heavy crop of small fruits that 
decline and die either rapidly or gradually. Soil-borne fun-
gal pathogens can spread through contaminated nursery 
stock, water in contact with infested soils, shoes, equip-
ment, etc. (Ramírez-Gil et al. 2020). In tropical conditions, 
root rot is referred to as the avocado wilt complex (AWC), 
describing a multi-complex disease associated with dif-
ferent causal agents such as the oomycete P. cinnamomi, 
L. theobromae (Pat.) Griffon & Maubl. (Botryodiplodia 
theobromae), Fusarium spp., Rhizoctonia spp., Cylindro-
carpon spp., Rosellinia spp., Pythium spp. (Vitale et al. 
2012; Parkinson et al. 2017; Valencia et al. 2019). The 
implementation of proper and judicious management strat-
egies is crucial for effective disease management.

To date, reported avocado diseases in Türkiye include 
fruit and leaf anthracnose caused by Colletotrichum spp., 
commonly associated with symptoms on avocado trees in 
the Mediterranean Region of Türkiye (Akgül et al. 2016; 
Uysal and Kurt 2020). Additionally, an outbreak of P. cin-
namomi has led to severe decline and root rot of avocado 
trees in southern Türkiye (Akgül et al. 2016). These diseases 
present significant challenges to avocado cultivation in the 
region. However, it is crucial to conduct surveys on avocado 
diseases that cause substantial yield loss, monitoring and 
investigating outbreaks to effectively reduce such losses. 
Therefore, we conducted surveys in the most intense avo-
cado production areas, observing more than two thousand 
trees in orchards. We documented the survey results, iso-
lated fungal agents, and subsequently morphologically and 
molecularly identified them to understand the diseases caus-
ing severe symptoms. Our goal is to implement management 

strategies that reduce yield loss by addressing these identi-
fied diseases.

Material and methods

Survey and sampling

Avocado trees spanning different ages were meticulously 
chosen from both newly established and 40 years old aged 
orchards where were samples collected from 23 out of 28 
total. Within each orchard, average of 1–7 selected trees 
were strategically spaced, 5–15 m apart (Supplementary Fig-
ure 1). Wood samples were diligently collected from infected 
orchards, stretching from Eastern Gazipasa (36.2686, 
32.3143) to Western Kumluca (36.366858, 30.286996) prov-
inces in Antalya, Türkiye. The orchards chosen for sam-
pling were specifically identified based on previous reports 
to agricultural officers in those regions. From each tree 2–6 
wood samples were extracted from the roots and trunks of 
affected trees, focusing on approximately 10–15 cm portions 
from feeder and secondary roots as well as discolored stems 
(Supplementary Figure 2). Concurrently, from each avocado 
tree, four rhizosphere soil samples, each weighing 5 g, were 
collected and subsequently homogenized into a single rhizo-
sphere sample per tree, following the methodology outlined 
previously (Méndez-Bravo et al. 2018). This comprehensive 
sampling procedure was conducted during both the Autumn 
of 2020 and the Spring of 2021 seasons. To assess every 
determined orchard, the impact of the diseases, the percent-
age incidence and mortality of positively diagnosed trees 
were determined using a specified formula; Disease inci-
dence (%) = No.ofdiseasedplants∕TotalNo.ofplants × 100.

Isolation of fungi from collected samples

In the laboratory, the collected wooden and leaves samples 
underwent isolation using the twig, branch, and stem disin-
fection technique. Branch samples were thoroughly cleaned 
of surface dirt and debris using deionized water. Surface 
sterilization of the affected wooden and leaves samples 
ensued, involving the use of 80% ethyl alcohol (Merck, 
Germany) and 2% sodium hypochlorite (Ace, Türkiye), fol-
lowed by subsequent rinsing in distilled sterilized water and 
air-drying on paper towels. The disinfected wooden samples 
were then transferred to a 2% potato dextrose agar (PDA) 
medium acidified with 10 ml of 25% lactic acid per liter. 
Incubation occurred at 28 ± 1 °C, with the grown isolates 
further incubated in the dark and identified (Supplementary 
Figure 3). Among overwhelming number of colonies formed 
after the incubation, those showed clear differences were 
selected for determining the fungus species. Pure fungal cul-
tures were obtained by transferring hyphal tips or a piece of 
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mycelia from the border of the actively growing colony onto 
fresh PDA medium.

