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Abstract

This study investigated the epidemiology and incidence of citrus Huanglongbing (HLB)
disease in citron (Citrus medica L.) under varying field conditions. This research specifically
aimed to quantify disease severity, assess populations of the primary vector, the Asian citrus
psyllid (Diaphorina citri), and identify potential alternative host plants sustaining the vector
and the pathogen. Field surveys were executed across three sites characterised by distinct
elevations and management practices. Site-level soil nutrient profiles exhibited moderate
acidity (pH 4.67–5.74) and significant differences in organic matter and nitrogen. These
findings suggest that localised deficiencies in calcium and boron may exacerbate disease
severity, contributing to the varied epidemiological patterns observed across sites. Analysis
revealed that both HLB disease severity and D. citri population density were significantly
influenced by altitude, field condition, and orchard management. The low-elevation site
(860 m above sea level (ASL)), characterised by poor maintenance, exhibited the highest
mean psyllid populations (averaging 13 individuals per sticky trap per day) and the most
severe disease symptoms. Conversely, the high-elevation site (1674 m ASL) displayed
significantly lower infection rates and healthier tree conditions. Symptomatic citron trees
across all sites consistently exhibited characteristic HLB foliar and fruit symptoms (blotchy
mottle and lopsided fruits). Quantitative Polymerase Chain Reaction (qPCR) successfully
detected the causal agent, Candidatus Liberibacter asiaticus (CLas), in symptomatic citron
samples from all locations, with the highest relative fold-change (2−∆∆Ct = 4628.24). Cru-
cially, multiple developmental stages of D. citri were observed infesting the common weed
Bidens pilosa. Furthermore, qPCR confirmed the presence of CLas DNA within the B. pilosa
tissue itself (2−∆∆Ct = 210.84). This finding constitutes the first field-based evidence that B.
pilosa can serve as a novel alternative host that supports both the D. citri vector and the CLas
pathogen. These results establish citron as a highly susceptible host and identify B. pilosa as
a new, critical epidemiological link in the HLB transmission cycle, thereby underscoring
the necessity for integrated, landscape-level disease management strategies.
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1. Introduction
Citrus medica L., commonly known as citron (Chinese: Ning’er Giant; Italian: Cedar;

Thai: Ma Ngaow), is a small tree or evergreen shrub prevalent in Southwestern China
and subtropical Asia. Despite being a progenitor of the cultivated citrus group and thriv-
ing across most warm citrus-growing regions—including Yunnan province of China and
Northern Thailand—citron’s commercial scale remains considerably smaller than that of
its cultivated derivatives. Sweet orange alone accounts for approximately 65% of global
citrus production, followed by mandarin (19%), lemon and lime (11%), and grapefruit
(5%) [1]. Beyond commercial cultivation, citron is valued in traditional medicine, in orna-
mental horticulture, and as a food source in both fresh and processed form. This species
exhibits diverse phenotypes, including the fingered citron, which arises from a unique
developmental anomaly. In typical citron fruits, variations in shape, size, taste (sweet vs.
acid-sour), and style persistence among cultivars remain largely unexplained at the genetic–
physiological level [2,3]. Taxonomically, common citrons are characterised by locules with
absent or rudimentary juice vesicles. The predominantly self-pollinating nature of C. medica
is likely a contributing factor to its comparatively lower genetic diversity compared with
other citrus species [3]. This limited genetic variability simplifies genomic studies but also
suggests a potentially uniform response to environmental stresses and pathogens across
different cultivars. As one of the three foundational progenitor species of citrus, C. medica is,
nonetheless, a critical resource for understanding the genetic basis of traits introduced into
modern commercial hybrids like lemons and limes [4]. Therefore, characterising its genome
remains essential for breeding efforts, including the search for novel resistance genes, even
though common citron cultivars are generally susceptible to most known pathogens.

Huanglongbing (HLB), or citrus greening, is a devastating disease threatening the
global citrus industry. The causal agent is the phloem-limited bacterium Candidatus Liberib-
acter asiaticus (CLas), vectored by the Asian citrus psyllid (Diaphorina citri Kuwayama) [5].
CLas multiplication is optimised between 22 ◦C and 27 ◦C, while at higher altitudes, tem-
peratures above 30 ◦C can significantly reduce bacterial titres [6,7]. Furthermore, high
altitudes (above 1000 m ASL) have been shown to limit the incidence of both the pathogen
and its vector [8]. Disease management is exceptionally difficult, complicated not only by
the vector’s mobility but also by the presence of alternative host plants that can harbour
the psyllid and, in some cases, the pathogen itself, making control efforts within citrus
groves insufficient. The psyllid vector reproduces almost exclusively on plants within the
Rutaceae family, and common ornamentals like orange jessamine (Murraya paniculata) serve
as critical, often unmanaged, reservoirs for the insect population [9]. Recent studies have
confirmed that the pathogen CLas is not restricted to these psyllid hosts. The bacterium has
now been detected in the phloem of common, non-rutaceous weeds found in and around
citrus orchards, such as Spanish needle (Bidens pilosa) [10]. The presence of these pathogen
reservoirs profoundly complicates disease management, as these weeds can provide a
persistent source of inoculum, undermining control efforts focused solely on citrus and
the psyllid.

HLB infection induces significant alterations in the morphological, structural, phys-
iological, and biochemical characteristics of citrus trees. The symptoms of HLB-infected
citrus include the anomalous accumulation of starch in leaves and the abnormal enlarge-
ment of starch granules. Leaf etiolation is also a common symptom. The compromised
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phloem function is hypothesised to cause feedback inhibition of photosynthesis. This
disruption leads to disorganisation of grana lamellae in chloroplasts, ultimately impairing
photosynthetic function and the translocation of photosynthetic products [5,11].

