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Abstract: Spiroplasma citri, a bacterium from the class Mollicutes, is the causative agent
of citrus stubborn disease, a serious threat to Moroccan citrus crops, with yield losses
reaching 45%. Despite its long-standing presence since 1949 and regulations mandating
disease-free citrus plants, data on S. citri in Morocco remain scarce. This study investigates
the pathogenicity and symptom variability of Moroccan S. citri isolates using biological
indexing and genetic mapping based on the Spiralin and P58 genes. Biological indexing
through reverse inoculation revealed that seven out of ten isolates caused moderate to
intense symptoms within 8 to 10 weeks, with symptom severity varying across citrus
cultivars and regions. These findings suggest variations in pathogen titer. Molecular
analysis showed that Moroccan isolates (27GH, 3GH, 8GH, 56MK, 16MK, 60MK, 2GLK,
13SS, and 3051) exhibited complete (100%) sequence similarity with each other and the
reference strain R2-A8. Furthermore, these isolates displayed a high degree of similarity
(99.75%) to a Corsican isolate (U13995) and a 94% similarity to an Iranian isolate (KP666137).
Analysis of the P58 gene confirmed a high level of homogeneity with Moroccan reference
strain R8-A2, closely aligning (99.75%) with the American BR3-3X strain, and 98% similarity
to isolates from Syria and Iran. This study lays a foundational insight into the molecular
characterization of S. citri in Morocco and provides a groundwork for future research into
managing citrus stubborn disease.

Keywords: stubborn; Spiroplasma citri; citrus; R2 medium; biological indexing; biological
characterization; P58 gene; Spiraline gene

1. Introduction

The Green Morocco Plan has significantly boosted the country’s citrus sector, with
production more than doubling from 1.3 million to over 2.6 million tonnes between 2003 and
2021 [1]. By 2021, Morocco had cultivated 135,000 hectares of citrus, exported 640,000 tonnes,
and generated approximately MAD 336.74 million annually. Citrus farming is primarily
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concentrated in five regions, with Souss/Massa holding the largest share (32%). Key
varieties include Clementine (35%), Maroc-Late (21%), and Navel (18%) [2].

Despite this growth, Morocco’s citrus crops face significant threats from abiotic and
biotic stressors, including viruses and bacteria. Among these, Spiroplasma citri, the causative
agent of Citrus Stubborn Disease (CSD), is a prominent graft-transmissible pathogen that
severely impacts citrus production [3,4]. This wall-less, Gram-positive bacterium inhabits
phloem sieve tubes [5] and is transmitted by leathoppers, including Circulifer tenellus and
Neoaliturus haematoceps [6].

Citrus Stubborn Disease (CSD) predominantly affects hot, semi-arid regions, including
California, Arizona, and North Africa, as well as Mediterranean countries such as Morocco,
Algeria, Tunisia, Libya, and Egypt [7-9]. First reported in Morocco in 1951, CSD has since
been detected in commercial citrus fields across various production areas [10,11]. The
complete nucleotide sequence of the circular chromosome and two plasmids of S. citri
strain R8-A2T (Morocco-R8-A2 [ATCC 27556T]), originally isolated from diseased Citrus
sinensis (L.) trees [12], was reported in 2017 [13]. However, limited studies have addressed
the molecular and biological characterization of local isolates compared to those conducted
in neighboring countries [8,14-17].

Given the scarcity of such data, this study aims to (1) detect and isolate S. citri strains
from plant tissues in Moroccan citrus orchards, (2) characterize the biological properties of
these isolates, and (3) perform molecular characterization targeting two genes: the spiralin
gene and the P58 gene. The spiralin gene encodes a major membrane protein involved in
insect transmission and pathogenicity, making it critical for understanding the disease’s
epidemiology [18,19]. The P58 gene, which encodes an adhesin-like protein implicated
in spiroplasma-insect interactions, is crucial for the bacterium’s ability to colonize and
propagate within its insect vectors [20,21]. These genes were selected for their established
roles in pathogenicity and vector transmission.

