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A B S T R A C T

Citrus Black Spot (CBS), caused by the fungus Phyllosticta citricarpa, is a disease of major diagnostic relevance in 
the citrus industry, as its causative agent is a regulated quarantine organism subjected to surveillance in the 
European and Mediterranean Plant Protection Organization (EPPO) Region. To develop a rapid molecular assay 
for pathogen detection, a real-time fluorescence recombinase polymerase amplification (RPA) assay targeting a 
134 bp region of tef1 was developed through sequence alignment and in-silico specificity analysis. The assay 
showed analytical specificity for P. citricarpa, with no amplification from diagnostically relevant non-target 
citrus-associated pathogens, including Phyllosticta capitalensis and P. citriasiana. Analytical sensitivity, evalu
ated on plasmid and purified genomic DNA, enabled detection down to 1.0 × 10− 7 ng/μL of plasmid (~100 
copies per reaction) and 3.5 × 10− 3 ng of genomic DNA per reaction (~113 genome copies). The workflow was 
further validated on crude citrus peel macerates spiked with P. citricarpa mycelium, with reliable detection to 
1.0 mg/mL across matrices from Citrus sinensis, C. limon, and C. reticulata. Performance benchmarking against the 
EPPO-recommended TaqMan qPCR showed comparable sensitivity together with operational simplicity and 
tolerance to amplification inhibitors. The ability to detect P. citricarpa directly in crude citrus peel macerates, 
combined with rapid real-time fluorescent readout at low temperature and minimal equipment requirements, 
lays the foundation for the use of this assay as a simple and rapid molecular detection approach for citrus- 
associated plant matrices.

1. Introduction

Citrus Black Spot (CBS) is a disease caused by the fungus Phyllosticta 
citricarpa (McAlpine) Van der Aa (formerly Guignardia citricarpa), in the 
family Phyllostictaceae, which is a major phytopathological concern for 
citrus production and disease diagnostics [1,2]. Phyllosticta citricarpa is a 
quarantine organism in several countries, including the members of the 
European and Mediterranean Plant Protection Organization [1]. It is not 
known to occur in European Union (EU) countries. Therefore, re
strictions and surveillance measures are in place for the import of citrus 
fruits and host plants from third countries, to prevent the introduction 

and subsequent enlargement of the geographic range of the pathogen 
[3–5]. The symptoms of CBS include a variety of fruit and leaf blemishes, 
leading to losses in fruit quality and, in severe cases, premature fruit 
drop [2,6–8]. CBS primarily affects sweet orange (Citrus sinensis), lemon 
(Citrus limon), and tangerine (Citrus reticulata), which are considered the 
only confirmed hosts for P. citricarpa under natural infection conditions 
[9]. In addition, P. citricarpa has been reported to produce secondary 
metabolites with phytotoxic activity, further supporting the phyto
pathological relevance and metabolic potential of this pathogen [10,11]. 
Despite the wide host range generally attributed to species within the 
genus Phyllosticta, recent studies have confirmed a high degree of host 
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specificity: for instance, P. citriasiana, a morphologically similar species, 
has been detected exclusively on pomelo (C. maxima), while no evidence 
supports the natural occurrence of P. citricarpa on this host [9,12].

Accurate detection of P. citricarpa is essential for managing CBS, 
especially in regions where the pathogen has quarantine status [1]. The 
molecular diagnostic method currently recommended by EPPO for the 
detection of CBS is the TaqMan real-time PCR assay developed by Van 
Gent-Pelzer et al. [13] based on the presence of diagnostic SNPs in the 
DNA sequence of the transcribed spacer (ITS) regions of the ribosomal 
DNA (rDNA). As a multicopy genomic marker, the ITS provides strong 
amplification signals and confers high sensitivity to the assay. However, 

although highly effective under most diagnostic conditions, validation 
studies have occasionally revealed limitations in specificity. These 
include incidental amplification of Phyllosticta capitalensis, a ubiquitous 
endophytic and saprophytic species, and P. citriasiana, a phylogeneti
cally close relative of P. citricarpa that is not relevant for CBS diagnostics, 
as it occurs only on Citrus maxima, a non-host for P. citricarpa [8,9,
14–16]. In response to these limitations, several alternative qPCR assays 
have been developed using different genomic regions. Zajc et al. [8] 
introduced a tef1-based qPCR method with high specificity, which was 
later validated through a ring Test Performance Study (TPS) confirming 
its reliability in complex citrus matrices [17]. Similarly, Ioos et al. [18] 

Table 1 
Isolate code, species, host, country of origin, year of recovery, reference study, and RPA outcome of fungal and oomycete isolates used in this study.

