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ABSTRACT

Citrus black spot is a major constraint to citrus production in Benin. Identification of the pathogen
causing citrus black spot disease was carried out in the laboratory on symptomatic fruits. Fruit
samples were collected from orchards in 4 citrus-growing agro-ecological zones. A total of 66
representative isolates of Phyllosticta sp. were obtained from isolation. Molecular analysis using
PCR of the nucleotide sequences of the ITS regions with universal primers ITS1/ITS4 and specific
primers GcF1/GcR and the phylogenetic tree showed that the sequences of all isolates obtained in
the different agroecological zones were identical to those of Phyllosticta citricarpa. The
pathogenicity test satisfied Koch's postulates by re-isolation of Phyllosticta citricarpa from inoculated
fruits. A thorough study of genetic diversity and a full understanding of the behavior of P. citricarpa
will pave the way for more targeted approaches to the prevention, control and sustainable
management of citrus black spot disease in Benin.
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1. INTRODUCTION

Citrus black spot disease first reported in
Australia in 1895 and caused by Phyllosticta
citricarpa (Syn. Guignardia citricarpa) is one of
the major citrus fungal diseases in tropical and
subtropical regions of Asia, Africa and America
[1]. In most areas of its current distribution, black
spot disease is reported to be a destructive
disease of citrus causing huge losses in quality
and yield and fruit imperfections rendering them
unmarketable [2]. Yield losses caused by black
spot disease in Ghana were around 80%,
followed by severe premature fruit drop [2]. In
South Africa, the majority of fruits from
unprotected trees infected by black spot disease
were declared unfit for export, and losses of
more than 80% were frequently reported [3]. All
sweet orange varieties (Citrus sinensis) and
species such as C. limon, C. paradisi, C.
reticulata and C. deliciosa are susceptible to this
disease [4]. According to EFSA et al [1],
Phyllosticta citricarpa, the causal agent of black
spot disease, is a quarantine pathogen that
restricts the export of fresh fruit to the European
Union. The period of fruit susceptibility to black
spot infection extends from fruit set until 4 to 7
months later [5]. Symptoms on fruit generally
appear 40 to 360 days after infection, depending
on the type of lesion and the stage of fruit
development at the time of infection [6].
However, the infection may remain dormant from
the time the petals fall until the fruit ripens [7].
Fruit ripening and climatic conditions that favor
the pathogen's development bring this dormant
period to an end, and symptoms are observed in
the form of lesions or hard, virulent, cracked,
freckled spots and false melanosis [6].
Concerning leaves and twigs, symptoms are
rarely observed but sometimes present in highly
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susceptible citrus such as Citrus limon L. or on
trees in physiological imbalance [2]. The
epidemiology of citrus black spot depends on the
abondance of P. citricarpa inoculum. In areas
characterized by a single rainy season,
ascospores produced on decaying dead leaves

are the main source of disease inoculum. In
contrary, in areas with two rainy seasons,
pycnidia containing P. citricarpa conidia

represent important sources of inoculum from
fruit left on trees after the previous season [8].
Ascospores are blown by the wind over long
distances and colonize susceptible leaves and
fruit.

Furthermore, the morphological characteristics
used to identify the pathogen are confusing
within the species of the Phyllosticta genus
associated with citrus [9,10,11]. However, five
Phyllosticta species have been identified as
causal agents of citrus fungal diseases such as
Phyllosticta citricarpa, associated with black spot
disease; Phyllosticta paracitricarpa, which
causes damage to detached sweet orange fruit
[12]; Phyllosticta citriasiana [13] and Phyllosticta
citrimaxima [14], associated with brown spot of
pomelo; and Phyllosticta citrichinaensis which
induce symptoms on leaves and fruits of pomelo,
sweet orange and mandarin [11]. In addition,
Guignardia mangiferae, an endophytic species
has been reported. It is morphologically very
similar to the causal agent of black spot disease
and manifests itself in the same way [9].
Therefore, for an accurate and efficient diagnosis
of black spot disease suspected to be caused by
Phyllosticta citricarpa, it is essential to use
morphological and molecular data to identify the
pathogen [15]. Molecular characteristics help to
clarify its species status and avoid confusion with
other pathogenic species. According to Cai et al




Toessi et al.; Ann. Res. Rev. Biol., vol. 39, no. 6, pp. 41-56, 2024, Article no.ARRB.117491

[16], quarantine decision-making, plant breeding
and pathogen management and control rely on
the correct identification of fungal pathogens.
Despite its high economic impact, no
management strategy has been established to
control it in Benin. This is a major concern for
farmers. The molecular characteristics of
Phyllosticta isolates obtained from citrus fruits
need to be studied in order to develop effective
and sustainable management strategies for this
disease, and alleviate the burden on farmers in
Benin.

