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Abstract

Citrus spp. are economically important fruit crops produced worldwide. Surveys were carried out in citrus orchards
showing yellowing, wilting on twigs and decline and gummosis of trunks and branches in the Adana, Mersin and Hatay
provinces of the eastern Mediterranean region from 2019-2020. The fungal isolates obtained from symptomatic plant
materials were identified as 5 different species belonging to Botryosphaeriaceae: Diplodia seriata, D. olivarum, Dothio-
rella viticola, Neoscytalidium dimidiatum and Neofusicoccum parvum. The identification was achieved through a robust
multilocus phylogeny based on three genomic loci: ITS, tef-1 and fub2. All the species were pathogenic to healthy Citrus
plants that presented 100% symptomatic twigs in all the cases. Despite the wide distribution and economic importance of
this crop, serious fungal diseases are reported worldwide and, in some cases, need to be investigated. This study provides
comprehensive insight into the identification of Botryosphaeriaceae species that are causal agents of trunk cankers and

branch dieback in citrus in Tiirkiye.
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Introduction

Citrus is widely cultivated in more than 140 countries under
tropical, subtropical and Mediterranean climate conditions
(Liu et al. 2012). Tiirkiye is among the largest producers
in the world, with a production area of 172,900 hectares
and a total yield of 4,512,808 tonnes (FAOSTAT 2022).
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Despite the wide distribution and economic importance of
this crop, serious fungal diseases are reported worldwide
and, in some cases, need to be investigated. Diaporthe citri,
which induces gummosis, is known as a major fungal wood
pathogen of citrus (Huang et al. 2012). Moreover, Colle-
totrichum spp. have recently been reported to cause twig
blight and branch dieback (Uysal et al. 2022; Leonardi et al.
2023). Other genera commonly known as wood pathogens,
including Cytospora, Diplodia, Lasiodiplodia, Neofusicoc-
cum, and Sphaeropsis (Bezerra et al. 2021; Guarnaccia et
al. 2022; Piattino et al. 2024), have also been reported to
be associated with diseases affecting citrus twigs, branches
and trunks. These pathogens are considered responsible for
internal wood discolouration and gumming on trunks and
main shoots, twigs and branches on citrus crops, causing
various symptoms, such as bark rot, branch canker, shoot
blight, dieback, and, in severe cases with favourable disease
conditions, plant death (Batista et al. 2021; Bezerra et al.
2021; Xiao et al. 2021). Diseases such as branch canker and
dieback have been reported in citrus since the late 1900s
(Whiteside 1980). Recently, canker diseases affecting citrus
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trees have been reported to be caused by fungal species such
as Eutypella, Diaporthe, Fusarium, Neocosmospora, Pero-
neutypa and Phaeoacremonium (Mayorquin et al. 2016;
Sandoval-Denis et al. 2018; Espargham et al. 2020; Guar-
naccia et al. 2021a, b). Currently, diagnostic studies of fungi
causing symptoms in citrus plants, along with morphologi-
cal, molecular, and pathogenicity tests, are rapidly increas-
ing (Batista et al. 2021; Bezerra et al. 2021; Xiao et al. 2021,
Uysal et al. 2022).

Botryosphaeriaceae is a species-rich family with a cos-
mopolitan distribution and is often associated with wilting,
death, twig-branch blight and cankers on woody plants, and
it can be saprobic, endophytic, or plant pathogenic (Phillips
et al. 2013; Yang et al. 2017; Aiello et al. 2023). Botryos-
phaeriales was identified on the basis of morphology and
multimarker phylogenetic analyses of a large collection of
isolates and was determined to include 6 families, 20 genera
and 280 species (Batista et al. 2021; Bezerra et al. 2021).

Infections caused by Botryosphaeriaceae species are
major problems in citrus production in California (Adese-
moyeetal. 2011, 2014; Mayorquin et al. 2016), Italy (Polizzi
et al. 2009), Iran (Abdollahzadeh et al. 2010; Espargham et
al. 2020), Tunisia (Hamrouni et al. 2018), Chile (Guajardo
et al. 2018), Mexico (Bautista-Cruz et al. 2019), Algeria
(Berraf-Tebbal et al. 2020), and Europe (Spain, Portugal,
Malta, Italy, Greece) (Bezerra et al. 2021). In recent years,
increased branch canker and dieback symptoms of Botryos-
phaeriaceae have been observed in the eastern Mediterranean
region of Tiirkiye, thus posing a serious threat for producers
that are demanding effective management strategies. In line
with modern taxonomic approaches, identification through
morphological characterization and multimarker DNA
sequence data is essential for developing effective control
strategies against pathogens that could affect these crops.
Therefore, the purposes of the present study were to (i) con-
duct field surveys to monitor wood diseases of citrus plants,
collect symptomatic plants, and isolate Botryosphaeriaceae
isolates in the main citrus-producing areas in the eastern
Mediterranean region of Tiirkiye, (ii) identify and charac-
terize the Botryosphaeriaceae species isolated through the
use of molecular and phylogenetic tools, and (iii) assess the
pathogenicity of representative isolates on Citrus limon, C.
reticulata, and C. sinensis under controlled conditions to
fullfil Koch’s postulates.

