Received: 16 July 2020

Revised: 5 September 2020

Accepted: 11 September 2020

DOI: 10.1002/ece3.6876

ORIGINAL RESEARCH

Ecology and Evolution
2 WILEY

Repellency of forty-one aromatic plant species to the Asian
citrus psyllid, vector of the bacterium associated with

huanglongbing

Zhaogui Yan'?

| QunZhang® | NanZhang! | WanlLi' | Cuiying Chang® |

Yan Xiang® | Changxiu Xia® | TengyuJiang* | WeiHe! | Jie Luo' | Yongrong Xu?

College of Horticulture and Forestry
Sciences/Hubei Engineering Technology
Research Center for Forestry Information,
Huazhong Agricultural University, Wuhan,
China

2School of Environmental & Rural Science,
The University of New England, Armidale,
NSW, Australia

3Ganzhou Citrus Science Research Institute,

Ganzhou, China

4Zhongnan Institute of Survey, Ministry of
Forestry and Grass, Changsha, China

Correspondence

Yongrong Xu, College of Horticulture and
Forestry Sciences/Hubei Engineering
Technology Research Center for Forestry
Information, Huazhong Agricultural
University, Wuhan 430070, Hubei, China.
Email: xuyongrong@mail.hzau.edu.cn

Funding information

Ministry of Science and Technology of the
People's Republic of China, Grant/Award
Number: 2017YFC0505605

Abstract

Huanglongbing (HLB) is the most devastating citrus disease worldwide. The organism
associated with the disease is spread by an insect vector, Diaphorina citri, commonly
known as Asian citrus psyllid (ACP). Current management of HLB relies either on
physical removal of the infected plants or on chemical control of ACP. Both methods
are costly and not overly effective. In addition, public concerns regarding insecticide
residues in fruit have greatly increased in recent years. It has been hypothesized that
plant volatiles could act as repellents to ACP, thus reduce the incidence of HLB. To
test this hypothesis, the repellency of fresh tissues of 41 aromatic plant species to
ACP was investigated. The repellency of individual species was determined using
a Y-tube olfactometer. Our results showed that volatiles of five plant species were
highly effective in repelling ACP with repellency as much as 76%. Among these,
the tree species, Camptotheca acuminate, and the two shrubs, Lantana camara and
Mimosa bimucronata, could potentially be planted as a landscape barrier. The two
herbs, Capsicum annuum and Gynura bicolor, could potentially be used as interplant-
ings in orchards. This is the first time that the repellency of fresh tissues from a
diverse range of plant species to ACP has been determined. Although further field
evaluation of various interplanting regimes and landscape barriers are needed to as-
sess their effectiveness, our results showed that these aromatic species, being highly
repellent to ACP, offer great potential as more cost-effective and environmentally

sustainable alternatives to the current methods of managing HLB.
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1 | INTRODUCTION

Huanglongbing (HLB) or greening disease is the most devastating
citrus disease worldwide and is considered a major threat to global
citrus industry (Bove, 2006). The disease is prevalent in all major
citrus growing regions, including Africa, Asia, and North and South
America (Bove, 2006; Yan et al., 2015), and causes considerable eco-
nomic losses. In China, the disease is prevalent in 11 of the 19 citrus
growing provinces; in Guangdong alone, the disease causes annual
economic loss of over 10 billion CNY (or 1.5 billion USD) (Qin, 2018).
In Florida, United States, where HLB was first recorded in 2003 and
has since been found in 80% of commercial orchards; it has caused
a 71% decline in fruit production (170 million boxes of about 41 kg/
box) in the 2007-08 season to 45 million boxes in the 2017-18 sea-
son (US Department of Agriculture, 2018).

The disease is associated with three phloem o-proteobacte-
rias, Candidatus Liberibacter asiaticus, Ca. Liberibacter americanus
and Ca. Liberibacter africanus. After infection, the bacterium lives
in the phloem of the infected plants. Infected plants can remain
symptom-free for up to 5 years (Gottwald, 2010). The Asian strain
of the disease, prevalent in China and Southeast Asia, is caused
by Ca. L. asiaticus and is spread by an insect vector, the Asian cit-
rus psyllid (ACP), Diaphorina citri (Gottwald et al., 2014; Halbert &
Manjunath, 2004; Yan et al., 2015). The disease affects fruit produc-
tion by causing premature fruit drop and producing fruit with low
economic value (Bassanezi et al., 2009; Plotto et al., 2010) or causing
whole plant death in extreme cases (Zheng et al., 2018).

