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ARTICLE INFO ABSTRACT

Keywords: Eucalyptus is the most widely planted forest tree species in the world. In Ethiopia, pathogenic fungi pose an
Neofusicoccum increasing threat to Eucalyptus species. Due to limited research, there is insufficient information on the associated
Lasiodiplodia diseases and pathogens. This study investigated Eucalyptus diseases, the extent of their damage, and the causal
gg:ﬁ?;;ilgty fungal pathogens. A Eucalyptus disease survey was conducted in the Eucalyptus forestry areas of Ethiopia during
Phylogeny the growth years 2019/20 and 2020/21. Disease assessment and sampling were carried out in eighteen plan-
Severity tations at nine locations. E. camaldulensis was the most dominant species planted in the surveyed areas. The field

study shows a high incidence and severity of canker diseases. Diseased stem and branch samples were collected,
cultured on malt extract agar media and studied. The results of morphological and ITS sequence analysis
confirmed that the fungal species Neofusicoccum parvum, Lasiodiplodia theobromae, and Aplosporella hesperidica
caused the observed canker symptoms. This is the first report of Lasiodiplodia theobromae and Aplosporella hes-
peridica causing diseases in Eucalyptus plants in Ethiopia. Changes in global climate and environmental factors,
such as altitude, are believed to have a strong impact on the susceptibility of Eucalyptus plants to diseases. Strict
quarantine practices and continuous monitoring of pathogenic and endophytic fungal species associated with

Eucalyptus trees are issues to be prioritized to effectively control and manage the disease.

1. Introduction

Eucalyptus is one of the most widely planted commercial forest trees
in the world, and more than 25 million hectares (Mha) have been
established with Eucalyptus to date (Iglesias-Trabado et al., 2009).
Eucalyptus trees are currently grown in several countries for various
purposes, such as railway sleepers, fiberboard, sawdust, poles, mining
timber, furniture, building materials, restoration and nontimber raw
materials (Rejmanek and Richardson, 2011; Li et al., 2018). Most Afri-
can countries have Eucalyptus trees in their rural landscapes and in
small-holder agriculture (Alemu et al., 2003b). Eucalyptus trees were
first introduced to Ethiopia as a response to scarce fuel supplies,
although they are now widely used in construction, industrial planta-
tions, agroforestry, and community forestry and as a source of income
for smallholder farmers (Gessesse and Teklu, 2011; Lemenih and Kassa,
2014). Melkie (2020) reported that in Ethiopia, 90% of the plantation
area is covered by Eucalyptus.

* Corresponding author.

Eucalyptus has been recognized as one of the most successfully grown
and well-adapted tree species in the world (Burgess and Wingfield,
2017). Factors such as off-site planting, monoculture, poor silvicultural
practices, and global climate change are believed to create favorable
conditions for the emergence of various types of disease, which are now
limiting productivity (Masson et al., 2013).

Research reports have indicated that diseases caused by microbial
species are one of the fundamental threats to Eucalyptus plants around
the globe (Wingfield et al., 2008). Several diseases of Eucalyptus have
been linked to different fungal species introduced with or derived from
indigenous trees (Glen et al., 2007; Wingfield et al., 2008; Ciesla et al.,
2010).

Stem canker diseases are considered the main causes of the poor
quality of Eucalyptus products, they cause necrosis and lignify the wood
to such an extent that it cannot be used in industries. According to Pérez
et al. (2017), Eucalyptus stem cankers can cause 70% weight loss and an
energy loss of 83,000 to 184,000 MJ per hectare (MJ ha-1) per
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plantation.

Teratosphaeria zuluensis, Botryosphaeria dothidea, and Botryos-
phaeria parvum are among the fungal species that currently cause
devastating Eucalyptus stem canker in Ethiopia (Alemu et al., 2003a;
Alemu et al., 2003b; Alemu et al., 2005; Pérez et al., 2009b; Aylward
et al., 2019).

In Ethiopia, diseases that affect the growth and productivity of
Eucalyptus plants have received little attention, and few studies have
been conducted. This research aimed to determine the type, occurrence,
and extent of canker diseases in Eucalyptus plants and identify the
causal fungal pathogens using morphological and molecular techniques.
The findings from this study will expand the knowledge of Eucalyptus
diseases and pave the way for studies of appropriate quarantine and
disease management options for Ethiopia.