Materials and methods
Survey and fungal isolation

During 2019 and 2020, 38 commercial citrus orchards were
surveyed in the Adana, Mersin and Hatay Provinces in the
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eastern Mediterranean region (Fig. 1). Branch, twig and
trunk portions of C. limon, C. reticulata and C. sinensis
showing symptoms of dieback, gummosis and canker were
collected. Wood samples (5 x 5 mm) were cut from the mar-
gin between necrotic and healthy tissue, disinfected in 70%
ethanol for 30 s, washed in distilled water for 30 s and then
dried on sterile filter paper. Small fragments (5-10 mm)
were transferred to potato dextrose agar (PDA) supple-
mented with 100 ug mL™' amoksisilin (PDA-A) and then
incubated at 25+1 °C in the dark for 5 days. After incuba-
tion, mycelial plugs from the edge of the resulting colonies
were transferred to new 6-cm-diameter PDA plates. Fungi
growing on agar plates were purified by the collection of
single hyphal tips, which were cut and placed on new PDA
plates. A total of 10 isolates were maintained on both PDA
slants at 4 °C in the dark and on Whatman no. 2 dry filter
paper at —80 °C for storage. The isolates used in this study
are maintained in the culture collection of the Centre for
Implementation and Research of Plant Health Clinic, Hatay
Mustafa Kemal University, Hatay, Tiirkiye.

DNA extraction, polymerase chain reaction (PCR)
amplification and sequencing

For all fungal cultures, total genomic DNA was extracted from
0.5 mg of 7-day-old mycelium using a DNeasy Plant Mini Kit
(QIAGEN, Hilden, Germany) following the standard protocol.
DNA concentrations were measured via a Qubit 3.0 fluorometer
(Thermo Fisher Scientific, Witham, MA, USA). Three genomic
loci were amplified: the nuclear ribosomal internal transcribed
spacer (ITS) region, the partial translation elongation factor-1a.
(tefl) gene and a portion of the B-tubulin (fub2) gene. The
primer sets ITS4/ITS5 (White et al. 1990), EF1-728F/EF2-
986R (Carbone and Kohn 1999) and Bt2a/Bt2b (Glass and
Donaldson 1995) were used to amplify the ITS, fef! and b2
regions, respectively. The PCR amplification mixture and pro-
tocols were followed as described in the literature (Bezerra et
al. 2021; Aiello et al. 2022). The amplification products were
examined using high-resolution capillary electrophoresis
(QIAxcel Advanced System, QIAGEN, and Hilden, Germany).
Sequencing services for both directions of the PCR products
were obtained from MEDSANTEK (Istanbul, Tiirkiye). The
sequences were computed using MEGA X: Molecular Evolu-
tionary Genetics Analysis across computing platforms (Kumar
et al. 2018), and the BLAST function of NCBI’s GenBank
nucleotide database was utilized to identify the closest relatives
of the studied isolates.

Phylogenetic analyses

The novel sequences obtained in this study were compared
against the NCBI GenBank nucleotide database through
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Fig. 1 Symptoms caused by Bot-
ryosphaeriacae species on citrus
in eastern Mediterranean region
of Turkiye. Trunk canker and
bark cracking, gum exudate at
the crown level, brown to black
discoloration and necrosis of
vascular tissues of Citrus sinensis
(A-E). Twigs and shoot dieback
on young Citrus reticulata trees

the standard nucleotide Basic Local Alignment Search Tool
(BLAST) to determine the closest species of the studied
isolates in the current taxonomic frame. The three genomic
regions were initially aligned via the MAFFT v. 7 online
server  (http://mafft.cbrc.jp/alignment/server/index.html)
(Katoh and Standley 2013) and then manually adjusted via
MEGA v. 7 when necessary. Phylogenies were performed
individually for each locus (data not shown), followed by
multilocus analysis of the three concatenated loci. The
newly obtained sequences and reference sequences down-
loaded from GenBank were included in the analyses. Refer-
ence sequences (Table 1) were selected on the basis of recent
studies on the family Botryosphaeriaceae, and Botryos-
phaeria dothidea CBS 110302 was selected as the outgroup
(Xiao et al. 2021; Zhang et al. 2021). Bayesian inference
(BI) and maximum parsimony (MP) analyses were used to
determine the multilocus phylogeny. For BI, the best evo-
lutionary model was evaluated through MrModeltest v. 2.3
(Nylander 2004) for each locus and included in the analysis.