This study aims to accurately identify Phyllosticta
isolates using molecular methods.

2. METHODOLOGY

Isolation of
Infected Fruits

2.1 the Pathogen from

Citrus fruits showing symptoms of black spot
disease were collected from four citrus-growing
agro-ecological zones in Benin. The symptomatic
fruits were collected in zone V: cotton region of
middle Benin (7°21’'N, 1°56’E), zone VI: zone
dominated by ferralitic soils (7°9’'N, 2°15’E), zone
VII: depressions zone (6°49’N, 2°60’E), and zone
VIII:  fisheries zone (6°36'N, 1°57’E). The
sampled fruits were sent to the phytopathology
laboratory of the Centre National de
Spécialisation en Fruits et Légumes (CNS-
FL)/INERA in Burkina-Faso (11°60' N, 11°60" W;
altitude: 405 m) to isolate the pathogens
associated with symptoms. PDA (Potato
Dextrose Agar) culture medium was used for
pathogen isolation and purification. Fruits tissue
fragments taken from the spot growth front were
disinfected with 70% alcohol for 1 min, 1%
sodium hypochlorite for 30 s, rinsed twice with
sterile distilled water and dried with absorbent
paper. After drying, the fragments were placed in
9 cm diameter Petri dishes containing Whatman
paper moistened with sterile distilled water and
incubated for 7 days at 25 + 2 °C and 12 h
photoperiod. Single spores of fungal species
obtained by binocular examination after
incubation were plated onto PDA culture medium
using a drawn glass capillary (Pasteur pipette).
The plates were then incubated for 7 days at 25
+ 2 °C, with a 12 h photoperiod to promote
mycelial development. The successive
subculturing technique was used to obtain the
apparently pure isolates. The isolates thus
obtained were kept cold (-80°C) in 2 ml
Eppendorf tubes containing glycerol solution
(50%) and glucose (1%) with sterile distilled
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water (a mixture of 1 ml glycerol and 0.5 ml
glucose) for subsequent studies.

2.2 Morphological and Cultural Study of
Phyllosticta sp.

Macroscopic observation of fungal isolates was
carried out with the naked eye or binocular on 7-
day cultures after purification. Diagnosis was
based on cultural characteristics of the isolates,
such as radial growth, color and shape of
colonies, appearance of aerial mycelium,
pigmentation, presence or absence of
microsclerotia, surface and reverse side of
cultures [17]. Microscopic observation took into
account the color, shape and size of spores, the
presence or absence of chlamydiospores,
septation, mycelium ramification or not, the
presence of appendices and the number of
septa.

2.3 Mycelial Growth

To determine the pathogen's mycelial growth, 5
mm-diameter mycelial disks were taken from
active sporulation zones near the growth front of
seven-day cultures of each isolate. These discs
were then transferred to PDA culture medium
and incubated at 25 + 2°C. Colony diameter was
measured daily using a double decimeter for 14
days. Two perpendicular lines were traced on the
reverse side of the Petri dishes, through the
center of the mycelial explant. Mycelial growth
was obtained from the average of the two
diameters over 14 days of daily growth
(millimeters per day). The length and width of
spores from each isolate were also measured
using digital microscope software.

