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Abstract Citrus black spot (CBS) is a fungal disease
on Citrus spp. caused by Phyllosticta citricarpa, which
is listed as a regulated pest in the European Union
(EU). There are several closely related Phyllosticta
species that also occur on citrus including Phyllosticta
citriasiana which causes citrus tan spot and is not reg-
ulated by the European Union. A real-time PCR assay
was developed to aid the detection of P. citriasiana.
Subsequently an extensive sampling on the presence of
P. citricarpa and P. citriasiana was performed on 273
citrus fruit consignments that were put on hold by the
Dutch national plant protection organization (NPPO-
NL) because of suspected presence of CBS. P. citri-
carpa was found on several Citrus spp. but never on
Citrus maxima whilst P. citriasiana was only found on
C. maxima and never on other Citrus spp. The unique
fungus host associations observed after testing almost
1100 individual lesions, are somewhat obscured by
previously reported (some unverified) observations of
C. maxima fruits harbouring black spot. Nevertheless,
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it was shown that a quick and simple direct morpho-
logical identification of P. citricarpa, based on the
presence of CBS lesions harbouring pycnidia produc-
ing characteristic Phyllosticta conidia, is feasible on
non-Citrus maxima fruits. It is proposed to adapt the
European and Mediterranean Plant Protection Organi-
sation (EPPO) and International Plant Protection Con-
vention (IPPC) diagnostic protocols accordingly.

Keywords Phyllosticta citriasiana - Phyllosticta
citricarpa - Citrus spp. - Citrus black spot - Citrus tan
spot - Real-time PCR

Introduction

Phyllosticta citricarpa is an important pathogen on
citrus causing citrus black spot (CBS). Symptoms of
CBS are fruit-blemishing, premature fruit drop and
fruit drop. Several CBS symptoms appear on fruit,
such as hard spot, freckle spot, false melanose, viru-
lent spot, lacy spot and cracked spot. Lesions with
pycnidia are only found in hard spot and virulent spot
(EPPO, 2020), these morphological features could
justify a rapid detection of P. citricarpa as long as the
pycnidia harbour the characteristic conidia. The cur-
rent situation in Tunisia shows that P. citricarpa can,
once introduced, spread rather rapidly and have dev-
astating economic and social consequences for cit-
rus producing regions, incurred by production losses
(Benfradj et al., 2024; Ioos et al., 2024). Due to its
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economic impact the European Union (EU) has regu-
lated the import of citrus fruit to prevent the introduc-
tion of P. citricarpa in EU citrus orchards (Regula-
tion (EU) 2019/2072).

There are seven different Phyllosticta species
associated with citrus to date. Phyllosticta citricarpa
(Kiely 1948), P. citriasiana (Wulandari et al. 2009)
and P. citrimaxima (Wikee et al. 2013a) are associ-
ated with distinct fruit lesions with pycnidia harbour-
ing characteristic Phyllosticta conidia. Phyllosticta
citricarpa is treated as a quarantine organism by the
EU, but P. citriasiana and P. citrimaxima, both asso-
ciated with citrus tan spot (CTS) on Citrus maxima,
are not. Recently, P. paracitricarpa (Guarnaccia
et al. 2017) was synonimised with P. citricarpa (van
Ingen-Buijs et al. 2024) and is thus not treated sepa-
rately in this paper. Although P. citrichinaensis is
associated with small black to brown spots on citrus
fruits, conidia bearing pycnidia were never reported
in these spots (Wang et al., 2012). Phyllosticta capi-
talensis (Baayen et al. 2002) and the more recently
described P. citribraziliensis (Glienke et al. 2011) and
P. paracapitalensis (Guarnaccia et al. 2017) were not
reported on symptomatic fruit. It is thus important
to include all Phyllosticta species that are associated
with citrus in validation studies to rule out false posi-
tive results in specific detection assays.

CBS was first diagnosed in the Netherlands on a
number of consignments intercepted from the south-
ern hemisphere in 1999 (Baayen, 2000), based on a
direct in planta morphological identification on cit-
rus fruit, i.e. the presence of lesions, pycnidia and
Phyllosticta conidia. In the same year an in vitro
morphological identification of a putative CBS iso-
late obtained from Citrus x paradisi fruit peel with
minute lesions without pycnidia and without conidia
resulted in the identification of ‘Guignardia mangif-
erae’ (later identified as P. capitalensis, a non-path-
ogenic Phyllosticta species for citrus; Baayen et al.,
2002; Wikee et al., 2013b). From 2001 all putative
CBS lesions, not bearing pycnidia and Phyllosticta
conidia, were routinely tested by a conventional PCR
(Bonants et al., 2003) followed by a more sensitive
real-time PCR (van Gent-Pelzer et al., 2007) from
2005 onwards.