Morphological evaluation of isolated fungi

To comprehensively assess the isolated fungi, a morphocul-
tural evaluation was conducted. Besides observing colonial 
growth on PDA, the fungi were examined using a Leica 
DM750 microscope equipped with a K5Cmos/1 camera 
system (Leica, Germany). The fungal isolates were cate-
gorized into morphotypes based on colony characteristics, 
microscopic hyphae, conidia, and spore characters. All mor-
phological and microscopic features were validated through 
comparison with previously described characteristics in dif-
ferent references (Robinson 2011; Hussain et al. 2012; Hafizi 
et al. 2014; Fiorenza et al. 2022, 2023; Hou et al. 2023; 
Pandey et al. 2020; Marquez et al. 2021; Abera et al. 2017).

Pathogenicity tests

In the experimental setup, 6-month-old branches were inocu-
lated with isolated pathogens, including F. oxysporum, F. 
solani, P. cinnamomi, L. theobromae, and N. parvum. The 
pathogenicity tests were conducted on 3 sets of samples 
(three replications) using carefully cut 50 cm branches, 
and their edges were sealed with parafilm. Wounds were 
introduced 15 cm below each edge using a 5 mm diameter 
cork-borer, removing the bark to expose the cambium. To 
determine pathogenicity of isolated fungal species on Hass 
avocado branches, mycelial plugs from 1-week old isolated 
colony were then strategically placed into the wounds, with 
non-infested PDA plugs serving as controls. Wounds were 
covered with parafilm, and the inoculated branches were 
positioned in wet perlite for 25 days at 26 °C in a dark room 
to observe exclusively symptom development and measure 
internal vascular lesions without re-isolation since the plugs 

had already been purified colonies. The evaluation took 
place 25 days post-inoculation by longitudinally cutting the 
branches (Supplementary Figure 4b, c). For leaf inocula-
tion (Supplementary Figure 4a), eight mycelial plugs in each 
replication were applied to the leaves of avocado (Hass), 
keeping the leaves alive by using wet cotton placement in the 
petiole. After 15 days, results were meticulously recorded. 
All records underwent analysis with ImageJ (University of 
Wisconsin, USA) to determine the areas of symptoms on 
leaves or branches by optimizing length with the plug (Sup-
plementary Table 2–4). These experiments were repeated 
twice on each sampling conducted in two seasons, spring 
and autumn.

Molecular identification of isolated fungi

For molecular identification, total genomic DNA was 
extracted from the isolated fungi using the CTAB protocol. 
For DNA amplification, two primer sets were employed: 
ITS1-ITS2 and ITS5- ITS4 primers (Toju et al. 2012), tar-
geting the complete ITS1 and ITS1 and ITS2 including 5.8S 
rDNA gene regions, respectively (Table 1). The PCR ampli-
fication utilized a total reaction mixture of 50 μl, compris-
ing 2 μl of template DNA, 200 nmol L−1 of each primer, 
1 μl DreamTaq Green PCR Mastermix (2 ×) (Thermo Fisher 
Scientific, USA), and 20 μl of nucleus-free water. To con-
firm amplification, the PCR products were run on a 1.5% 
agarose gel and visualized under UV light (Supplementary   
Figure 5). Cleaned amplicons of ITS2/ITS5 primers were 
then sent to Ficus Company (Ankara, Türkiye) for Sanger 
sequencing. Additionally, a specific and efficient method for 
detecting N. parvum, L. theobromae, F. oxysporum, and F. 
solani involved using species-specific primer pairs in PCR 
analyzes (Supplementary Table 1). The BioRad T100 Ther-
mal Cycler (BioRad, USA) was utilized for amplification, 
with an initial denaturing step at 94 °C for 30 s, followed by 

