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Abstract: Canker symptoms were observed on almond trees in the Fez-Meknes region, Morocco. 
Isolations were conducted from the infected branch and trunk showing internal and external brown 
lesions. Four representative fungal isolates were screened, and their identities were confirmed by 
cultural traits and sequence analysis of DNA using two genes, the ITS region (internal transcribed 
spacer) and calmodulin (cmdA). The identified fungi were Curvularia hawaiiensis, Fusarium 
ambrosium, Lasiodiplodia theobromae, and Chondrestereum purpureum. The pathogenicity test on 
almond twigs revealed that these species were pathogenic to their host with different degrees of 
virulence, with Lasiodiplodia theobromae as the most virulent causing the longest necrotic lesion 
(285.17 mm) and the death of twigs. Physiological traits analysis of the above-mentioned fungi 
showed that the optimum mycelium growth response at different temperatures varies from 10 to 
35 °C, while the pH ranges between 3.0 and 8.0. This study confirms the presence of canker 
pathogens on almond trees, which will contribute valuable information to improve the 
understanding of the contemporary status of almond trees, thus helping the improvement of the 
management of almond orchards. To our knowledge, all these fungi represent new records in 
Morocco and some of them are confirmed on the almond trees for the first time in the world. 

Keywords: canker; brown lesion; fungal; optimum; phylogenetic; physiological traits 
 

1. Introduction 
The almond tree (Prunus dulcis) is considered the most important and oldest nut crop 

produced and consumed all over the world [1]. The almond tree originated in central Asia, 
precisely in the mountainous regions of Iran, Afghanistan, and the former Soviet Union 
[2], then transported to the Mediterranean basin [3] where its plantation was possible 
thanks to its self-incompatibility and its open pollination [4]. Almond trees have adapted 
to severe climatic conditions, such as delayed spring frost and drought. However, the tree 
has become more sensitive to cold in the last three decades [5]. World almond production 
is led by the USA, Spain, Iran, Australia, and Morocco, which constitute the main almond-
producing countries [6]. According to FAOSTAT, the world yield of almonds in 2019 was 
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estimated at almost 3.49 million metric tons; the USA ranking first with 77% of almonds’ 
global production, followed by Australia and Spain with 8% and 6% respectively [7]. 

Since the last century, Morocco is the fourth-largest producer of almonds, with over 
117,270 tons per year [8]. In terms of covered area, almonds rank second after olives 
production in Morocco. The special climate characteristics and environmental conditions 
in north and south Morocco ensure the huge genetic variability of almond cultivars 
explaining the vigorous production and the high quality of Moroccan almonds [9]. 

The almond crop was always vulnerable to various biotic (such as bacteria, fungi, 
and phytoplasma) as well as abiotic stresses (namely drought and freeze damage). 
Almond trees are commonly attacked by several destructive diseases, which damage both 
the foliar part and the fruit, such as Tranzschelia discolor f. sp. Dulcis, the causal agent of 
almond rust. In addition, some cultivars are susceptible to other diseases such as a shot 
hole and almond scab, caused by Wilsonomyces carpophilus and Cladosporium carpophilum 
respectively [10]. Furthermore, the trunk and roots are also susceptible to various fungal 
attacks including Chondrostereum purpureum, which causes the silver leaf disease. 

Several authors have reported the almond trees’ sensitivity to many fungal 
pathogens attacking their woody part. For instance, canker disease has become one of the 
most serious problems in almond production since it can damage young trees [11]. 
Generally, canker diseases occur as wood degradation, showing symptoms such as wood 
necrosis and gummosis, internal symptoms such as vascular discoloration, cankers on the 
trunk or branches, and even tree death. In addition, dieback of scaffold branches and 
shoots through pruning wounds and damaged tissues were reported [12]. Cross section 
of infected tissues showed circular, irregular, or wedge-shaped necrosis, leading to the 
destruction of phloem and xylem tissues, and therefore, in the end, canker blocks the 
circulation of water and nutrients resulting in the death of bark and cambium [13]. In the 
recent past, numerous studies have been conducted on fungal trunk pathogens of fruit 
trees, such as stone and pome fruit trees [14–16], grapevine [17,18] pistachio [19,20], Ficus 
trees [21], blueberry [22] and olive [23]. 