2. Materials and methods

The research was conducted in the Eucalyptus growing regions of
Ethiopia. Table 1 shows the study location descriptions while Fig. 1
shows study sampling regions and zones in Ethiopia. Field surveys on
Eucalyptus diseases were conducted in 2019/20 and 2020/21 in Ambara,
Oromia, and the Southern Nations Nationalities and Peoples (SNNP)
regional states of Ethiopia.

2.1. Survey of Eucalyptus diseases and sample collection

Surveys and sampling were carried out at three locations in each
region and nine locations across the three the regions. The main criteria
for the selection of Eucalyptus plantation sites were agroecology, road
access, and productivity factors. In each study location two plantation
sites 3-5 km apart and in each plantation site five Eucalyptus trees were
randomly selected and assessed for disease symptoms and sampling. One
increment core and five branch samples showing cracking, cankers, and
tip dieback symptoms were collected from each Eucalyptus tree ac-
cording to the methods of Masood et al. (2010), Pillay et al. (2013). The
collected samples were placed in paper bags and transported to the
laboratory for further identification procedures.

2.1.1. Disease incidence and severity assessment

The incidence and severity of canker disease were assessed using the
methods described by El-Gali and El-Zahaf (2015) and Masood et al.
(2010). The following formula was used to compute the percentage of
disease incidence:

Percentage of the canker disease incidence = (No. of diseased trees/total no. of
trees) x 100

The severity of canker disease was determined using scales ranging
from 0 to 7, with 0 denoting no sign of canker disease, 1 =1-10% 1-10%
of the canker area over the total bole area observed, 2 = 11-20%, 3 =
21-30%, 4 = 31-40%, 5 = 41-50%, 6 = 51-60% and 7 = 61% and
above, which was regarded as the maximum severity of canker disease.
The percentage severity of disease was calculated using the following
formula:

Percentage of canker disease severity = (X (n x v) x 100)/(N x S)

Table 1
Geographic locations of the study regions (Bewket, 2009; Abiy et al., 2014).
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where n = number of trees in each category; v = numerical value of
severity scale observed on the trees, N = total number of examined trees,
and S = the maximum severity scale recorded.

2.1.2. Isolation of fungal species

Fungi were isolated from diseased stem and branch samples. A total
of 90 stem and 450 branch samples were collected from the diseased E.
camaldulensis at the study sites. The diseased samples and a small
amount of healthy tissues cut into 2-5 mm pieces were surface sterilized
in a 90% ethanol solution for 1 min followed by 1% sodium hypochlorite
for 2 min. The sterilized samples were subsequently rinsed twice in
distilled water for 30 s and finally dried on sterile filter paper (Ahmad
Dar et al., 2020). For the growth and morphological studies, four to six
sterilized segments were placed approximately 4 cm apart on plates
containing malt extract agar (MEA) and incubated at room temperature
(25-27 °C). Pure isolates were obtained using the single-hyphal transfer
method (Pillay et al., 2013). Alemu et al. (2003a) approach was used for
the isolation and morphological characterization of the fungal isolates.
Alternatively, to allow the growth of fruiting bodies, diseased trunks and
branch segments were placed in a humid chamber at room temperature
(20 + 1 °C). Masses of spores released from pycnidia of diseased stem
and branch samples were also used to morphologically characterize and
identify the fungal species. Water agar with sterilized pine needles was
also used to induce sporulation and identify the fungi at the genus level
for those species that failed to sporulate under normal culture conditions
(Roux et al., 2005; Pérez et al., 2009b).

2.1.3. DNA extraction and amplification

DNA extractions, sequence comparisons, and phylogenetic analysis
in this study were done for the fungal isolates following the procedures
of Raja etal. (2017). DNA extractions was done using phenol-chloroform
extraction method. Samples for DNA extraction were taken from seven
days old cultures of the fungal pathogens. Fungal mycelia were har-
vested by filtration through sterile filter paper and stored at —80 °C until
used for extraction. For DNA extraction, 1 g of frozen mycelium was
ground into fine powder in liquid nitrogen and incubated in 5 mL of 2%
extraction buffer [10 NaCl, (2%), mercaptoethanol (0.1%) and PVP
(0.2%)] at 65 °C for 15 min, then equal volume of
phenol-chloroform-isoamyl alcohol (25:24:1) mixture were added and
mixed using a vortex and centrifuged at 12,000 rpm for 5 min (Phillips
et al., 2013; Kamari et al., 2018). The supernatant was mixed with an
equal volume of ice-cold isopropanol, incubated at 25 °C for DNA pre-
cipitation (Slippers et al., 2017). The precipitate was collected by
centrifugation and the pellet was washed with 0.1M Ammonium acetate
in 70% ethanol and incubated for 15 min, the pellet was re suspended in
500 pL TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0) and the extracted
DNA was used for Polymerase chain reaction (PCR) amplifications (Raja
et al., 2017; Ashokkumar et al., 2018).