Isolate 
code

Species Host Country of 
Origin

Year Reference RPA outcome 
(+a/-b)

van Gent-Pelzer TaqMan qPCR 
outcome (Cq)

1G Phyllosticta citricarpa Citrus limon Tunisia 2022 [23] + 21.3
PC3 P. citricarpa C. limon Tunisia 2022 This study + 26.8
PC11 P. citricarpa C. limon Tunisia 2022 This study + 21.2
PC12 P. citricarpa C. limon Tunisia 2022 This study + 25.2
PC13 P. citricarpa C. limon Tunisia 2022 This study + 23.4
PC14 P. citricarpa C. limon Tunisia 2022 This study + 26.5
PC16 P. citricarpa C. limon Tunisia 2022 This study + 24.3
PC18 P. citricarpa C. limon Tunisia 2022 This study + 21.1
CBS 828.97 P. citricarpa Citrus 

aurantium
Brazil 1997 [27] + 23.2

CBS 
102374

P. citricarpa C. aurantium Brazil 1999 [27] + 21.7

CBS 
127455

P. citricarpa Citrus sinensis Australia 2010 [28] + 20.9

CBS 
127451

P. citricarpa Citrus reticulata Australia 2010 [28] + 21.4

CBS 
127454

P. citricarpa C. limon Australia 2010 [6] + 24.3

CBS 
141357

P. paracitricarpa C. limon Greece 2016 [6] + 21.3

CBS 
141359

P. paracitricarpa C. limon Greece 2016 [6] + 25.5

CBS 
120426

Phyllosticta citriasiana Citrus maxima China 2006 [27] - 26.8

CBS 
120486

P. citriasiana C. maxima Thailand 2006 [6] - 27.1

CBS 
117118

Phyllosticta capitalensis Musa 
acuminata

Indonesia 2005 [27] - -

Pt2 P. tracheiphilus C. limon Italy 2021 (El boumlasy et al., 
2021)

- -

Pt22 P. tracheiphilus C. limon Italy 2022 [29] - -
Pt3 P. tracheiphilus C. limon Italy 2022 [29] - -
646 Alternaria alternata Citrus 

clementina
Italy 2021 [30] - -

ID8O10 A. alternata C. sinensis Italy 2022 [31] - -
ID3O16 A. alternata C. sinensis Italy 2022 [31] - -
AaMDC1 Alternaria arborescens C. sinensis Italy 2020 [30] - -
CAM Colletotrichum karsti Camellia sp. Italy 2020 [32] - -
ALL2T C. karsti C. sinensis Italy 2018 [32] - -
C2 Colletotrichum 

gloeosporioides
C. limon Italy 2020 [32] - -

AC35 C. gloeosporioides C. sinensis Italy 2018 [32] - -
AC38 C. gloeosporioides C. sinensis Italy 2018 [32] - -
ID5O13 C. gloeosporioides C. sinensis Italy 2022 [31] - -
ID1O29 C. gloeosporioides C. sinensis Italy 2022 [31] - -
CBS 

145950
Fusarium proliferatum Musa 

acuminata
Costa Rica 2019 [30] - -

CBS 
145949

Fusarium sacchari Musa 
acuminata

Costa Rica 2019 [30] - -

UWS14 Colletotrichum acutatum C. limon Italy 2020 [30] - -
T3-B-K1A Phytophthora nicotianae C. limon Italy 2021 [30] - -
T2-C-M1A P. nicotianae C. limon Italy 2020 [30] - -
Ax1Ar Phytophthora citrophthora C. limon Italy 2021 [30] - -
P1PP0 Penicillium digitatum C. sinensis Italy 2021 [30] - -
ID4O10 P. digitatum C. sinensis Italy 2022 [31] - -
ID10O4 P. digitatum C. sinensis Italy 2022 [31] - -
T4N0 Penicillium italicum C. sinensis Italy 2022 [23] - -

a
+ = positive.

b - = negative.
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developed an assay leveraging comparative genomics, designed to 
exclude common non-targets such as P. capitalensis and P. citriasiana. 
Some of these efforts also aimed to distinguish P. citricarpa from 
P. paracitricarpa, a taxon originally considered separated [6]. However, 
recent phylogenomic analyses have resolved this ambiguity, demon
strating that P. paracitricarpa represents intraspecific variation within 
P. citricarpa, rendering the distinction unnecessary [19].

Beyond real-time PCR, isothermal amplification technologies are 
gaining momentum due to their portability and rapidity. Loop-mediated 
isothermal amplification (LAMP), as developed by Tomlinson et al. [20], 
offers a promising rapid tool. Like the qPCR method of van Gent-Pelzer 
et al. [13], this assay targets the multicopy ITS region, potentially 
conferring high sensitivity. However, as with other ITS-based methods, 
LAMP is subject to specificity challenges, especially in distinguishing 
P. citricarpa from closely related species. Moreover, it still requires pu
rified DNA, which limits its utility in simplified diagnostic workflows 
and direct analysis of plant material [1].

Recombinase Polymerase Amplification (RPA) represents a more 
recent isothermal technique with unique advantages [21,22]. Its ability 
to amplify DNA at a constant low temperature within minutes, combined 
with compatibility with crude plant macerates, makes RPA particularly 
attractive for rapid molecular diagnostics [23]. Notably, RPA can also be 
adapted for real-time detection with fluorescence-based probes, thus 
combining the rapidity and portability of isothermal amplification with 
the quantitative capabilities of qPCR. This configuration allows for 
sensitive and rapid detection, while maintaining simplicity in terms of 
instrumentation and workflow. RPA has already proven to be a robust, 
user-friendly, and cost-effective alternative to PCR-based methods for 
the detection of various citrus pathogens [24–26]. Despite these ad
vancements, CBS molecular diagnosis still lacks a rapid RPA assay 
tailored to P. citricarpa and suitable for pathogen detection in crude 
citrus plant matrices without DNA purification.