MrBayes v. 3.2.5 (Ronquist et al. 2012) was used to gener-
ate the best phylogenetic tree on the basis of optimal set-
ting criteria for each locus through the Markov chain Monte
Carlo (MCMC) method. The MCMC analyses started from
arandom tree topology and used four chains. The trees were
sampled every 1000 generations, with a heating parameter
of 0.2, and the analysis ended when the average standard
deviation of split frequencies was less than 0.01. The MP
analysis was performed with Phylogenetic Analyses Using
Parsimony (PAUP) v. 4.0b10 (Swofford 2003). Phylogenetic
relationships were estimated by heuristic searches with 100
random additional sequences. Tree bisection reconnection
(TBR) was used with the branch swapping option on the
“best trees”, with all the characters weighted equally and
the gaps treated as the fifth state. The tree length (TL), con-
sistency index (CI), retention index (RI) and rescaled con-
sistency index (RC) were calculated, and bootstrap analyses
were based on 1000 replications. The resulting trees were

@ Springer


http://mafft.cbrc.jp/alignment/server/index.html

Journal of Plant Pathology

Table 1 Information on fungal isolates used in the phylogenetic analyses and their corresponding GenBank accession numbers

Species Culture No.! Host Locality GenBank No.?
ITS tefl tub2
Botryosphaeria dothidea CBS 110302 V. vinifera Portugal AY259092 AYS573218 EU673106
Diplodia africana CBS 120835=CPC Prunus persica South Africa EF445343  EF445382  KF766129
5908 t
Diplodia afrocarpi CBS 131681 Afrocarpus falcatus South Africa MT587333  MT592035 MT592471
Diplodia agrifolia CBS 124.30 Ulmus sp. USA KX464087 KX464557 KX464783
Diplodia allocellula CBS 130408=CMW Acacia karroo South Africa JQ239397  JQ239384  JQ239378
36468 t
Diplodia bulgarica CBS 124135 Malus sylvestris Bulgaria GQ923852  GQ923820 -
Diplodia bulgarica CBS 124254=CAP332t Malus sylvestris Bulgaria GQ923853  (GQ923821 -
Diplodia citricarpa CBS 124715=CJA Citrus sp. Iran KF890207 KF890189 KX464784
131=IRAN 1578Ct
Diplodia corticola CBS 112546 Quercus ilex Spain AY259090 EU673310 EU673117
Diplodia corticola CBS 112549=CAP 134t Quercus suber Portugal AY259100 AYS573227 DQA458853
Diplodia cupressi CBS 168.87 t Cupressus Israel DQ458893 DQ458878 DQ458861
sempervirens
Diplodia cupressi CBS 261.85 Cupressus Israel DQ458894 DQ458879 DQ458862
sempervirens
Diplodia eriobotryicola CBS 140851=BN-21t  Eriobotrya japonica Spain KT240355 KT240193 MGO015806
Diplodia estuarina CMW 41231 Rhizophora mucronata South Africa KP860831 KP860676 KP860754
Diplodia estuarina CMW 41363 Rhizophora mucronata South Africa KP860829  KP860674 KP860752
Diplodia fraxini CBS 136010=CADO0O01 t Fraxinus angustifolia  Portugal KF307700 KF318747 MGO015807
Diplodia gallae CBS 212.25 Quercus sp. - KX464091 KX464565 KX464796
Diplodia malorum CBS 124130=CAP271t Malus sylvestris Portugal GQ923865 GQ923833 -
Diplodia mutila CBS 112553t Vitis vinifera Portugal AY259093  AYS573219 KY554743
Diplodia mutila CBS 121862=PD Pyrus sp. Netherlands KX464093 KX464567 KX464799
03708099
Diplodia neojuniperi CPC 22753=B0031 t Juniperus chinensis Thailand KMO006431 KMO006462 -
Diplodia neojuniperi CPC 22754 Juniperus chinensis Thailand KM006432 KMO006463 —
Diplodia olivarum CAP 257 Olea europaea Italy GQ923874 (GQ923842 -
Diplodia olivarum CBS 121887=CAP 254t Olea europaea Italy EU392302 EU392279 HQ660079
Diplodia olivarum IMI 390972 Carob tree Italy HMO028640 HQ660078 HQ660080
Diplodia olivarum CBS 121886 Olea europaea Italy EU392301 EU392278 MT592517
Diplodia olivarum LDo1l Citrus limon Turkey MZ410762 MZ441086 MZ418114
Diplodia pseudoseriata CBS 124906 Blepharocalyx Uruguay EU080927 EU863181 MGO015820
salicifolius
Diplodia quercivora CBS 133852=BLS8 t Quercus canariensis Tunisia JX894205  JX894229  MGO15821
Diplodia rosulata CBS 116470 t Prunus africana Ethiopia EU430265 EU430267 EU673132
Diplodia rosulata CBS 116472 Prunus africana Ethiopia EU430266 EU430268 EU673131
Diplodia sapinea CBS 124462=CAP273  Malus sylvestris Portugal GQ923858 GQ923826 -
Diplodia sapinea CBS 393.84 t Pinus nigra Netherlands DQ458895 DQ458880 DQ458863
Diplodia scrobiculata CBS 118110=CMW Pinus banksiana USA:Wisconsin AY253292  AY624253  AY624258
189=BOT 1195 t
Diplodia seriata CBS 112555=HAP Vitis vinifera Portugal AY259094 AY573220 DQ458856
052=CAP 063 t
Diplodia seriata CBS 112661 Vitis vinifera South Africa MT587378 MT592084 MT592541
Diplodia seriata CBS 119049 Vitis sp. Italy DQ458889 DQ458874 DQ458857
Diplodia seriata CBS 171.82 Rubus sp. Italy KX464108 KX464598 KX464834
Diplodia seriata CBS 177.26 Gossypium sp. - KX464113 KX464604 KX464840
Diplodia seriata CPC 28088 Citrus reticulata Spain MW413849 MW419167 MW419230
Diplodia seriata CPC 28101 Citrus reticulata Spain MW413856 MW419174 MW419237
Diplodia seriata MDs4 Citrus reticulata Turkey MZ410760 MZ441084 MZ418112
Diplodia seriata MDs2 Citrus reticulata Turkey MZ410761 MZ441085 MZ418113
Diplodia subglobosa CBS 124132=]JL375 Fraxinus excelsior Spain DQ458887 DQ458871 DQ458852
Diplodia subglobosa CBS 124133=J1L453 t Lonicera nigra Spain GQ923856 GQ923824 MT592576
Dothiorella acericola KUMCC 18-0137 t Acer palmatum China MK359449 MK361182 -
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Table 1 (continued)