2.1.3.1. PCR amplification. The universal primers ITS1
(5'CTTGGTCATTTAGAGGAAGTAA-3') (Forward) and ITS 2 (5
GCTGCGTTCTTCATCGATGC-3') (Reverse) were used to amplify the
internal transcribed spacer regions (ITS) regions of fungal isolates as
described by White et al. (1990). The amplification was carried out in a
thermocycler. Reaction mixture of 1.0 uL. DNA templates, 5 pL. PCR
buffer, 5 pL. dNTPs, 1.0 pL polymerase and 36 pL PCR water were used

Region Altitude (m.a.s.l.) Geographic location Mean regional rainfall (mm) Mean regional temperature
Longitude Latitude Min (°C) Max (°C)
Amhara 500-4620 35°46'E and 40°25'E 8°45'N and 13°45'N 1194 15 21
Oromia 450-4607 34°E and 43°E 4%/3°N and 10%3°N 1221 18 39
SNNP 375-4207 36°43'E and 38°28'E 6°03'N and 31°03'N 1292 15 26
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Fig. 1. Map showing study sampling regions and zones in Ethiopia.

for the amplification process. The PCR reaction was performed with
initial denaturation step at 95 °C for 10 min, 35 cycles of amplification
(30 s denaturation at 95 °C, primer annealing at 55 °C for 1 min, and
extension at 72 °C for 1 min) followed by one final extension at 72 °C for
5 min holding at 8 °C. PCR products were separated on a 1% agarose gel
containing 5 pL of ethidium bromide and visualized under UV light.

2.1.4. Phylogenetic study

The primers ITS1 and ITS2 were used to sequence the ITS gene region
(ITS rDNA) and determine the fungal identity at the species level (White
et al., 1990). An online standard Basic Local Alignment Search Tool
(BLAST) search of the National Center for Biotechnology Information
(NCBI) database was used to identify the fungal isolates to the species
level (Altschul et al., 1990). Fungal species with overlapping
morphology complexes and known outgroups were also systematically
included in the phylogeny for accurate identification and comparison.
The newly generated sequences were aligned with other related se-
quences obtained from GenBank (NCBI) using MAFFT v. 6.0 (Katoh and
Toh, 2010). Sequences homologous to the isolates sequenced in this
study were downloaded from the NCBI, incorporated into the sequence
alignment, and used for the polygenetic analysis. Phylogenetic trees
were constructed using Molecular Biology and Evolution (MEGA)
version 10 software (Kumar et al., 2018). The character estimation of the
maximum likelihood algorithm was performed with a bootstrap analysis
using 1000 replicates.

2.2. Pathogenicity test

The pathogenicity of the fungal isolates was determined using 7-day-
old fungal cultures. Mycelial plugs from each fungal species, were cut to
a size of 5.0 mm, inoculated on five E. camaldulensis seedlings through
small wounds made on the stems with a corkscrew borer to a depth
sufficient to expose the xylem, approximately 30 cm above the collar
root (Badillo-Vargas et al., 2008). For inoculation, mycelial plugs were
placed upside down into wounds and sealed with Parafilm (Pechiney
Plastic Packaging, USA) to prevent desiccation and contamination
(Ahmad and Ashraf, 2016). An additional five seedlings were inoculated
with sterile MEA to serve as controls. The inoculated seedlings were
carefully examined for symptoms of canker disease after 3-4 weeks, and
lesion lengths were measured. Segments cut from the margins of
necrotic lesions were sterilized, plated on MEA at 25 °C and used for
growth, reisolation and identification of the fungal species to fulfill
Koch’s postulates (Pérez et al., 2009a).

2.3. Statistical analysis of data

SAS 9.3 software was used to analyze the data generated from the
study (SAS Institute Inc, 2011). Simple descriptive statistics, such as the
means and percentages, were used to summarize, rank, and express data
on the disease severity, incidence, and pathogenicity tests. The differ-
ence in means was determined using Duncan’s multiple range test (P <
0.01). Adjusted R? values were calculated using regression analysis and
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ANOVA procedures to determine the effect of altitude and location
factors on disease parameters.