Therefore, the present study developed a novel real-time fluorescent 
RPA assay for the detection of Phyllosticta citricarpa. The specificity and 
analytical sensitivity of the RPA assay were evaluated in comparison 
with the official EPPO standard TaqMan qPCR assay [1]. The perfor
mance of the novel RPA assay in crude citrus matrices was further 
assessed using samples consisting of target P. citricarpa propagules 
mixed with crude macerates of orange, lemon, and tangerine peel.

2. Materials and methods

2.1. Fungal and oomycete material

The study included genomic DNA (gDNA) from target and non-target 
fungal and oomycete isolates listed in Table 1, as well as fresh mycelium 
of Phyllosticta citricarpa isolate 1G [23] for the assays performed in crude 
citrus peel macerates. The target panel comprised Phyllosticta citricarpa 
isolates, including reference strains and additional Tunisian isolates 
characterized at species level in the present study. The non-target panel 
included closely related Phyllosticta spp., such as P. paracitricarpa and 
P. capitalensis, as well as several specimens of fungal and oomycete 
species commonly associated with citrus (Table 1); these latter 
comprised Phytophthora, Alternaria, Colletotrichum, Fusarium, Penicillium, 
and Plenodomus tracheiphilus, which were characterized at species level 
in previous studies [23,30,32,33]. In the present study, species-level 
characterization of Phyllosticta specimens was performed by amplifica
tion, sequencing and analysis of the translation elongation factor 1-α 
gene (tef1), using primer pair EF1-728F/EF2 [34,35]. Amplification 
reactions were performed using the Taq DNA polymerase recombinant 
(Invitrogen™, Carlsbad, 254 CA, USA) following the manufacturer's 
instructions. In detail, each PCR reaction was carried out in a 25.0 μL 
reaction mix containing 2.50 μL of PCR buffer, 0.50 μL of dNTP mix, 
0.75 μL of MgCl2, 1.25 μL of each primer, 0.20 μL of Taq DNA poly
merase, 1.00 μL of DNA and nuclease-free water to a final volume of 
25.0 μL. The thermo-cycler conditions were as follows: 94 ◦C for 3 min; 

followed by 35 cycles of 94 ◦C for 30 s, 55 ◦C for 30 s, and 72 ◦C for 30 s; 
and then 72 ◦C for 10 min. Obtained PCR amplicons were sequenced by 
an external service (Macrogen, Seoul, South Korea) and species identi
fications were carried out by subjecting obtained sequences to BLAST 
searches on NCBI nucleotide database. The tef1 sequences generated in 
this study have been deposited in GenBank under the following acces
sion numbers: PZ373802, PZ373803, PZ373804, PZ373805, PZ373806, 
PZ373807, PZ373808.

2.2. Selection of Phyllosticta citricarpa target region and development of 
RPA primers and probe

A 134 bp target barcode belonging to the tef1 gene of P. citricarpa was 
selected by alignment in MEGAX (MEGA - Molecular Evolutionary Ge
netics Analysis) of several NCBI deposited tef1 sequences of officially 
identified isolates of the target species P. citricarpa from geographically 
distinct origins, including Brazil, Australia, Zimbabwe, and South Africa 
(Genbank accession numbers: FJ538376, FJ538371, JF343605, 
JF343601, FJ538375, JF343602, KF289221, KY855939, KY855940, 
KY855941), as well as sequences of sister species from the genus Phyl
losticta, including P. paracitricarpa, P. capitalensis, P. citriasiana, and 
P. paracapitalensis [6]. Barcode specificity was preliminarily confirmed 
by BLAST searches on NCBI nucleotide database. Primers for the RPA 
amplification of the 134 bp selected barcode were designed by using the 
Primer BLAST NCBI tool on the basis of sequence differences among 
P. citricarpa and the above-mentioned closely related Phyllosticta spp.

Specificity for P. citricarpa of designed primers was preliminarily 
tested by conventional PCR, performed as described above on genomic 
DNA (gDNA) of each organism listed in Table 1. PCR products were 
revealed by electrophoresis in TAE 1X Agarose gel, sequenced as above 
described and aligned in MEGAX.

The RPA probe was designed on a 52 bp fragment within the selected 
barcode; the probe was labeled by a THF abasic–site, flanked by a FAM 
and a corresponding dt-Q group; additionally, the probe was blocked at 
the end 3′ by a C3-Spacer (C3-S) modification group. The specific se
quences of the primers and probe used for the RPA assay have been 
deposited in Figshare (DOI: https://doi.org/10.6084/m9.figshare 
.31980219).

2.3. RPA amplifications

Each RPA reaction was conducted in a 0.25 mL tube (AmplifyRP 
Discovery kits Agdia Emea, France) containing RPA mastermix pelleted 
reagents, a rehydration buffer (61.5 % v/v), forward (RPA_PC_F) and 
reverse (RPA_PC_R) primers (0.44 μM each), the XRT probe 
(RPA_PC_Probe) (0.13 μM), MgOAc (14.59 mM), 1.0 μL of DNA template 
and nuclease free water to a final volume of 25.0 μL. Amplifications were 
carried out in the AmpliFire® Isothermal Fluorometer (Agdia Emea, 
France); each run consisted of a 20 min heating at the constant tem
perature of 39 ◦C. Each RPA run included positive and negative controls. 
Each reaction was carried out in triplicate and each run was repeated 
three times. The amplification curve files were used for constructing 
linear regression curves and statistical analyses.