Currently, there is no adequate treatment for infected plants.
Management of the disease relies either on physical removal or
pruning of the infected plants, or on chemical control of the in-
sect vector (Bove, 2006; Wang, 2019). Pruning of infected parts
of plants is costly and not overly effective given the long latent
period of the disease (Bassanezi et al., 2013; Rouse et al., 2017)
and is considered a non-viable approach for HLB management
(Rouse et al., 2017; Vashisth & Livingston, 2019) Using insecticides
to control ACP is presently the primary option for HLB manage-
ment. However, increase in the resistance of ACP to various insec-
ticides has reduced their effectiveness (Hall et al., 2013; Ichinose
et al., 2010; Naeem et al., 2016). In addition, insecticides can have
adverse effects on non-target species (Beloti et al., 2015) and in-
creasingly becoming a health hazardous both to the citrus work-
ers and to the general public (Beloti et al., 2015; Wang, 2019).
Plant volatiles capable of repelling ACP have been suggested as a
cost-effective and environmentally friendly alternative to current
methods of HLB management.

Plant volatiles have been used in pest management. For instance,
plant volatiles have been used to repel insects, such as mosquitos,
the vector of the pathogen of malaria with various levels of success
(Diaz, 2016; Hill et al., 2007; Karunamoorthi et al., 2009; Moore
et al., 2002) and stored-product pests (Tribolium castaneum and
Liposcelis bostrychophila) (Yang et al., 2015). In horticulture, vola-
tiles from a garlic-pepper combination were effective in controlling

Guatemalan potato moth (Tecia solanivora) in potato crops (Jimenez
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& Poveda, 2009). Aromatic species, Saturela hortensis and Agerarum
houstonianum, interplanted with pears (Pyrus pyrifolia) halved the
abundance of scarab beetles (Serica orientalis) (Tang et al., 2013).
Similarly, volatiles have been used for ACP control. In laboratory
and field studies, volatiles from guava (Psidium guajava) were effec-
tive in repelling ACP and reducing the incidence of HLB (Barman
et al., 2016; Gottwald et al., 2014; Zaka et al., 2010). It is therefore
hypothesized that using volatiles from aromatic plants in HLB man-
agement could be a cheaper, more effective, and more environmen-
tally friendly alternative to current methods, since these volatiles
could repel ACP.

To test the hypothesis that volatiles of aromatic plants can
effectively repel citrus psyllids, the repellency of volatiles of 41
aromatic plant species to ACP in Ganzhou, Jiangxi Province, China
were investigated. Most of the selected plant species occur locally
in Ganzhou. Our objective was to identify plants with volatiles that
are effective in repelling ACP in order to improve the control of
HLB in citrus.

Ganzhou is one of the major citrus growing regions of China.
HLB is prevalent in the region and has caused significant economic
loss. Finding a cost-effective, and environmentally friendly solu-
tion to HLB is imperative. This study formed part of the national
program for scientific management of HLB in the Chinese citrus

industry.

2 | MATERIALS AND METHODS
2.1 | Adult psyllids (Diaphorina citri)

Live adult psyllids were collected from the orchards of Ganzhou
Citrus Research Centre, Jiangxi Province, China. These psyllids
were collected on the day of the experiment to ensure that they
were active and vigorous during the experiment. Before the ex-
periment, the psyllids were deprived of food for 2 hr to ensure
that they were actively seeking food. We did not examine indi-
vidual psyllids for bacterial infection. As these psyllids were col-
lected in orchards of HLB prevalent areas, it is likely that some of
the psyllids were infected. While we know little about the poten-
tial effect of bacterial infection on psyllid behavior in response to
volatiles, this effect would have been minimized by (a) the large
number of psyllids (40 per plant species) used per experiment
and (b) similar percentage of bacterial infection of the 40 psyllids
as these psyllids were randomly selected from freshly captured

pools.