Table 1   Primers that are used in 
the study

Primer Sequence Target

TEFFs4-F ATC​GGC​CAC​GTC​GAC​TCT​ Fusarium solani
TEFFs4-R GGC​GTC​TGT​TGA​TTG​TTA​GC
FnSc-1 TAC​CAC​TTG​TTG​CCT​CGG​CGG​ATC​AG Fusarium oxysporum
FnSc-2 TTG​AGG​AAC​GCG​AAT​TAA​CGC​GAG​TC
Lt347-F AAC​GTA​CCT​CTG​TTG​CTT​TGGC​ Lasiodiplodia theobromae
Lt347-R TAC​TAC​GCT​TGA​GGG​CTG​AACA​
Np304-F TGA​ACT​TCG​CAG​TCT​GAA​ Neofusicoccum parvum
Np304-R CTC​CAA​AGC​GAG​GTG​TTT​
ITS1 TCC​GTA​GGT​GAA​CCT​GCG​G ITS region
ITS2 GCT​GCG​TTC​TTC​ATC​GAT​GC ITS region
ITS3 GCA​TCG​ATG​AAG​AAC​GCA​GC ITS region
ITS4 TCC​TCC​GCT​TAT​TGA​TAT​GC ITS region
ITS5 GGA​AGT​AAA​AGT​CGT​AAC​AAGG​ ITS region
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35 cycles of denaturing at 94 °C for 30 s, annealing at 57 °C 
for 30 s, extension for 1 min at 72 °C, and a final extension 
step of 5 min at 72 °C. The resulting PCR products were run 
on a 1.5% agarose gel and visualized under UV light using 
the Syngene (Syngene, USA) gel documentation system 
(Supplementary Figure 6).

Confirmation of F. oxysporum and F. solani was achieved 
using species-specific primers FnSc1/2 and TEF-Fs4-F/
TEF-Fs4-R, respectively (Arif et al. 2012; Chang et al. 
2022). N. parvum was confirmed as another pathogen with 
using Np304-F/Np304-R primers (Xu et al. 2016), with an 
intraspecies identification rate between different isolates 
ranging from 96.7 to 98.7%. Intriguingly, intraspecies iden-
tification for L. theobromae, verified with Lt347-F/Lt347-R 
primers (Xu et al. 2016),

Phylogenetic analyzes

The derived ITS data was employed to construct a phylo-
genetic tree and genetic matrix following pairwise align-
ment (70% similarity Cost Matrix, with free end gaps) in 
Geneious Prime. The phylogenetic tree was built using the 
Neighbor-Joining method, with Tamura-Nei serving as 
the Genetic Distance Model, and 100,000 bootstrap rep-
licates for robustness. NR121224 (Penicillium citrunum), 
OM967428 (Corynospora torulosa) were utilized as the 
outgroups during tree construction to provide additional 
context. Simultaneously, a genetic identity matrix was gen-
erated and imported. A heatmap was constructed using the 
“seaborn” package in Python 3.12, offering a visual repre-
sentation of the genetic relationships between the isolated 
fungi. Rooted tree is also available on Supplementary Fig-
ure 7 with rod and branch labels.

Statistical analyzes and data visualization

Data visualization involved utilizing the “matplot” library 
to generate box plots and bar graphs. Statistical analyzes, 
including ANOVA, were conducted using the “numpy” and 
“scipy” libraries in Python 3.9 by using PyCharm IDE.