2.4. van Gent-Pelzer TaqMan qPCR reactions

In this study, the QuantiNova™ Probe PCR Kit (Qiagen) was used for 
performing TaqMan qPCR reactions according to the primers and probe 
assay of Van Gent-Pelzer et al. [13]. In detail, each reaction consisted of 
5.0 μL of 2x QuantiNova Probe PCR Master Mix, 0.4 μM of each primer 
(GcF1: 5′-GGTGATGGAAGGGAGGCCT-3'; GcR1: 5′-GCAACATGGTAGATA 
CACAAGGGT-3′), 0.2 μM of the TaqMan probe GcP1 (5′-AAAAAGCCGC 
CCGACCTACCTTCA-3′), 1.0 μL of DNA template, and nuclease-free water 
to a final volume of 10.0 μL. Amplifications were run on the QuantGene 
9600 Fluorescent Quantitative Detection System (Bioer Technology, 
Hangzhou, Zhejiang, China). Amplification conditions were 2 min at 95 ◦C 
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(PCR initial activation step), followed by 40 cycles of 95 ◦C for 5 s (dena
turation) and 60 ◦C for 5 s (combined annealing/extension). Each run 
included negative and positive controls. All Real-Time PCR reactions were 
carried out in triplicate, and each run was repeated three times. Amplifi
cation curves were considered valid (positive signal) when recorded Cq 
values were under 35. The amplification curve files were used for con
structing linear regression curves and statistical analyses.

2.5. Assessment of RPA assay specificity and inclusivity

The specificity of the RPA assay was verified against purified gDNA 
from fruit peel of hosts of P. citricarpa, including C. limon, C. sinensis, and 
C. reticulata, as well as on gDNA from a panel of fungal and oomycete 
species commonly associated with citrus crops and citrus disease di
agnostics. This included closely related Phyllosticta species relevant to 
CBS differential diagnosis and representatives of fungal and oomycete 
genera frequently associated with citrus diseases or citrus tissues, 
including Alternaria, Colletotrichum, Fusarium, Penicillium, Plenodomus, 
and Phytophthora (Table 1). For comparative purposes, the specificity of 
the developed RPA assay was compared to that of the van Gent-Pelzer 
TaqMan qPCR assay tested in all the organisms listed in Table 1 and 
performed as described in Section 2.4.

The inclusivity of the RPA assay was assessed using gDNA from 
P. citricarpa specimens from different geographic regions, including 
Tunisia (i.e., 1G, PC3, PC11, PC12, PC13, PC14, PC16, PC18), Brazil (i.e., 
CBS 828.97, CBS 102374), and Australia (i.e., CBS 127455, CBS 127451, 
CBS 127454) (Table 1).

2.6. Sensitivity of the RPA assay

2.6.1. Standardization of RPA analytical sensitivity using a plasmid- 
inserted P. citricarpa target region

RPA assay sensitivity was standardized using a reference curve 
constructed from amplification values (cycles) obtained through serial 
dilution of a plasmid harboring the selected P. citricarpa target region, 
obtained by cloning with the TOPO® TA Cloning® Kit for Sequencing 
(Invitrogen™). First, the 134 bp P. citricarpa target of the tef1 gene was 
amplified by using the same forward and reverse primers employed in 
the RPA assay (sequences available at https://doi.org/10.6084/m9. 

figshare.31980219). This PCR amplification was conducted in a reac
tion mix containing 5.0 μL of 10× PCR buffer, 0.5 μL of dNTPs at the 
concentration 50.0 mM, forward and reverse primers (1.0 μM each), 1 U 
of Taq DNA polymerase, 10.0 ng of gDNA of the P. citricarpa isolate 1G 
and nuclease-free water to the final volume of 50.0 μL. The thermocycler 
conditions were as follows: 94 ◦C for 3 min; followed by 35 cycles of 
94 ◦C for 45 s, 68 ◦C for 30 s, and 72 ◦C for 30 s; and then 72 ◦C for 
10 min. Then, the presence of the specific amplified band was confirmed 
by electrophoresis in 2 % agarose gel in 1× TAE buffer. The PCR product 
was then subjected to TOPO® Cloning, enabling the insertion of the 
amplified target into the pCR™4-TOPO® vector. The resulting pCR™4- 
TOPO® construct was subsequently transformed into DH5α™-T1R 
competent Escherichia coli using the Transform One Shot® TOP10 and 
DH5α™-T1R Competent Cells Protocol. Following transformation, 
plasmid DNA was isolated using the PureLink® Quick Plasmid Miniprep 
Kit (Invitrogen™) and analyzed by sequencing to confirm the successful 
cloning of the P. citricarpa target. Once verified, 10-fold serial dilutions 
of the plasmid DNA were established, ranging from 1.0 ng/μL (corre
sponding to 1 × 108 plasmid copies/μL) to 1.0 × 10− 8 ng/μL (corre
sponding to 1×10 plasmid copies/μL) and subjected to RPA runs as 
described at paragraph 2.3. The RPA standard curve was generated by 
plotting the amount of plasmid DNA (copies/μL) against the time to 
positivity (Tp).