Species Culture No.! Host Locality GenBank No.?
ITS tefl tub2
Dothiorella alpina CGMCC 3.18001 t Platycladus orientalis  China KX499645 KX499651 -
Dothiorella americana CBS 128309 t Vitis vinifera USA HQ288218 HQ288262 HQ288297
Dothiorella citricola CBS 124729 t Citrus sinensis New Zealand EU673323 EU673290 KX464853
Dothiorella iberica CBS 115041=CAP 145t Quercus ilex Spain AY573202  AY573222  EU673096
Dothiorella iranica CBS 124722 Olea europea Iran KC898231 KC898214 KX464856
Dothiorella magnoliae CFCC 51563 t Magnolia grandiflora  China KY111247 KY213686 -
Dothiorella mangifericola CBS 124727t Mangifera indica Iran KC898221 KC898204 -
Dothiorella ominivora CBS 124716=CJA Juglans regia Iran KC898232 KC898215 KX464864
241=IRAN 1573C
Dothiorella parva CBS 124720=CJA Corylus sp. Iran KC898234 KC898217 KX464866
27=IRAN 1579C t
Dothiorella plurivora CBS 124724 t Citrus sp. Iran KC898225 KC898208 KX464874
Dothiorella prunicola CBS 124723 t Prunus dulcis Portugal EU673313 EU673280 -
Dothiorella sarmentorum IMI 63581b Ulmus sp. UK AY573212  AYS573235 EU673102
Dothiorella viticola CBS 112869 Vitis vinifera South Africa AY343373  AY343336 KX464869
Dothiorella viticola CBS 117007 Vitis vinifera Spain AY905556 KX464623 KX464890
Dothiorella viticola CBS 117009 t Vitis vinifera Spain AY905554  AY905559 EU673104
Dothiorella viticola CPC 33257 Broussonetioa Italy MT587419 MT592131 MT592611
papyrifera
Dothiorella viticola DAR 80529 Vitis vinifera Australia HMO009376 HM800511 HMS800519
Dothiorella viticola MDv6 Citrus reticulata Turkey MZ410754 MZ441079 MZ418106
Dothiorella viticola ODv3 Citrus sinensis Turkey MZ410758 MZ441082 MZ418110
Dothiorella viticola ODv2 Citrus sinensis Turkey MZ410759 MZ441083 MZ418111
Dothiorella yunnana CGMCC 3.17999 t Camellia sp. China KX499643 KX499649 -
Neofusicoccum algeriense CBS 137504 t Rubus idaeus Mexico KJ657702  KIJ657715
parvum
Neofusicoccum arbuti CBS 116131t Arbutus menziesii USA: AY819720 KF531792  KF531793
Washington
Neofiisicoccum australe CBS 139662 t Acacia sp. Australia AY339262 AY339270 AY339254
Neofusicoccum australe CBS 121115 Prunus persica South Africa EF445355  EF445386  KX464948
Neofusicoccum cryptoaustrale CBS 122813 t Eucalyptus sp. South Africa F1752742 FJ752713 FJ752756
Neofusicoccum hongkongense CERC 2967 Araucaria China KX278050 KX278155 KX278259
cunninghami
Neofusicoccum CBS 102.17t Carya illinoensis USA: Florida KX464169 KX464686 KX464964
kwambonambiense
Neofusicoccum luteum CBS 562.92 t Actinidia deliciosa New Zealand KX464170 KX464690 KX464968
Neofusicoccum mangiferae ~ CBS 118532 Mangifera indica Australia AY615186 DQ093220 AY615173
Neofusicoccum mediterraneum CBS 121718 t Eucalyptus sp. Greece GU251176  GU251308 -
Neofusicoccum occulatum CBS 128008 t FEucalyptus grandis Australia EU301030 EU339509 EU339472
Neofusicoccum parvum CMW 9081 t Pinus nigra New Zealand AY236943  AY236888 AY236917
Neofusicoccum parvum CBS 112931 Vitis vinifera South Africa AY343466  AY343358 MT592644
Neofusicoccum parvum CBS 118832 Syzygium cordatum South Africa MT587501 MT592216 MT592708
Neofusicoccum parvum CBS 123650 Syzygium cordatum South Africa KX464182 KX464708 KX464994
Neofusicoccum parvum CBS 133503 Persea americana USA MT587504 MT592219 MTS592711
Neofusicoccum parvum CBS 139672 Bruguiera South Africa MT587446 MT592156 MT592646
gymnorrhiza
Neofusicoccum parvum CBS 140889 Vitis vinifera France MT587479 MT592192 MT592684
Neofusicoccum parvum MNp4 Citrus reticulata Turkey MZA410755 MZ441080 MZ418107
Neofusicoccum parvum LNp2 Citrus limon Turkey MZ410757 MZ441081 MZ418109
Neofusicoccum parvum LNp3 Citrus limon Turkey MZ410763 MZ441087 MZ418115
Neofusicoccum parvum MNp3 Citrus reticulata Turkey MZ410764 MZ441088 MZ418116
Neofusicoccum parvum LNp9 Citrus limon Turkey MZ410765 MZ441089 MZ418117
Neofusicoccum podocarpi CBS 131677t Podocarpus henkelii South Africa MT587508 MT592223 MT592715
Neofusicoccum protearum CBS 114176 L. laureolum South Africa AF452539  KX464720 KX465006
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Table 1 (continued)