By investigating pathogen diversity and pathogenicity, this study seeks to refine
diagnostic tools and contribute to developing more effective management strategies for
CSD, ultimately fostering sustainable citrus production and reducing economic losses
in Morocco.

2. Materials and Methods

In July 2020 and October 2021, surveys were conducted in the main Moroccan citrus-
growing regions (Tadla, Loukkos, Gharb, Souss, Melouya, and Haouz) to collect samples
exhibiting symptoms of stubborn disease [22]. Representative samples from these six re-
gions were tested in this study.

2.1. Biological Indexing Assay

Biological indexing was performed to characterize 10 representative isolates of S. citri
collected from six citrus-growing regions in Morocco: Tadla, Loukkos, Gharb, Souss,
Melouya, and Haouz (Table 1). The inverse inoculation method was used, following the
procedure described by Mannaa et al. [16]. This technique involves inoculating a cutting
from the test sample with a bud from the Madame Vinous sweet orange indicator, which
is then grafted onto a sour orange rootstock. The inoculated plants were maintained in
a temperature-controlled greenhouse. To reduce humidity, the tops of the plastic bags
covering the grafts were opened after ten days [23]. Twenty plants (two replicates per
positive citrus sample) were tested alongside a positive control provided by the UCP
(an agricultural organization specializing in certified citrus plant production). Negative
controls were also included.
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Table 1. Analysis results of Moroccan S. citri isolates tested by isolation, PCR, and biological indexing.

. . . . Accession

No. Jample  Citrus Region  [solationonR2 - pop bog pCR Spiraline Bi0M08Ial  Number NCBI

Name Species Liquid Medium Indexing

of Sequences
1 1INAD Lemon Melouya - + — *) OM365903
2 3NAD Lemon Melouya — + - ®*) ON923969
3 2BLK Lemon Loukkos + + — 2 ON939599
4 2GLK Navel Loukkos — + + * ON923972
5 4BM Navel Tadla + + + 3 OP204698
6 6TAD Navel Tadla — + — 2 ON303972
7 5TAD Navel Tadla + + + 3 ON303970
8 30S1 Clementine Tadla + + + ®*) ON303971
9 3GH Navel Gharb + + + 3 OP204695
10 5GH Navel Gharb — + — 2 ON236615
11 8GH Navel Gharb + + + * OR066406
12 27GH Clementine Gharb + + + 1 OP204696
13 45GH  Clementine Gharb + + — *) ONB303973
14 16MK Navel Haouz + + + 3 OR042738
15 56MK Navel Haouz + + + * OP204697
16 60MK Navel Haouz + + + 3 OR066405
17 13SS Navel Souss + + — 0 ONB303968

(*): Test not conducted. To quantify disease severity, we used a scoring system based on disease severity scale
(0-5): 0: No symptoms; 1: Mild symptoms (e.g., some leaf chlorosis); 2: Moderate symptoms (e.g., chlorosis and
small size of leaves); 3: Severe symptoms (e.g., e.g., severe chlorosis, small size of leaves and cupped leaves).

To assess the transmission rate of S. citri, specific symptoms on the leaves of indicator
plants were observed. The inoculated indicator plants with negative control plants showed
no abnormalities. Evaluated parameters included the transmission rate and the time
required for specific symptoms to appear, such as stunted shoots and chlorotic leaves
resembling zinc deficiency [24].

2.2. Isolation and Growth of S. citri

Seventeen representative infected citrus samples collected from six distinct citrus-
growing regions (Table 1) were used for the isolation and cultivation of S. citri. Three specific
culture media, SP4 [25], C3-G [26], and R2 [27] were tested, with the R2 medium proving to
be the most effective.

The composition of the R2 medium included PPLO Broth (7.5 g), glucose (50 g), phenol
red (2 mg/mL, 5 mL), and distilled water (adjusted to 500 mL). After autoclaving at 121 °C
for 20 min, 10% bovine serum was added as the final concentration.