2.6.2. Assessment of the analytical and matrix-based performance of the 
RPA assay

The analytical sensitivity of the RPA assay was evaluated using serial 
dilutions (at a concentration ranging from 1.0 to 1 × 10− 6 ng/μL) in 1X 
TE buffer (10 mM Tris–HCl and 1 mM EDTA; pH 8.0) of gDNA from 
P. citricarpa isolate 1G, extracted from fresh mycelium using the Pow
erPlant® Pro DNA Isolation Kit following the manufacturer's in
structions. This was compared to the sensitivity of the van Gent-Pelzer 
TaqMan qPCR assay. RPA and TaqMan qPCR runs were set up as 
described in Sections 2.3. and 2.4., respectively.

The matrix-based performance of the RPA assay was assessed sepa
rately in three crude citrus peel matrices, using samples consisting of 
fresh mycelium of P. citricarpa isolate 1G spiked with a crude macerate 
of fruit peel from Citrus limon, Citrus sinensis or Citrus reticulata. In detail, 
the crude macerate was prepared by homogenizing 100.0 mg of 

Fig. 1. Standard curve of the RPA assay for detection of the target inserted in plasmid DNA. The graph shows the time to positivity (Tp) plotted against the logarithm 
of plasmid DNA concentration (ng/μL). Each point represents the mean Tp of replicate reactions, with error bars indicating standard deviation. The blue line 
represents the linear regression fitted to the data (linear equation and R2 value is reported). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)
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pulverized plant material (fruit peel ground in liquid nitrogen) with 
1 mL of AMP1 lysis buffer (Agdia Emea, France) in a 2 mL tube. After 
homogenization, the tube was centrifuged, the supernatant (crude 
macerate) recovered and added to fresh mycelium of P. citricarpa isolate 
1G in a 1.0 mL: 100.0 mg ratio. The mycelium was mechanically ground 
for 1 min with a Kontes pestle (Fisher Scientific, Waltham, MA, US) and 
then serial dilutions (ranging from 100.0 to 0.1 mg/mL) in plant crude 
macerate were prepared and tested in RPA runs.

2.6.3. Data analysis
Linear regression curves of RPA and Real Time-PCR were calculated 

by using Excel software. The Limit of Detection (LoD) at 95 % proba
bility and its confidence interval were estimated through Probit 
regression analysis using a generalized linear model in R (version 4.4.0), 
with log10-transformed doses and a Probit link function, based on ten 
replicates per DNA concentration. In this study the genome copy number 
was calculated using the estimated genome size of the reference isolate 
P. citricarpa CBS 122670 (34.43 Mbp; [19]), knowing that the mean 
weight of one nucleotide pair is 1.023 × 10− 9 pg [36] and that the 
selected target (a portion of the tef1 gene) occurs in the genome in a 
single copy [8].

3. Results

3.1. Assay design and preliminary specificity tests

BLAST searches of the NCBI nucleotide database confirmed in silico 
that the selected 134 bp tef1 barcode was exclusive to P. citricarpa (100 
% identity), with P. paracitricarpa the nearest non-target (97.76 %). 
Preliminary specificity tests showed amplification in P. citricarpa and 
cross-amplification in P. paracitricarpa by conventional PCR, with no 
signal in the other species tested. A real-time fluorescent probe was then 
incorporated to finalize the RPA assay.

3.2. Specificity of the RPA assay

Specificity tests of RPA assay gave positive results with gDNA of the 
target species P. citricarpa as well as with that of isolates designated as 
P. paracitricarpa (Table 1). No RPA amplifications were recorded with 
either gDNA from plant material or from non-target organisms. Con
cerning the van Gent-Pelzer TaqMan qPCR, this assay gave positives 
with gDNA from all tested P. citricarpa strains, as well as with that from 
strains of P. paracitricarpa, P. citriasiana and P. capitalensis (Table 1).

3.3. Sensitivity of the RPA assay

The analytical sensitivity of the RPA assay was standardized through 
amplification runs conducted on serial dilutions of plasmid DNA 
harboring the target insert. The related standard curve shows a statis
tically supported linear range of seven orders of magnitude, with am
plifications up to 1.0 × 10− 7 ng/μL of plasmid DNA (corresponding 
to ~ 100 plasmid copies/reaction) (Fig. 1).

Tests conducted on serial dilutions of purified gDNA of P. citricarpa 
isolate 1G at concentrations ranging from 1.0 to 1 × 10− 6 ng/μL showed 
that the RPA assay produced positive amplifications up to 3.5 × 10− 3 ng 
of gDNA (corresponding to ~ 113 genome copies/reaction) per reaction, 
with a 95 % LoD of about 7.52 × 10− 3 ng of gDNA (CI: 4.58 × 10− 3 ‒ 
1.23 × 10− 2 ng of gDNA) (Fig. 2). qPCR tests on the same serial dilutions 
of gDNA conducted according to the van Gent-Pelzer TaqMan qPCR 
assay gave positive amplifications up to 1.0 × 10− 4 ng of gDNA, with a 
95 % LoD of about 2.28 × 10− 3 ng of gDNA (CI: 6.93 × 10− 4 ‒ 
7.49 × 10− 3 ng of gDNA) (Fig. 2).