In 2005 the first case of putative CBS on C. max-
ima from Thailand was diagnosed, based on in planta
morphological identification directly on the fruit (i.e.
the presence of lesions, pycnidia and Phyllosticta
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conidia). Interestingly, in this case there was no
amplification in the CBS real-time PCR nor in any of
the additional C. maxima lesions from Asia that fol-
lowed. In 2009 it became clear that our initial CBS
diagnose on C. maxima was incorrect when P. citria-
siana, the putative causal agent of tan spot on C. max-
ima in Asia, was described (Wulandari et al., 2009).
Safeguarding EU citrus orchards from the regu-
lated P. citricarpa, justifies strict phytosanitary
inspections at import locations. However, these
inspections should not affect citrus imports associ-
ated without, or with non-regulated Phyllosticta spp.
because this would impose severe economic con-
sequences on the exporters that cannot be justified.
Therefore, the main objective of this study was to
optimise the detection of P. citricarpa, particularly
by understanding the occurrence of P. citriasiana and
P. citricarpa on intercepted Citrus spp. fruits. A P.
citriasiana species-specific real-time PCR assay was
developed to enable the distinction between P. citria-
siana and P. citricarpa. Based on the results of the
initial P. citriasiana interceptions at European import
locations and on the Phyllosticta resistance study by
Miles et al. (2019) we hypothesised that P. citriasi-
ana can only be detected on symptomatic C. maxima
fruits and that P. citricarpa can be detected on several
symptomatic Citrus spp. but not on C. maxima.

Materials and methods
Citrus fruit consignments

Fruit consignments of Citrus spp. of different origins
(Table S1) with putative CBS or CTS symptoms were
obtained from 273 interceptions between January
2005 and October 2024. Asymptomatic citrus fruits
were obtained from a local supermarket.

Fungal isolates

Isolates grown on cherry decoction agar (Crous
et al.,, 2009) were used to determine the perfor-
mance characteristics inclusivity and exclusivity
of the real-time PCR assays for P. citricarpa and
P. citriasiana (Table 1). Next to seven strains of P.
citriasiana (originating from: China (3), Thailand
(2) and Vietnam (2)) and 16 strains of P. citricarpa
(originating from: Argentina (2), Australia (1),
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Brazil (1), China (1), Greece (2), Italy (1), Malta
(1), Portugal (1), South Africa (5) and Zimbabwe
(1)) other fungal (42) and bacterial (2) species
known to occur on citrus fruit were used (Snow-
don, 1990; Table 1). Additionally, closely related
non-Citrus Phyllosticta species (5) were included
(Table 1).

DNA extraction

Individual lesions or pure fungal cultures grown
on cherry decoction agar (1 cm? aerial mycelium)
were added to a tube containing 300 pL extraction
buffer (0.02 M PBS buffer, 0.5% Tween 20, 2%
polyvinylpyrrolidone, 0.2% bovine serum albumin)
and a 3.2 mm stainless steel bead. Material was
homogenized using a MM300 Mixer Mill (Retsch,
Haan, Germany) for 80 s on 30,000 bpm and the
homogenized material (75 uL) was processed using
the DNA QuickPick™ SML Plant DNA Kit (Bio-
Nobile, Pargas, Finland) on the KingFisher 96
magnetic particle processor (Thermo Fisher Sci-
entific, Waltham, MA, USA) following the manu-
facturer’s instructions. Positive isolation controls
(pooled homogenised black spot or tan spot lesions
from resampled positive consignments) and nega-
tive isolation controls (C. sinensis fruit peels with-
out symptoms) were used for quality assurance
during each isolation.