While these physiological disruptions explain the decline in the primary citrus host,
the persistence of HLB in the field often depends on external biological reservoirs that
remain unaffected by such visible collapse. To fully understand how the disease maintains
its presence in citron orchards despite the severe physiological compromise of the trees, it
is necessary to examine the surrounding vegetation and, critically, to distinguish between
two ecologically distinct roles, viz., a temporary secondary host for D. citri and a true CLas
reservoir host. The temporary secondary host, often referred to as a transient or shelter
host, is a plant species upon which adult psyllids may temporarily land or engage in xylem-
feeding to avoid desiccation, but which cannot sustain the reproductive cycle of the insects
or the systemic multiplication of the pathogen [12]. D. citri has been documented on a wide
range of non-rutaceous plants; most serve only as short-term refuges without contributing
to the disease inoculum [10]. In contrast, a true CLas reservoir host must demonstrate
functional criteria, such as supporting the vector’s full life cycle, particularly the nymphal
stages, which are more efficient at acquiring the pathogen than adults. Moreover, it
must allow for the systemic colonisation and high-titre multiplication of CLas within its
phloem [13]. The identification of B. pilosa as a host in this study is novel because it moves
beyond transient detection.

Citron and the citrus species with citron ancestry have often been reported to exhibit
low or absent HLB symptoms; these trees are characterised by dense canopies, minimal
leaf loss, and vigorous growth [14–16]. However, long-term field evaluations in the USA
have revealed that citron is highly susceptible to CLas, displaying typical HLB symp-
toms [17]. Reports from China also indicate that HLB induces physiological changes in
citron (C. medica L. var. sarcodactylis Swingle) [5]. While ‘fingered’ citron is traditionally
cultivated for ornamental and medicinal purposes in Thailand, commercial cultivations
of the common variety in the Fang and Chai Prakan districts of Chiang Mai, Northern
Thailand, primarily cater to the European market. The commercial production in this region
alone is approximately 1000 tons annually (Johannes Rogaar, pers. commun.). Although
numerous studies have investigated HLB in common citrus species cultivated in Thailand,
including mandarin (C. reticulata), sweet orange (C. sinensis), pummelo (C. maxima), lime
(C. aurantifolia), and Kaffir lime (C. hystrix) [18,19], no reports on HLB associated with citron
are available to date. Commercial citron cultivation in Chiang Mai, Thailand, has recently
been impacted by symptoms indicative of systemic infection, including foliar yellowing
and distinct blotchy mottle patterns. Affected trees frequently produce underdeveloped,
lopsided fruit characterised by poor colouration and greyish-white waxy rind markings.
To investigate these disease symptoms and confirm their cause, this study sought to char-
acterise these symptoms under field conditions and confirm the presence of CLas using
real-time PCR.

2. Materials and Methods
2.1. Plant Material Sampling and Collection

Plant samples were collected from suspected field plots and transported to the labora-
tory for analysis. For each citron tree, approximately 5–10 leaves were randomly collected.
Sampling specifically targeted symptomatic foliage, including leaves with characteristic
blotchy mottle or chlorosis. Upon arrival at the laboratory, the leaf samples were surface
sterilised and cut into small pieces (2 mm) for subsequent DNA extraction. Additionally,
productivity data of the previous year (2024) were obtained from Royal Steensma Co., Ltd.,
Chiang Mai, Thailand.
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2.2. Insect Pest Identification

A survey was conducted in April 2025 in the northeastern districts of Chiang Mai,
Thailand (Figure 1 and Table 1), which revealed suspected symptoms in three commercial
citron fields. The field selection was based on grower reports of abnormal fruit and
leaf symptoms and differences in production intensity, ensuring representation of typical
commercial production systems in the region. The incidence of the suspected disease was
visually assessed by examining both asymptomatic and symptomatic plants in these fields
In the field with severe infestation (Location 3), we also deployed ten 10 × 20 cm yellow
sticky traps on the citrus plants and ten traps 20 cm above the ground between the rows.
The sample size (n = 20 traps) was determined following trapping guidelines for orchard-
scale monitoring, which recommends a minimum of ten traps per hectare to capture spatial
variability in flying insect populations [20]. After three days, the traps were collected and
sent to the Queen Sirikit Botanic Garden (QSBG) for insect identification (Taxonomic Key).
Soil surface and 30 cm deep soil samples were also collected for nutrient analysis.

A 

Figure 1. Survey four locations of citron orchards (A). The topographical map illustrates the rugged
terrain of the Northern highlands; contour lines represent 100 m elevation intervals and characteristic
HLB symptoms: small, lopsided, and misshapen fruits with blotchy mottle leaves observed at
Location 1 (B–D), Location 2 (E–G), and Location 3 (H–J).

2.3. Soil Sampling and Nutrient Analysis

To better understand the environmental and nutritional factors associated with the
observed field symptoms, soil samples were collected and analysed for their chemical
and nutrient properties (Table 1). Rhizosphere soil samples were randomly collected from
a depth of 0–15 cm, with 10 sampling points combined into one composite sample per
plot. Additionally, deep-soil samples were randomly collected from a depth of 15–30 cm.
The composite soil samples were air-dried at room temperature, sieved through a 2 mm
mesh, and stored in a desiccator for nutrient analysis. The chemical characteristics and
soil nutrient analysis included soil pH (in H2O) [21]. Soil organic matter content (% SOM)
was determined using the Walkley–Black method [22], and total N [23] as well as available
phosphorus (P) by Bray II [24,25]. Exchangeable potassium (K), calcium (Ca), magnesium
(Mg), and boron (B) were extracted with 1N ammonium acetate (NH4OAc) and determined
by atomic absorption spectrophotometry [26,27]. All data were subjected to one-way
analysis of variance (ANOVA) to determine differences between sampling locations and
soil depths. Mean separation was performed using Fisher’s Least Significant Difference
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(LSD) test at p < 0.05. The coefficient of variation (CV) and standard deviation (SD) were
calculated to assess data variability and precision. Statistical analyses were conducted using
SPSS version 28.0 (IBM Corp., Armonk, NY, USA). The resulting soil nutrient profiles and
statistical analyses provided essential baseline data for interpreting potential relationships
between soil fertility, plant health, and HLB symptom expression across locations.