Tests to evaluate the matrix-based performance of the RPA assay 
were conducted on samples consisting of fresh mycelium from the 
P. citricarpa isolate 1G, spiked at various concentrations (ranging from 
100.0 to 0.1 mg/mL) with crude macerate of fruit peel from C. limon, 

C. sinensis, or C. reticulata. Results showed that the RPA assay was able to 
detect P. citricarpa when the mycelium was dispersed in crude plant 
macerate from all three citrus species at concentrations as low as 
1.0 mg/mL (Fig. 3).

The 95 % LoD in crude orange peel macerate was approximately 
5.58 mg/mL of mycelium (CI: 1.22–25.35 mg/mL), in crude lemon peel 
macerate 8.79 mg/mL (CI: 1.95–39.59 mg/mL), and in crude tangerine 
peel macerate 7.12 mg/mL (CI: 1.56–32.40 mg/mL) (Fig. 3).

4. Discussion

The challenges posed by quarantine plant pathogens, heightened by 
globalization, climate change, and intensified international trade, un
derscore the urgent need for rapid, reliable, and deployable diagnostic 
tools in plant health surveillance systems [37–40]. Within this context, 
the development of molecular assays combining rapidity, analytical 
specificity, and robustness in complex biological matrices is particularly 
relevant for the diagnosis of regulated fungal pathogens such as 
P. citricarpa. Early detection is pivotal to prevent pathogen introduction 
and establishment and mitigate economic losses, particularly in the case 
of quarantine organisms such as P. citricarpa, the causative agent of CBS. 
This pathogen is listed as a quarantine pest in several regions, including 
the EU, and is subject to strict regulatory oversight due to its potential 
impact on citrus fruit production and restriction of international trade 
[1,2,5,9]. In recent years, molecular diagnostics have become the 
cornerstone of plant pathogen detection. However, conventional PCR 
and qPCR assays, while offering high sensitivity and specificity, often 
require laboratory infrastructure, extensive sample preparation, and 
technical expertise, thereby limiting their simplification for rapid direct 
testing of plant samples [20,22–24,26]. In contrast, isothermal ampli
fication methods, such as the RPA, offer significant advantages in terms 
of operational simplicity, speed, and portability [23]. These character
istics make RPA particularly attractive for phytopathological diagnostics 
when rapid molecular detection must be achieved without extensive 
DNA purification [41,42]. To address these diagnostic needs, the present 
study developed and analytically validated a novel real-time fluorescent 
RPA assay for the detection of P. citricarpa. To the best of current 
knowledge, this represents the first report of an RPA-based molecular 
detection method capable of detecting this pathogen directly in crude 
citrus peel macerates. This feature constitutes a key innovation, as it 
allows pathogen detection without DNA purification, even in the pres
ence of host-derived compounds that are typically inhibitory to molec
ular amplification [22,42]. Moreover, the assay was successfully applied 
to three major citrus hosts of P. citricarpa, C. sinensis, C. limon, and 
C. reticulata, demonstrating its robustness across a diversity of matrices. 
Overall, these findings support the value of this assay as a rapid mo
lecular detection tool for CBS detection in citrus-associated plant 
matrices.

In order to develop and validate this assay, a series of sequential 
analyses were conducted. First, a 134 bp region of the tef1 gene was 
identified through in silico analysis as a suitable diagnostic target, based 
on its conservation within P. citricarpa and divergence from closely 
related species. The identification of a diagnostic region within the tef1 
gene was guided by its established utility in resolving taxonomic 
boundaries within the Phyllosticta genus [6]. This gene has been 
consistently demonstrated to offer superior specificity compared to the 
internal transcribed spacer (ITS) regions in molecular diagnostic assays 
targeting P. citricarpa [8,17]. Its selection in the present study was 
therefore based on its diagnostic usefulness and taxonomic resolution 
within the genus Phyllosticta, particularly for the discrimination of 
P. citricarpa from closely related taxa.

The selected 134 bp fragment was conserved among multiple 
P. citricarpa isolates included in the sequence dataset used for assay 
design. This dataset comprised publicly available tef1 sequences from 
geographically distinct origins, including Brazil, Australia, Zimbabwe, 
and South Africa. The same fragment showed critical sequence 
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mismatches with non-target species, including P. capitalensis and 
P. citriasiana, as confirmed by multiple sequence alignment and BLAST 
analysis. Consistently, the experimental inclusivity panel included 
P. citricarpa isolates from different geographic regions, including 
Tunisia, Brazil, and Australia, all of which were successfully detected by 
the RPA assay. Previous studies employing the same locus in qPCR as
says demonstrated high diagnostic accuracy and inter-laboratory con
sistency [8,17]. In silico analysis also revealed four single-nucleotide 
mismatches within the primer-binding region of P. paracitricarpa, indi
cating the potential for diagnostic distinction at the nucleotide level. 
Based on these results, the RPA primer pair was preliminarily validated 
through conventional PCR, a step consistent with established diagnostic 
workflows, in which primer specificity is initially assessed using purified 
DNA before implementation in isothermal formats [43,44]. In this study, 
PCR amplification was observed in P. citricarpa and also in 
P. paracitricarpa, despite the presence of four single-nucleotide mis
matches in the primer-binding region predicted by the in silico analysis, 
whereas no amplification occurred in other Phyllosticta species. Consis
tent with the PCR results, the RPA assay also produced amplification 