A wide range of Botryosphaeriaceae species, such as Botryosphaeria, Diplodia, 
Dothiorella, Lasiodiplodia, and Neofusicoccum, among others, are recognized as common 
fungal pathogens of woody trees, showing a large distribution on various fruit tree and 
nut crops as a saprobe, parasite, and endophyte [24]. Several previous reports reveal the 
implication of species from this complex fungal group in almond crop attacks causing 
band cankers such as the Dothiorella canker, which affect the trunk of three- to six-year-
old almond trees [25]. Other studies conducted on almond trees confirm that Lasiodiplodia 
theobromae is an important pathogen associated with branch cankers as well [19]. 
Moreover, in other studies, different species of Diaporthaceae (Phomopsis) were reported on 
Prunus trees, especially on almonds, e.g., D. eres in Portugal [26], D. foeniculina in Italy [27], 
and D. phaseolorum in Spain [28]. D. amygdali has been documented as the main causal 
agent of woody canker diseases and showed symptoms of shoot blight and twig canker 
associated with Punus trees [26]. Furthermore, many species of Fusarium genus were 
reported to cause canker diseases on the almond tree; especially, in young plantations, 
which are more susceptible to Fusarium canker [29]. 

In the past few years, trunk diseases have been frequently observed in many 
Moroccan almond orchards. However, the implications of many of the above-mentioned 
fungal species in canker disease progression, are still unclear; and no comprehensive 
attempt has been announced to identify pathogens responsible for almond trunk diseases 
in this area. The overall aim of our work was to identify and characterize pathogenic 
agents causing canker and wood necrosis in almond orchards of the fez region, Morocco, 
through monitoring morphological traits, physiological characteristics, molecular data, 
and pathogenicity analysis. 
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2. Materials and Methods 
2.1. Sampling and Isolation 

During the growing season of 2020, canker diseases were observed in almond 
orchards in the fez Meknes region, Morocco (Figure 1). The collected samples showed 
symptoms of canker diseases including internal woody necrosis, cankers, dieback of 
branch and trunk as well as shoot blight (Figure 2). 

 
Figure 1. Map showing almond fields examined for wood disease symptoms in Fes Meknes region, 
Morocco. Prepared using ArcGIS software 10.3.1. 

The cut wood segments (3 × 3 mm) of infected tissue taken from the lesions’ margin 
and unaffected wood, were rinsed using tap water, sterilized for 1 min in a solution of 
sodium hypochlorite (1.5%) then, washed with sterile distilled water (SDW) two times. 
Wood fragments were deposited on PDA plates (PDA; Biokar-Diagnostics, Zac de Ther, 
France) supplemented with streptomycin sulfate (0.5 g/L) (Sigma-Aldrich, St. Louis, MO, 
USA). Petri plates were incubated in darkness at 25 °C, after one-week four types of fungal 
colonies were transferred to Petri plates of PDA. Successive subcultures were made until 
obtaining pure cultures. 
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Figure 2. Symptoms of trunk diseases on almonds observed in the field. (A) Internal necrosis on the 
trunk caused by Lasiodiplodia theobromae. (B) Gummosis on the trunk caused by Fusarium ambrosium 
(as Neocosmospora ambrosia), (C,D) Black spots and brown to black lesions of the xylem tissue, and 
(E–G) Transverse cuts showed sectorial necrosis and wood discoloration caused by (E) Curvularia 
hawaiiensis; (F) Lasiodiplodia theobromae; (G) Fusarium ambrosium. (H) Circular discoloration caused 
by Chondrostereum purpureum. Scale bars: (A–C) = 10 cm; (E–H) = 3 cm. 

2.2. Morphological Identification 
Isolated fungi were cultured, purified on PDA plates, and incubated at 25 °C, then 

criteria, such as color and appearance of colonies, were recorded after 10 days [30]. To 
force the isolates’ sporulation, colonized plug agar of each one was cultured first on malt 
extract agar medium (MEA; Sigma-Aldrich, St. Louis, MO, USA), then the isolates that 
did not sporulate directly on MA were transferred into PDA medium supplemented with 
three to four pine needles already double-autoclaved. Plates were then incubated at 25 °C 
exposed to 12 h/12 h of light/darkness cycle. The diameters of conidia for each isolate (at 
least 100 conidia) were noted using the microscope (Olympus EX41) linked with the 
camera and ImageFocus Plus V2 Software. 