Species Culture No.! Host Locality GenBank No.?
ITS tefl tub2

Neofusicoccum ribis CBS 115475 t Ribes sp. USA AY236935 AY236877 AY236906
Neofusicoccum CBS 110864 t Vitis vinifera South Africa AY343407 AY343348 KX465047
stellenboschiana
Neofusicoccum CBS 121116 Prunus armeniaca South Africa EF445356  EF445387  KX465049
stellenboschiana
Neofusicoccum terminaliae ~ CBS 125264 Terminalia sericea South Africa GQ471804 GQ471782 KX465053
Neofusicoccum vitifusiforme ~ CBS 110887 t Vitis vinifera South Africa AY343383  AY343343 KX465061
Neoscytalidium dimidiatum ~ CBS 125610 t Human Gabon MH863573 MT592262 MT592754
Neoscytalidium dimidiatum ~ CBS 125617 Human France MH863577 MT592264 MT592756
Neoscytalidium dimidiatum ~ CBS 145.78 t Human UK KF531816  KF531795  KF531796
Neoscytalidium dimidiatum ~— CBS 122071 t Crotalaria Australia EF585540  EF585580  MT592760

medicaginea
Neoscytalidium dimidiatum ~ CBS 122072 Adansonia gibbosa Australia EF585535  EF585581  MT592761
Neoscytalidium dimidiatum ~ MFLUCC 12-0533 t Orchid Thailand KU179865 - -
Neoscytalidium dimidiatum  MNn8 Citrus reticulata Turkey MZA410753 MZ441078 MZ418105
Neoscytalidium dimidiatum  MNnl11 Citrus reticulata Turkey MZA410752 MZ441077 MZ418104

Isolates from this study are indicated in bold type

t typespecimen

ICBS: Westerdijk Fungal Biodiversity Institute, Utrecht, The Netherlands; CPC: Culture collection of PW. Crous, housed at the Westerdi-
jkInstitute; CMW: China Medical University and Weizmann Institute of Science; CAP: College of American Pathologists; IMI: Innovative
Medicines Initiative; KUMCC: Kasetsart University Microbial Culture Collection; CGMCC: China General Microbiological Culture Collec-
tion Center; DAR: Department of Agricultural Research; MFLUCC: Mae Fah Luang University Culture Collection; CERN: Conseil Européen

pour la Recherche Nucléaire

2ITS: internal transcribed spacers 1 and 2 together with 5.8S ntDNA; tef1: the partial translation elongation factor-la gene; tub2: a portion of

the B-tubulin gene

visualized with FigTree v. 1.6.6. The sequences generated in
this study were deposited in GenBank (Table 1).