Midribs of citrus leaves (3 g each) were excised, surface-cleaned, and diced with
a sterile razor blade in 5 mL of R2 liquid medium. The mixture was left to stand for
five minutes and then passed through a 0.45 um filter membrane. Then, 1 mL of the filtered
medium was transferred into culture tubes containing 10 mL of R2 medium [28]. The
culture tubes were incubated at 30-32 °C for a period of 3 to 22 days following the initial
isolation [27,29].

Cultures were monitored for a color change from red to yellow, indicating medium
acidification and potential growth of S. citri. The time (in days) required for this color
change was recorded. Subcultures were prepared by transferring 1 mL of the filtrate into
9 mL of fresh R2 medium, followed by 10-fold serial dilution to a final concentration of
1 x 10~7. Aliquots of 0.1 uL of each dilution were plated onto R2 solid medium containing
1.5% agar and incubated at 30 °C. Colony morphology was assessed, focusing on the
characteristic “fried egg” appearance, as described in previous studies [30-32].
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2.3. DNA Extraction and PCR Amplification

Pure colonies of S. citri obtained on solid media were suspended in 1 mL of R2 medium
and incubated for 24 h. After centrifugation (5 min at 16,000 tr/min), the supernatant was
discarded, and the resulting pellet underwent DNA extraction using the recommended
protocol provided by the DNA extraction kit (Bioneer, Daejeon, Republic of Korea).

PCR amplification was performed according to the protocols described by Drais [8]
and Sagouti et al. [22]. Two primer sets were used: “SC1-fw/SC1l-rw”, targeting the Spiralin
gene, and “P58-6f/P58-4r”, targeting the putative adhesion gene P58 [33].

The reaction mixture had a total volume of 25 uL, comprising 2 pL of template DNA,
0.5 uL of each primer (at 10 uM), 12.5 pL. of HotGoldStar Mix (Eurogentec, Liege, Belgium),
and 7.5 pL of PCR-grade ultrapure water. The amplification process included an initial
step of Uracil-DNA Glycosylase (UDG) activation (50 °C for 2 min), then a denaturation
step (95 °C for 2 min), followed by 40 cycles of 30 s at 95 °C, 30 s at 56 °C (P58-6f/P58-4r)
and 58 °C (SC1-fw/SC1-rw), 90 s at 72 °C, and a final extension step of 5 min at 72 °C [33].
PCR products were then visualized by electrophoresis on a 1.5% agarose gel stained with
Sybersafe. Electrophoresis was performed in a 1x TAE buffer and visualized under a UV
transilluminator. Samples were considered positive if a band corresponding to the target
size was observed.

2.4. Sequencing and Phylogenetic Analysis

The PCR products of the spiralin and P58 genes from our Spiroplasma citri isolates
were sequenced by STABVIDA, a company based in Portugal. Sequences, along with those
of related species from the GenBank database, were aligned using BIOEDIT version 7.0
software [34]. A nucleotide-level comparison was performed between the sequenced
isolates and 20 different isolates retrieved from the National Center for Biotechnology
Information (NCBI) (https://www.ncbi.nlm.nih.gov/ accessed on 22 January 2022) using
MEGA 11 software (version 11.0.13), which estimates the evolutionary tree that best fits
the observed DNA sequences. The maximum likelihood (ML) method was employed to
estimate phylogenetic relationships, with branch support in the inferred tree evaluated
through 1000 bootstrap replications.

3. Results

In all surveyed citrus-growing areas, symptoms consistent with Citrus Stubborn
Disease (CSD) were observed (Table 1; Figure 1). These symptoms included general stunted
tree growth and dense foliation on branches, alongside specific leaf abnormalities such as
upright foliation, small leaves with short internodes, and cup-shaped leaves. Other notable
signs included characteristic chlorosis and mottling, reduced fruit size, as well as off-season
flowering and fruit setting (Figure 1).