_d1+d2

{ D: average diameter of isolate in a petri dish
dl et d2 : measures of the two perpendicular lines

2.4 Molecular Characterization of

Phyllosticta sp.
2.4.1 DNA extraction

DNA from isolates was extracted using the
protocol of Al-Sadi et al. [18] and Thompson, [19]
followed by slight modification. Extraction was
performed on a total of 66 isolates from two
orange varieties. The extraction kit was the
DNeasy® Plant Mini Kit (Qiagen), using the AP1
lysis buffer supplied by the manufacturer (cf
Dossier LNR de validation de la méthode MIAM
005). DNA concentration and quality were
determined by assay using the NanoDrop 2000c
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spectrophotometer (Thermo Fisher Scientific,
Walthum, MA) and visualized on a 1% agarose
gel stained with SYBR Safe DNA gel stain under
ultraviolet light (UVP Bio Imaging Systems,
Upland, CA) to facilitate polymerase chain
reaction (PCR). DNA quantification was
determined by spectrophotometer by measuring
the absorbance of each sample against DNA-
free distilled water at wavelengths of 260 and
280 nm [20]. DNA preparations  with
A260/A280=1.8-2.0 were considered sufficient
quality for PCR. DNA was stored at -20°C for
future use.

2.4.2 Polymerase chain reaction (PCR)

DNA obtained from the isolates served as a
template for PCR, which was carried out using
two primer pairs: ITS1/ITS4 (ITS1 5
TCCGTAGGTGAACCTGCGG 3/ ITs4 &
TCCTCCGCTTATTGATATGC 3'), to amplify the
entire ITS region and Gc-F1/Ge-R1(Ge-F1 5
GGT GAT GGA AGG GAG GCC T 37 Ge-R1 5
GCA ACA TGG TAG ATA CAC AAG GGT 39,
specific to the ITS region of Phyllosticta
citricarpa. The protocol developed by Van Gent-
Pelzer et al [21] was used for real-time PCR.

The specificity of the Gc-F1/Ge-R1 primers was
evaluated with DNA from 66 isolates of
Phyllosticta sp. and 3 isolates of Colletotrichum
sp. The PCR mixture, with a total reaction
volume of 25 pl, was prepared using 2 pl of DNA
extracted from the isolates, 1 pl of each primer, 5
pl of Master Mix and 16 pl of deionized distilled
water. Amplifications were performed in a
thermal cycler (Eppendorf® Mastercycler ep
Gradient), with (i) initial denaturation at 95°C for
10 min, (ii) 35 cycles comprising denaturation at
94°C for 60 sec; hybridization at 60°C for 30 sec;
extension at 72°C for 60 sec and (iii) a final
extension cycle at 72°C for 5 min. PCR products
were separated by 1.5% agarose gel
electrophoresis (Ultra Pure TM agarose,
Invitrogen, Spain) in 0.5X 1 x Tris-Acetate-EDTA
(TAE) buffer and visualized under UV light. The
100-bp DNA ladder plus was used as a
molecular weight marker (Fermentas, St. Leon-
Rot, Germany) for PCR amplicons.

2.4.3 Sequencing

Extracted fragments were forward and reverse
sequenced (Nimagen, BrilliantDye™ Terminator
Cycle Sequencing Kit V3.1, BRD3-100/1000) and
purified (Zymo Research, ZR-96 DNA
Sequencing Clean-up Kit™, Catalogue No.
D4050). Purified fragments were analyzed on the
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ABI  3500xI Genetic Analyzer (Applied
Biosystems, ThermoFisher Scientific) for each
reaction in each sample. DNASTAR was used to
analyze the abl files generated by the ABI
3500XL genetic analyzer, and results were
obtained using a BLAST search (NCBI).

2.4.4 Phylogenetic analysis

Sequences from the ITS region of the
representative isolates in this study were aligned
with reference sequences (Table 1) downloaded
from the NCBI GenBank using ClustalX 2.0 in
accordance with recent publications [22,23].
Alignments were performed using default
parameters and manually enhanced with MEGA
v.11.0 [24]. The Maximum Likelihood (ML)
phylogenetic analysis was performed using 1000
bootstrap replicates, and the trees were
visualized in figtree 1. (http://tree.bio.ed.ac.uk/
softwareffigtree). To confirm the molecular
diagnosis of the pathogen, pathogenicity testing
was carried out using the identified isolates.