Pathogenicity tests

The pathogenicity of the five species identified was evaluated
to fulfil Koch’s postulates. Tests were conducted using the fol-
lowing representative isolates: MDS4 (Diplodia seriata), LDol
(D. olivarum), ODv6 (Dothiorella viticola), MNp3 (Neofissi-
coccum parvum), and MNn8 (Neoscytalidium dimidiatum). A
total of 18 potted, healthy, 2-year-old plants of C. reticulata,
C. limon and C. sinensis were used for testing each selected
fungal isolate. To evaluate the cross-infections caused by the
pathogens, the isolates were tested on 18 plants from each dif-
ferent citrus species. For each inoculation, a sterile blade was
used to wound the bark tissue, exposing the cambium. Each
plant was wounded at five points. Mycelium plugs (5-mm
diameter) were taken from 7-d-old cultures grown on PDA at
25 °C, and the mycelia were placed in contact with the inter-
nal wounded plant tissue. Plants inoculated with PDA plugs
were included as controls. Each inoculation point was wrapped
with Parafilm® (American National Can, Chicago, IL, USA).
All the plants were placed in a greenhouse under controlled
conditions with 80-90% relative humidity at 26+1 °C. After
60 days, the plants were evaluated for the presence of symp-
toms, and the length of the internal lesions was measured after
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bark removal, which represented the disease severity. Wood
fragments (0.5 cm) were taken from symptomatic tissues and
processed as described above to reisolate the inoculated fungal
species, which were identified on the basis of colony morphol-
ogy and ITS sequencing to fulfil Koch’s postulates (Aiello et al.
2020; Bezerra et al. 2021). All the experiments were performed
twice. The data obtained were tested for normality, homogene-
ity of variances, and residual patterns. The data were subjected
to analysis of variance (one-way ANOVA) using the SPSS sta-
tistical program (v.17.0, SPSS Inc., Chicago, IL, USA), and the
significance of differences between treatments was determined
using least significant difference (LSD) tests (P<0.05).

Results
Survey and fungal isolation

Symptomatic plants of C. limon, C. reticulata and C. sinensis
were found in the Adana, Mersin and Hatay Provinces in the
eastern Mediterranean region of Tiirkiye (Fig. 2). In these pro-
duction areas, affected citrus trees exhibit yellowing and wilt-
ing on twigs and leaves, dieback of branch tips with scaffold
branches and canker areas with gum exuding from the bark of
trunks. Additionally, black to dark brown necrosis or irregular
wood discolouration in the xylem was observed. When each
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Fig. 2 Eastern Mediterranean
region, where various Bot-
ryosphaeriaceae species were
detected

%

Table 2 Distribution of fungal isolates, host species and associated
plant tissues of Bot isolates in provinces of eastern Mediterranean
region

Location Citrus species Number of isolates Associated plant

tissues
Trunk Branch Twig
Mersin  Citrus limon 3 1 2
C. reticulata 4 2 1 1
C. sinensis 1 1
Hatay  Citrus limon 3 1 2
C. reticulata 4 2 1 1
C. sinensis 3 2 1
Adana  Citrus limon 3 1 1 1
C. reticulata 6 1 2 3
C. sinensis 3 2 1
Total 30 13 10 7

tree trunk was cut transversely, necrotic areas of the vascular
tissue were observed. Severely affected citrus trees presented
dieback and decline symptoms. Disease symptoms were deter-
mined in each of the surveyed orchards. Generally, disease
incidence on the basis of the number of plants showing symp-
toms (yellowing and wilting of leaves and twigs, dieback of
branch tips, defoliation and branch deterioration, gummosis)
associated with Botryosphaeriaceac was observed in Mersin
(8), Hatay (10) and Adana (12) (Table 2). A total of 30 isolates
morphologically similar to Botryosphaeriaceae fungi were
obtained after isolation. In all the surveyed areas, the major-
ity of the isolates were collected from discoloured trunks and
dead branches. Among the collected isolates, 13 were obtained
from trunk cankers, 10 from branch infections, and 7 from
twig dieback (Table 2). All the isolates produced dark green
to grey, fast-growing mycelia on PDA, and they were classi-
fied as belonging to the Botryosphaeriaceae family according
to previous morphological descriptions by Phillips et al. (2013)
and Yang et al. (2017). A total of 10 isolates were selected for
molecular identification, and one isolate from each species was
subsequently used for pathogenicity trials.