3. Results
3.1. Assessment of Eucalyptus tree disease

E. camaldulensis is the most commonly planted species in the sur-
veyed fields. The field evaluation record reveals that most of the plan-
tation fields were rocky substrate. The altitude of the field study areas
ranged from 1180 to 1968 m above sea level (m.a.s.l.). 180 trees of
E. camaldulensis from 18 plantations at 9 locations in the regions were
examined for disease symptoms (Table 2). Small, sunken, oval, red-

Table 2
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brown to black necrotic lesions and enlarged canker symptoms associ-
ated with exudates of kino gum were observed on the trunk and
branches (Fig. 2). A total of 540 diseased samples were collected and
used for fungal isolation and identification.

3.1.1. Eucalyptus disease incidence and severity

Table 2 shows the mean incidence and severity results of stem canker
disease recorded from the study sites in the three regions during 2019/
2020 and 2020/2021. Analysis of the survey dataset showed that disease
severity and incidence varied significantly (Fg 36 = 47.71, P < 0.01 and
Fg36 = 13.72, P < 0.01) among the research sites. Field data also
revealed that the minimum and maximum mean incidences of stem
canker disease in the study sites were 75% and 96.4% respectively,

E. camaldulensis stem canker incidence and severity pooled mean values in the three regional states of Ethiopia, during the 2019/20 and 2020/21 survey years showing

differences in canker diseases incidence and severity across the study sites.

Regions District Locality Host species Altitude (m.a.s.l) Mean incidence (%)" Mean severity (%)”
Std dev Std dev

Amhara Efratana Gidim Hora E. camaldulensis 1512 94.8% 5 85.8" 4.3
Kemise Jara E. camaldulensis 1435 96.4° 3.9 88* 8.3
Woldiya Mola-Giyorgis E. camaldulensis 1968 92.4% 3.7 57.6° 6
Woreta Woje E. camaldulensis 1935 78.4° 5 54¢ 4.1
Dibanke Medhanealem E. camaldulensis 1951 75¢ 3.8 53.8¢ 41

SNNP Lante Adomsa E. camaldulensis 1180 89.4¢ 6.8 94% 5.4
Abeshge Jejeba E. camaldulensis 1793 84.2° 3.7 57¢ 6.7

Oromia Omonadan Sayo E. camaldulensis 1801 86° 3.1 54.2¢ 4.2
Skoru Wolen E. camaldulensis 1773 83.8¢ 2.5 55¢ 5

Mean 86.7 66.6

P value <0.01 <0.01

LSD (1%) 5.6 7.1

Std dev = standard deviation; SNNP= Southern Nations Nationalities and Peoples; LSD = least significant difference.
# Means with identical letters did not significantly differ at the 1% probability level based on Tukey’s test.

Fig. 2. E. camaldulensis showing symptoms of stem (A, B, C) and branch (circles) canker disease symptoms as observed in the surveyed fields of Hora (A), Jara (B) and

Adomsa (C) located in Amhara and SNNP regions.
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while the mean severities were 53.8% and 94%, respectively. During the
survey years, the pooled mean incidence and severity scores for canker
diseases were 86.7% and 66.6%, respectively.

The highest canker disease severity (94%) was recorded in SNNP in
the Lante district and Adomsa locality at an altitude of 1180 m.a.s.1., and
the lowest was 53.8% in the Amhara regional state near the city of Bahir
Dar in the Dibanke Medhanealem site at an altitude of 1951 m.a.s.l.
(Table 2). The results showed that the diseases were more severe with
decreasing altitude, although the incidence was high at all survey sites
based on the disease rating scales used by El-Gali and El-Zahaf (2015)
and Masood et al. (2010). A similar result for disease severity as a
function of altitude was also reported by Awa et al. (2012), Njuguna
et al. (2011), Yanez-Lopez et al. (2012), Maid and Ratnam (2014).

The relationship between the altitudes of the study area and the
disease severity showed that as the elevation decreased from 1968 m.a.s.
. to 1435 m.a.s.l., the severity of the disease increased significantly
(Table 2). Table 3 shows the adjusted R? results from the linear
regression analysis and the ANOVA procedure using study sites and
altitude as independent variables and disease characteristics as depen-
dent variables respectively. From the results, the altitudes of the plan-
tation fields accounted for approximately 88% of the variation in disease
severity across the study sites. The result of the linear regression analysis
also demonstrates that in the survey fields, a 1-m increase in altitude
reduces the disease severity by 5.95%, and vice versa (Fig. 3).