2.2 | Plant species selection

Forty-one species of plants were selected for evaluation (Table 1).
This selection was based on (a) moderate to high concentrations of
foliar volatiles, and (b) occurrence in citrus growing regions of China.

Plant materials were collected locally where possible. Many of the
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TABLE 1 List of plant species tested for repellency to Asian citrus psyllids (Diaphorina citri)

Test plant species Family Plant type Source?
Abelmoschus esculentus Malvaceae Herb Cultivated
Allium cepa Liliaceae Herb Cultivated
Allium fistulosum Liliaceae Herb Cultivated
Allium sativum Liliaceae Herb Cultivated
Amorpha fruticosa Leguminosae Shrub Wild
Artemisia lavandulaefolia Asteraceae Herb Wild
Bidens pilosa Asteraceae Herb Wild
Bidens tripartita Asteraceae Herb Wild
Camptotheca acuminata Nyssaceae Tree Wild
Capsicum annuum Solanaceae Herb Cultivated
Celtis sinensis Ulmuceae Tree Wild
Cinnamomum burmanni Lauraceae Tree Cultivated
Cinnamomum camphora Lauraceae Tree Wild
Cinnamomum japonicum Lauraceae Tree Wild
Corchorus acutangulus Tiliaceae Herb Wild
Coriandrum sativum Apiaceae Herb Cultivated
Cosmos bipinnatus Asteraceae Herb Wild
Ginkgo biloba Ginkgoaceae Tree Wild
Gynura bicolor Asteraceae Herb Cultivated
Imperata cylindrica Gramineae Herb Wild
Crepidiastrum sonchifolium Asteraceae Herb Wild
Lantana camara Verbenaceae Shrub Wild
Melia azedarach Meliaceae Tree Wild
Mentha haplocalyx Labiatae Herb Cultivated
Mimosa bimucronata Leguminosae Shrub Wild
Nicotiana tabacum Solanaceae Herb Wild
Ocimum basilicum Labiatae Herb Cultivated
Osmanthus fragrans Oleaceae Tree Wild
Paliurus ramosissimus Rhamnaceae Shrub Wild
Pinus massoniana Pinaceae Tree Wild
Pittosporum tobira Pittosporaceae Shrub Wild
Polygonum perfoliatum Polygonaceae Herb Wild
Psidium guajava Myrtaceae Tree Cultivated
Ricinus communis Euphorbiaceae Herb Cultivated
Rhodomyrtus tomentosa Myrtaceae Shrub Cultivated
Rubus parvifolius Rosaceae Shrub Wild
Sapium sebiferum Euphorbiaceae Tree Wild
Tagetes erecta Asteraceae Herb Cultivated
Tuberosum rott| Liliaceae Herb Cultivated
Xanthium sibiricum Asteraceae Herb Wwild
Zanthoxylum bungeanum Rutaceae Shrub Cultivated

dCultivated plants are those sourced from local nurseries; wild plants are those collected in the field.

selected species were obtained as nursery stock in local markets. 2.3 | Repellency assessment

These plants were kept in a greenhouse at the Ganzhou Citrus

Research Centre until used. The commonly grown citrus, Citrus re- The repellency of 41 plant species to psyllids was determined using a

ticulata cv. Murcott, was used as the control plant. Y-tube olfactometer (Figure 1) in laboratory conditions. The design of
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FIGURE 1 A schematic view of Y-tube olfactometer. From left to right: air pump, active carbon air-purifiers, humidifiers, test and control
chambers, airflow meters, Y-tube tubes, and insect-holding chamber. The Y-tube was made of clear glass with the dimension of 14.0 x 3.0 cm
(length x diameter). Components were connected with air tight silicon tubes