Table 2 Primers and probes used in this study

Sanger sequencing

To verify the strain identity of the obtained genomic
DNA, sequencing of the internal transcribed spacer
(ITS) barcode region (ITS =partial 18S, ITS1, 5.8S,
ITS2 and partial 28S) was performed on all fungal
specimens listed in Table 1. Amplification was per-
formed with primers ITS1 and ITS4 (Table 2). PCR
was performed in a volume of 25 pL containing 300
nM of each primer, 0.08 mM dNTPs, 1.5 mM MgCl,,
0.8 U Taq DNA polymerase (Roche, Basel, Switzer-
land) and 2 pL template DNA using the following
cycle conditions: 94 °C for 30 s, then 40 cycles of 94
°C for 15 s, 55 °C for 30 s, 72 °C for 90 s, with a
final 72 °C for 10 min. In case low quality amplicons
were obtained with the ITS1 and ITS4 primers, ITSS
and ITS4 primers (Table 2) were used as an alterna-
tive to amplify the ITS barcode. Using a volume of
25 pL, containing 200 nM of each primer, 1X Bio-
ACT Short mix form Bio-line (GC biotech, Waddinx-
veen, Netherlands) and 2 pL. template DNA using the
following cycle conditions: 95 °C for 5 min, then 40
cycles of 94 °C for 30 s, 52 °C for 30 s, 72 °C for 90
s, with a final 72 °C for 10 min.

PCR products were purified using the QIAquick
PCR Purification Kit (Qiagen, Hilden, Germany).
Cycle sequence products were produced for both
strands using BigDye Terminator v1.1 Cycle
Sequencing Kit (Life Technologies, Carlsbad, CA,
USA) using the amplification primers according
to the manufacturer’s instructions. Cycle sequence

Name Sequence (5°-3’) reference

GcF1 GGTGATGGAAGGGAGGCCT van Gent-Pelzer et al. (2007)
GcR1 GCAACATGGTAGATACACAAGGGT van Gent-Pelzer et al. (2007)
GcPl1 FAM-AAAAAGCCGCCCGACCTACCTTCA-TAMRA van Gent-Pelzer et al. (2007)
GpF GGTGATGAGGGGAGGCCG this study

GpRv2 CCGGGTCGGCCCGCCAAAGCAACG this study

GpP FAM-AAAAAGCCGCCCAACCTACCTTCAC-TAMRA this study

ITSS GGAAGTAAAAGTCGTAACAAGG White et al. (1990)

ITS4 TCCTCCGCTTATTGATATGC White et al. (1990)

ITS1 TTCGTAGGTGAACCTGCGG White et al. (1990)

EF1-728 F CATCGAGAAGTTCGAGAAGG Carbone and Kohn (1999)
EF2 GGARGTACCAGTSATCATGTT O’Donnell et al. (1998)
LROR ACCCGCTGAACTTAAGC Moncalvo et al. (1995)

LR5 TCCTGAGGGAAACTTCG Vilgalys and Hester (1990)
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products were purified using the DyeEx 2.0 Spin Kit
(Qiagen, Hilden, Germany) prior to sequencing using
a 3500 Genetic Analyzer (Life Technologies, Carls-
bad, CA, USA).

To confirm species identity, additional sequencing
was performed on selected strains of P. citricarpa.
Multi locus DNA datasets (i.e. tefl and LSU) were
generated as described by Guarnaccia et al. (2017),
with primers EF1-728 F and EF2, and LROR and
LRS respectively (Table 2).

Consensus sequences were generated from both
trace files in Geneious R10 (Biomatters, Auckland,
New Zealand; Kearse et al., 2012). Amplification
primers were trimmed from the consensus sequence,
and when needed additional trimming was performed
to obtain high quality (PHRED >30) consensus
sequence data.

Generated sequences were aligned with MAFFT
algorithm (Katoh et al., 2002) in Geneious R10 and
queried against the NCBI’s GenBank nucleotide data-
base. Newly generated sequences were deposited in
GenBank (Table 1).

Real-time PCRs

Based on the alignment of ITS1 locus sequences of P.
citriasiana, P. citricarpa and P. capitalensis available
from the National Center of Biotechnology Infor-
mation (NCBI) non-redundant nucleotide database
(GenBank) in 2007, primers (GpF and GpRv2) and a
probe (GpP) specific for P. citriasiana were designed
(Table 2). For the detection of P. citricarpa the prim-
ers (GeF1 and GeR1) and probe (GeP1) described by
van Gent-Pelzer et al. (2007) were used.