3.2. Morphological features and identification of the fungal isolates

One hundred pure fungal isolates were obtained from the collected
samples, morphologically characterized, and identified. Most fungal
isolates (60%) grew rapidly, covered nine cm agar plates from four to
seven days, and produced pycnidia from two to three weeks. The conidia
of the fungal isolates were smooth, thin-walled, fusoid to ellipsoidal,
with a blunt apex, aseptate and hyaline on microscopic examination
(Phillips et al., 2013) (Fig. 4). The fungal colonies appeared cottony,
flocculent, slightly appressed at the edges with a raised center, white to
gray, and finally black, which also included the reverse side, as

Table 3
Effects of altitude and location on the incidence and severity of E. camaldulensis
stem canker disease using adjusted R?> from ANOVA and linear regression
analysis.

Independent variables Dependent variables Adjusted R? P value
Locality Mean incidence (%) 0.75 <0.01
Mean severity (%) 0.91
Altitude Mean incidence (%) 0.92 <0.01
Mean severity (%) 0.88
120 ~
100 +
q ¢
S L
= 80 -
E
60 -
3 y=-0.0595x+ 168.08 ®
2=
S 40 - R*=0.8847
o
= 20 1
0 T T T T 1
0 500 1000 1500 2000 2500

Altitude (m.a.s.l.)

Fig. 3. Inverse relationship between the altitudes of the study area and severity
of the stem canker disease showing an increase in the disease severity by 5.95%
with each unit decrease of altitude in m.a.s.l.
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described by Crous et al. (2006), Slippers and Wingfield (2007) (Fig. 4).
The fungal isolates were identified as belonging to the genus Neo-
fusicoccum based on the observed morphological characteristics. Similar
results were also noted by Alves et al. (2008), Sohrabi et al. (2020), and
Ahmad Dar et al. (2020). The remaining 28% of the fungal isolates had
white, gray to black, raised, fluffy to slightly suppressed mycelial culture
morphologies and pycnidia distributed unevenly in the MEA media as
the culture aged. The conidia were pale to brown and septate at maturity
(Fig. 4). The observed cultural morphs were consistent with the genus
Lasiodiplodia (Trakunyingcharoen et al., 2015; Ashokkumar et al.,
2018). Mycelia were white, abundant, aerial, gray to black and associ-
ated with aseptate, elliptical, spheroid, hyaline to brown conidia in the
rest of the fungal isolates (12%) (Fig. 4). The morphological features of
the isolates were consistent with that of the genus Aplosporella, and
similar findings were presented by Damm et al. (2007), Fan et al.
(2015b), and Zhu et al. (2018).

3.3. Molecular characterization and identification of fungal isolates

Concatenated ITS1 and ITS2 sequences obtained from fungal isolates
in this study were aligned and compared against the sequence database
in the World GenBank using the nucleotide BLAST search algorithm (Li
etal., 2020). The results showed that the newly obtained sequences have
90-99.8%, 96.49-98.68%, and 100% identity with the reference se-
quences of the L. theobromae, A. hesperidica, and N. parvum representa-
tive strains in GenBank, respectively (Table 4).

A comparison of the ITS sequences with those available in the NCBI
databases revealed that the newly obtained Lasiodiplodia sequences
revealed 99.8% identity with reference sequences of L. theobromae iso-
lates represented by GenBank accession numbers MT823467,
MK530073, MK530016, KR709026 and KY657465 (Table 4). Based on
the BLAST end result, the Neofusicoccum had the highest percent
sequence identity (100%) with the strain identified by Sohrabi et al.
(2020) and designated by the GenBank accession numbers MN634050
and MN634051. The sequence comparison also showed that the Aplo-
sporella fungal isolates in the study displayed 98.68%-99% sequence
homology with A. hesperidica, labeled by the GenBank accession
numbers MT214341 (Mapook et al., 2020) and MZ781423, respectively
(Fig. 5).

The evolutionary distances were calculated using the maximum
composite likelihood method (Tamura et al., 2004) and measured in
units of the number of base substitutions per site. The phylogeny dataset
consisted of 45 nucleotide sequences, including 38 references and seven
newly generated sequences representing Botryosphaeriales. All ambig-
uous positions were removed for each pair of sequences with pairwise
deletion. Bootstrap support values of 50% and above are shown in each
branch (Figs. 5 and 6).