2.4. Confirmation of CLas with Real-Time PCR
2.4.1. DNA Extraction

The identification of CLas, the putative causal agent of HLB, followed the National
Diagnostic Protocol published by the Australian Department of Agriculture [28]. The plant
and psyllid samples were transferred to the Bioactive Compound Laboratory at Chiang
Mai University (CMU). Upon arrival at the lab, the leaf samples were surface-sterilised
by immersing them in 80% (v/v) ethanol for 2 min. Midribs (~1.0 g) were excised, cut
into small pieces (~2 mm in length), and either stored in a refrigerator or immediately
used for DNA extraction. Individual psyllids were used for psyllid samples. Genomic
DNA was extracted from the sterilised midribs and individual psyllids using a Genomic
DNA extraction kit (DNA Plant-extraction kit, Tiangen, Beijing, China) according to the
manufacturer’s instructions, with some modifications.

2.4.2. Detection of CLas Using Real-Time PCR

Multiplex qPCR assays, utilising the A2/J5 primer pair, were conducted for the
detection and quantification of CLas. The primers were combined with specific TaqMan
probes to verify the quality of the DNA and ensure the absence of PCR-inhibiting substances.
The probes targeted plant cytochrome oxidase (COX) [29]. Each 20 µL reaction contained
2 µL of total DNA template and was performed using a Biorad qPCR instrument (The
CFX96 Optical Reaction Module, Hercules, CA, USA). To identify extracts containing
PCR-inhibiting substances, the CLas primer pair Fd1/RP2 was included in a multiplex
reaction with universal primers. The details of all primers used in this study are provided
in Appendix A, Table A1 [30–32]. Samples positive for CLas were expected to amplify both
the diagnostic fragment and a fragment derived from the 16S rRNA gene. The master mix
(2X PCR SuperMix, Bio-Helix, New Taipei City, Taiwan) composition for the multiplex
reaction of CLas species-specific primers and 16S rDNA primers is detailed in Appendix A,
Table A2. The qPCR amplification program for CLas DNA was as follows: a denaturation
(initial) step at 95 ◦C for 3 min (1 cycle), followed by 40 cycles of denaturation at 95 ◦C for
10 s and annealing/extension at 55 ◦C for 10 s.

Real-time fluorescence data were acquired during the annealing/extension phase.
Multiplexed sequence detection was achieved using target-specific oligonucleotide probes:
6-carboxyfluorescein (FAM) for the 16S rDNA region of CLas, and hexachloro-fluorescein
(HEX) for the host plant’s cytochrome oxidase (COX) internal reference gene. Initial
pathogen density was determined using extrapolated cycle threshold (Ct) values, where
baseline-corrected fluorescence signals intercept an optimised threshold line. Background
fluorescence was calculated from cycles 1 to 10 (Figure A1 in Appendix A), establishing
definitive thresholds at 20.0 RFU (FAM) and 28.0 RFU (HEX).

https://doi.org/10.3390/crops6030058

https://doi.org/10.3390/crops6030058


Crops 2026, 6, 58 6 of 22

Table 1. Field and description of the observed symptoms.

Locations Field Management Information Description of the Symptom

Overall Plant Leaf Fruit Disease
Severity (%)

Location 1
GPS: 19◦52′28′′ N 99◦02′15′′ E

MASL: 1674 m
Area ≈ 2868.95 m2

Cultivated citron: 700 trees

Overall observation:
The planting area is situated near rocky mountainous terrain with
relatively cool temperatures. A few insects were observed but in low
numbers. Trees appeared moderately healthy, and minimal weed
growth was noted.
Field condition: Good.
Maintenance practices:

• Irrigation system: None; rainfed.
• Weed management: Not applicable.
• Agrochemical application: n/a.

The tree shows slightly reduced
growth. Fruits that develop are
frequently undersized,
misshapen, and asymmetrical.
Overall development is
still present.

Some leaves may show mild
blotchy mottling, with uneven
yellowing and slight thickening.
These symptoms usually appear
on a few parts of the tree, not
affecting the whole canopy.

Small and
lopsided <10% (low)

Location 2
GPS: 19◦52′30′′ N 99◦02′27′′ E

MASL: 1555 m
Area ≈ 4956.82 m2

Cultivated citron: 250 trees

Overall observation:
The planting plot is located within a village area. The soil is
characterised by a reddish colour, with minimal weed presence.
Field condition: Moderate.
Maintenance practices:

• Irrigation system: None; rainfed.
• Weed management: Not applicable.
• Agrochemical application: n/a.

The tree displays stunted growth.
The few fruits that mature are
undersized, misshapen, and
exhibit pronounced asymmetry.
Overall development is
still present.

Several leaves on the tree display
noticeable blotchy mottling with
asymmetrical yellowing and
moderate thickening. The
symptoms are scattered.

Small and
lopsided

~25%
(moderate)

Location 3
GPS: 19◦42′49′′ N 99◦04′13′′ E

MASL: 851 m
Area ≈ 1577.92 m2

Cultivated citron: 1200 trees

Overall observation:
The planting plot is situated within a forested area surrounded by large
trees, resulting in relatively higher temperatures compared with other
locations. Various other plants and weeds are present both around and
within the plot, including two or three large trees, making the plot
appear rather overgrown. Leaves exhibit sticky black residues.
Field condition: Poor.
Maintenance practices:

• Irrigation system: Drip-irrigation system installed.
• Weed management: Manual weed removal.
• Agrochemical application: Frequent insecticide application at

intervals of once every 10 days.

The tree exhibits stunted growth,
accompanied by a significant
reduction in fruit production.
Fruits develop are frequently
undersized, misshapen, and
asymmetrical. Overall
development is
significantly compromised.

Blotchy mottling with
asymmetrical yellowing and leaf
thickening. Sticky black residues
associated with insect activity or
sooty mould.