3.1. Biological INDEXING

Biological indexing was evaluated based on the percentage of successful S. citri trans-
mission and the time required for the first symptoms to appear on indicator plants (Figure 2).
Transmission of S. citri was determined by observing characteristic symptoms in the indica-
tor plants, including chlorosis, cup-shaped leaves with short internodes, and reduced leaf
size. Negative control plants displayed no abnormalities.

The results showed that severe, characteristic symptoms developed in five out of
ten plants. The earliest signs of injury, such as leaf chlorosis, were observed eight weeks
post-inoculation. Severe symptoms were associated with five isolates (4BM, 5TAD, 3GH,
16MK, and 60MK) and became significantly more pronounced after 12 weeks (Figure 2). In
contrast, 3 out of 10 isolates exhibited moderate symptoms (2BLK, 6TAD, and 5GH), 1 out
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of 10 showed mild symptoms (27GH), and 1 isolate remained asymptomatic (13SS). This
variation can be explained by the ability of the bacterium S. citri to thrive and multiply
within citrus plants, gradually inducing characteristic symptoms over time (Table 1).

Figure 1. Chlorotic, upright, and cupped leaves (A); stunted plants and deformed fruits (B); bushy
tree appearance (C); and over-season flowering (D).

Indicator
plant eye

Test rod
grafted onto
a sour orange
tree

Figure 2. Biological indexing: Reverse inoculation process of the C. sinensis “60MK” sample infected
with S. citri on the “MadamVinous” indicator plant. (A) Grafting of an eye of an indicator plant grafted
onto a test sample rod grafted in turn onto a sour orange plant; (B) emergence of leaves after 8 weeks;
(C) symptoms of chlorosis and leaves with small cavities observed on the leaves of 60MK isolate after
12 weeks.
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All isolates exhibiting severe symptoms tested positive through isolation, and qPCR
analysis targeting the P58 adhesin gene further confirmed the presence of the bacterium in
all plants, both symptomatic and asymptomatic. However, PCR targeting the spiralin gene
yielded positive results only for isolates associated with moderate and severe symptoms
(Table 1).

Differences in symptom onset and severity among isolates likely reflect variations in
pathogen concentration within the host plant.

3.2. Isolation and Culturing of S. citri

A color change in the R2 medium, indicating the presence of S. citri, was recorded for
12 out of 17 samples 10-14 days post-inoculation (dpi). The absence of isolation in five sam-
ples could be attributed to low pathogen concentrations and uneven distribution within
citrus plant tissues, as cited by Wang et al. [35]. In the second Subculture, color changes
were observed after 3-5 days for all 12 samples (Figure 3). The presence of Spiroplasma was
further confirmed by the characteristic “fried egg“-shaped colonies observed on R; solid
medium after 5-7 days of incubation at 30 °C. Optimal colony development was achieved
at 30 °C with a dilution of 10~* at five dpi. These colonies, characterized by their small
size and clear appearance, were visible when observed directly on the surface of the plates
(Figure 4). The isolated organism was identified as S. citri through PCR using P58 primers,
according to the standard protocol [33].

Figure 3. Culture and isolation of S. citri on liquid medium Ry. (a—c) The liquid media changed color
following the presence of S. citri in the test sample. The change in color of the culture medium R2
from red to yellow indicates the presence and growth of S. citri in the medium.

Figure 4. The morphology of S. citri on solid medium R2 of different dilutions was examined using an
optical microscope, revealing the presence of 10-15 dpi (days after inoculation) chip-shaped colonies
at 30 °C.
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3.3. Molecular Detection

PCR assays targeting the P58 gene produced positive results for all 17 isolates, with
an amplification product of approximately 450 bp (Figure 5). However, PCR targeting
the spiralin gene yielded positive results for only 9 of the 17 isolates, with the expected
amplicon size of 336 bp (Figure 5).

6 7 &8 9 10 11 12 NC PC

5 6 7 & 9 10 11 12 NC PC

Y

Figure 5. Amplification products of PCR tests targeting two genes of S. citri: the spiralin (Spi) gene
using the primer set SC1-fw/SC1-rw (upper part) and the putative adhesion gene P58 using the
primer set P58-6f/P58-4r (lower part). Lane M is the molecular weight marker, lanes 1-12 correspond
to S. citri isolates from Moroccan citrus samples, lane NC is the negative control, and lane PC is
the positive control. Amplicon sizes for the Spi and P58 genes were observed at expected sizes of
approximately 336 bp and 450 pb, respectively.