3.4. Pathogenicity tests

Pathogenicity tests indicated that all tested fungal species produced
necrotic lesions on the stems of E. camaldulensis seedlings in a green-
house experiment. Canker symptoms were fully visible on the stems of
the inoculated seedlings after three-six months. Table 5 illustrates the
average lesion lengths recorded from the experimental seedlings. The
lengths of the lesions differed statistically (Fg 15 = 26, P < 0.01) between
the three fungal species used in the study. Seedlings inoculated with
L. theobromae had the longest lesion lengths, while those tested with
Aplosporella hesperidica had the shortest lesion lengths. After the full
onset of canker symptoms (six months), small pieces of necrotic samples
taken from the edges of the lesions were surface sterilized, cultured on
the MEA, reisolated and compared with morphological features of cul-
tures obtained from diseased E. camaldulensis samples in the survey
fields.
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Fig. 4. Macroscopic and microscopic aspects of the fungal isolates in the study showing Aplosporella hesperidica (A-E), Neofusicoccum parvum (F-J), and Lasiodiplodia
theobromae (K-O) pycnidia on the surfaces of the stem samples, culture front and back views, pycnidia in the MEA cultures and associated conidia morphs.
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Table 4

New and reference fungal sequences used for the phylogenetic study.
GenBank accession number” Species Isolate Host” Origin”
E864005FR-001 Neofusicoccum parvum F02 Eucalyptus camaldulensis Ethiopia
E864005FR-004 Neofusicoccum parvum FO4 Eucalyptus camaldulensis Ethiopia
E864005FR-003 Neofusicoccum parvum FO3 Eucalyptus camaldulensis Ethiopia
MT626612 Neofusicoccum parvum MY4 Vaccinium ashei China
MN634051 Neofusicoccum parvum IRNBS51 Arachis hypogaea China
MT495431 Neofusicoccum parvum EX2019-M7 Vitislabruscana China
MT261980 Neofusicoccum parvum CVG444 Vaccinium corymbosum Italy
MT229074 Neofusicoccum parvum BM_9 Pyrus communis China
MN607172 Neofusicoccum parvum 310453 Vitis labrusca Brazil
MK563984 Neofusicoccum parvum LY-J Kadsura coccinea n/a
MN583002 Neofusicoccum parvum JZZK Acer palmatum China
MN121536 Neofusicoccum parvum 3-bye-10 Phoebe bournei China
MGO019916 Neofusicoccum parvum CS1-4 Camellia sasanqua n/a
MT355871 Neofusicoccum parvum YYcbCZ Zanthoxylum bungeanum China
KX464030 Neofusicoccum ribis FO 4837 Ribes rubrum n/a
EU821958 Neofusicoccum ribis CMW7772 Ribes divaricatum USA
MT592439 Neofusicoccum ribis CBS:122553 Theobroma cacao Panama
MN634050 Neofusicoccum parvum IRNBS30 Prunus dulcis Iran
MT587330 Botryosphaeria dothidea CBS:110484 Vitis vinifera Argentina
T203311289 Aplosporella hesperidica MFLUCC:17-1518 Eucalyptus camaldulensis Ethiopia
T203311290 Aplosporella hesperidica MFLUCC:17-1519 Eucalyptus camaldulensis Ethiopia
MH733942 Aplosporella hesperidica MGB2 Vigna unguiculata India
MT214341 Aplosporella hesperidica MFLUCC:17-1518 Chromolaena odorata Thailand
JX681069 Aplosporella hesperidica CBS 208.37 Citrus sinensis Sri Lanka
KX464083 Aplosporella hesperidica CBS:732.79 Soil Cuba
KX464083 Aplosporella hesperidica CBS:732.79 Soil Cuba
MZ781423 Aplosporella hesperidica GZCC_19.0095 n/a S. Africa
MK224438 Aplosporella artocarpi 077 06 03 Tamarindus indica Sri Lanka
KMO006450 Aplosporella artocarpi B0391 Artocarpus heterophyllus Thailand
MH133918 Aplosporella ginkgonis CFCC 52444 n/a China
MH133917 Aplosporella ginkgonis CFCC 52443 n/a China
MH974684 Aplosporella prunicola MFLUCC 16-0791 n/a China
MN473059 Aplosporella prunicola MFLU 18-0774 n/a n/a
MK934483 Aplosporella javeedii DDB1 n/a China
MH974687 Aplosporella javeedii HKAS 102211 n/a China
KF766196 Aplosporella africana CBS 121777 n/a n/a
FJ150708 Saccharata proteae CPC 14856 Protea cynaroides S. Africa
KT343648 Aplosporella macro pycnidia CGMCC:3.17725 n/a China
MH133917 Lasiodiplodia theobromae CFCC 52443 n/a China
MK530073 Lasiodiplodia theobromae PHM350 Mangifera indica Malaysia
MK530050 Lasiodiplodia theobromae PBBG184 Mangifera indica Malaysia
Q203241039 Lasiodiplodia theobromae MO09 035 Eucalyptus camaldulensis Ethiopia
Q203241034 Lasiodiplodia theobromae C09045 Eucalyptus camaldulensis Ethiopia
EF622071 Lasiodiplodia theobromae CBS 306.58 n/a Iran
GU97386 Lasiodiplodia theobromae CBS 111530 n/a Iran
MK860754 Lasiodiplodia theobromae PPS6 n/a Colombia
EF622075 Lasiodiplodia theobromae CBS 112874 Vitis vinifera S. Africa
MK860753 Lasiodiplodia theobromae LAK20 Vaccinium corymbosum Peru
MK530016 Lasiodiplodia theobromae BPPCA117 Mangifera indica Malaysia
MN634044 Lasiodiplodia theobromae IRNB573 Juglans regia Iran
MK860751 Lasiodiplodia theobromae LAK12 Vaccinium corymbosum Peru
KY657465 Lasiodiplodia theobromae BTMA10 Mangifera indica Ghana
MT823467 Lasiodiplodia theobromae BRM004720 Vaccinium corymbosum Brazil
KR709026 Lasiodiplodia theobromae HGAJ-7 Morus rubra Chania