Results

Avocado disease incidence and regional variations 
in antalya, Türkiye

In total, 2537 avocado trees were surveyed across 11 differ-
ent regions of Antalya, and the presence of dieback or leaf 
lesion symptoms was recorded from 2020 to 2021. Symp-
toms of dieback, branch canker, anthracnose, and soil-borne 
root rot were observed, affecting entire tree canopies, twigs, 
and branches. A total of 860 trees were identified as infected, 

resulting in an overall disease incidence of 33.89% within 
the surveyed orchards (Supplementary Table 5). Significant 
regional variations in disease incidence were observed, 
with higher rates in the easternmost parts of Antalya, spe-
cifically Gazipasa (GA-I, GA-II, and GA-III) and Alanya 
(AL-I, AL-II, and AL-III). Conversely, lower disease inci-
dence rates were recorded in the central region of Manavgat 
(MA-I) and the western parts of Finike (FI-I) and Kumluca 
(KU-I, KU-II, and KU-III). Disease incidence rates were 
determined as 58.89% for GA, 32.54% for AL, 20.00% for 
MA and FI, and 14.75% for KU (Fig. 1). Furthermore, ana-
lyzing disease incidence based on the number of plants with 
dieback and canker symptoms revealed approximately 60% 
of trees in the 40-year-old orchard and 62% in the 1-year-old 
orchard were affected. Symptom severity was consistent in 
the 1-year-old orchard, with 60 to 65% of young trees exhib-
iting dieback of one to five twigs on the canopy tops, along 
with lesions longer than 10 cm.

Identification of isolated pathogens through colony 
and conidiospore characteristics

Following the isolation of pathogens from infected tissues, 
incubation on Potato Dextrose Agar (PDA) allowed for 
microscopy and observation of their growth. After 7–14 days 
of incubation, various colony morphologies, ranging from 
white fluffy to dark black mycelia growth, were observed. 
Subculturing and purification methods were employed to 
maintain these isolates. The colony characteristics of fungal 
species exhibited variations influenced by quantity, culture 
age, and cultural conditions. Based on the observed colony 
and conidiospore characteristics, the isolates were identified 
as F. solani, F. oxysporum, L. theobromae, N. rosae, C. gloe-
osporioides, N. parvum, M. phaseolina, and Phytophtora 
cinnamomi.

Fusarium species were detected on avocado trees 
are located in west

Samples collected from KU-I, KU-II, and KU-III were iden-
tified as F. solani and F. oxysporum based on their distinct 
morphological features. Colony characteristics of F. solani 
included white, cottony growth with floccose mycelium 
(Fig. 2). The colony margins were regular and smooth, exhib-
iting a slow growth rate. The underside of the colony displayed 
a pale to brown coloration. Microconidia were observed to be 
hyaline, oval, and some cylindrical with smooth edges, rang-
ing from 5.02–8.52 × 2.91–5.50 μm (mean 6.88 × 3.79 μm). 
Macroconidia, slightly curved and broad with two to 
three septa, measured 13.05–34.18 × 2.10–5.50 μm (mean 
18.85 × 3.36 μm). The number of macroconidia exceeded that 
of microconidia (Fig. 3), and these morphological character-
istics were consistent with previous descriptions (Robinson 
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2011; Hafizi et al. 2014). F. oxysporum exhibited white to 
creamy aerial growth with smooth margins and occasion-
ally slightly looped mycelia on PDA medium (Fig. 2). The 
lower side of the colony displayed a pale red to peach-violet 
coloration. Numerous ovoids to kidney-shaped microco-
nidia without septa measured 11.2–19.9 × 4.5–8.4 μm (mean 
15.4 × 6.1 μm). Macroconidia were thin-walled, falcate to 
almost straight, with both ends pointed and 2–3 septa, rang-
ing from 22.1–43.9 × 5.1–12.5 μm (mean 28.4 × 7.5 μm). 
The number of macroconidia was lower than microconidia 
(Fig. 3), and their characteristics were consistent with previ-
ous descriptions.