Compared to the other tests, PCR using the P58 primers was found to be more sensitive
than PCR targeting the spiralin gene.

3.4. Phylogenetic Sequencing Analysis

Sequence analysis of the putative adhesin gene and the spiralin gene revealed a similar-
ity range of 98% to 100% identity across all Moroccan isolates when compared to reference
sequences in GenBank. Sequence data for the Moroccan isolates were deposited at NCBI
(Table 1).

Sequences from both genes were obtained from 17 of the selected isolates (9 out of 17
for the spiraline gene and 15 out of 17 for the putative adhesin P58 gene) and were used
to construct a phylogenetic tree (Figures 6 and 7). This analysis enabled us to classify our
isolates into a single clade with various S. citri strains reported worldwide. The tree with
the highest likelihood was chosen as the best-fit model, representing the most probable
evolutionary relationships among the S. citri strains based on the sequence data. The
analysis of spiraline gene sequences revealed a significant degree of similarity among
S. citri isolates from various citrus-growing regions in Morocco. Specifically, Moroccan
isolates (27GH, 3GH, 8GH, 56MK, 16MK, 60MK, 2GLK, 13SS, and 3051) exhibited 100%
similarity among themselves and with the Moroccan strain R2-A8, forming a distinct
branch. Furthermore, these Moroccan isolates showed high similarity to other isolates,
ranging from 99.75% similarity with the Corsican isolate (U13995) to 94% similarity with
the Iranian isolate (KP666137).
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KP148815 Spiroplasma citri isolate Ghyrkarzin |
MW262901 Spiroplasma citri strain Khj1
1U13994 Spiroplasma citri alcanar 254
AM157770 Spiroplasma citri isolate Fewa
KFP148818 Spiroplasma citri isolate Firuzabad Il
AM285305 Spiroplasma citri GII3-3X

113993 Spiroplasma citri turkish strain 78
MET38821 Spiroplasma citri strain 325P
MGT738819 Spiroplasma citri strain 1SP
139945 Spiroplasma citri Corse

45| KT377370 Spiroplasma citri isolate 2486 Mexico
CP0463685piroplasma citri strain BR12
CP047428 Spiroplasma citri strain BLH-13

100 }1J13997 Spiroplasma citri PALMYR

KPB66138 Spiroplasma citri strain Darab |V

— LMT13947 Spiroplasma citri isolate G.
MTB75196 Spiroplasma citri strain KSC

—— CP047426 Spiroplasma citri strain C189

= 13998 Spiroplasma citri RBA2B

| 3GH OP204695

27GH OP204696

56MK OP204697

13s SP OR042737

d1 | 16MK SP OR042738

60MK SP OR066405

2G sc1 OR066403

8GH SP OR066406

3051 SP OR066404

71

67

M59366 Spiroplasma melliferum

—
0.20

Figure 6. Phylogenetic analysis of putative gene P58 in S. citri using Kimura 2-Parameter model and
a bootstrap value of 1000 in MEGA 11 software.

Comparative analysis of the putative adhesin gene P58 sequences among S. citri
isolates from various citrus-growing regions in Morocco revealed a high degree of ho-
mogeneity with the Moroccan reference strain R8-A2 (CP013197). Additionally, these
Moroccan isolates exhibited significant similarity to strains from other countries, sharing
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99.75% similarity with the American strain BR3-3X (DQ344812), 98% with the Syrian isolate
Y12 (FN55141), and 98% with the Iranian isolate (MH182101).