2.5 Pathogenicity Test

The pathogenicity test was carried out in the
laboratory on apparently healthy fruit (no spots)
with 5 identified isolates. These fruits were
washed and surface disinfected with 70%
alcohol, then rinsed twice with sterile distilled
water. The spore suspension was prepared by
adding 10 ml of sterile distilled water to 20-day-
old pure cultures. The conidial surface was
scraped with a pasteur pipette, then the solution
was transferred to a test tube before being
vortexed for homogenization. The resulting
suspension was filtered through sterile muslin to
separate conidia from mycelial fragments. The
suspension was then diluted with sterile distilled
water and the final concentration of 10°
conidia/ml was determined using the Malassez
cell counting chamber.

In addition, 12 inoculation points were created on
each fruit, which received 5 pl of suspension
respectively. Inoculation was performed by
injection with a sterile hypodermic needle to a
depth of around 2 mm in the albedo (the area of
white pith just below the skin). Control fruits were
inoculated with sterile water. The inoculation
points on each fruit were circled with a
permanent marker. Inoculated fruits were
incubated at 25 + 2°C, under a lighting system
providing a 12-hour photoperiod. Lesion
development was assessed on days 5, 15 and
25 after inoculation. Koch's postulate was
verified by re-isolation of isolates from lesions on
inoculated fruit.
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Table 1. Fungal strains and GenBank accession numbers of the sequences used for the phylogenetic analyses in this study

Species Strain Host plant Country Gen Bank number
ITS

P. capitalensis CBS 173.77 Citrus aurantiifolia New Zealand KF206179
P. capitalensis CBS 100175 Citrus sp. Brazil FJ538320
P. capitalensis CPC 16592 Citrus limon Argentina KF206187
P. citriasiana CBS 120486 Citrus maxima Thailand FJ538360
P. citriasiana CBS 123371 Citrus maxima Vietnam FJ538356
P. citricarpa CBS 102374 Citrus aurantium Brazil FJ538313
P. citricarpa CBS 120489 Citrus sinensis Brazil FJ538315
P. citricarpa CBS 127454 Citrus limon Australia JF343583
P. citriasiana CBS 123370 Citrus maxima Vietnam FJ538355
P. citriasiana CBS 123393 Citrus maxima Vietnam FJ538358
P. citricarpa CBS 102373 Citrus aurantium Brazil FJ538312
P. citricarpa CBS 122384 Citrus limon South Africa FJ538316
P. citricarpa CBS 122482 Citrus sinensis Zimbabwe FJ538317
P. owaniana CBS 776.97 Brabejum stellatifolium South Africa FJ538368
P. owaniana CPC 14901 Brabejum stellatifolium South Africa JF261462
P. aloeicola CPC 21020 Aloe ferox South Africa KF154280
P. aloeicola CPC 21021 Aloe ferox South Africa KF154281
P. citricarpa Phz5 Citrus sinensis Benin OR673558
P. citricarpa PhZ5R Citrus sinensis Benin OR673559
P. citricarpa Phz6R Citrus sinensis Benin OR673560
P. citricarpa Phz6 Citrus sinensis Benin OR673561
P. citricarpa PhzZ7R Citrus sinensis Benin OR673562
P. citricarpa Phz8 Citrus sinensis Benin OR673563
P. citricarpa Phz8R Citrus sinensis Benin OR673564
P. citricarpa Phz7 Citrus sinensis Benin OR673565
C. gloeosporioides CBS 953.97 Citrus sinensis Italy JN121209
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2.6 Statistical analysis

Data were entered using Excel 2013. R software
was used for all study analyses. ANOVA was
used to analyze data on conidial size, colony
growth diameters and isolate pathogenicity. The
Newman-Keuls test with a threshold of 5% was
used to compare the variable means of the
different isolates concerned.

3. RESULTS

3.1 Morphological Identification  of

Phyllosticta sp.

The colonies of the isolated fungus from orange
leaves and fruits on PDA plates were clear at
emergency and grew slowly with irregular edged

5

s =

colonies surrounded by a larger translucent zone
of immersed clear mycelium (Fig. 1). Centre of
the colonies was composed of grey aerial
mycelium forming a plectenchymatous rind. The
reverse had a very dark centre surrounded by
grey and beige areas. Average colony diameter
ranged from 7.60 cm to 8.40 cm after 20 days at
25 + 2°C.