Small,
lopsided,

and
misshapen

fruits

<40% (high)

n/a = not available; GPS = global positioning system; MASL = meters above sea level. Disease Severity (%) was visually estimated based on the proportion of the tree canopy and fruit
exhibiting characteristic HLB symptoms: Low (<10%) represents minimal foliar yellowing and moderately healthy trees; moderate (~25%) indicates scattered blotchy mottling and
stunted growth; high (>40%) denotes significant stunting, severe mottling, and compromised fruit development.
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Pathogen loading was evaluated against a confirmed CLas-positive control (PC;
Ct = 28.45 for FAM and 29.82 for HEX). Nuclease-free water was used as a negative control
(NC) to monitor for contamination. For relative quantification of pathogen density across
tissue cohorts, the raw Ct outputs from both the FAM (target) and HEX (reference) channels
were integrated into the comparative 2−∆∆Ct Equations (1) and (2):

∆Ct = Ct(FAM)− Ct(HEX) (1)

∆∆Ct = ∆Ct(Sample)− ∆Ct(Calibrator) (2)

Assay performance was validated using a five-point, ten-fold serial dilution series
(1 to 10−4) generated from a confirmed CLas-positive template in triplicate. The analytical
limit of detection (LoD) was established at the 10−3 dilution threshold (Figure A2).

3. Results
3.1. Field Conditions and Productivity

The survey revealed significant variations in citron cultivation and health across the
three studied locations (Table 1). Location 1, situated at a high elevation (1674 m) with a cul-
tivation area of approximately 2869 m2 (700 trees), exhibited the highest standards of field
condition and plant health. In contrast, Location 3, characterised by a lower altitude (851 m)
and higher planting density (≈1200 trees in 1578 m2), showed substantial signs of stress;
more than 40% of the trees displayed sticky black residues associated with insect activity or
sooty mould. Table 1, location 3, also states that this location received a frequent insecticide
application at intervals of once every 10 days. Location 2, positioned at a mid-elevation
(1555 m) with 250 trees on ≈4957 m2, displayed a moderate yield performance. Notably,
even at sites utilising drip irrigation and frequent insecticide applications (every 10 days),
dense surrounding vegetation and inadequate canopy management were recorded.

Across the studied locations, the soil nutrient profile indicated consistently moderately
acidic conditions, with pH values ranging from 4.67 to 5.74 (Table 2). Soil organic matter
(SOM) varied extensively, spanning from 0.28% to 6.97%, yet remained consistent across
soil depths within each site. A significant finding was the enrichment of the rhizosphere,
which contained significantly higher SOM levels (p < 0.05) compared with the deeper soil
layers. This variation extended to the macronutrient levels, where total nitrogen (TN), avail-
able phosphorus (Avail. P), and exchangeable potassium (Exch. K) exhibited significant
differences between soil depths across all locations (p < 0.05). Specifically, TN and Exch. K
were generally more concentrated in the rhizosphere (0.20–0.25% and 237.70–816.50 mg/kg,
respectively), although a notable exception occurred at Location 1, where deep soil levels
dropped to 0.06% TN and 40.81 mg/kg Exch. K. Similarly, available P concentrations were
markedly higher in the rhizosphere, ranging from 116.18 to 268.78 mg/kg, whereas deep
soil levels remained substantially lower, between 1.96 and 18.74 mg/kg. In addition to
macronutrient trends, the micronutrient analysis revealed that only exchangeable magne-
sium (Exch. Mg), calcium (Exch. Ca), and boron (Exch. B) differed significantly between
locations (p < 0.05). Exch. Mg showed the highest degree of heterogeneity, with concentra-
tions fluctuating between 105.50 and 274.25 mg/kg across the sites. At Location 1, Exch. Ca
levels in the rhizosphere were significantly lower (708.75 mg/kg) than the averages found
at other locations, which ranged from 1353.25 to 2483.00 mg/kg. Conversely, Location 2
exhibited significantly higher Exch. B levels in both the rhizosphere and deep soil (2.27 and
0.68 mg/kg, respectively), while the remaining locations showed average values between
0.38 and 0.63 mg/kg. These distinct nutrient signatures underscore the variability in soil
properties and management practices encountered across the survey area.
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Table 2. Fruit production and soil nutrient data.

Locations
Productivity

(kg/Tree)

Soil Conditions

pH Soil Organic Matter TN Avail.
P

Exch.
K

Exch.
Ca

Exch.
Mg

Exch.
B

1:1 (H2O) (% SOM) (%N) (mg kg−1)

Location 1
9.88 (2022) Rhizosphere 4.67 c 3.09 d 0.22 b 268.78 a 237.70 d 708.75 e 108.75 d 0.46 cd

17.28 (2023)
16.73 (2024) Deep soil 5.74 a 0.28 e 0.06 c 1.96 e 40.81 e 1924.25 b 105.50 d 0.40 d

Location 2
43.59 (2022) Rhizosphere 5.07 b 4.20 c 0.25 ab 221.88 b 816.50 a 2042.25 b 242.00 b 2.27 a
53.09 (2023)
32.11 (2024) Deep soil 5.57 a 3.02 d 0.22 b 18.74 d 544.90 b 1353.25 d 138.00 c 0.68 b

Location 3
16.10 (2023) Rhizosphere 5.10 b 6.97 a 0.28 a 116.18 c 554.60 b 2483.00 a 274.25 a 0.63 bc
10.93 (2022)
4.80 (2024) Deep soil 5.55 a 5.32 b 0.20 b 10.53 de 376.90 c 1691.00 c 242.50 b 0.38 d

F-test * * * * * * * *
SD 0.12 0.27 0.02 4.74 3.47 7.61 7.99 0.08

CV (%) 2.74 8.53 14.94 5.46 12.15 6.31 5.29 12.86

Means are separated by LSD multiple-range test. CV = coefficient of variation; * = significant difference at p < 0.05. Different lowercase letters within each column indicate a significant
difference (p < 0.05).
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3.2. Insect Pest Observation

We identified disease symptoms across three commercial citron fields. While visual
and molecular assessment of disease incidence was performed on both asymptomatic and
symptomatic plants, a more detailed entomological survey was conducted in the field with
severe infestation (Location 3). The insect collection from the 10 × 20 cm traps revealed a
total of 518 individual insects (Table 3). The distribution of insects across different orders
is presented in Table 4. Hemiptera represented the most abundant order, accounting
for 289 individuals, followed by Diptera with 136 individuals, and Hymenoptera with
57 individuals. Coleoptera and Lepidoptera were present in lower numbers, with 25 and
five individuals, respectively. The least abundant orders were Blattodea and Orthoptera,
with two and four individuals, respectively (Table 3). This order includes sap-feeding
insects and several known vectors of plant pathogens, highlighting their relevance in citrus
health surveillance.