the Y-tube olfactometer followed that of Li et al. (2008). The Y-tube
olfactometer was made of an air pump, two air-purifiers (activated
carbon), two humidifiers, test and control chambers, two gas flow
meters, two Y-tube (clear glass), a light globe, and an insect-holding
chamber. The light globe was positioned above the two Y-arms of
the olfactometer to ensure that lighting to both arms was similar. The
single arm of the Y-tube was wrapped with black cloth. During the
experiment, air was supplied by the air pump, filtered and humidi-
fied before passing through the test or control chambers. Air flow
through the chambers to the two arms of the Y-tube was regulated
by an airflow meter, which was set at 400 ml/min for the duration of
the experiment. The Y-tube olfactometer was sterilized at 100°C for
30 min before the experiment. During assessment, the Y-tube olfac-
tometer was placed in horizontal position within a 1.0 x 0.6 x 0.6 m
cardboard box. A fluorescent 1,600 lux daylight (5,000-6,500 K)
globe, was mounted on the box to provide uniform lighting for the
two Y-tube arms.

The olfactometer was set up similarly to that of Zaka et al. (2010),
but only leaves were used as volatile source materials. Leaves of the
test and control plants were cleaned with distilled water, blot-dried,
and cut to small pieces of less than 2 mm; 5 g of leaves of test plants
and 5 g of leaves of control plants were placed in the test cham-
ber; 5 g of leaves of control plants only was placed in the control
chamber.

The experiment was conducted in a laboratory at 25°C. At the
start of each assessment, the freshly cut leaves were allowed to sit
for 5 min to allow the plant volatiles to permeate throughout the
Y-tubes, then 40 healthy and active psyllids were released in the in-
sect-holding chamber. The number of psyllids entering the arms of
the Y-tube, passing the two-third mark, and remaining for >30 s were
recorded separately for both the test and control chamber arms.
Each assessment was conducted for 20 min, starting from the time

the psyllids were released in the holding chamber. All psyllids were

removed after each assessment. The Y-tube and the test and con-
trol chambers were cleaned, deodorized after each assessment by
spraying with 75% alcohol then rinsing in distilled water three times
before oven drying. For each test plant species, the assessment was
repeated three times. Time laps between tests were approximately
15 min. Fresh psyllids were used in each assessment. We did not
identify the sex of the collected psyllids. Each group of 40 individ-
uals was randomly selected from a pool of psyllids collected a few
hours before the experiment. We assumed that sex ratio between
groups of psyllids (40) was similar and any sex-related phenomenal
response difference was therefore minimum.

In all, 4,920 psyllids were used in the assessment of the 41 test

plant species.

2.4 | Data analysis

An independent student's t test was used to determine the differ-
ence in number of psyllids entering the test and control arms of the
Y-tube for each plant species tested. ANOVA was used to examine
the difference between test plant species using plant species as an
independent factor and repellence as a dependent variable. The re-
pellence was calculated as Wang et al. (2005):

Repellence (%)=(T-C) /(T+C)=* 100,

where T and C are the number of psyllids in the test and control Y-tube
arm, respectively.

The repellence ranged from 0 to 1. When T equaled C, that is,
psyllid counts at the two Y-tube arms are equal, repellence was O,
indicating the test plant species was not repellant. When C equaled
0, that is, no psyllids present in the test Y-tube arm, repellence

equaled 1, indicating the test plant species was strongly repellant.
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A dendrogram based on cluster analysis of the repellence was con-
structed to show grouping of the 41 test plant species on the basis
of their relative repellence.

Student's t test and ANOVA were performed using SPSS 21.0
for Windows (SPSS Inc., Chicago, IL, USA). Cluster analysis was con-
ducted using R version 3.6.3 (R-Team, 2020) based on Euclidean dis-
tance and average linkage clustering.

3 | RESULTS

The 41 plant species tested in this study were from 21 families
(Table 1); 22 herbs, eight shrubs, and 11 trees. Twenty-five of the
species were collected from the local areas near Ganzhou. Fourteen
were cultivars purchased from local nurseries of Ganzhou. Species in
this category, including Allium cepa, Capsicum annuum, and Nicotiana
tabacum, are highly aromatic and widely cultivated species of eco-
nomic importance. The other two species, Camptotheca acuminata
and Ginkgo biloba were collected from the university campus in
Wuhan.