Identification of species associated with canker 
and dieback

The colony of N. parvum exhibited a rough texture with 
irregular margins (Fig. 2). Initially, white dense filamentous 

aerial mycelia developed, eventually turning black over 
time. The black pycnidia were globose, either simple or 
aggregated. Conidia were bluntly round to subovoid, asep-
tate, and hyaline, with granular content (Fig.  3). They 
changed color from light brown to black, ranging from 
19.77–15.25 × 4.10–7.5 μm (mean 17.01 × 5.70 μm). These 
morphological characteristics were consistent with previous 
descriptions N. rosae was identified by its colony character-
istics, displaying aggregated white growth after 7 days of 
incubation at 26 °C. Additionally, it featured reduced con-
idiophores to short-cylindrical conidiogenous cells. Conidia 
were fusoid, straight or slightly curved, four-septate, smooth, 
slightly constricted at the septa, with the basal cell obconic 
and a truncate base (Fig. 3). They were thin-walled, hya-
line, or pale brown, conforming to the characteristic shape 
reported previously (Fiorenza et al. 2022). L. theobromae 
was identified by its round and smooth colony. Initially, 
white aerial filamentous mycelia with a gray center were 

Fig. 1   Geographical distribution of collected samples from various 
districts in Antalya, highlighting disease incidence categorized by 
the number of infected and healthy trees. a Map representation with 
identified pathogens marked. b Stacked bar chart illustrating the num-

ber of infected trees alongside healthy ones. c Row charts display-
ing average disease incidence, with standard deviation bars; different 
colors and letters denote statistically distinct groups
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Fig. 2   Colony morphologies of isolated fungi observed 7–10 days after incubation on Petri dishes containing Potato Dextrose Agar (PDA) at 
28 °C incubator

Fig. 3   Microscopic observation of isolated pathogens for species identification based on spore morphology
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observed, gradually turning gray and then dark gray to 
black over time. The gray pycnidia were either simple or 
aggregated. Conidia were sub-ovoid to ellipsoid, initially 
aseptate, thick-walled, and hyaline, later forming a single 
medium septum and becoming dark brown (Fig. 3). The 
size ranged from 17.35–29.31 × 11.23–14.91 μm (mean 
22.68 × 5.70 μm). M. phaseolina was identified based on 
colonies initially appearing white on PDA medium, later 
turning dark brown grayish (Fig. 2). Conidia were ellipsoid 
to obovoid, averaging 24.5 × 11.0 μm with a length–width 
ratio of 2.28. Immature conidia possessed apical mucoid 
appendages, and the morphological features were typical of 
M. phaseolina, consistent with previous descriptions.

Previously reported C. gloeosporioides and P. 
cinnamomi were detected

Following inoculation into Potato Dextrose Agar (PDA) and 
subsequent subculturing, isolated pathogens from MA-I, 
GA-I, GA-II, and GA-III were determined to be C. gloe-
osporioides. The identification was based on the distinctive 
growth pattern observed, covering the entire PDA plate 
after 8–10 days. The mycelial color of the isolate exhibited 
variations between whitish gray, whitish cream, and gray-
ish pink on the upper side of the culture (Fig. 2). Similarly, 
the lower side of the cultures displayed shades of gray to 
creamish gray. The spores of C. gloeosporioides were cylin-
drical in shape, straight, with smooth round ends. The spore 
size ranged from 3.0–5.0 μm in width and 10.3–18.2 μm 
in length, aligning with the characteristics described pre-
viously. The cultural characteristics of P. cinnamomi were 
observed to include profuse tough aerial mycelium, at times 
forming a rosette pattern. The identification of P. cinnamomi 

was further supported by the presence of typical botryose 
hyphal swellings, which were round, aseptate, and often 
branched. Notably, the consideration of P. cinnamomi was 
based on the observation of branched hyphal swellings with 
a distinctive and peculiar shape (Fig. 3). However, it is note-
worthy that P. cinnamomi was limited to AL-I, AL-II, and 
AL-III regions. It was not detected in samples collected from 
different distinct, highlighting a specific and localized distri-
bution of this pathogen within the surveyed areas.