Table 3. Insect orders and abundance from sticky traps in citron orchard (Location 3).

No. Orders Number of Insects

1 Blattodea 2
2 Coleoptera 25
3 Diptera 136
4 Hemiptera 289
5 Hymenoptera 57
6 Lepidoptera 5
7 Orthoptera 4

Total 518

Table 4. Taxonomic identification of insects captured from sticky traps in the citron orchard
(Location 3).

Plate No. No. of Insects Orders Families Taxa

1
1 Blattodea Blattariua -
21 Hemiptera Deltocephalidae -

2

2
Hemiptera Psyllidae

Cacopsylla cratesgi
3 Psyllids
1 Diaphorina citri
5 Diptera Cecidomyiidae -

3

5 Diptera Cecidellidae -
2 Hymenoptera - -
1 Coleoptera - -
1 Hemiptera - -

4
3 Diptera - -
9 Hemiptera Cicadellidae -
2 Coleoptera Coccinellidae Coccinella

5

1 Coleoptera Elateridae -

5 Hemiptera Aleyrodidae Aleurocanthus
spiniferus

10 Diptera - -

6

19 Hemiptera - -
2 Psyllidae Diaphorina citri
1 Hymenoptera - -
1 Coleoptera - -
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Table 4. Cont.

Plate No. No. of Insects Orders Families Taxa

7

8 Hemiptera - -
2 Psyllidae Diaphorina citri
3 Hymenoptera - -
4 Diptera - -
2 Coleoptera - -

8

2 Lepidoptera - -
2 Hemiptera - -
2 Psyllidae Diaphorina citri
5 Diptera - -
1 Hymenoptera - -

9
19 Hemiptera - -
3 Coleoptera - -

10

18 Hemiptera - -
2 Psyllidae Diaphorina citri
8 Diptera - -
1 Coleoptera - -

11

12 Diptera - -
1 Orthoptera - -
1 Hymenoptera - -
10 Hemiptera - -

12
25 Hemiptera - -
23 Diptera - -
8 Coleoptera - -

13
64 Hemiptera - -
23 Diptera - -

14
25 Diptera - -
30 Hemiptera - -

15

38 Diptera - -
1 Lepidoptera - -
2 Coleoptera - -
19 Hemiptera - -
3 Psyllidae Diaphorina citri
1 Blattodea - -

16

17 Diptera - -
18 Hemiptera - -
1 Psyllidae Diaphorina citri
4 Coleoptera - -

17
3 Orthoptera - -
21 Diptera - -
29 Hemiptera - -

18
2 Hymenoptera - -
30 Diptera - -
15 Hemiptera - -

19
20 Diptera - -
16 Hemiptera - -

20
13 Diptera - -
8 Hemiptera - -
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Further taxonomic analysis (Table 4) confirmed the repeated presence of D. citri,
the Asian citrus psyllid, which was detected in 13 individual specimens across multiple
trap plates.

Notably, the substantial representation of D. citri aligns with field observations of
severe HLB-like symptoms, especially in the poorly managed Location 3. This supports the
hypothesis that inadequate field sanitation and higher weed density, conditions conducive
to alternative psyllid hosts, may exacerbate vector prevalence and disease severity. To better
understand the ecological context and potential sources of D. citri infestation within the
orchards, we further examined the vegetation between crop rows, particularly the weedy
undergrowth suspected of HLB insect vectors. This investigation aimed to determine
whether common weed species serve as alternative hosts that support the psyllid life cycle,
thereby sustaining populations even when primary citrus hosts are limited or treated with
insecticides. We identified the pest insect community between crop rows where Bidens sp.
was the predominant weed (Supplementary Video). Weed samples were collected, and
voucher specimens were deposited at the Bioactive Compound Laboratory, the Faculty
of Agriculture, CMU. The aerial parts were examined under a light microscope to detect
evidence of Asian citrus psyllid. Various developmental stages of the psyllid were observed,
including eggs, fifth-instar nymphs, and adults, as shown in Figure 2. Leaf tissues from
the collected Bidens sp. plants were used for CLas DNA extraction. The plants were later
identified as B. pilosa, which occurs in two forms: one with ray florets (radiated) and
one without ray florets (discoid). When present, the ray florets range from white to salmon
in colour, are approximately 5 mm long, and have cypselas primarily with 2–3 awns.

Figure 2. Citrus psyllid (a) eggs and (b) 3–5 instar nymphs found on leaf surface of Bidens pilosa L.

3.3. Symptoms and Confirmation of CLas

The field assessment revealed a consistent progression of HLB symptoms in Citron,
which were characterised by distinct foliar and fruit pathologies at each study site, as
shown in Figure 1B–J. At Location 1, trees primarily displayed the diagnostic blotchy
mottle and lopsided fruits (Figure 1B), undersized fruits containing shrivelled and aborted
seeds (Figure 1C,D). Location 2 exhibited more advanced physiological stress, with leaves
showing both asymmetrical mottling and zinc-like chlorosis (Figure 1E), while the fruits
(Figure 1F,G) demonstrated significant colour inversion and a displaced central core upon
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internal examination. Finally, Location 3 presented the most chronic impacts of the disease,
including thick, leathery leaves with prominent corky veins (Figure 1H) and severely
stunted, greening fruits (Figure 1I,J) that failed to ripen and displayed a thickened, pale
rind. Collectively, these observations across all three locations underscore a uniform high
disease pressure, where the pathogen systematically disrupts both the photosynthetic
capacity of the foliage and reproductive development.