Repellency to ACP showed marked variation between the 41
plant species tested (ANOVA, df = 40,82, F=13.2,p <.01; Table 2).
Repellency was strongest in Mimosa bimucronata and weakest in
Crepidiastrum sonchifolium (repellency of 76% and 8.3%, respec-
tively). Independent t test showed that for 10 species, the mean
number of psyllid entering Y-tube arm connected to the treatment
plant was significantly lower than that connected to the control
plant arm (Citrus reticulata cv. Murcott) (t test, p < .05). With five
of the test plant species, in order of repellency, M. bimucronata,
C. annuum, Lantana camara, Gynura bicolor, and C. acuminata, the
mean number of psyllids was five or less, which represented only
one-eighth of the 40 psyllids used in the assessments. Using the
number of visits to the control arm as the base (100%), visits to
the testing arm were reduced by 86% to 75%. These differences
were statistically highly significant (t test, p < .01). For the remain-
ing 31 test plant species, the differences in mean psyllid number
between the test arm and the control arm were not statistically
significant (t test, p 2 .05), suggesting these species had no or min-
imum repelling effects on ACP.

A dendrogram grouping the 41 test plant species based on clus-
ter analysis of their repellency to ACP is given in Figure 2. Three
groups with >24% dissimilarity were clearly identified. The first
group consisted of the five species that had the highest repellency
(59%-76%) and lowest mean number of psyllids entering the testing
arm of treatment plants (Table 2). The second group consisted of
seven species that had repellency of 38%-51%, the mean number of
psyllids were also significantly lower on test plants than on the con-
trols (t test, p < .05), with the exceptions of Cinnamomum burmannii
and Mentha haplocalyx, which have repellency of 40% and 39%, re-
spectively. The third group consisted of the remaining 29 plant spe-
cies. The repellency of species from this group was generally low
(<40%) and the difference in mean psyllid number on the teat plants

was not significantly different from the control (t test, p = .05).

4 | DISCUSSION

There is no known treatment for Ca. L. asiaticus infected plants.
Unlike other diseases, in HLB-endemic regions, disease prevention
is more important than treatment (Wang, 2019). Efficient control of
the vector, ACP, is key to successful HLB prevention. In Brazil, con-
trolling ACP has been effective in reducing HLB incidence to a level
that is economically sustainable (Bassanezi et al., 2013). In citrus-
producing areas of China, orchards remain productive and profitable
with an infection incidence below 30% (Wang, 2019). However, the
actual Ca. L. asiaticus incidence may be much higher due to the la-
tent period (up to 5 years) between Ca. L. asiaticus infection and
symptom expression. Thus, in these regions, the aim is to keep the
number of Ca. L. asiaticus infected trees below the 30% threshold
(symptom based).

Using aromatic plants to reduce the abundance of ACP so that Ca.
L. asiaticus incidence falls below this threshold is a promising man-
agement option. The practice of using plant volatiles to repel insects
has been used for pest management in horticulture production such
as potato (Berberich, 1988), pears (Tang et al., 2013) as well as in cit-
rus (Fancelli et al., 2018; Yan et al., 2015). Incidentally, the repelling
effects of volatiles of guava on D. citri were discovered by accident
rather than by planned research. In 2004 in tropical Vietnam, citrus
growers used guava as an intercropping plant to increase short-term
cash flow as it fruits within 1 year compared to 3 or more years for
citrus trees (Ichinose et al., 2012). They reported a lower incidence
of HLB in these interplanted orchards. The efficacy of guava inter-
planting in citrus HLB was limited to 1 year. Further experiments
demonstrated that interplanting of guava with citrus trees can ef-
fectively reduce the density of psyllids, leading to the lower level
of HLB infected plants (Ichinose et al., 2012). These findings have
been confirmed by several other studies that show volatiles of guava
leaves are an effective repellent for psyllids and contribute to the
reduced HLB incidence (Barman et al., 2016; Gottwald et al., 2014;
Onagbola et al., 2011; Silva et al., 2016; Zaka et al., 2010).