2.3. Molecular Identification 
To confirm the identity of isolated pathogens, Genomic DNA was extracted from 

actively growing mycelia on a PDA medium for seven to 14 days following the Doyle and 
Doyle [31] protocol. DNA aliquots were stored at 20 °C. The internal transcribed spacer 
ITS-5.8-ITS of the 5.8 ribosomal and calmodulin (cmdA) genes, were amplified and 
sequenced using respectively ITS1/ITS4 [32] and CAL-228F/CAL-737R [33] primers in 
both directions. Reaction mixtures contained 2,5 µL of 10× PCR reaction buffer, 0.25 µL 
(10 mM) of dNTP, 1 µL of each primer, 2.25 µL (50 mM) MgCl2, 2.5 µL DNA, 0.2 µL Taq 
DNA Polymerase (New England Biolabs, Beverly, MA, USA), and 16.3 µL sterile distilled 
waters; the total volume was 25 µL. The PCR process was performed in a T100 thermal 
cycler (Bio-Rad, Hercules, CA, USA). PCR program consisted of an initial denaturation 
step for 3 min at 94 °C, then 35 cycles of 94 °C for 1 min, 55 °C for 1 min, 72 °C for 1 min, 
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and the final extension step took about 10 min at 72 °C. PCR products were visualized by 
1.5% agarose gel electrophoresis, then purified and sequenced by STAB Vida, Lda. 
(Portugal). Both sequences, forward and reverse, were assembled and aligned using 
Molecular Evolutionary Genetics Analysis (MEGA) and the Basic Local Alignment Search 
Tool (BLAST) was used to compare the assembled ITS and cmdA sequences with all the 
sequenced isolates already deposed in the GeneBank. The phylogenetic tree was created 
using the maximum likelihood method with 1000 bootstrap values Reference isolates used 
are reported in Table 1. 

Table 1. Fungal isolates reported in this work and references used in the phylogenetic analysis. 

Species Isolate Strain Host Country ITS cdmA 
Chondrostereum purpureum GQD-7-1 Scaevola taccada China MN626467 - 
Chondrostereum purpureum RGM_2160 Apple tree Chile MK788299 - 
Chondrostereum purpureum AM5DC Almond Morocco OK571345 OP784425 

Curvularia hawaiiensis Bb80eL Gossypium hirsutum India MN170717 - 
Curvularia hawaiiensis SZMC13061 - Hungary KC999907 - 
Curvularia hawaiiensis DCK1 Almond tree Morocco MW959366 OP832201 
Curvularia hawaiiensis BLS Oryza sativa Pakistan - MK457736 

Diplodia intermedia ICMP 9810 Malus domestica New Zealand OL871454 - 
Diplodia mutila CBS 112533 Vitis vinifera Portugal NR 144906 - 
Diplodia seriata Po8 Apple Hungary MN706189 - 

Diplodia corticola BKCO1_2500027 Quercus suber L. Portugal - XM_020273274 
Diplodia corticola BKCO1_2000057 Quercus suber L. Portugal - XM_020272238  
Diplodia corticola DC-2.5 Quercus alba Tennessee OM716006 - 
Diplodia corticola T4-4Dc Quercus alba Tennessee OM716954 - 

Fusarium ambrosium AM1DC Almond tree Morocco MZ868496 OP765586 
Fusarium ambrosium TSV1 Tea stem India KY090779 - 
Fusarium ambrosium NRRL 20438 Oak tree Spain AF178397 - 
Fusarium ambrosium CBS 57194 Camellia sinensis India KM231801 KM231373 

Lasiodiplodia pseudotheobromae Ai252 Azadirachta indica Kenya FJ904832 - 
Lasiodiplodia pseudotheobromae GR102 Grevillea robusta Kenya FJ904837 - 
Lasiodiplodia pseudotheobromae GrS2 Grevillea robusta Kenya FJ904913 - 
Lasiodiplodia pseudotheobromae CBS 116459 Baobab South Africa - KU886784 
Lasiodiplodia pseudotheobromae CBS 116459 Baobab South Africa - KU886785 

Lasiodiplodia theobromae AM2DC Almond tree Morocco MZ868498 OP832202 
Lasiodiplodia theobromae LY93 Grevillea robusta Kenya FJ904845 - 
Lasiodiplodia theobromae Maz111 Melia azedarach Kenya FJ904842 - 
Lasiodiplodia theobromae CBS 164.96 Baobab South Africa - KU886789 
Lasiodiplodia theobromae CBS 111530 Baobab South Africa - KU886790 

2.4. Pathogenicity Test 
To examine the pathogenicity of the four selected isolates in laboratory conditions, 

the experiment was conducted as described by [26]. Thirty cm length of healthy and 
unaffected almond twigs (cv. Ferreduel) one–two-year-old were submerged twice in 
ethanol 70% for 30 s interrupted by immersion in sodium hypochlorite solution (1.5%) for 
1 min. After each step, twigs were rinsed using SDW and then air-dried inside a laminar 
flow cabinet. To wound the twigs, a disinfected metal scalpel was utilized to detach the 
superficial tissue from the center of the twigs to create artificial wounds. PDA plugs 
colonized by mycelia of fresh fungal culture (seven days old) were placed on the artificial 
cuts and sealed with parafilm. Twigs inoculated with sterile PDA discs were used as 
control. Detached twigs were put in a 0.5 L container, filled with 200 mL of SDW, and 
placed in a humid chamber at 24 °C with 12 h/12 h of dark/light and a water change every 
three days. During the first four days, the containers were enveloped with a polyethylene 
bag to maintain a humid environment inside. Six branches per fungal species and six 
controls were used. The pots were randomly distributed. 
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After 15 days of inoculation, lesion lengths above and below the site of inoculation 
were measured. To satisfy the Koch postulates, re-isolation from the margin of the 
cankered and healthy tissue was conducted. Cut fragments were disinfected and placed 
onto PDA as described above. Petri plates were incubated for one week at 25 °C in 
darkness and recovered isolates were identified. This experiment was repeated twice. 