signals for both P. citricarpa and P. paracitricarpa, but not for other 
closely related species, confirming that cross-reactivity is restricted to 
the taxon with the highest sequence similarity in the target region. These 
results are consistent with recent phylogenomic analyses suggesting that 
P. paracitricarpa and P. citricarpa represent intraspecific variation within 
a single taxonomic entity, based on extensive whole-genome compari
sons [19]. Given the near-genomic identity between P. citricarpa and 
P. paracitricarpa, and recent phylogenomic evidence supporting their 
synonymy, the amplification of isolates originally designated as 
P. paracitricarpa should be interpreted within the current taxonomic 
boundaries of P. citricarpa sensu lato. Enforcing diagnostic separation 
between these two entities has limited practical value; accordingly, 
different approaches such as taxon-specific competitive-priming multi
plex systems were not pursued here, as they are unnecessary and not 
applicable within an RPA-amenable window for these taxa [45]. It is 
also important to note that the official EPPO-recommended TaqMan 
qPCR assay developed by Van Gent-Pelzer et al. [13] amplifies both 
P. citricarpa and P. paracitricarpa, a limitation confirmed in this study 
and previously reported [8]. Additionally, the Van Gent-Pelzer qPCR 

Fig. 2. Analytical sensitivity of RPA vs. van Gent-Pelzer TaqMan qPCR. On the left, graphs showing the linear regression analysis of RPA (a) and van Gent-Pelzer 
TaqMan qPCR (c) assays for the evaluation of their sensitivity toward independent serial dilutions of purified gDNA of the P. citricarpa isolate 1G; bars indicate 
standard deviation (SD); blue lines are the linear regression curves (linear equations and R2 values are reported). On the right, Dose-Response probit regression 
analyses showing the probability of detection with RPA (b) and van Gent-Pelzer TaqMan qPCR (d) assays. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.)
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Fig. 3. Matrix-based performance of the RPA assay. On the left, graphs showing the linear regression analysis of RPA assay for the evaluation of the sensitivity 
toward independent serial dilutions of fresh mycelium of the P. citricarpa isolate 1G suspended in crude macerate of (a) orange, (c) lemon, or (e) tangerine peel. Bars 
indicate standard deviation (SD); blue lines are the linear regression curves (linear equations and R2 values are reported). On the right, Dose-Response probit 
regression analyses showing the RPA probability of detection of mycelium suspended in crude macerate of (b) orange, (d) lemon, or (f) tangerine. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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assay produced positive signals for P. citriasiana and P. capitalensis, 
consistent with findings reported previously [8]. While P. citriasiana is 
not a relevant concern for CBS diagnostics, being host-specific to pomelo 
(Citrus maxima) and absent from sweet orange, lemon, and tangerine 
[9], the amplification of P. capitalensis poses a more serious diagnostic 
issue. This species is a ubiquitous endophyte commonly found on citrus, 
including CBS host species, and is frequently recovered from asymp
tomatic fruit peel [15]. Its detection by a diagnostic assay may lead to 
false positives and unjustified diagnostic outcomes in citrus disease 
detection. In contrast, the RPA assay developed in this study did not 
yield amplification for either P. citriasiana or P. capitalensis, demon
strating a more selective and diagnostically appropriate specificity 
profile for the molecular detection of P. citricarpa in C. sinensis, C. limon, 
and C. reticulata. Considering the critical importance of diagnostic 
specificity in molecular assays for pathogen detection, it is important to 
consider the specificity trade-offs observed in other recently developed 
qPCR assays. While more recent assays have demonstrated the ability to 
distinguish P. citricarpa from P. paracitricarpa [8,18], they are not yet 
adopted in standard diagnostic practice. Moreover, despite their 
improved resolution in certain taxonomic distinctions, they may still 
exhibit cross-reactivity with non-targets of lesser diagnostic concern. For 
example, the assay developed by Ioos et al. [18] showed delayed 
amplification in P. citriasiana isolates, underscoring the broader 
complexity of achieving absolute specificity within the Phyllosticta 
genus. In this context, the RPA assay presented here offers a compelling 
balance between specificity, speed, and applicability to rapid molecular 
detection, particularly for citrus-associated matrices where the risk of 
non-target amplification by ubiquitous endophytes, like P. capitalensis, 
must be minimized. Nevertheless, these aspects should continue to be 
explicitly considered in assay validation and diagnostic interpretation.