Molecular identification and genetic similarity 
of isolated pathogens

Following the determination of the Internal Transcribed 
Spacer (ITS) region of the isolated fungi, a phylogenetic 
tree was constructed to cluster the samples at the genus 
level. The identification between F. solani and F. oxyspo-
rum, based on ITS sequences, ranged from 79.8 to 82.5%, 
representing the highest identification score between two 
different species among the collected samples. Intraspe-
cies identification within F. solani exhibited a high rate of 
96.1–100%, marking the highest rate of intraspecies iden-
tification. Similarly, intraspecies identification for different 
isolates of F. oxysporum exceeded 95.8% (Fig. 4).

The intraspecific identification of L. theobromae reached 
95.7–96.5%. The N. rosae, morphologically identified, dem-
onstrated a high identification rate of 75.6% with F. oxyspo-
rum, a species belonging to the same dothideomyceta class 
as N. rosae. Conversely, the identification rate of C. gloe-
osporioides with Fusarium species was lower compared to 
N. rosae and N. parvum, ranging from 68.45 to 70.8% for F. 
solani and 68.7–72.1% for F. oxysporum.

Fig. 4   Phylogenetic analysis and genetic similarity matrix of isolated 
pathogens from avocado leaves, branches, and orchard soils. a Phy-
logenetic tree constructed using the Neighbor-Joining method with 

Tamura-Nei as the Genetic Distance Model (100,000 bootstrap). b 
Genetic similarity matrix based on ITS1 alignment of isolated patho-
gens
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The analysis also revealed the presence of other fungi in 
the collected samples from soils, such as Alternaria alter-
nata (3 isolates), Corynespora torulosa (1 isolate), Ento-
leuca spp. (2 isolates), Botryotrichum murorum (1 isolate), 
and Fusarium fujikuroi (1 isolate). However, these fungi 
were not morphologically characterized or identified with 
species-specific primers in PCR. Subsequently, genetic simi-
larity and a tree were constructed, considering only mor-
phologically and molecularly confirmed isolated pathogens. 
Intraspecies genetic similarities were determined as follows: 
96.3–98.9% for N. parvum (isolated 3 isolates), 94.4–94.6% 
for F. oxysporum (isolated 3 isolates), 93.9–100.0% for F. 
solani (isolated 7 isolates), and 97.7% for L. theobromae 
(isolated 2 isolates). This comprehensive molecular analy-
sis provides a precise understanding of the genetic relation-
ships among the isolated pathogens at both the species and 
intraspecies levels.

Pathogenic evaluation of isolated pathogens 
on avocado branches

P. cinnamomi, F. solani, and F. oxysporum were found 
to induce severe branch canker symptoms on avocado 
branches. Branches inoculated with L. theobromae and N. 

parvum exhibited less severe symptoms compared to those 
inoculated with P. cinnamomi, F. oxysporum, and F. solani. 
The branches inoculated with P. cinnamomi showed the 
highest lesion area, indicating a more aggressive impact on 
the avocado branches. Additionally, on average, lesion areas 
were higher in branches inoculated with P. cinnamomi, F. 
oxysporum, and F. solani, in comparison to branches inocu-
lated with N. parvum and L. theobromae (Fig. 5).

Pathogenicity of inoculated pathogens on avocado 
leaves

Inoculation of N. rosae, N. parvum, and C. gloeosporioides 
isolates, onto avocado (Hass) leaves resulted in the induc-
tion of severe symptoms. The N. parvum-inoculated leaves 
exhibited extensive symptoms, covering the leaves with 
severe manifestations. Conversely, C. gloeosporioides dem-
onstrated growth on inoculated leaves, presenting anthrac-
nose-like symptoms. Notably, mycelial growth was observed 
on N. rosae-inoculated leaves. The most severe symptoms 
were observed on one of the inoculated disks of N. parvum, 
while N. rosae exhibited less severe growth. However, the 
statistical analysis revealed that the average of symptoms 

Fig. 5   Lesion areas on avocado (Hass) leaves and branches after 
pathogen inoculation. a Boxplots depicting lesion areas on branches 
recorded at the 25th day post-inoculation using ImageJ. b Average 
lesion values with standard deviation bars. c Lesion areas on leaves 

15 days post-inoculation. d Bar graph displaying average lesion areas 
on leaves, with standard deviation bars. “n” denotes the number of 
inoculation series
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was comparable among leaves inoculated with different 
pathogens.