Molecular detection and identification of P. citri-
carpa and P. citriasiana was done by real-time PCR in
30 uL volumes consisting of 250 nM of each primer,
100 nM probe, 1x TagMan Universal PCR Master
Mix (Thermo Fisher Scientific, Waltham, MA, USA)
and 1 pl template DNA. Real-time PCRs were per-
formed in duplicate on a 7900HT (Thermo Fisher
Scientific, Waltham, MA, USA) or on a CFX96 (Bio-
Rad, Hercules, CA, USA) using the following cycle
conditions: 95 °C for 10 min, followed by 40 cycles
at 95 °C for 15 s and 60 °C for 1 min. Real-time PCR
reactions were regarded positive for samples produc-
ing Ct values <40 and exponential amplification
curves. Validation of the real-time PCR test showed
that no pre-determined Ct cut-off value was needed.

@ Springer

Positive amplification controls (DNA purified from
PD 04 01844862 P. citricarpa and PD 06 03125095
P. citriasiana) and negative amplification controls
(molecular grade water) were used in each real-time
PCR run to monitor the performance of the real-time
PCR test and to detect potential contamination.

Performance characteristics

The performance of the newly developed P. citriasiana
real-time PCR test was evaluated by determining the
performance characteristics: analytical sensitivity, ana-
Iytical specificity, selectivity, repeatability and repro-
ducibility following EPPO pm7/98 (4) (EPPO, 2019).

The analytical sensitivity was assessed by deter-
mining the limit of detection (LOD). The LOD is
defined as the lowest DNA concentration that can be
reliably detected with a certain level of confidence.
The initial concentration of pure culture P. citriasiana
genomic DNA was determined with the Qubit fluo-
rometer (Thermo Fisher Scientific, Waltham, MA,
USA) in combination with the dsDNA High Sensitiv-
ity Kit (Life Technologies, Carlsbad, CA, USA), and
eight individual dilution series were prepared (range
10 ng to 0.195 pg). The LOD was estimated using the
fitted logistic regression model in RStudio v2023.03.1
(RStudio Team, 2020). The proportion of detection
was determined per amount of DNA (ng), and the
LOD was calculated at a 95% probability level.

Analytical specificity was determined by testing a
range of P. citriasiana culture strains from varying
geographical origin and genetic diversity (i.e. inclu-
sivity) and by testing potential cross-reactions with
non-target organisms using DNA extracted from 65
specimens covering 48 different species (i.e. exclu-
sivity; Table 1), the identity of these specimens was
verified by sequence analysis of the ITS, tefl and/
or LSU barcode (as detailed in the section Sanger
sequencing).

The real-time PCR test for P. citriasiana was per-
formed with DNA in eight individual dilution series
in both elution buffer and homogenized citrus skin
(range 10 ng to 0.195 pg), to assess the analytical
selectivity.

The reproducibility and repeatability were deter-
mined by analysing a dilution series of P. citriasiana
DNA (range 10 ng to 0.195 pg) by three technicians
using the newly developed real-time PCR test. In addi-
tion, the results of a standardized positive amplification
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control (PAC), consisting of P. citriasiana DNA,
that was included in all 18 routine diagnostic runs
between 2017 and 2024, were assessed to determine
repeatability.

Citrus spp. consignments

A citrus fruit consignment could consist of one or mul-
tiple fruits and each fruit could contain one or more
lesions. Using the species specific real-time PCR by
van Gent-Pelzer et al. (2007) and the newly developed
P. citriasiana assay here, the presence of P. citricarpa
and P. citriasiana was tested in a total of 1082 lesions
from intercepted citrus fruit consignments. Four-hun-
dred-fifty-four of these individual lesions were taken
from 140 individual C. maxima consignments. The
remaining 628 lesions were obtained from 133 indi-
vidual non-C. maxima consignments (i.e. C. sinensis,
C. reticulata, C. limon and C. paradisi).

Review of P. citricarpa and P. citriasiana hosts

The P. citricarpa and P. citriasiana host distribu-
tion was reviewed by compiling reports of nearly 500
Phyllosticta isolates (Everett & Rees-George, 2006;
Glienke et al., 2011; Guarnaccia et al., 2017; Hu et al.,
2014; Miles et al., 2013, 2019; Su & Cai, 2012; Wang
et al., 2012; Wikee et al., 2013a, b; Wong et al., 2012;
Waulandari et al., 2009; Zhang et al., 2013). The reports
were grouped according to their respective host(s),
substrate(s) and possible symptom(s). An emphasis was
put on the reports of P. citricarpa on C. maxima and
on reports of P. citriasiana on non-C. maxima species.
Europhyt (https://food.ec.europa.eu/plants/plant-health-
and_biosecurity/europhyt_en) notifications of CBS
on C. maxima and CTS on non-C. maxima were also
examined (reports before the description of P. citriasi-
ana were ignored).