 Isolates in bold were sequenced in this study.
Y n/a = not available.

4. Discussion

On-site inspections of the plantation sites illustrated that canker
disease was a serious threat to E. camaldulensis. The survey data record
revealed that the incidence and severity of canker disease differed
significantly across the field plantations (P < 0.01). The adjusted R?
from one way ANOVA analysis results showed that environmental fac-
tors accounted for 75-91% of the variations in disease parameters at the
study sites. The severity of a disease depends on the characteristics of the
fungal species as well as environmental factors, such as temperature and
humidity in a specific area (Yanez-Lopez et al., 2012).

Altitude has a significant negative relationship with the severity of
canker disease and is a key factor in its variability (88%) across the

survey sites. Differences in local altitude are believed to cause variations
in meteorological factors, such as temperature, rainfall, and humidity,
which may contribute to varying degrees of severity in plant disease
(Awa et al., 2012). Kliejunas (2011) also emphasized that the temper-
ature and moisture of a given area have a substantial effect on disease
onset by altering pathogen survival, reproductive rate and the likelihood
of spreading.

Generally, elevation differences, climate change, human disturbance
and edaphic factors, such as infertile soil, are the main factors that
trigger Eucalyptus to be susceptible to disease-causing fungal pathogens,
such as Botryosphaeriales, under prolonged stress circumstances (Slip-
pers and Wingfield, 2007; Slippers et al., 2017).

The morphology and sequence analysis results in this study indicated
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Fig. 5. Phylogram tree of the Aplosporella species derived from the concatenated ITS sequence data, including Saccharata proteae as an outgroup.

that the fungal isolates in this study were N. parvum, L. theobromae
(Botryosphaeriaceae) and A. hesperidica (Aplosporellaceae). N. parvum was
the dominant species isolated from the diseased E. camaldulensis trees
and was found in most of the areas surveyed.

Alemu et al. (2003a) previously reported that Botryosphaeria parvum,
currently renamed N. parvum, was linked with Eucalyptus canker disease
in Ethiopia, but this is the first to present a complete phylogenetic study
since then.

N. parvum and L. theobromae (Botryosphaeriaceae) have been reported
to be associated with cankers, gummosis, and dieback of Eucalyptus and
Prunus (Slippers and Wingfield, 2007; Yu et al., 2009; Chen et al., 2011;
Phillips et al., 2013; Soltaninejad and Massumi, 2017; Li et al., 2018).
Damm et al. (2007), Slippers et al. (2013) and Slippers et al. (2017)
stated that there are approximately 300 species in the genus Aplosporella
(Aplosporellaceae). A. africana, A. javeedii, A. papillata, A. prunicola, A.
hesperidica, and A. yalgorensis have been reported from Juniperus chi-
nensis, Vachellia tortillis (Acacia tortillis), Prunus persica, Citrus sinensis and
Eucalyptus gomphocephala (Zhu et al., 2018). Aplosporella species have
also been reported to be the causes of cankers and dieback of Albizia
julibrissin, Broussonetia papyrifera, Gleditsia sinensis, Juniperus chinensis,
Ginkgo biloba, Morus alba, and Styphnolobium japonicum (Fan et al.,
2015a; Du et al., 2017).