2.5. Physiological Traits 
2.5.1. Effect of Temperature 

To assess the impact of different temperatures on the mycelial growth of isolated 
fungi per day, all fungal species used in this work were subcultured in PDA plates and 
incubated for seven days in conditions of darkness and temperature at 25 °C. Mycelial 
discs (5 mm) cut from the active growth zone, were deposited in the center of PDA plates 
and then incubated at different temperatures (5, 10, 25, 30, 35, and 40 °C), with three 
replicates of each isolate at each temperature. After 24 h of incubation, daily radial growth 
rates were recorded for 18 days using a digital caliper. 

2.5.2. Effect of pH 
To evaluate the pH effect on the mycelial growth per day, the PDA was calibrated 

with a buffer of citric acid containing (0.1 M sodium citrate and 0.1 M HCl), to reach the 
required pH between 3 and 4. The phosphate buffer was used to attain the following 
values of pH 5.0, 6.0, and 7.0, while for pH from 8.0 to 12.0 the medium was modified by 
NaOH (1N) or HCL (1N). Colonized discs (5 mm) were placed at the midpoint of Petri 
plates of potato dextrose agar with freshly modified pH. The pH was measured using an 
electrical pH meter before autoclaving at 121 °C. Finally, plates were incubated at 25 °C 
and colony parameters were recorded every day (n = 10). Three biological replicates for 
each pH were made, and the experiment was repeated two times. 

2.6. Statistical Analysis 
All treatments were in a completely randomized design. Analysis of variance was 

performed using SPSS statistical software (version 20, IBM SPSS Statistics 20, New York, 
NY, USA) and when the result was shown to be significant, the Tukey test was used for 
means separation at a significance level of p < 0.05. 

3. Results 
3.1. Morphological Characterization of Isolates 

According to morphological features obtained in our research, namely, shape, colony 
color, and microscopic criteria, all isolated fungi have different morphological 
appearances, belong to different groups, and were identified from infected almond 
samples in the field located in the region of Fez Meknes in Morocco. Further, they showed 
symptoms in the trunk, branches, and shoots including, wedge-shaped, black or dark 
brown regular and irregular discolorations and lesions. 

The first fungal isolate formed on PDA medium, hairy, fluffy mycelia, light brown at 
the edge and dark brown in the middle of the colony, then change to black, with concentric 
zonation after seven days of incubation (Figure 3). Conidiophores were unbranched, 
straight with curved apexes. Conidia were frequently brown, cylindrical to spindle-
shaped with rounded ends, multiseptate, four usually, and rarely ovoid, oval, and 
measured 5.44–23.87 × 3.65–9.76 µm. These characteristics correspond to the description 
of the genus Curvularia, especially the species Curvularia hawaiiensis [34,35]. The colonies 
of the second isolate have aerial mycelium, white grey at the surface, olivaceous grey at 
the reverse plate, and became dark grey after two weeks of incubation. Pycnidia formed 
on pine needles liberate ovoid, hyaline, aseptate conidia with apex rounded and 
sometimes, pigmented and one septate conidium, measuring 17.84–22.71 × 9.98–12.66 µm 
(Figure 4). Based on the taxonomy of Botryosphaeriaceae species [36], these macroscopic 
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and microscopic criteria resembled those of Lasiodiplodia theobromae. The third pathogen 
cultured on PDA was distinguished by white cottony mycelia, convex in the center. 
Conidia were oblong, hyaline, and smooth and measured 17.84–22.71 × 2.75–12.66 µm and 
cystidia were also observed (Figure 5). All morphological features were identical to those 
described for C. purpureum [37]. Colonies of the last isolate showed radial mycelial growth 
that is yellowish-white in color and, with age, turned light violet. Formed a red pigment 
that surrounded the medium. Abundant sporulation on PDA under light, typical conidia 
that were remarkably variable in shape and size, Macroconidiawere curved cylindrical, 
mostly sickle-shaped to long-clavate, usually multiseptated (3–4), measuring 24.43–27.27 
× 2.05–6.79 µm in size. Microconidia were ellipsoidal to fusiform with a rounded apex and 
produced on elongated conidiophores. They had 0–1 septate and measured 10.34–15.76 × 
2.05–3.48 µm (Figure 6). These morphological traits are identical to the species belonging 
to Fusarium ambrosium (Neocosmospora ambrosium) within the Fusarium solani complex 
[38,39]  