Prior to molecular confirmation, field observations across all three locations revealed
characteristic HLB-like symptoms, with severity increasing at lower elevations (Figure 1B–J).
At Location 1, symptoms were mild with occasional blotchy mottle and slight leaf yellowing
affecting less than 10% of the canopy. Location 2 displayed more pronounced scattered
mottling and asymmetrical yellowing at approximately 25% severity, while Location 3
exhibited the most severe manifestations, including extensive blotchy mottle, stunted
growth, sooty mould residues, and consistently malformed fruits at more than 40% severity.
These observations provided the basis for targeted sample collection and subsequent
molecular confirmation. The multiplex real-time PCR assay successfully differentiated
CLas titres across the surveyed sites, as reflected by the target-specific FAM Ct values
and relative fold changes (2−∆∆Ct) normalised against the internal control (HEX) and
the positive control in Table 5. High CLas bacterial loads were prominently detected in
sample L2R1 and the weed host (W1), yielding low Ct values of 19.54 and 18.52, which
corresponded to substantial relative expression levels of 4628.24 and 210.84, respectively.
In contrast, the remaining replicates at locations 1 and 3 exhibited significantly lower titres,
with FAM Ct values ranging between 34.18 and 37.20, which indicated weak or late-stage
amplification. Notably, target DNA was not detected in replicates L2R2, W2, and W3.

Table 5. Quantification cycle (Ct) values for CLas diagnosis.

Sample FAM Ct HEX Ct 2−∆∆Ct

NC N/D 37.35 N/D
PC 28.45 29.82 1

L1R1 37.20 33.62 0.03
L1R2 34.18 32.81 0.15
L1R3 35.02 33.24 0.11
L2R1 19.54 33.08 4628.24
L2R2 N/D N/D N/D
L2R3 36.42 32.98 0.04
L3R1 35.58 33.02 0.07
L3R2 34.90 31.45 0.09
L3R3 36.11 33.40 0.06
W1 18.52 27.61 210.84
W2 N/D 27.09 N/D
W3 N/D 33.55 N/D

NC: negative control does not have DNA template. PC: positive control has Clas DNA template. L refers to
location. R refers to biological replicate. W refers to replication of weed from Location 3. N/D: not detected.

These findings imply that citron orchards in highland production systems cannot
rely solely on elevation, low-temperature periods, or routine foliar insecticide sprays for
protection. Instead, integrated epidemiological management will likely require coordinated
vector control, removal or suppression of alternative weed hosts, and nutritional support
to maintain root function and canopy integrity in infected trees.

4. Discussion
The quantitative contrasts among the three locations indicate that altitude, planting

density, and maintenance intensity are likely contributors to differences in HLB preva-
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lence. The superior health of trees at Location 1 likely stems from cooler temperatures and
minimal insect pressure, suggesting that high-elevation environments may offer natural
suppression of psyllid vectors [33,34]. Conversely, the high incidence of sooty mould and
insect residues at Location 3 highlights a potential link between the absence of vector con-
trol and increased disease incidence [35]. Even with chemical intervention, the persistence
of psyllids at certain sites suggests that dense vegetation and poor canopy management
facilitate reinfestation, as noted by GottwaldGottwald [36]. While these site-level epidemi-
ological patterns are informative, they must be interpreted with caution. These findings
are derived from a single-period survey (April 2025) and a non-randomised sampling of
three commercial blocks. Consequently, the results may not fully capture the heterogeneity
of climatic regimes or management practices across the wider region. The associations iden-
tified between elevation, canopy management, and HLB-like symptoms should be regarded
as exploratory and correlational rather than demonstrably causal. Future research employ-
ing randomised, longitudinal sampling is necessary to establish the causal mechanisms
underlying these observed trends. The moderately acidic pH observed across locations
is a critical determinant of orchard health, as pH influences the biological and chemical
properties essential for growth [37]. While some nutrients are accessible in acidic conditions,
the departure from near neutrality may limit the availability of essential minerals [38]. The
significant enrichment of SOM in the rhizosphere driven by root exudates and microbial
biomass creates a dynamic environment that supports a metabolically active microbiome.
Beyond nutrition, high SOM is associated with beneficial taxa that trigger induced systemic
resistance (ISR) via signalling pathways like jasmonic acid and salicylic acid [39,40]. HLB
typically reduces fibrous root mass and induces nutrient deficiencies. However, evidence
suggests that elevated SOM can mitigate these effects by stimulating root formation and
mucigel production [41,42]. Given that growers must manage symptoms via nutrient
application [43], the variations in K, Ca, and Mg across our sites are significant. K regulates
stomatal function and structural barriers, while Ca is essential for cell-wall integrity and de-
fence signalling [44,45]. The low Ca at Location 1 and potential B deficiencies elsewhere may
explain differences in disease susceptibility, as resistant cultivars typically maintain higher
levels of these minerals [46,47]. Our findings suggest that HLB risk in citron production is
a spatial and management challenge. High-elevation blocks may benefit from “climatic
suppression” of vectors, while warmer, densely planted lowland blocks favour psyllid
persistence [34]. Furthermore, the shift in rhizosphere microbiome is often compromised by
HLB. Li et al. [48] suggested that strategic manipulation of microbial populations, such as
using Burkholderia sp., could offer a sustainable management path [49]. Collectively, these
factors move citron production from being “low-risk by default” to “conditionally at-risk”
based on vector ecology and soil management. Furthermore, multiple studies confirm
that Hemiptera, including aphids and psyllids, are significant pests in citrus orchards
and serve as vectors for serious plant diseases such as citrus greening (HLB) [50,51]. This
psyllid is the confirmed vector of CLas, the causal agent of HLB, making its presence
particularly alarming in all surveyed locations, especially in Location 3, where infesta-
tion levels were highest [51]. The identification of D. citri among other hemipterans such
as Cicadellidae and Aleyrodidae suggests a complex and potentially competitive insect
community, with implications for vector dynamics and disease spread. The detection of
other Diptera families, such as Cecidomyiidae, and Coleoptera sp., including Coccinellidae
(beneficial predators), further underscores the ecological interactions present in these citrus
orchards [52,53]. D. citri utilises weeds and other secondary host plants as reservoirs or way
stations while searching for preferred reproductive hosts such as citrus spp. and orange
jasmine Murraya paniculata Jack (Rutaceae) [54]. In a study evaluating the survivorship and
preference of the Asian citrus psyllid on potential secondary hosts, B. alba was selected due
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to its abundance in tropical citrus groves [55]. Additionally, Wenninger et al.Wenninger,
et al. [56] suggested that D. citri exhibits attraction to certain visual cues such as yellow
colouration, and Biden sp. produces yellow flowers. The in vitro study indicated that B.
alba was the preferred weed choice, possibly due to accessible feeding sites on its main
stem. The observations highlight the importance of plant physiology and architecture in
conjunction with visual cues for host selection by D. citri. When evaluating secondary
host plants for potential feeding and shelter, D. citri adults likely integrate information
from several sensory modalities, especially when their primary citrus hosts are unavailable
or rendered unpalatable by insecticide applications [55,57]. The detection of multiple life
stages of D. citri on B. pilosa shifts the understanding of vector persistence in citron orchards.
These findings suggest that non-citrus vegetation in the inter-row groundcover functions
as a persistent reservoir for the vector. This is supported by electrical penetration graph
(EPG) recordings, where no-choice behavioural assays demonstrated that D. citri adults
can obtain nutrition through xylem feeding on weed species, allowing them to survive for
short intervals when primary host conditions are unfavourable [10]. However, George,
Kanissery, Ammar, Cabral, Markle, Patt and StelinskiGeorge, Kanissery, Ammar, Cabral,
Markle, Patt and Stelinski [10] demonstrated that D. citri adults predominantly engage in
xylem feeding on weed species including Bidens spp. The detection of CLas DNA in B.
pilosa tissue in the present study may reflect bacterial deposition via salivary secretions
during stylet probing or phloem penetration attempts, particularly by nymphs, which
are known to engage in significantly more phloem ingestion activity and acquire CLas at
substantially higher rates than adults [12]. Furthermore, CLas DNA detected by qPCR
confirms the presence of bacterial genetic material, suggesting that B. pilosa may serve
as a passive inoculum reservoir facilitating CLas persistence in the orchard environment
between citrus flush periods [30,58].