Although several fungal isolates in addition to the species described
in this study were recovered from the collected samples, fungi belonging
to the genera Phoma, Fusarium, Nothophoma, Cytospora, Diaporthe, and
Didymella were also isolated, sequenced, and identified, considering the
importance of the associated diseases. Alternaria spp., Cladosporium spp.,
Epicoccum spp., Penicillium spp., and Nigrospora spp. were among the
endophytic fungi isolated from the cankered samples (Sanchez Marquez
et al., 2010).

Pathogenicity assays are difficult to perform for fungi since disease

expression depends on host stress. However, the results of the patho-
genicity test revealed that all the fungal isolates in the study induced
lesions on the stems of E. camaldulensis seedlings, with L. theobromae
being the most aggressive. This result is in accordance with the findings
of Li et al. (2018). Inoculated seedlings show canker symptoms com-
parable to those observed for E. camaldulensis in the survey fields.

This study represents the first report of L. theobromae and
A. hesperidica from E. camaldulensis in Ethiopia. The discovery of the
three fungal species on a single Eucalyptus host demonstrates that
Botryosphaeriales are coinfecting, geographically widespread, and the
leading cause of Eucalyptus canker diseases worldwide (Phillips et al.,
2019; Li et al., 2020).

The results of the field survey showed that stem canker disease
impacted the productivity and sustainability of E. camaldulensis in
Ethiopia, reducing its quality and quantity. According to Old et al.
(2003), fungal stem canker diseases can kill up to 50% of Eucalyptus
stands in a plantation under optimal climatic conditions. Canker disease
in Eucalyptus extended over half of the economically viable stem length,
significantly harmed wood production and quality, and should not be
pulped (Old and Davison, 2000).

The molecular genetic studies in this research enabled us to suc-
cessfully identify and determine the taxonomy of three fungal pathogens
currently causing E. camaldulensis canker disease in Ethiopia.

The fact that most of the surveyed plantations had rocky soil in-
dicates that E. camaldulensis plants were not under optimum soil con-
ditions, which can be a stressful factor for the host while also offering
favorable conditions for the disease to establish.

5. Conclusion

According to the survey data in the study, at the moment,
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Fig. 6. Phylogram trees of the Neofusicoccum (left) and Lasiodiplodia (right) species obtained from the concatenated ITS sequence data, including Neofusicoccum ribis

and Botryosphaeria dothidea as an outgroup.

Table 5
Mean lesion lengths recorded from E. camaldulensis seedlings inoculated with the
three fungal species.

Host Fungal species Isolates Mean lesion Std
length (mm)” dev
Eucalyptus Neofusicoccum NF-AKJ 18° 3
camaldulensis parvum NEF- 18.2° 2
AWME
NF- 18.3° 2.4
AEGH
Lasiodiplodia LD-AKJ 39.5% 0.6
theobromae LD- 39.3% 0.9
AWME
LD-AWW 39.7% 0.6
Aplosporella AP- 9.2¢ 1.3
hesperidica AEGH
AP-AKJ 9.4¢ 1.4
AP- 10.2¢ 0.7
AEGH-1
P value <0.01
LSD (1%) 5.8

LSD = least significant difference.
# Means with identical letters did not significantly differ at the 1% probability
level based on Tukey’s test.

E. camaldulensis stem canker disease is severe in Ethiopia. The phylo-
genetic analysis results confirm that N. parvum, L. theobromae, and
A. hesperidica (Botryosphaeriales) are the causes of widespread stem and
branch canker disease of E. camaldulensis in Ethiopia. The finding also
affirms that the three fungal species are coinfecting and widely
distributed worldwide.

6. Recommendation

To avoid and manage Eucalyptus plant diseases, appropriate

silviculture practices are required that match the country’s varied to-
pologies. Effective short- and long-term disease management solutions
in the country will require strong quarantine policies, regular surveil-
lance, and genetic identification of pathogenic and endophytic fungal
species associated with plantation tree species.
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