 
Figure 3. Morphological features of Curvularia hawaiiensis. (A). Colony on PDA; (B). Mycelium; 
(C,D). Conidiophore and conidia; (E–M). Conidia. Scale bar: (B–D) = 30 µm; (E,F) = 15 µm; (G–M) = 
20 µm. 
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Figure 4. Morphological features of Lasiodiplodia theobromae. (A). Colony appearance and pycnidia 
formed at the surface; (B). Pycnidia on almond twig; (C,D). Section of pycnidium; (E–J). Conidia; 
(K). Conidiophore and conidia; (L). Conidia and conidiophores. Scale bar. (B) = 1 cm; (C,D) = 100 
µm; (E–H) = 10 µm; (I–L) = 10 µm. 
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Figure 5. Morphological features of Chondrostereum purpureum. (A). Colony appearance on PDA; 
(B). Subhymenial hyphal ends; (C). Mycelium; (D). Conidia; (E,F). cystidia. Scale bar: (C) = 100 µm; 
(E) = 10 µm; (E,F) = 20 µm. 

 
Figure 6. Morphological features of Fusarium ambrosium. (A). Colony on PDA; (B). Microconidia (C–
F). Macroconidia; (G). Conidia and conidiophore. Scale bar: (B) = 30 µm; (C) = 15 µm; (D) = 20 µm; 
(E,F) = 20 µm; (G) = 20 µm. 

3.2. Phylogenetic Analysis 
The molecular analysis of the ITS region (internal transcribed spacer) and calmodulin 

(cmdA) gene confirmed that Chondrostereum purpureum, Curvularia hawaiiensis, 
Lasiodiplodia theobromae, and Fusarium ambrosium (Neocosmospora ambrosia) are linked to the 
symptoms described in the field and are responsible for the trunk and branch canker of 
almond trees. The tree based on concatenated sequences of two genes, the internal 
transcribed spacer and calmodulin highly support the close relationship between our 
isolates and their references (Figure 7). All isolates were clustered with their references 
(Figure 7, Table 1), which further confirmed the identity (98–100%) of different species 
isolated in this paper. 
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Figure 7. Phylogenetic tree of C. hawaiiensis, F. ambrosium L. theobromae, and C. purpureum using the 
maximum likelihood method with 1000 bootstrap values, based on their internal transcribed (ITS) 
and calmodulin (cmdA), showing the position of our fungi that were clustered with their references. 

3.3. Pathogenicity Test 
The pathogenicity test carried out through inoculation of one-year-old detached 

almond twigs by fungal isolates, indicated that all tested species were pathogenic to 
almond twigs, and caused brown discoloration above and below the wound site (Figure 
8). The average length of lesions in almonds with different isolates varied from 30 to 288 
mm and the control twigs treated with PDA plugs free of mycelial fungi (controls) did not 
induce any lesions (Figure 8). Statistical analysis revealed a significant difference in 
vascular discoloration length between twigs inoculated with all isolates and control (p < 
0.05). The most aggressive fungus was Lasiodiplodia theobromae, which produced the longer 
lesions 285.17 mm in diameter, followed by Fusarium ambrosium and Chondrostereum 
purpureum, which developed moderate lesions of 94.52 mm and 80.29 mm, respectively 
(Figure 9). Curvularia hawaiiensis was the least virulent with lesions averaging 32.17 mm 
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in length. The four isolates used in the pathogenicity test were re-isolated from the 
symptomatic twigs and their identities were confirmed, fulfilling Koch’s postulates. 

 
Figure 8. Results of pathogenicity test after two weeks. (A) Control. (B) Curvularia hawaiiensis. (C) 
Fusarium ambrosium. (D) Chondrostereum purpureum and (E) Lasiodiplodia theobromae. 
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Figure 9. Mean lesion length caused by four fungal species in almonds two weeks after inoculation. 
Mean lesion length is based on six replicates. Means followed by the same letter are not significantly 
different (p < 0.05). Bars represent the standard error of the mean. 

3.4. Physiological Traits  
The results of variance analysis demonstrated a significant effect of temperature (p < 

0.05) on the radial growth of colonies on PDA of all isolated pathogens used in the current 
study. Data revealed that all isolates, C. purpureum, C. hawaiiensis, F. ambrosium, and L. 
theobromae grew ideally between 10 and 35 °C, while C. hawaiiensis could grow slowly in 
a relatively narrow temperature of 5 °C (Table 2). Additionally, C. purpureum has the 
ability to develop hypha at 40 °C. For the optimum growth temperatures, C. hawaiiensis 
and C. purpureum recorded the highest optimum growth at 30 °C with a hyphal growth 
rate of 14.67 ± 0.28 and 9.08 ± 0.44 mm day−1, respectively. However, L. theobromae showed 
an optimum growth rate at 20 °C with 27.04 ± 0.05 mm day−1. For F. ambrosium, the highest 
growth temperature was 30 °C with a mycelial extension of 9.12 ± 0.1. Overall, this 
experiment showed that the appropriate temperature in which all tested isolates develop 
in a perfect way, varied between 20° and 30 °C. 