Concerning the analytical sensitivity of the RPA assay, amplification 
was consistently observed down to 1.0 × 10− 7 ng/μL, corresponding to 
approximately 100 plasmid copies per reaction. This detection threshold 
is consistent with previously reported performance levels for RPA as
says, which reported detection limits ranging from 1 to 10 to 1000 
plasmid copies per reaction in plasmid templates [41,46–48]. These 
results confirm that the assay developed in this study performs within 
the expected range for high-sensitivity RPA protocols based on recom
binant standards. Subsequently, the assay's analytical sensitivity was 
evaluated using purified genomic DNA of P. citricarpa. Positive ampli
fication was obtained down to 3.5 × 10− 3 ng of DNA per reaction (cor
responding to ~113 genome copies), and the 95 % limit of detection 
(LoD) was estimated at 7.52 × 10− 3 ng (CI: 4.58 × 10− 3 – 
1.23 × 10− 2 ng).

The performance was then compared with the qPCR assay by Van 
Gent-Pelzer et al. [13], which targets the multicopy ITS region and 
showed a lower endpoint detection of 1.0 × 10− 4 ng and a 95 % LoD of 
2.28 × 10− 3 ng (CI: 6.93 × 10− 4 – 7.49 × 10− 3 ng). Despite the qPCR's 
higher endpoint sensitivity, consistent with its amplification of a 
multicopy target and use of thermal cycling, the two assays demon
strated overlapping LoD confidence intervals. This result supports the 
analytical performance of the RPA assay in relation to the 
EPPO-recommended qPCR assay, while sensitivity differences should be 
interpreted considering the different copy number of the targeted 
genomic regions. The reduced sensitivity of the tef1-based RPA is 
consistent with the findings of Zajc et al. [8], who reported analogous 
differences in LoD between ITS- and tef1-targeting assays on the same 
organism. Comparable results were observed by Rovetto et al. [23], who 
developed an RPA assay targeting the multicopy ITS1 of P. tracheiphilus 
and achieved a sensitivity of 29 genome copies per reaction. Taken 
together, these observations indicate that the slightly lower analytical 
sensitivity of the present assay reflects the expected trade-off associated 
with the use of a single-copy, highly specific target rather than a 
methodological weakness of the RPA format itself. The assay developed 

in this study, which targets a single-copy locus, showed analytical 
sensitivity compatible with rapid molecular detection while offering 
improved specificity.

An additional strength of the assay emerged from its performance in 
crude citrus peel macerates. For this purpose, the RPA assay was further 
evaluated through direct testing on crude citrus peel macerates spiked 
with varying concentrations of propagules of P. citricarpa, which in this 
test were represented by fresh mycelium fragments. The assay consis
tently produced positive amplification in all tested matrices (C. sinensis, 
C. limon, C. reticulata) at concentrations as low as 1.0 mg/mL. The 95 % 
LoD was estimated at 5.58 mg/mL in orange peel, 8.79 mg/mL in lemon, 
and 7.12 mg/mL in tangerine macerate. These results indicate that the 
assay retained detection capability in crude peel macerates from orange, 
lemon, and tangerine, with comparable performance across the three 
tested citrus matrices. This supports the suitability of the RPA format for 
use in unpurified citrus-derived matrices, where host-derived com
pounds may affect molecular amplification [42]. This property derives 
from the RPA reaction mechanism, which lacks thermal denaturation 
and employs recombinase and strand-displacing polymerases that are 
less prone to inhibition [22]. Similar observations were reported in 
previous studies that applied RPA directly to crude plant material. 
Rovetto et al. [23] showed that an RPA assay targeting P. tracheiphilus 
achieved reliable amplification in raw stem extracts, bypassing the need 
for DNA purification. Cesbron et al. [24] demonstrated the feasibility of 
the AmplifyRP XRT + system in detecting Xylella fastidiosa from crude 
grapevine tissues, showing comparable performance to qPCR. Likewise, 
Munguti et al. [49] validated the use of reverse transcription RPA on 
crude homogenates for virus detection in cassava, emphasizing its po
tential for deployment under field or low-resource settings. In the pre
sent study, successful amplification across the three citrus matrices 
indicated that the RPA assay can tolerate host-derived inhibitory com
pounds present in crude citrus peel macerates and retain amplification 
capability under matrix-based conditions. These findings support the 
suitability of RPA for rapid molecular detection in complex 
plant-derived matrices. While qPCR remains marginally more sensitive 
due to its target selection and amplification mechanism, the RPA assay 
developed here demonstrates a balance of specificity, inhibitor toler
ance, and operational simplicity that makes it a promising tool for rapid 
molecular detection of P. citricarpa in phytopathological diagnostics. 
Further validation on naturally infected citrus material is required to 
complete the assessment of assay performance under real diagnostic 
conditions, including variable pathogen load and the biological 
complexity of naturally infected tissues, and to confirm its suitability for 
future routine diagnostic or field application.

5. Conclusion

Overall, the present study expands the molecular toolbox available 
for Citrus Black Spot diagnosis by introducing a real-time fluorescent 
RPA assay for the detection of P. citricarpa. The assay combines rapid 
amplification, selective target detection, and tolerance to complex 
citrus-derived matrices, while maintaining detection performance 
compatible with practical molecular detection. The use of a tef1-targeted 
approach improved discrimination against several closely related non- 
target Phyllosticta species, and the successful amplification from crude 
citrus peel macerates highlights the potential of this assay for rapid 
molecular detection of P. citricarpa in citrus-associated plant matrices.
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