Results
Performance characteristics real-time PCRs

ITS barcode sequences generated for all fungal iso-
lates used in this study were 100% identical with
specimen or species entries available in NCBI data-
base, except for one isolate (Table 1). The ITS bar-
code sequence of the type specimen and the only

available isolate of P. citrimaxima (CPC 20276)
(Wikee et al., 2013a) was 100% identical with ITS
barcode sequences of P. citriasiana. This finding was
confirmed by subsequent multi-locus analyses by the
Westerdijk Fungal Biodiversity Institute (Utrecht,
The Netherlands), who kindly provided the strain
(Personal communication E. Groenewald, Wester-
dijk Fungal Biodiversity Institute). Therefore this
specimen was deemed to be misidentified and thus
excluded in the specificity assessment of both CBS
and CTS real-time PCRs. Additional fefl and LSU
sequences that were generated for selected P. citri-
carpa strains did also not show divergence from the
sequences in the NCBI database according to the cur-
rent definition of this species.

Sixty eight fungal and two bacterial isolates con-
firmed the analytical specificity of both real-time
PCR assays, including 48 isolates obtained from
citrus material (mainly fruit). There were 37 Phyl-
losticta isolates covering 11 different Phyllosticta
species including P. citricarpa (n= 16) and P. citria-
siana (n= T) from several locations (Table 1). The P.
citriasiana real-time PCR only detected P. citriasiana
and generated no false positive results for any of the
other species tested which are all known to occur on
symptomic or asymptomatic citrus fruits as described
by (Snowdon, 1990).

The standard curve for the P. citriasiana real-time
PCR assay shows consistent results for eight individu-
ally tested dilution series and a detection limit of 2.92
pg DNA was determined at a 95% detection probabil-
ity (Table S2; Figure S1).

The assay was further validated through the detec-
tion of P. citriasiana DNA diluted in both elution
buffer and homogenized citrus skin. Small differences
between the dilution series in host tissue homogenate
and elution buffer were observed, with increasing dif-
ferences when DNA concentrations decrease. These
are attributed to differences in pipetting rather than a
true substrate effect (Table S3; Figure S2).

Consistent detection results between three indi-
vidual laboratory technicians, with standard devia-
tions ranging from 0.1 to 1.8 cycles, confirmed the
reproducibility of the real-time PCR test (Table S4).
The PAC results after implementation of the test
for routine diagnostics also demonstrates reproduc-
ibility. Positive results were obtained in all 18 runs,
with a mean Cq value of 25.9 +0.5, Cq values never
exceeded the mean Cq +2SD level.

@ Springer
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The P. citricarpa real-time PCR by van Gent-
Pelzer et al. (2007) did not generate false positive
results for any of the other species tested (Table 1).

Presence of P. citricarpa and P. citriasiana in EU
imported fruits

Using two simplex real-time PCRs the presence of
P. citriasiana was only found on C. maxima (413
individual lesions obtained from 135 consignments;
Fig. 1) and P. citricarpa was only found on Citrus
spp. other than C. maxima (466 individual lesions
from 107 consignments; Fig. 2).

The remaining consignments/lesions of C. max-
ima (5 consignments; 41 lesions) and non-C. max-
ima (26 consignments; 162 lesions) were negative
for both target organisms. Although lesions were
present, in all of these cases pycnidia and Phyl-
losticta conidia were absent. Both organisms were
never detected simultaneously (Table S5). Consign-
ments with P. citricarpa came from South Africa,
Brazil, Argentina, Uruguay, Swaziland, China,
Cuba and Zimbabwe, whilst consignments with P.
citriasiana were restricted to China, Vietnam and
Thailand. The origin of one additional CTS positive
consignment remains unknown (Table S1).

Phyllosticta citriasiana host distribution in literature

The host associations of P. citricarpa in literature,
published after 2009 (year of publication of P. citria-
siana), only report C. maxima in a few cases (n= 14;
Table S6). In these cases, an attempt was made to check
both the fungal and host species. In all cases (n= 6) that
we could review, either the host or the fungal species
were corrected, some cases were not resolved (n= 8).