Table 2. Mycelial growth rate (mm/day) versus temperature (°C) for C. hawaiiensis, F. ambrosium, L. 
theobromae, and C. purpureum. 

T° 
Species 5 10 15 20 25 30 35 40 

C. hawaiiensis 2.13 ± 0.3 c 2.94 ± 0.2 d 5.43 ± 0.1 g 13.53 ± 0.5 l 13.83 ± 0.2 l,m 14.67 ± 0.3 m,n 3.38 ± 0.1 d,e 0.0 ± 0.0 a 
F. ambrosium 0.0 ± 0.0 a 0.56 ± 0.0 b 3.87 ± 0.1 e 6.50 ± 0.1 h 9.40 ± 0.3 k 9.12 ± 0.1 j,k 1.88 ± 0.1 c 0.0 ± 0.0 a 
L. theobromae 0.0 ± 0.0 a 2.06 ± 0.1 c 15.01 ± 0.1 n 27.04 ± 0.0 q 26.90 ± 0.2 q 25.14 ± 1.1 p 19.39 ± 0.3 o 0.0 ± 0.0 a 
C. purpureum 0.0 ± 0.0 a 1.87 ± 0.1 c 5.03 ± 0.1 f,g 7.23 ± 0.3 h 8.40 ± 0.3 i,j 9.08 ± 0.4 j,k 8.01 ± 0.2 i 4.69 ± 0.1 f 

The data represent mean ± standard deviation (SD). Values having the same letter (a–q) are not 
significantly different according to Tukey’s test (p = 0.05). 

Selected isolates used in this experiment reacted differently within various pH values 
tested. For all evaluated pH, the highest mycelial growth of C. hawaiiensis was recorded at 
pH 8.0 with an average extension of 10.60 ± 0.1 mm per day, while F. ambrosium and C. 
purpureum showed maximum growth at pH 3.0 with 15.99 ± 0.12 mm day−1 and 9.42 ± 0.12 
mm day−1, respectively. However, L. theobromae showed the highest mycelial growth rate 
40.00 ± 0.00 at pH 4.0 and pH 6.0 (Table 3). 

Table 3. Mycelial growth rate (mm/day) versus pH for C. hawaiiensis, F. ambrosium, L. theobromae, 
and C. purpureum. 

pH 
Species 3 4 5 6 7 8 9 10 11 12 

C. hawaiiensis 4.99 ± 0.3 d 4.08 ± 0.1 c 
6.83 ± 0.1 e–

g 
7.05 ± 0.1 g–i 

8.47 ± 0.1 m–

r 
10.60 ± 0.1 

v 
8.60 ± 0.2 o–

s 
7.44 ± 0.1 h–

j 
9.12 ± 0.2 s–

u 
6.35 ± 0.0 e 

F. ambrosium 
15.99 ± 0.1 

w 
7.49 ± 0.2 i–k 

8.90 ± 0.1 q–

u 
9.09 ± 0.1 s–

u 
9.28 ± 0.0 t,u 6.49 ± 0.1 e,f 8.69 ± 0.0 p-t 

9.13 ± 0.1 s–

u 
9.05 ± 0.0 r–

u 
6.92 ± 0.2 f–

h 

L. theobromae 
20.34 ± 0.3 

x,y 
40.00 ± 0.0 

& 
8.04 ± 0.4 k–

o 
40.00 ± 0.0 

& 
26.85 ± 0.2 z 

11.11 ± 0.1 
v 

9.23 ± 0.1 tu 
20.42 ± 0.1 

y 
19.51 ± 0.4 

x 
2.96 ± 0.2 b 

C. purpureum 9.42 ± 0.1 u 8.48 ± 0.2 n–r 7.62 ± 0.0 j–l 
7.90 ± 0.3 j–

m 
8.72 ± 0.4 q-t 

7.93 ± 0.2 j–

m 
9.13 ± 0.1 s–

u 
8.11 ± 0.1 l–

p 
8.43 ± 0.0 

m–q 
0.00 ± 0.0 a 

The data represent mean ± standard deviation (SD). Values having the same letter (a–z) are not 
significantly different according to Tukey’s test (p = 0.05). 