Colonies showed hard, black mass stromas after
7 to 8 days. Ripe pycnidia contained conidia after
10 to 14 days (Fig. 2). Conidia were 9.4 - 12.7
pm long and 5.0 - 8.5 pm wide, ellipsoid to
obovoid with a truncate base, hyaline, guttulate,
aseptate with a tiny apical mucoid and
translucent layer appendage, 3-10 um long and
1.5 ym wide (Fig. 3).

Fig. 2. Binocular observation of Phyllosticta sp.: Pycnidia sporulating on surface of citrus fruit
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Fig. 3. Microscopic observation of Phyllosticta sp.: Conidia with mucoid sheaths and apical
appendages

3.2 Molecular Characterization of

Phyllosticta sp.

Based on rDNA ITS regions, all 66 Phyllosticta
sp. isolates tested with ITS1/ITS4 primers (Table
2) generated around 550 bp of DNA fragments
(Fig. 2). Real-time PCR testing using primers
specific to Phyllosticta citricarpa showed a
positive reaction for Phyllosticta sp. isolates and
a negative reaction for Colletotrichum sp.
isolates. Amplicons from primers GcF1/GcR1
produced a molecular weight of around 69 bp

(Fig. 3).
3.3 Phylogenetic Analysis

All sequences used in this study were submitted
to GenBank (Accession Nos. OR673558
OR673565). Comparison of these sequences
with those of reference strains using the BLASTn
search analysis in National Center for
Biotechnology Information (NCBI) GenBank
showed a similarity with those of P. citricarpa.
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The ITS sequences of the isolates were aligned
with various Phyllosticta species deposited in the
fungal databases of the Centraal Bureau voor
Schimmelcultures (CBS) and NCBI GenBank.
The phylogenetic tree revealed that 8 isolates
representative of the 66 isolates obtained in this
study have an ITS rDNA sequence identical to
strains of P. citricarpa CBS127454 (from Citrus
limon fruit in Australia), P. citricarpa CBS122482
(from Citrus aurantium fruit in Zimbabwe) and P.
citricarpa CBS102373 (from Citrus sinensis fruit
in Brazil) (Fig. 4).

3.4 Pathogenicity Test

Fruits tested for pathogenicity revealed the
pathogenic potential of all isolates. Inoculated
fruit showed typical symptoms of fungus at the
inoculation point after 7 days (Fig. 5). No spots
were observed on control fruits. Isolates were
systematically re-isolated from lesions occurred
on inoculated fruit, satisfying Koch's postulates

(Fig. 6).
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Fig. 4. Polymerase Chain Reaction (PCR) amplification of 550 bp of P. citricarpa DNA with ITS5/ITS4 primers; C = Negative control; M = Size marker
(100 bp)