Discussion

An exclusive occurrence of P. citricarpa on non-C.
maxima citrus fruits and P. citriasiana on C. maxima
fruits was observed in this study. Overall, the reported
combinations of CBS and CTS on their respective
hosts followed our host occurrence hypothesis, how-
ever, a few reports of P. citricarpa on C. maxima
were found (Table S6). In some of these cases authors
and/or diagnostic laboratories could be contacted and
diagnostic results could be checked, in all these cases
there is evidence for a misidentification of either the
fungus or the host (Table S6). In other cases it proved
difficult to confirm or refute the host or fungal species
identity (Glienke et al., 2011; Wikee et al., 2013a).

Fig. 1 Phyllosticta citriasiana on Citrus maxima. a. CTS
symptoms on a C. maxima fruit. b. Tan spot lesions with pyc-
nidia. c. Tan spot lesion with pycnidia oozing conidial masses.

@ Springer

d. Conidiogenous cells giving rise to conidia. e. Pycnidial wall
and conidia. f. Conidia with mucoid sheaths and apical muci-
laginous appendages
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Fig. 2 Phyllosticta citricarpa on Citrus sinensis. A. CBS
symptoms on a C. sinensis fruit. B. Black spot lesions with
pycnidia. C. Black spot lesion with pycnidia oozing conidial

Seven different Phyllosticta species are presently
known to occur on Citrus spp., namely P. citricarpa,
P. citriasiana, P. citrimaxima, P. capitalensis, P.
paracapitalensis and P. citrichinaensis which are all
reported from fruit, whereas P. citribraziliensis is
only found on leaves. P. capitalensis, P. paracapi-
talensis and P. citribraziliensis are known as asymp-
tomatic endophytes on Citrus spp. (Everett & Rees-
George, 2006; Glienke et al., 2011; Guarnaccia et al.,
2017; Hu et al., 2014; Miles et al., 2013; Wang et al.,
2012; Wikee et al., 2013a; Wulandari et al., 2009),

P. citrimaxima, described from Thailand as a sec-
ond Phyllosticta species causing tan spot on C. max-
ima fruit (Wikee et al., 2013a) could not be included
in our analytical specificity tests because the only
available isolate turned out to be misidentified and
could not be distinguished from P. citriasiana by
multi-locus sequencing. The only specimen on which
Wikee et al. (2013a) based their species description
was reported lost by Guarnaccia et al. (2017). To
date no data are available that claim the occurrence
of P. citrimaxima on non-C. maxima fruits. Attempts
to isolate this species from C. maxima fruits exhibit-
ing tan spot symptoms proved unsuccessful thus far.
P. citrimaxima is consequently considered a species

masses. D. Conidiogenous cells giving rise to conidia. E. Pyc-
nidial wall and conidia. F. Conidia with mucoid sheaths and
apical mucilaginous appendages

inquirenda. Given the results of the in silico BLAST
test it is not expected that P. citrimaxima interferes
with the real-time PCRs for either P. citriasiana or P.
citricarpa.

Several C. maxima and non-C. maxima con-
signments/lesions proved negative for both target
organisms, suggesting a non-specific symptom was
observed in the consignment.

A species-specific real-time PCR assay was suc-
cessfully developed for P. citriasiana. The assay
proved to be specific and highly sensitive for detec-
tion of P. citriasiana. The real-time PCR assay for
P. citricarpa, developed by van Gent-Pelzer et al.
(2007), was also highly specific. These assays facili-
tate quick diagnosis of both P. citricarpa and P. citri-
asiana respectively. The van Gent-Pelzer et al. (2007)
real-time PCR assay, which is based on the multicopy
ribosomal DNA internal transcribed spacer (ITS), is
sensitive and is well suited for phytosanitary diag-
nostics. Subsequently several other real-time PCR
assays have been developed either also based on mul-
ticopy (Hu et al., 2014; Schirmacher et al., 2019) or
single copy loci (Ioos et al., 2023; Zajc et al., 2023).
These assays were to improve specificity and distinc-
tion between closely related species (e.g. the now
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symptomatic plants for planting, leaves and twigs!