In our study, the five plants in the group with the highest re-
pellency of ACP (Figure 2) could be useful for interplanting or as a
landscape barrier to deter ACP from citrus orchards. Under labora-
tory conditions, volatiles of these species were able to reduce ACP
numbers by 75%-87% (Table 2). Among these species, Camptotheca
acuminate is a deciduous tree that can grow to 20 m. Both L. camara
and M. bimucronata are shrubs that can grow to 2 and 6 m, respec-
tively. These three species could be planted around the perimeter
of citrus orchards as landscape barriers to ACP. Landscape barriers,
consisting of trees or shrubs, can serve as windbreaks and have been
reported to reduce the abundance of D. citri in orchards and protect
them from HLB (Martini et al., 2015). Gynura bicolor and L. camara
are both known for their use as medicinal plants. Gynura bicolor is a
herb and has been used for treating diseases such as dysmenorrhea,
dysentery, and ulcers. Lantana camara has been used for treating dis-
eases such fever, mumps, and tuberculosis. The fifth species, C. an-
nuum commonly grown for its fruit. These species all have higher
repellency rate than Psidium guajava (73%-59% vs. 49%) (Table 2),
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TABLE 2 Psyllid counts (mean + SE) and repellency (%) of 41 plant species sorted in order of decreasing repellence

Psyllid number

Test plant species Test Control Repellence (%) f'I':::as:ment versus control
Mimosa bimucronata 4.33+0.47 31.33+1.70 75.72 **
Capsicum annuum 4.67 +1.25 29.33 + 3.68 72.53 o
Lantana camara 5.33+1.25 23.00 + 1.63 62.37 **
Gynura bicolor 4.33+0.94 18.67 + 2.36 62.35 x
Camptotheca acuminata 433+1.25 17.00 + 1.63 59.40 **
Nicotiana tabacum 5.67 +0.94 17.67 +1.25 51.41 *
Psidium guajava 5.67 + 0.47 16.67 +1.25 49.24 *
Tuberosum rottl 8.33 +1.25 21.00 +2.16 43.20 *
Cinnamomum burmanni 6.67 +2.05 15.67 + 2.49 40.29 n.s.
Bidens tripartita 9.33+1.25 21.33+1.7 39.14 *
Melia azedarach 7.33 +£0.40 16.67 +2.05 38.92 n.s.
Mentha haplocalyx 8.00 +0.82 17.67 + 0.94 37.67 n.s.
Cinnamomum camphora 7.00 +0.82 14.67 + 3.68 35.39 n.s.
Celtis sinensis 9.67 +1.70 17.67 + 3.4 29.26 n.s.
Pittosporum tobira 7.33+0.47 13.00 + 1.63 27.89 n.s.
Allium cepa 9.67 +1.25 16.00 + 0.82 24.66 n.s.
Ocimum basilicum 10.00 + 0.82 15.67 +1.7 22.09 n.s.
Artemisia lavandulaefolia 10.67 + 1.70 16.33 + 1.25 20.96 n.s.
Rubus parvifolius 7.67 + 0.47 11.67 +1.25 20.68 n.s.
Pinus massoniana 10.33 + 0.94 15.67 +1.25 20.54 n.s.
Ricinus communis 8.67 +1.25 15.67 +0.94 20.38 n.s.
Imperata cylindrica 9.33 +0.47 14.00 + 1.41 20.02 n.s.
Corchorus acutangulus 9.33+1.25 14.00 + 1.63 20.01 n.s.
Ginkgo biloba 9.33+1.25 13.67 +1.25 18.87 n.s.
Tagetes erecta 11.67 + 2.49 17.00 + 0.82 18.59 n.s.
Polygonum perfoliatum 9.67 +0.47 13.67 + 0.47 17.14 n.s.
Paliurus ramosissimus 10.67 +1.25 15.00 +0.82 16.87 n.s.
Zanthoxylum bungeanum 11.00 + 0.82 15.33+1.25 16.45 n.s.
Allium sativum 9.33+1.70 13.00 + 2.45 16.44 n.s.
Bidens pilosa 12.00 + 1.63 16.67 + 1.25 16.29 n.s.
Allium fistulosum 10.33 + 1.25 14.33 + 1.25 16.22 n.s.
Cosmos bipinnatu 12.00 + 0.82 16.33 + 1.25 15.28 n.s.
Osmanthus fragrans 10.00 + 0.82 13.33+ 1.25 14.27 n.s.
Rhodomyrtus tomentosa 10.33 + 1.25 13.67 +1.25 13.92 n.s.
Xanthium sibiricum 10.67 +1.25 14.00 + 0.82 13.50 n.s.
Amorpha fruticosa 9.67 +1.25 12.67 + 1.25 13.43 n.s.
Cinnamomum japonicum 12.33 + 0.94 16.00 + 0.82 12.95 n.s.
Sapium sebiferum 10.33 + 1.2a 13.33 + 0.47 12.68 n.s.
Coriandrum sativum 12.33+0.94 15.33 +0.47 10.85 n.s.
Abelmoschus esculentus 15.67 +1.89 19.00 + 1.63 9.60 n.s.
Crepidiastrum sonchifolium 11.00 + 2.16 13.00 + 0.82 8.33 n.s.