Table 2. PCR amplification of isolates

N° d'ordre Isolates code Isolates Plant part Host Plant Localities ITS1/1TS4 Gc-F1/ Ge-R1
1 BolVP Phyllosticta sp. Fruit Citrus sinensis Bopa + +
2 BolPP Phyllosticta sp. Fruit Citrus sinensis Bopa + +
3 Bo2VP Phyllosticta sp. Fruit Citrus sinensis Bopa + +
4 Bo2PP Phyllosticta sp. Fruit Citrus sinensis Bopa + +
5 Bo3PP Phyllosticta sp. Fruit Citrus sinensis Bopa + +
6 DolVP Phyllosticta sp. Fruit Citrus sinensis Dogbo + +
7 Do2VP Phyllosticta sp. Fruit Citrus sinensis Dogbo + +
8 Do2PP Phyllosticta sp. Fruit Citrus sinensis Dogbo + +
9 To2VP Phyllosticta sp. Fruit Citrus sinensis Toviklin + +
10 To3VP Phyllosticta sp. Fruit Citrus sinensis Toviklin + +
11 To3PP Phyllosticta sp. Fruit Citrus sinensis Toviklin + +
12 LalPP Phyllosticta sp. Fruit Citrus sinensis Lalo + +
13 La2VvP Phyllosticta sp. Fruit Citrus sinensis Lalo + +
14 La3PP Phyllosticta sp. Fruit Citrus sinensis Lalo + +
15 La3VP Phyllosticta sp. Fruit Citrus sinensis Lalo + +
16 KILPP Phyllosticta sp. Fruit Citrus sinensis Klouékanmey + +
17 KI1PCo Collectotrichum sp. Fruit Citrus sinensis Klouékanmey + -
18 KI2PP Phyllosticta sp. Fruit Citrus sinensis Klouékanmey +
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N° d'ordre Isolates code Isolates Plant part Host Plant Localities ITS1/1TS4 Gc-F1/ Ge-R1
19 KI2VP Phyllosticta sp. Fruit Citrus sinensis Klouékanmey + +
20 KI3PP Phyllosticta sp. Fruit Citrus sinensis Klouékanmey + +
21 AplPP Phyllosticta sp. Fruit Citrus sinensis Aplahoué + +
22 Ap2VCo Collectotrichum sp. Fruit Citrus sinensis Aplahoué + -
23 Ap2VP Phyllosticta sp. Fruit Citrus sinensis Aplahoué + +
24 Ap3PP Phyllosticta sp. Fruit Citrus sinensis Aplahoué + +
25 Ap3VP Phyllosticta sp. Fruit Citrus sinensis Aplahoué + +
26 Zgl1PP Phyllosticta sp. Fruit Citrus sinensis Zangnanado + +
27 Zg2PP Phyllosticta sp. Fruit Citrus sinensis Zangnanado + +
28 Zg3VP Phyllosticta sp. Fruit Citrus sinensis Zangnanado + +
29 ZplPP Phyllosticta sp. Fruit Citrus sinensis Zakpota + +
30 Zp2PP Phyllosticta sp. Fruit Citrus sinensis Zakpota + +
31 Zp2PCo Collectotrichum sp. Fruit Citrus sinensis Zakpota + -
32 Zp3PP Phyllosticta sp. Fruit Citrus sinensis Zakpota + +
33 Zp3VP Phyllosticta sp. Fruit Citrus sinensis Zakpota + +
34 AglPP Phyllosticta sp. Fruit Citrus sinensis Agbangnizoun + +
35 Ag2PP Phyllosticta sp. Fruit Citrus sinensis Agbangnizoun + +
36 Ag2VP Phyllosticta sp. Fruit Citrus sinensis Agbangnizoun + +
37 Ag3PP Phyllosticta sp. Fruit Citrus sinensis Agbangnizoun + +
38 ColPP Phyllosticta sp. Fruit Citrus sinensis Cove + +
39 ColVvP Phyllosticta sp. Fruit Citrus sinensis Cove + +
40 Co2PP Phyllosticta sp. Fruit Citrus sinensis Cove + +
41 Co3VP Phyllosticta sp. Fruit Citrus sinensis Cove + +
42 Zo1PP Phyllosticta sp. Fruit Citrus sinensis Zogbodomey + +
43 Z02PP Phyllosticta sp. Fruit Citrus sinensis Zogbodomey + +
44 Z02VP Phyllosticta sp. Fruit Citrus sinensis Zogbodomey + +
45 Dj1VvP Phyllosticta sp. Fruit Citrus sinensis Djidja + +
46 Dj2vP Phyllosticta sp. Fruit Citrus sinensis Djidja + +
47 Dj3PP Phyllosticta sp. Fruit Citrus sinensis Djidja + +
48 At3VP Phyllosticta sp. Fruit Citrus sinensis Athiémé + +
49 LolVvP Phyllosticta sp. Fruit Citrus sinensis Lokossa + +
50 Lo2PP Phyllosticta sp. Fruit Citrus sinensis Lokossa + +
51 Al1PP Phyllosticta sp. Fruit Citrus sinensis Allada + +
52 AlLVP Phyllosticta sp. Fruit Citrus sinensis Allada + +
53 TrlVvP Phyllosticta sp. Fruit Citrus sinensis Tori-Bossito + +
54 TrlPP Phyllosticta sp. Fruit Citrus sinensis Tori-Bossito + +
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N° d'ordre Isolates code Isolates Plant part Host Plant Localities ITS1/1TS4 Gc-F1/ Ge-R1
55 ZelPP Phyllosticta sp. Fruit Citrus sinensis Ze + +
56 ZelVP Phyllosticta sp. Fruit Citrus sinensis Zé + +
57 KelPP Phyllosticta sp. Fruit Citrus sinensis Kétou + +
58 Ke2PP Phyllosticta sp. Fruit Citrus sinensis Kétou + +
59 Ke3VP Phyllosticta sp. Fruit Citrus sinensis Kétou + +
60 SalPP Phyllosticta sp. Fruit Citrus sinensis Sakété + +
61 Sa2PP Phyllosticta sp. Fruit Citrus sinensis Sakété + +
62 PolPP Phyllosticta sp. Fruit Citrus sinensis Pobée + +
63 Po2PP Phyllosticta sp. Fruit Citrus sinensis Pobé + +
64 Tf1PP Phyllosticta sp. Fruit Citrus sinensis Toffo + +
65 Tf2VP Phyllosticta sp. Fruit Citrus sinensis Toffo + +
66 Tf3PP Phyllosticta sp. Fruit Citrus sinensis Toffo + +
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69 bp