Citrus (except C. maxima) fruits with black spot-like symptoms or

Lesions
with
pycnidia and
conidia of
Phyllosticta

present?
yes no
A B \ C
Microscopic morphology | | Isolation and culturing |

Molecular tests

| Conventional PCR || LAMP ” Real-time PCR |

Colonies
resembling

those of
Phyllosticta

spp.?

yes

v

Sequencing ITS or TEF1 |

Result
positive?

Result

yes no no no

} Ly

P. citricarpa
absent

P. citricarpa
present

positive?

Result
positive?

yes yes no

b '

P. citricarpa
present

P. citricarpa
absent

1paths A, B and C have been validated on fruits not on other plant material (see: EPPO, 2020)

Fig. 3 Proposed diagnostic flow diagram for the identification
of P. citricarpa on citrus fruits. For fruits of Citrus spp. with
pycnidia and conidia a direct morphological path (A) is avail-
able. For non-C. maxima citrus fruits without pycnidia and

synonymised P. paracitricarpa). For phytosanitary
diagnostics at citrus import where only symptomatic
citrus fruits are tested, sensitivity is the key perfor-
mance characteristic, thus an assay based on a multi-
copy gene is preferred. Since there were no quality
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conidia a morphological (in vitro) path (B) and molecular path
(C) is available. On non-Citrus maxima fruits a direct morpho-
logical (in planta) identification of P. citricarpa is only possi-
ble if lesions, pycnidia and conidia are present

assurance issues with the assay by van Gent-Pelzer
et al. (2007) there was no reason to change to another
assay.

Although P. citriasiana is not regulated in the
EU (or elsewhere), this new real-time assay fulfils a
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phytosanitary purpose by providing a quick, sensitive
and specific diagnostic tool for official surveys or in
case of new outbreak situations. Moreover, this assay
provides a means to establish a better understanding
of the global distribution of this citrus pathogen and
this may aid effective citrus production and risk based
phytosanitary measures.

The exclusive occurrence of P. citricarpa on
fruits of non-C. maxima citrus species observed in
this study, supports re-inclusion of direct morpho-
logical in planta identification of P. citricarpa on
all Citrus spp. It also questions the need to inspect
C. maxima for P. citricarpa. Given the unresolved
reports of P. citricarpa on C. maxima (Table S6)
targeted inspections of C. maxima for CBS are
recommended. Attention could be given to spe-
cific countries in Asia (i.e. Philippines and China),
Africa (i.e. Benin, Cameroon and South Africa) and
South America (Brazil) (Table S6). The few known
reports of CBS on C. maxima obscure a straightfor-
ward CTS identification on C. maxima. Therefore,
our suggested diagnostic flow diagram (Fig. 3) sep-
arates C. maxima from non-C. maxima fruits at the
beginning of the diagnosis to facilitate a direct mor-
phological identification of CBS on non-C. maxima.

Morphological in planta diagnosis of CBS on cit-
rus fruit —based on distinct symptoms and the pres-
ence of both pycnidia and Phyllosticta conidia— was
considered cheap, fast and effective until P. citria-
siana (Wulandari et al. 2009) was described and
detailed information concerning host specificity
of P. citricarpa and P. citriasiana was still lack-
ing. Currently, both EPPO and IPPC diagnostic
standards on CBS propose isolation and culturing
or molecular tests (i.e. conventional PCR, real-
time PCR (in planta or in vitro) and or sequenc-
ing (EPPO, 2020; FAO, 2016). An additional third
molecular test (i.e. LAMP; Tomlinson et al., 2013)
is included in the latest version of the EPPO stand-
ard on CBS.

Given the speed and relatively low costs of specific
in planta real-time or conventional PCRs are preferred
by National Plant Protection Organisations (NPPOs)
over culturing and sequence based techniques.

The present results suggest that the re-implemen-
tation of a morphological identification of CBS on
non-C. maxima fruits —based on distinct symptoms
and the presence of both pycnidia and Phyllosticta

conidia— is a valid diagnostic procedure. This would
be the fastest reliable method available and there-
fore it would be justified to adapt the EPPO and
IPPC diagnostic protocols accordingly.

Only P. citricarpa, P. citriasiana and P. citri-
maxima are found to cause distinct lesions with
pycnidia and conidia on citrus fruit. P. citrimaxima
was not taken into account because in silico analy-
ses have shown that the real-time PCR assays for P.
citricarpa will not detect P. citrimaxima. Further-
more P. citrimaxima is reported to be distinguish-
able via morphological identification.
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