EUB02315 Spiroplasma citri strain T4
e EUB02314 Spiroplasma citri strain T9
MH182101 Spiroplasma citri isolate Siyahoo1
% |l FN555141 Spiroplasma citri strain Y12
D(344812 Spiroplasma citri strain BR3-3X
92 ' CP013197 Spiroplasma citri strain R8-AZ
1355 ON303968
GOMK OP037885
4BM OP204898
156GH ON923971
ANAD ON923969
w0 | 2GLK ON9234972
TNAD OM365903
ZBLK ON939599
GTAD ON303972
5GH ON236615
5TAD ON303970
45GH ON303973
18MK ON923970
30S1TAD ON303971
4TAD ON303968
AMZ285307 Spiroplasma citri GII3-X
GU059268 Spiroplasma endosymbiont of Drosophila neotestacea
100 | DQ344811 Spiroplasma citri strain BR3-G
EUB02316 Spiroplasma citri strain T9
AJB284.36 Spiroplasma poulsonii

G2

AJB28437 Spiroplasma insaolitum
46t AJG28438 Spiroplasma phoeniceum

—

n.20

Figure 7. Phylogenetic analysis of P58 sequences of S. citri strains using Kimura 2-Parameter model
and a bootstrap value of 1000 in MEGA 11 software.

4. Discussion

Symptoms observed in the citrus orchard were characteristic of stubborn disease
(Figure 1). Infected citrus trees exhibited small, chlorotic, spoon-shaped leaves and mottling.
The fruits displayed abnormally small size, altered coloration, and lopsided, immature,
acorn-shaped development. These symptoms are consistent with descriptions provided by
several studies [4,14,17,36,37].

Haut du formulaire

Bas du formulaire
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The isolation of various Moroccan isolates of S. citri was successfully achieved using
Ry medium, detecting 12 out of 17 isolates. The presence of S. citri was indicated by a color
change in the medium from red to yellow, as reported by Abd El-Fatah and Iftikhar [24,26],
and confirmed by PCR. The R2 medium, known for its affordability and simplicity, proved
highly effective in isolating S. citri from infected plant tissues, consistent with findings
by several studies [27,38,39]. The characteristic “fried egg” colonies were observed, cor-
roborated by El-Banna et al. [31] and Iftikhar et al. [24]. This method can enhance routine
detection by increasing the titer of S. citri prior to molecular detection, mitigating low
pathogen titer during colder periods.

Biological indexing was conducted through inverse inoculation, where 5 out of
10 isolates exhibited severe symptoms, 3 out of 10 showed moderate symptoms, 1 out
of 10 displayed mild symptoms, and 1 isolate was symptomless, appearing 8 to 12 weeks
post-inoculation. Indicator plants showed characteristic symptoms such as chlorotic and
mottled leaves, consistent with the known effects of S. citri on citrus plants and previous
research [9,16,24].

The bacterium S. citri thrives and multiplies within citrus plants, inducing charac-
teristic symptoms. The severity of these symptoms is primarily influenced by bacterial
titer rather than the virulence or genetic diversity of individual isolates [12,32]. This is
supported by the high genetic similarity observed among Moroccan isolates in this study
and by findings from Mannaa et al. [40], which attribute variability in symptom severity
to differences in pathogen concentration within the bud sticks [16]. Regional variations in
symptom severity may also reflect differences in pathogen titer at the time of inoculation.

All isolates with severe symptoms tested positive through isolation, and PCR targeting
the P58 adhesin gene confirmed the presence of S. citri in both symptomatic and asymp-
tomatic plants. In contrast, PCR targeting the spiralin gene produced positive results only
for isolates causing moderate and severe symptoms, suggesting that the pathogen titer
plays a critical role in symptom onset and severity.

The findings from the biological indexing of Moroccan isolates of Spiroplasma citri
provide valuable contributions to advancing the application of this diagnostic method.
Biological indexing offers multiple advantages: it enables the accurate identification of
S. citri through characteristic symptom observation, reduces the likelihood of false posi-
tives, supports effective monitoring of disease progression, and deepens understanding
of pathogen-plant interactions. These insights are essential for developing resistant citrus
cultivars, optimizing disease management strategies, and mitigating the impact of S. citri
on citrus production.