Fig. 5. Polymerase Chain Reaction (PCR) with specific primers Gc-F1/Ge-R1: 1-8, P. citricarpa
(69 bp); 9-11, Colletotrichum sp.; C = Negative control; M = Size marker (100 bp)

_|

PhZ5 P. citricarpa OR673558
PhZ5R P. citricarpa OR673559
PhZ6R P. citricarpa OR673560
PhZ6 P. citricarpa OR673561
Phz7R P. citricarpa OR673562
PhZ8 P. citricarpa OR673563

| PhZ8R P. citricarpa OR673564

PhZ7 P. citricarpa OR673565
CBS102374 P. citricarpa FJ538313.1
CBS120489 P. citricarpa FJ538315.1
CBS127454 P. citricarpa JF343583.1
CBS102373 P. citricarpa FJ538312.1
CBS122384 P. citricarpa FJ538316.1
CBS122482 P. citricarpa FJ538317.1
CBS120486 P. citriasiana FJ538360.1
CBS123371 P. citriasiana FJ538356.1
CBS123370 P. citriasiana FJ538355.1
CBS123393 P. citriasiana FJ538358.1
CBS776.97 P. owaniana FJ538368.2
CPC14901 P. owaniana JF261462.1

| CPC21020 P. aloeicola KF154280.1
CPC21021 P. aloeicola KF154281.1
‘i CBS173.77 P. capitalensis KF206179.1

P. citricarpa

P. citriasiana

] P. owaniana

:I P. aloeicola

CBS100175 P. capitalensis FJ538320.1 P. capitalensis

CPC16592 P. capitalensis KF206187.1

0.01

CBS953.97 C. gloeosporioides JN121209.1

Fig. 6. Phylogenetic tree based on ITS sequences of Phyllosticta isolates. The evolutionary
history was inferred using the Neighbor-Joining method. The related sequences
from NCBI were constructed by MEGA 11.0. The percentage of replicate trees in

which the associated taxa clustered together in the bootstrap test (1000 replicates)
are shown next to the branches. Colletotrichum gloesoporioides as outgroup.

Isolates from this study are in blod.
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Fig. 7. Pathogenicity test. A symptoms of P. citricarpa on inoculated Citrus sinensis fruit; B
control fruit

Fig. 8. Microscopic observation of P. citricarpa after Pathogenicity test

4. DISCUSSION

Black spot is a major constraint to citrus

production in Benin. The morphological
characteristics of the disease pathogen
correspond to those of P. citricarpa

[12,25,26,27]. Mycelial growth of the fungus is
slow on PDA medium. These results are in line
with those of previous studies, which reported
the slowly growth of P. citricarpa on PDA
medium and is generally overgrown by faster-
growing fungi such as C. gloeosporioides
[2,4,9,15]. However, many recent publications
have shown that morphological characters alone
are not sufficient to accurately identify a
pathogen, as they are highly dependent on the
environment [28,29].