Within citrus, CLas colonises the phloem sieve elements, which depend entirely on
nutrients derived from the host because its reduced genome lacks essential biosynthetic
pathways. In the psyllid vector, CLas infects the midgut and salivary glands, which prop-
agate intracellularly within endoplasmic reticulum-derived vacuoles before being trans-
mitted to new plants. This circulative–propagative transmission strategy, combined with
physiological effects on the vector and its microbiome, facilitates efficient spread while high-
lighting the highly specialised intracellular pathogen and interspecies lifestyle [33,59–61].
These findings are consistent with regional and global studies reporting that high bacterial
loads of HLB in citrus are associated with low qPCR Ct values and increased disease
severity [58]. Mathematically, because raw qPCR Ct values possess an inverse, exponential
relationship with initial template concentrations, calculating relative fold-changes through
the 2−∆∆Ct method directly translates these logarithmic cycles into a linear, biological
perspective, demonstrating how subtle micro-drops in Ct thresholds mirror exponential
surges in CLas replication and severe host defence deregulation [62,63]. Specifically, the
2−∆∆Ct value reveals the exact relative fold-change of a target gene or bacterial gene marker
in an infected sample compared with a healthy, uninfected control, normalised against
an internal reference gene [64]. To analyse these data, a calculated value of 1.0 represents
baseline or unchanged levels; values significantly greater than 1.0 indicate the exponen-
tial upregulation of host stress pathways or accelerating bacterial proliferation, whereas
values below 1.0 signify a lower titre of the pathogen. Our results confirm that citron is a
susceptible host for CLas, and that B. pilosa may act as a silent reservoir for both the vector
and the pathogen. This reinforces global recommendations emphasising integrated weed
and vector management as essential components of effective HLB control strategies [65,66].
HLB poses an exceptional management challenge due to the global susceptibility of all
commercial citrus species and cultivars. Compounding this, HLB symptoms vary signif-
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icantly across different citrus species and geographical regions, making diagnosis more
complex. While leaf mottling and premature fruit drop are commonly observed, the dis-
ease’s devastating and complex nature impacts a broad spectrum of citrus, with symptoms
differing even among cultivars [67,68]. HLB symptoms vary across commercial citrus
species but share core manifestations that serve as diagnostic indicators. Infected man-
darin (C. reticulata) typically presents as asymmetrical blotchy mottling mimicking nutrient
deficiencies, alongside anatomical disruptions, including starch accumulation, phloem
collapse and chloroplast degradation with lopsided and thicker-peeled fruits [62,69,70].
Sweet orange (C. sinensis) similarly exhibits blotchy mottle with yellow veins, canopy
thinning, and small lopsided fruits retaining green at the blossom end, progressing to root
decline and tree death [71,72]. Pummelo or C. maxima shows yellowed shoots and twig
dieback, accompanied by poorly coloured, bitter-tasting fruits with aborted seeds, although
some varieties display partial tolerance [63,73]. Lime (C. aurantifolia) and Kaffir lime (C.
hystrix) share the characteristic blotchy mottling and lopsided fruits with irregular ripening,
though C. hystrix is considered relatively tolerant, potentially due to enhanced defence
mechanisms [74,75]. Across all species, these shared symptom profiles confirm HLB as a
systemic, phloem-disrupting disease with broad host impact within the genus Citrus. As
we mentioned above, HLB symptoms in citron, including varieties such as C. medica var.
sarcodactylis (Buddha’s hand citron), exhibit susceptibility to HLB. Symptom manifestation
in citron shares commonalities with other infected citrus species, while also presenting
specific nuances depending on the geographical context. In China, HLB-infected citron
typically presents with blotchy mottle and chlorotic patterns on leaves, yellow shoots, and
a shortened tree height [1,76]. Infected leaves frequently display etiolation, indicative of
chloroplast damage, and demonstrate an anomalous accumulation of starch. Affected
fruits are often abnormal and improperly coloured, sometimes exhibiting “greening” or a
distinctive “red nose fruit” appearance. These fruits are typically lopsided with a curved
columella and contain mostly aborted seeds, with a notably lower sugar content in the
juice [5]. Similarly, in the USA, particularly in states with high HLB prevalence such as
Florida, Texas, and California, citron demonstrates susceptibility to the disease. General
HLB symptoms observed across various citrus hosts in the USA, and thus applicable to
citron, include blotchy mottle (asymmetrical yellowing) on leaves, often visually mimicking
zinc deficiency. Other foliar symptoms encompass small and upright leaves, yellow shoots,
and progressive twig dieback, contributing to overall tree decline. Fruits are typically
small, lopsided, and poorly coloured, frequently retaining green at the stylar end. Aborted
seeds are also present in these fruits, which have a distinctive acrid or salty flavour [77,78].
The primary vector responsible for HLB spread is the Asian citrus psyllid. As a previous
report has demonstrated, psyllid adults can obtain nutrition through xylem feeding on
weed species, enabling their survival for short intervals when primary host conditions are
unfavourable [10]. In addition, temperature is a primary environmental determinant of
HLB progression. CLas thrives in warmer climates typical of Florida, Brazil, and much of
Asia. While extreme high temperatures (e.g., consistently above 38 ◦C) can reduce bacterial
populations in plants and vectors and impair transmission efficiency, optimal temperatures
between 16 and 33 ◦C (with a peak around 25 ◦C) are highly conducive to CLas proliferation
and disease spread [76,79]. Consequently, variations in temperature, as might be expected
across different highland locations, could directly influence the observed differences in
pathogen concentration and disease severity. Moreover, the distribution and density of
primary psyllid vectors are paramount to HLB spread. The presence of alternative host
plants for D. citri further complicates disease management and epidemiology. For instance,
in the present study, weeds identified as B. pilosa served as secondary hosts, harbouring
various developmental stages of the psyllid, including eggs, nymphs, and adults.
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5. Conclusions
This study provides the first field-based confirmation of HLB infection in citron in