Discussion

Avocado stands as a vital fruit crop on the global scale, 
thriving in tropical and subtropical regions. Notably, it plays 
a significant role in international trade, with Europe being a 
major importer, particularly from the Mediterranean Region, 
including the southern areas of Türkiye. However, the sus-
ceptibility of avocado to various pathogens poses a substan-
tial threat to both yield and quality in production. Consider-
ing this, a comprehensive survey of avocado orchards was 
conducted in Antalya, the largest avocado cultivation region 
in Türkiye, to assess the incidence of diseases. Covering 
2537 avocado trees across 11 diverse regions from 2020 to 
2022, the study identified a heightened risk of yield loss due 
to pathogens in the eastern part of Antalya. The presence of 
diverse pathogens, causing dieback, branch canker, anthrac-
nose, and soil-borne root rot, was observed, significantly 
impacting tree canopies, twigs, and branches. The highest 
disease incidence, determined through dieback, anthracnose, 
or leaf spot evaluation, was noted in orchards situated in 
Gazipasa (58.89%) and Alanya (32.54%), located in the 
eastern part of Antalya, while Kumluca (16.75%), Finike 
(20.00%), and Manavgat (20.00%) in the western part exhib-
ited comparatively lower disease incidence.

In the Mediterranean region, Colletotrichum species 
emerge as the primary culprits behind diseases afflicting 
avocado crops, particularly anthracnose. This fungal genus 
poses a significant threat to avocado fruits, causing a condi-
tion that not only results in substantial crop losses but also 
diminishes marketability. Notably, Colletotrichum karstii has 
been reported as a causal agent of fruit and leaf anthracnose 
disease in Türkiye (Uysal and Kurt 2020). However, in the 
current study, samples collected from the Gazipasa district 
in Antalya were identified as C. gloeosporioides based on 
morphological characteristics—cylindrical shape, straight-
ness, and smooth round ends of spores—consistent with pre-
vious descriptions (Abera et al. 2017). This identification 
was further corroborated through ITS-based analysis, adding 
a molecular dimension to the verification process.

We identified P. cinnamomi based on morphological 
characteristics in samples collected from Alanya. Reports 
have documented an outbreak of P. cinnamomi, leading to 
a severe decline in avocado trees across southern Türkiye 
since the summer of 2017, particularly affecting 15–25 years 
old avocado trees in numerous commercial orchards situ-
ated in the Mediterranean coastal region of Türkiye (Kur-
betli et al. 2020). Our study demonstrated that P. cinnamomi 
continues to inflict severe damage on avocado trees in the 
region. The root rot induced by P. cinnamomi stands out 

as a substantial threat to avocado crops, impacting the root 
systems of trees in this geographical area.

F. solani and F. oxysporum were identified in samples 
collected from the western part of Antalya within avocado 
orchards. These two species are widely associated with 
tropical fruit crops, known for their prevalence in the soil 
across tropical regions and their connection to vascular wilt 
diseases (Summerell et al. 2003). The identification of these 
species in our study was confirmed through both morpho-
logical analysis and molecular techniques, utilizing specific 
primers and ITS-based identification. While there have been 
no prior reports of F. solani and F. oxysporum in avocado 
trees from Türkiye, F. solani has been reported in the root 
and stem bark of avocado trees in Lebanon, situated in the 
Eastern Mediterranean (Abi Saad et al. 2022). Additionally, 
stem end rot caused by F. oxysporum and F. solani has been 
documented in Kenya.