Morphological identification of Phyllosticta sp.
was confirmed by molecular analysis and a
phylogenetic approach. Real-time PCR used in
this study with primers GcF1 and GcR1 enabled
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rapid and specific identification of P. citricarpa.
The results of this method showed a positive
reaction only for isolates of Phyllosticta sp. with
69 bp and a negative reaction for isolates of
Colletotrichum sp. These results confirm those of
Van Gent-Pelzer et al [21] who reported that real-
time PCR with primers GcF1 and GcR1, is a
rapid method for the specific detection of P.
citricarpa generating much smaller amplicons of
69 bp. Faganello et al [30] reported that real-time
PCR is a robust and more sensitive method than
conventional PCR and allows detection of P.
citricarpa in asymptomatic plant tissues.
According to Schirmacher et al [31], this method
can detect and distinguish P. citricarpa from
other pathogens without the need for
sequencing. Amplification of ITS regions using
ITS1/1ITS4 primers produced amplicons for all
isolates used. The size of DNA fragments 550 bp
from Phyllosticta sp. isolates generated by
ITS1/ITS4 in the present study is similar to that
observed by Baayen et al [9].
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Phylogenetic analysis of the nucleotide
sequences of ITS regions showed that all
isolates obtained in this study belong to P.
citricarpa. These results suggest that the
same species (P. citricarpa) is present in
orchards of all agro-ecological zones. Moreover,
its presence in all agro-ecological zones
suggests that either climatic conditions are
favorable to the pathogen, and facilitate its
spread, or it has an intrinsic potential that
enables it adaptation to climatic conditions in all
agro-ecological zones. This pathogen dynamic
can lead to a more extensive dissemination of
the disease, an increase of damages and
resistance to control methods, and make
management more complex. The same
observation was made by Boughalleb-M’'Hamdi
et al [26], who recently confirmed that black spot
disease caused by P. citricarpa was spreading
rapidly in the main citrus-growing areas of
Tunisia. According to Zajc et al [32], as P.
citricarpa spreads across a region, the extent of
damage increases and the scope for eradication
or control decreases considerably. The European
Union (EU) under phytosanitary regulations
2016/2031 and 2019/2072, considers P.
citricarpa a quarantine pathogen because of the
economic, environmental and social impact it is
likely to cause [32]. It is also included in the list of
priority harmful organisms, for which annual
surveys by member states are mandatory, under
Regulation 2019/1702. Previous studies have
shown that black spot disease can cause up to
80% of yield losses in citrus orchards [2,7].
According to EPPO [33], black spot is
responsible for huge economic losses in several
citrus-growing countries around the world,
including South Africa, Mozambique, Swaziland,
Zimbabwe and Namibia, Ghana, China, Angola
and India. The economic importance of this
disease is also justified by the fact that fruits with
black spots are not exported [34]. Consequently,
research into the genetics of the pathogen is
needed to better understand its variability and
behavior.

The results of the pathogenicity test
demonstrated the pathogenic potential of all the
P. citricarpa isolates used. By reproducing the
symptoms of black spot disease on inoculated

fruits and recovering the pathogen after
inoculations, the present study satisfied Koch'’s
postulates for P. citricarpa. The same

observations were also made by several
previous authors [2,3,4,25,26] who re-isolated P.
citricarpa on citrus fruit after a few days of
inoculation.
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Furthermore, the control of citrus black spot is
essentially based on the use of chemical
pesticides [35]. The application of these
pesticides is a major threat to the environment
and human health. However, alternative
techniques (cultural practices, biological control)
have been developed to combat citrus black spot
disease effectively and sustainably [36].
Biological control using endophytes or
biopesticides makes it possible to effectively
prevent and control black spot disease in line
with sustainable development objectives. Using
these endophytes is promising and represents a
economical and low-impact option, as they
provide benefits to the host and colonise the
same niche as the pathogens [37].

5. CONCLUSION

The isolates of P. citricarpa of Benin collected
from citrus sinensis diseased fruits in the for
agroecological zones are genetically
homogenous. Based on morphological
characterization, PCR and phylogenetic analyses
it is demonstrated that P. citricarpa is the causal
agent of citrus black spot disease in Benin. The
pathogenicity test demonstrated the pathogenic
power of P. citricarpa to cause infections on
citrus fruit. The knowledge on the behavior of P.
citricarpa and the development of an appropriate
and sustainable of citrus black spot disease
management will be the follow step.

A thorough study of genetic diversity and a full
understanding of the behavior of P. citricarpa will
pave the way for more targeted approaches to
the prevention, control and sustainable
management of citrus black spot disease in
Benin.
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