Phylogenetic analyses

Three alignments representing single-locus analyses of ITS,
tefl, and tub2 sequences and one combined alignment of
the three loci were analysed for the representative isolates.
The combined locus phylogeny consisted of 105 sequences,
including the outgroup Botryosphaeria dothidea (CBS
110302). A total of 1422 characters (ITS: 1-561, tefl: 568-
979, tub2: 986-1,422; six Ns were added as spacers between
the different data partitions) were included in the analyses.
For the Bayesian analyses, the following models were used
according to MrModeltest: HKY+I+G for ITS, GTR+I+G
for tefl and GTR+G for tub2. In the Bayesian analyses, the
ITS had 235 unique site patterns, the fef] locus had 284 and
the tub2 locus had 217. The analyses ran for 3,270,000 gen-
erations, resulting in 6542 trees, of which 4908 were used
to calculate the posterior probabilities. With respect to the
MP analysis, 526 characters were parsimony informative,
215 variables were parsimony uninformative, and 669 were
constant. A maximum of 1000 equally most parsimonious
trees were saved (tree length=1866; CI=0.644; R1=0.943;
RC=0.608). Considering the combined analyses, one iso-
late (LDol) clustered with the epitype and three other refer-
ence strains of D. olivarum, whereas two isolates (MDs2
and MDs4) clustered with the type strain and six additional
references of D. seriata. Two isolates (ODv2 and ODv3)
were grouped into two types of specimens, and the other
four reference strains, Do. viticola. Five isolates (LNp2,
LNp3, LNp9, MNp3 and MNp4) clustered with eight ref-
erence strains of N. parvum, and two isolates (MNn8 and
MNn11) grouped with six reference strains of Ne. dimid-
iatum, including two types of Ne. dimidiatum and the ex-
type strains of Ne. novaehollandiae and Ne. orchidearum
(Zhang et al. 2021). The bootstrap values obtained for the
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parsimony analyses are shown on the Bayesian phyloge-
netic tree in Fig. 3.

Pathogenicity tests

All the isolates inoculated on wounded twigs were able to
cause dieback symptoms 60 days postinoculation. Twigs
presented brown to chocolate-brown lesions extending
under the inoculation point. Typical symptoms of Botryo-
sphaeriaceae gummosis were observed near the inoculation

site (Fig. 4). The DI, which was based on the number of
symptomatic twigs on citrus plants inoculated with all the
isolates, was 100%. The greatest mean lesion length was
observed on the plants inoculated with the N. parvum
isolate, with values of 79.5+£2.5 mm, 73.5+3.5 mm and
65.3+2.0 mm on the mandarin, lemon and orange variet-
ies, respectively. The representative isolate of D. seriata
(75.0+£3.4 mm) caused severe lesions, comparable to those
mentioned for N. parvum, when inoculated on mandarin.
The isolate of Ne. dimidiatum was the least aggressive,
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Fig. 4 Pathogenicity trials of six
Botryosphaeriacae isolates on
Citrus spp. 60 d after inoculation.
Abundant gummosis exudate
caused by N. parvum and Ne.
dimidiatum (A, B). Shoot blight
inoculated with N.parvum, D.
olivarum and D. seriata (C, D).
Internal discoloration of shoots
inoculated with all species (Ne.
dimidiatum, Do. viticola, N. par-
vum, D.seriata, D. olivarum)

at 30.6+4.0 mm, on the mandarin. Do. viticola had the
greatest lesion length (70.6+£3.6 mm) on the orange. On
the other hand, D. olivarum presented high lesion lengths
(69.0+£2.6 mm, 50.3+1.3 mm) on mandarin and lemon
(Fig. 5). No symptoms were observed on the control plants.
Reisolation of the inoculated fungal species and reidenti-
fication on the basis of morphological characteristics and
tef-1 sequencing fulfilled Koch’s postulates.

Discussion

The present study confirms the occurrence of Botryos-
phaeriaceae species affecting citrus in the main grow-
ing areas in the eastern Mediterranean region of Tirkiye
for the first time. The identification and characterization
of the fungal pathogens associated with citrus twig and
branch dieback, cankers and gummosis were performed
via molecular and phylogenetic analyses. Different Bot-
ryosphaeriaceae species were isolated from symptomatic
plant materials collected from the surveyed orchards. In
particular, five species were identified: D. seriata, D.
olivarum, Do. viticola, N. parvum and Ne. dimidiatum.

These findings agree with previous studies in which these
fungal species were isolated from the same type of citrus
symptom elsewhere (Adesemoye et al. 2014; Hamrouni
et al. 2018; Berraf-Tebbal et al. 2020; Espargham et al.
2020; Bezerra et al. 2021; Xiao et al. 2021). The Botryo-
sphaeriaceae species that cause diseases in citrus plants
are well known in European countries and worldwide.
Diplodia seriata and D. olivarum have been previously
reported to affect citrus trees in Algeria, California, China
and Europe (Adesemoye et al. 2014; Berraf-Tebbal et al.
2020; Bezerra et al. 2021; Xiao et al. 2021). Dothiorella
viticola has been detected as a causal agent of branch and
trunk dieback and gummosis of several Citrus species in
Algeria, Tunisia, California fran, Greece, Italy, Portu-
gal, Malta and Spain (Adesemoye et al. 2014; Hamrouni
et al. 2018; Berraf-Tebbal et al. 2020; Espargham et al.
2020; Bezerra et al. 2021). Neofusicoccum parvum has
been described in association with yellowing of the can-
opy, gummy cankers on trunks and scaffold branches of
mature citrus trees in California, China, and European
countries (Adesemoye et al. 2014; Vakalounakis et al.
2019; Aloi et al. 2021; Bezerra et al. 2021; Xiao et al.
2021). Neoscytalidium dimidiatum has been detected as a
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causal agent of citrus gummosis and dieback in Califor-
nia and Italy (Polizzi et al. 2011; Adesemoye et al. 2014).