Note: *p < .05; **p < .01; n.s., not significant, p > .05. For each species tested, three assessments were conducted with 40 psyllids used in each
assessment. Citrus reticulata cv. Murcott was used as control plant.
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the species that has previously been reported to be repellent to ACP
and capable of reducing the level of HLB (Ichinose et al., 2012; Silva
et al., 2016), suggesting these species offer great potential for man-
aging HLB. P. guajava is a tropical species, hence its use as a repel-
lent plant is restricted to the tropical regions. In contrast, C. annuum,
G. bicolor, and L. camara are cultivated worldwide, thus are poten-
tially suitable for planting in all citrus-growing regions. Both C. an-
nuum and G. bicolor are annuals grows in spring-autumn, coinciding
with ACP active season, thus making them ideal candidates for HLB
management. Both C. annuum and G. bicolor can be used for inter-
cropping in the orchards. Apart from the repelling effects on ACP,
these plants themselves will be of economic value to the growers,
thereby potentially improving the economics and sustainability of
the citrus industry.

Our repellency study was based on leaves only. While leaves of
all tested species showed the strongest volatile emitting charac-
teristics among all plant parts (shoots, stems, flowers, and fruits),
the overall repellency of given species to ACP may differ between

leaves and the plant as whole. To ascertain the repellency of the

five species showed the highest repellency to ACP in the field, fur-
ther field studies are needed. These studies should take into con-
sideration: (a) interplanting species (single vs. multiple); (b) planting
layout (row spacing, planting density; interplanting vs. perimeter
planting); (c) interaction with citrus production (effects on pollina-
tors, natural enemies of ACP and citrus); and (d) economics (costs
vs. income).

Compared to other options, such as pruning the diseased
plants and chemical control of ACP (Bove, 2006; Wang, 2019),
an integrated pest management approach using volatile plants
offers the best option for HLB management. The integrated pest
management option is more economical, as it does not require
the amount of labor input as pruning does. In addition, the extra
income derived from products of interplanting crops will pro-
vide added value for the citrus growers. Integrated pest man-
agement will also be environmentally friendly. Using insecticides
to control ACP is increasingly been viewed as a hazard both to
the citrus workers and to the environment (Beloti et al., 2015;
Wang, 2019).
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In conclusion, our results supported the hypothesis that plant vola-
tiles can effectively repel ACP, the insect vector of the bacterium
associated with HLB. Volatiles of five plant species were most effec-
tive in repelling ACP, with a repellency as high as 76%. Among these,
the tree species, C. acuminate, and the two shrub species, L. camara
and M. bimucronata could be planted around the perimeter of citrus
orchards and used as a landscape barrier to the vector. The two herb
species, C. annuum and G. bicolor, could be intercropped with citrus
trees to repel ACP. Although further field evaluation of various inter-
planting regimes and landscape barriers are needed to assess their
effectiveness, our results showed that these aromatic species, being
highly repellent to ACP, offer great potential as more cost-effective
and environmentally sustainable alternatives to the current methods

of managing HLB.
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