The variability in amplification efficiency between the P58 adhesin and spiralin genes
can be attributed to their genetic architecture: the spiralin gene exists as a single copy in
the genome of all S. citri strains, whereas the P58 adhesin gene likely occurs in multiple
copies [19,20,33,41].

These findings underscore the importance of molecular testing for early detection,
as S. citri can colonize plants before visible symptoms appear. Moreover, they provide a
foundation for developing targeted diagnostic methods tailored to Moroccan isolates and
for improving national strategies to manage S. citri infections effectively.

The analysis of spiraline gene sequences among S. citri isolates from various citrus-
growing regions in Morocco revealed a very high level of genetic similarity. The Moroccan
isolates (27GH, 3GH, 8GH, 56MK, 16MK, 60MK, 2GLK, 13SS, and 3051) showed 100%
sequence similarity with each other and with the Moroccan reference strain R2-A8, forming
a distinct branch.

The observed genetic homogeneity among Moroccan S. citri isolates indicates a stable
population with limited genetic variation. This stability may result from restricted pathogen
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movement or effective local agricultural practices that prevent the introduction of new
variants. The high similarity (99.75%) with the Corsican isolate (U13995) suggests possible
historical or recent interactions between Moroccan and Corsican citrus industries. In
contrast, the lower similarity (94%) with the Iranian isolate (KP666137) points to more
distant genetic relationships, likely due to geographical and ecological differences.

Additionally, notable similarity in spiralin sequences between Moroccan and American
isolates has been previously reported by Drais [8], and high genetic similarity in spiralin
gene sequences among Algerian isolates was also noted by Benazzouz et al. [14]. In
addition, analysis of the putative adhesin gene P58 sequences revealed that Moroccan
isolates share a high degree of homogeneity with the Moroccan reference strain R8-A2
(CP013197), suggesting that the P58 gene is highly conserved among Moroccan isolates.
These isolates also exhibited 99.75% similarity with the American strain BR3-3X, 98% with
the Syrian isolate Y12, and 98% with the Iranian isolate (MH182101).

This genetic stability, coupled with the high conservation of key virulence genes such
as P58 and spiralin, offers an opportunity to develop precise diagnostic and management
strategies tailored to Moroccan citrus farming. Targeting these conserved genes could
enhance early detection and control efforts, reducing the risk of disease spread across
orchards. Furthermore, understanding the potential pathways of pathogen introduction,
as indicated by similarities with Corsican and American isolates, can inform biosecurity
measures aimed at preventing new variants from entering Moroccan citrus orchards.

5. Conclusions

This study represents a significant advancement in the molecular characterization of
Spiroplasma citri in Morocco, marking the first comprehensive mapping of S. citri variants in
the region. The findings reveal low genetic diversity among isolates, suggesting a common
origin and highlighting the role of global trade in the spread of the pathogen. This work
lays a solid foundation for future research and practical advancements in S. citri detection
and management.

A key contribution of this study is the genetic sequence data, which forms the founda-
tion for the design and development of a highly specific and sensitive molecular diagnostic
method that can enhance the management of citrus stubborn disease (CSD) through early
detection and targeted interventions.

To strengthen CSD management, it is essential to integrate molecular findings with
practical agricultural practices. The widespread presence of genetically similar isolates
emphasizes the need for region-specific strategies, such as the use of certified pathogen-
free planting materials, stricter quarantine measures, and the promotion of resistant cit-
rus varieties.

Future research should focus on identifying citrus cultivars with resistance or tolerance
to S. citri, facilitating the development of more resilient crops. Additionally, integrated
control strategies, including biological control, insect vector management, and resistant root-
stocks, should be explored. Expanded epidemiological studies are crucial to understanding
the role of vectors in pathogen transmission and defining disease dynamics. Further genetic
analysis, including studies of the 16S rRNA gene, will deepen our understanding of S. citri
diversity and pathogenicity. Collectively, these efforts are vital for developing sustainable
control strategies to mitigate the impact of CSD on Morocco’s citrus industry.
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