In the surveyed region, fungal isolates were mostly
obtained from mandarin, followed by lemon and orange,
and N. parvum was the predominant isolated species, fol-
lowed by D. seriata. These findings are in accordance
with previous investigations by Adesemoye et al. (2014)
and Bezerra et al. (2021), who reported different spe-
cies of Neofusicoccum and Diplodia as the most frequent
pathogens causing gummosis on citrus in different areas
worldwide, including California, Greece, Italy, Portugal,
Malta, and Spain. Moreover, other species belonging to
Botryosphaeriaceae that were found as pathogens on cit-
rus plants include Botryosphaeria dothidea, B. fabicer-
ciana, D. alpina, D. plurivora, D. citrimurcotticola, D.
pseudoseriata, D. mutila, Lasiodiplodia citricola, L. ira-
niensis, L. microconidia, L. pseudotheobromae, L. theo-
bromae, L. guilinensis, L. huangyanensis, L. linhaiensis,
L. ponkanicola Neodeightonia subglobosa, N. luteum, N.
mediterraneum, Ne. hyalinum, Ne. novaehollandiae and
Sphaeropsis linhaiensis.

In Tiirkiye, the presence and diversity of Botryos-
phaeriaceae species associated with branch, twig and
wood cankers and dieback have been reported on differ-
ent hosts, including olive (Korukmez et al. 2020), grape-
vine (Akgiil et al. 2013, 2014, 2015, 2020; Akgiil and
Ahioglu 2019; Oksal and Celik 2021), pistachio (Toker
Demiray and Akgal1 2020), almond (Kayim et al. 2015;
Sakci et al. 2022), and walnut (Kurt et al. 2020); how-
ever, this phenomenon has not been reported in citrus
plants. The climate conditions in the surveyed area dif-
fer significantly from those in regions where grapevines
and pistachios grow. The Botryosphaeriaceae species that
were identified on citrus plants in the present study are
important pathogens on olive, almond and nut trees estab-
lished in geographically overlapping areas (Guarnaccia
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et al. 2022; Martino et al. 2024). Botryosphaeriaceae
species can jump from citrus plants to olive, almond and
nut orchards near or adjacent to citrus orchards. Con-
versely, Botryosphaeriaceae pathogens could represent a
threat from olive, almond and walnut to citrus trees. The
mechanisms of transmission and spread of these species
among hosts over a geographical range, as well as the
proximity to suitable hosts, need to be further explored
to determine effective strategies for management. The
pathogenicity tests performed here confirmed the ability
of all the species to infect wounded citrus twigs. Signifi-
cant differences in aggressiveness were observed among
species, with N. parvum being the most aggressive spe-
cies. Conversely, Ne. dimidiatum was weakly virulent.
The knowledge of the aggressiveness of pathogens,
coupled with precise and correct identification, provides
useful information for the adoption of effective manage-
ment strategies. Therefore, determining the pathogenic-
ity of Botryosphaeriaceae species is necessary to ensure
the effective management of dieback and trunk canker
disease in citrus orchards. In Tiirkiye, where there is a
constant increase in the number of citrus trees planted
every year, infections caused by Botryosphaeriaceae rep-
resent a growing concern for producers. In this context,
epidemiological studies should be performed to deter-
mine high-risk infection periods throughout the growing
season. Currently, citrus Botryosphaeriaceac gummosis
in the surveyed area is managed by pruning and remov-
ing dead limbs and twig waste from fields during rainy
periods. Studies conducted on grapevines have confirmed
the effectiveness of this cultural practice (Bertsch et al.
2013). However, it is necessary to conduct larger surveys
for the further implementation and development of effec-
tive disease management measures for citrus plants.
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Conclusion

In Tiirkiye, where the number of citrus trees planted
each year is increasing, infections caused by Botryos-
phaeriaceae are becoming a growing concern for produc-
ers. On the basis of this study, epidemiological studies
should be conducted to determine high-risk infection
periods throughout the growing season. Management
of citrus Botryosphaeriaceae gummosis in the surveyed
area involves pruning and removing dead limbs and twig
waste from fields during rainy periods, and studies on
grapevines confirm the effectiveness of this cultural prac-
tice. However, larger surveys are necessary for further
implementation and development of effective disease
management measures for citrus plants.
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