The genetic diversity observed between F. solani and 
F. oxysporum was found to be narrow, while intraspecies 
diversity was lowest in F. solani, followed by F. oxyspo-
rum. Genetic diversity within the species F. solani can be 
influenced by various factors, including geographic loca-
tion, host specificity, and reproductive behavior. Previous 
research has indicated that genetic diversity in F. solani can 
vary among different isolates and populations, potentially 
due to factors such as a low migration rate or gene-flow rate, 
as demonstrated in another study (De la Lastra et al. 2019). 
The observed low genetic diversity within intraspecies F. 
solani isolates may be attributed to specific environmen-
tal and biological factors, but further research is required 
to comprehensively understand the underlying reasons. 
Additionally, the genetic similarity matrix has consistently 
demonstrated a correlation with genetic differences between 
genus or family classifications.

L. theobromae and N. parvum have been previously iden-
tified as causal agents of dieback in avocado trees in Spain 
(Arjona-Girona et al. 2019). While L. theobromae has not 
been reported in avocado trees in Türkiye, it has been identi-
fied as a causal agent of dieback in almond (Prunus dulcis) 
trees in Türkiye during surveys in 2020 (Özer et al. 2022). L. 
theobromae has also been reported in avocado trees in Italy. 
Similarly, another dieback-causing pathogen, N. rosae, was 
reported in avocado plants in Italy alongside N. siciliana. 
The isolated N. rosae in our study exhibited similar morpho-
logical characteristics to those reported in a previous study 
(Fiorenza et al. 2022). M. phaseolina, another Botryospha-
eriaceae species associated with canker and dieback disease 
in avocado, has been reported in avocado plants in Italy 
(Fiorenza et al. 2023). The pathogens isolated from Alanya 
and Finike were considered as M. phaseolina based on mor-
phological evaluations of colony and spore characteristics.

The pathogenicity of the isolated pathogens was assessed 
by inoculating them onto avocado branches and leaves. The 
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results revealed varying levels of symptom severity among 
different pathogens. P. cinnamomi, F. solani, and F. oxyspo-
rum were identified as causing severe branch canker symp-
toms, with P. cinnamomi resulting in the highest lesion area. 
In the case of avocado leaves, pathogens N. parvum, C. gloe-
osporioides, and N. rosae induced severe symptoms, includ-
ing extensive leaf defoliation and anthracnose symptoms. 
The severity of these symptoms on leaves was not evalu-
ated with statistically because these results were obtained 
with different pathogens and therefore could not compared 
among.

Briefly, we have identified F. oxysporum, F. solani, C. 
gloeosporioides, and N. parvum based on their morphology 
and confirmed their identification using both species-spe-
cific primers and the ITS-based method. The pathogenicity 
of these identified pathogens, along with N. rosae and L. 
theobromae, was assessed through inoculation on avocado 
(Hass) trees. Additionally, we tentatively identified other 
isolated pathogens such as M. phaseolina and P. cinnomomi 
based on their morphology, although confirmation with 
species-specific primers was not conducted in this study. 
Furthermore, we encountered different pathogens causing 
diseases in various plants, including A. alternata, B. muro-
rum, and Entoleuca spp. These were not included in the ITS-
based method due to a lack of comprehensive identification. 
Future studies can focus on a more detailed identification 
of these pathogens and further explore their pathogenicity 
in different plant species. The identified fungal species pre-
sent in avocado orchards can be managed through a combi-
nation of cultural and chemical strategies aimed at reduc-
ing inoculum and preventing latent infections. However, 
long-term effective control remains challenging. Strategies 
such as the development of resistant avocado varieties and 
the exploration of biological management approaches are 
crucial for judiciously controlling branch canker, dieback, 
and anthracnose diseases in avocados. To achieve this, the 
development of an effective management program requires a 
multi-dimensional understanding of fungal etiology, epide-
miology, evolution, environmental influences, and the intri-
cacies of host–pathogen interactions. Implementing such a 
comprehensive approach is vital for reducing future crop 
losses and sustaining a healthy avocado industry.
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