Chiang Mai, Thailand, expanding the known host range of CLas within Southeast Asia.
Across the three surveyed orchards, disease severity was highest in low-elevation, poorly
maintained fields with high weed density, high psyllid pressure, and reduced nutrient
status. Our findings highlight the role of soil health, particularly soil organic matter and
nutrient availability, in supporting root vigour and potentially mitigating HLB-induced de-
cline. Importantly, we report the first field confirmation of B. pilosa serving as an alternative
host for D. citri and as a reservoir for CLas under natural field conditions. The presence
of psyllid eggs, nymphs, and adults on B. pilosa, alongside molecular detection of CLas
in the weed tissue, highlights its role as a potential reservoir for both the vector and the
pathogen. This discovery has substantial implications for HLB epidemiology and manage-
ment, particularly in regions with dense inter-row weed growth. Together, these findings
underscore the need for integrated HLB management strategies that incorporate vector
control, weed management, and site-specific nutrient optimisation. Future research should
prioritise evaluating the efficacy of weed management and soil amendment practices to
maintain soil health, particularly through organic matter supplementation and adequate
levels of Ca, K, and Mg to support root function and delay HLB-associated decline. Addi-
tionally, studies should focus on reducing vector persistence and quantifying the seasonal
population dynamics of D. citri on B. pilosa and other weeds. These targeted investigations
will inform the development of sustainable, region-specific strategies for long-term HLB
suppression in citrus-growing areas.
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Appendix A

(a) 

(b) 

Figure A1. Quantitative PCR (qPCR) amplification curves for the detection of Candidatus Liberibacter
asiaticus (Las). (a) FAM channel amplification curves targeting the Clas gene region across various
samples, positive control (PC), and negative control (NC) relative to a baseline-corrected fluores-
cence threshold of 20.0 RFU. (b) HEX channel amplification curves acting as the internal control
(plant reference gene) to verify DNA extraction quality and the absence of PCR inhibition across all
corresponding samples relative to a threshold of 28.0 RFU.
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Figure A2. Dual-channel standard curve validation for the duplex qPCR assay. FAM channel (CLas-
specific target), limit of detection established at the 10−3 dilution (mean Ct = 38.00), as the 10−4

dilution (mean Ct = 39.11) overlapped with the NC mean (39.07). HEX channel (plant reference gene).
The substantial and consistent discrepancy between FAM and HEX Ct values at each dilution point
reflects the fundamental difference in molecular targets: CLas-specific low-copy DNA (FAM).

Table A1. Primer set used for the detection of ‘Candidatus Liberibacter asiaticus’ species.

Target Gene Published Primer Product
Size Sequence (5′–3′)

rplA/rplJ A2 Las: 703 bp TATAAAGGTTGACCTTTCGAGTTT
J5 Laf: 669 bp ACAAAAGCAGAAATAGCACGAACAA

16S rDNA

Clas-4G

Approx. 75 bp

AGT CGA GCG CGT ATG CGA AT
HLBas TCGAGCGCGTATGCGAATACG
HLBaf CGAGCGCGTATTTTATACGAGCG

HLBam GAGCGAGTACGCAAGTACTAG
HLBr GCGTTATCCCGTAGAAAAAGGTAG

HLB probe FAM-AGACGGGTGAGTAACGCG-BHQ-1

Plant cytochrome
oxidase

COXf
Approx. 70 bp

GTATGCCACGTCGCATTCCAGA
COXr GCCAAAACTGCTAAGGGCATTC

COX probe TET-CAG ATG CTT ACG CTG-BHQ1
“Las” = ‘Candidatus Liberibacter asiaticus’; “Laf” = ‘Ca. Liberibacte africanus’.

Table A2. Master mix for ‘Candidatus Liberibacte africanus’ species primers used in a multi-
plex reaction.

Reagent
(Initial Concentration) Volume in Each PCR Tube (µL) Final Concentration Example

X38

Quantinova mix 10 380
Forward primers Clas4G 0.4 760 nM 15.2

Reverse Clas 0.4 760 nM 15.2
Probe HLBp 0.2 380 nM 7.6

Forward primer coxf 0.4 760 nM 15.2
Reverse primer coxr 0.4 760 nM 15.2

Probe coxp 0.2 380 nM 7.6
H2O 6 228
DNA 2

Total reaction volume 20
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