4. Discussion 
The present work is the first attempt to identify various pathogens, causing 

symptoms of dieback and wood canker on the almond tree in the Fez region, Morocco. 
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These included C. hawaiiensis, F. ambrosium, L. theobromae, and C. purpureum. The 
identification of isolated pathogens was first confirmed by means of cultural and conidial 
morphology, then DNA sequence data and pathogenicity tests. Molecular detection was 
used to validate the identity of isolated fungi using the internal transcribed region (ITS) 
and calmodulin (cmdA). 

Based on previous reports, the L. theobromae species of the Botryosphaeriaceae is well 
known as a serious parasite of wood worldwide, infecting an extensive variety of woody 
trees, and causing diverse disease symptoms, namely dieback, gummosis, and canker [40]. 
This pathogen has already been documented, to cause grapevine cankers in different 
countries, such as Mexico [41] and Peru [42]. In another study in Uruguay, L. theobromae 
was isolated from diseased wood of apple trees and it showed pathogenicity toward pear 
and peach trees as well [15]. It was also detected to cause dieback on mangos, in Peru, 
turkey, and Korea [42,43]. This pathogen was also found, in strawberries [44] and nut 
crops [19]. Almond is susceptible to Lasiodiplodia theobromae, where the pathogen is 
associated with almond trunks canker, mostly associated with band canker [25]. The 
fungus shows a large geographic distribution worldwide. For instance, it has been isolated 
from almond trees showing symptoms of band canker in California [13,25] and symptoms 
of dieback in turkey [45]. Further, the pathogenicity experience in this work revealed that 
the L. theobromae showed the highest virulence on almonds causing a longer lesion of an 
average of 280 mm; these results were close to previous studies. In another study 
conducted on four different cultivars of almonds, lesions produced by L. theobromae 
ranged from 103 to 206 mm in length [46]. Based on statistical data of environmental traits 
evaluated in this work, L. Theobroma developed at a temperature extending from 10 to 35 
°C, with the highest growth at 20 °C, while no mycelial development was recorded at 5 or 
40 °C. Regarding the pH effect on mycelium growth, L. theobromae grew at pH 3.0–8.0, 
with optimum growth noted at pH 6.0 and 4.0. In parallel [47], L. theobromae grew at 
temperatures ranging from 4° to 36 °C and pH 3.0–8.0 with optimum growth at 28 °C and 
pH 6.0. However, there are no previous reviews on Lasiodiplodia species associated with 
trunk and branch canker of almonds in Morocco. This is the first finding of L. theobromae 
as a responsible pathogen of cankered wood of almond crops in Morocco. 

The genus Curvularia, which belongs to the Pleosporaceae family, is characterized by 
widespread phytopathogenic species, additionally, opportunistic pathogens on animals 
and humans [48]. Obviously, Curvularia species are important phytopathogens reported 
worldwide as endophytes or pathogens [49–51]. Species of the Curvularia genus consist of 
major destructive plant pathogens isolated from soil and living or dead parts of plants 
[34,38–40]. A study by Manamgoda et al. [48] reassessed the phylogenetic relationships of 
species of the genus Curvularia using Multilocus DNA sequence analysis with three loci, 
ITS, GPDH (glyceraldehyde-3-phosphate dehydrogenase), and TEF (Translation 
Elongation Factor). This study provides descriptions to distinguish between several 
species of the genus Curvularia showing a high similarity. Indeed, this genus lacked a 
description with details of the host and species distribution of C. hawaiiensis [34,52]. This 
fungus was isolated from various hosts namely herbaceous and woody plants, it was 
reported on neem trees in Iran, causing symptoms of dieback and canker [41,42], and also 
on Eucalyptus which is a common host of Curvularia species including C. hawaiiensis [48]. 
In our study, the results of inoculated almond twigs revealed that C. hawaiiensis was 
weakly pathogenic to this host (33 mm). Pathogenicity results of this species are similar to 
those obtained by Ghasemi-Sardareh et al.[53]on detached shoots of the neem tree, in 
which C. hawaiiensis produce lesions averaging (30 mm). In Morocco, Curvularia 
tuberculata was isolated and identified for the first time during the analysis of seeds 
microflora of rice [54]. Our study is the first pathogenicity of C. hawaiiensis on almond 
trees. 

Chondrostereum purpureum is recognized historically, as the responsible pathogen of 
Silver Leaf disease [55,56]. It could be found as a saprophyte on recently dead or living 
trees causing mortality, by invading the cambium via wounded area [45,46]. Whereas this 
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fungus has been used in numerous studies as a natural agent to control coniferous 
plantations subjected to woody weeds [57–59], it can cause damage to woody plants as 
well, namely fruit, ornamentals, and forest trees [60]. Almond crop is subject to C. 
purpureum attack causing silver leaf disease [10], similar to the present research, the 
pathogen was recovered from almond branches showing symptoms of xylem necrosis. 
These symptoms were identical to those described from fruit tree crops, namely apple 
[61], blueberry [62], and plum [37]. Additionally, a pathogenicity study revealed that C. 
purpureum showed moderate virulence against almond twigs and colonized the xylem of 
inoculated twigs. In an experiment conducted by Spiers et al. [51], C. purpureum was 
pathogenic to three genera (Salix, Populus, Malus), but was not able to colonize the 
cambium of apple cultivars in the same study. This outcome is not consistent with the 
results reported in another study which demonstrates that C. purpureum was isolated 
sporadically from infected almond trees in California [13]. Different reports on the 
pathogenicity of C. purpureum may be explained by the degree in virulence of the different 
strains or host vulnerability to this fungus. Moreover, C. purpureum showed maximum 
mycelium growth at 20° and 25 °C [63], conversely to our isolate, where it grew rapidly at 
30 °C. 

Fusarium ambrosium (as N. ambrosium) was occasionally isolated from an infected 
almond tree in this work. The newly suggested name for this species is Neocosmospora 
ambrosia [39]. Normally, Fusarium ambrosium is a symbiont of beetle species, such as 
Euwallacea ambrosia and Euwallacea fornicatus, which are common pathogens for a diverse 
range of hosts worldwide. These pathogens cultivate multiple species of Ambrosia 
Fusarium Clade (AFC), including F. ambrosium in their galleries functioning as a source of 
nutriment, frequently on dead woody hosts and sometimes on healthy hosts [64,65]. While 
F. ambrosium had never been described as a plant pathogen, Eskalen et al. [66] suggest the 
relationship between the fungal symbiont of Fusarium Clade (AFC) species and the 
infection of woody plants, revealing that, after the attack of the insect, the fungus extends 
from the galleries, penetrates and circulates through the vascular tissue of trees. Thus, the 
pathogen blocks the circulation of water and nutrient causing xylem necrosis, and 
therefore, dieback and tree death is called Fusarium Dieback [66]. Furthermore, in previous 
studies, Ambrosia beetles have been reported from apple trees for causing sudden apple 
decline syndrome [67,68]. When an ambrosia beetle is attached to a potential woody plant, 
colonizes the cambium part, forming small holes in the bark, and infuses these openings 
with the symbiotic fungi associated with this beetle [69]. This fungus then develops inside 
the hole and extracts nutrients from the wood and xylem. All the above mentioned explain 
the mechanism of F. ambrosium as a symbiont of ambrosia beetle to cause canker on 
branches and shoots of woody trees, including the almond tree. The cankered zones 
developed and expand all over the branch, then eventually led to dieback and tree death, 
especially on the stressed and weakened plants. Actually, some species of insects 
including the ambrosia beetle can also be a source of stress on young trees which become 
susceptible to threats by one or many pathogens or sometimes can play a role in pathogen 
spread and penetration [68]. This finding is the first report of F. ambrosium (N. ambrosia) 
causing necrotic diseases on almond trees. 

During this study, we identified four various fungal species from different orchards 
as causing the almond decline. Based on previous research, the development of canker 
diseases is linked to environmental conditions, thus, these factors may affect both host 
and latent pathogen severity. In this sense, further research is necessary to complete our 
knowledge about the geographical distribution and the pathogenicity of various fungal 
trunk pathogens associated with almond crops in Morocco. Additionally, the cultivar of 
almond ‘cv. Ferraduel’ used in the pathogenicity essay was found to be susceptible to all 
tested isolates, especially the fungus L. theobromae which was the most virulent. Given the 
economic importance and genetic variability of Moroccan almond, more investigations by 
exploitation of different Moroccan cultivars to evaluate their susceptibility, to dieback and 
trunk disease are needed, in order to select more resistant lineages and to improve our 
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knowledge concerning these complex diseases and their interaction with environmental 
conditions. 

5. Conclusions 
The fungi reported in this study represent the first detailed finding of C. hawaiiensis, 

F. ambrosium, L. theobromae, and C. purpureum isolated from diseased wood in Moroccan 
almond orchards. All of these isolates are not host-specific and have been detected on 
other crops such as fruit, nut, and forest trees. Furthermore, the association of two of these 
fungal isolates (C. hawaiiensis and F. ambrosium) in symptomatic almond trees was 
revealed for the first time in the world. Our results confirm the pathogenicity of all 
isolated fungi to almond twigs and physiological traits demonstrate the appropriate 
conditions for fungal infection; this will contribute to the knowledge of trunk and branch 
pathogens. Therefore, more value must be given to woody fungal pathogens in Morocco, 
and more research is required on these fungal groups in order to highlight their potential 
impact on the almond canker and dieback diseases. Additionally, specific management 
control strategies are necessary within the almond industry, to attenuate the impact of 
canker disease on this crop and provide us with sustainability. 
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