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Abstract: Asian citrus psyllid, Diaphorina citri, transmits Candidatus Liberibacter asiaticus (CLas), the
bacterial pathogen responsible for citrus greening disease. To explore the possibility that cover crops
in citrus groves may serve as refuges for this pathogen vector during unfavorable host conditions,
psyllid feeding was investigated on six common cover crop species and citrus using electrical
penetration graph (EPG) recordings and behavioral bioassays. EPG recordings showed that the
proportion of time spent by D. citri feeding on xylem was similar or higher on all tested cover crops
(17%–32%) compared to the positive control (12%), the preferred host, Citrus macrophylla. Very little
to no phloem feeding was observed on cover crops by the adults. In the choice assays, more D. citri
adults settled on buckwheat (Fagopyrum esculentum) and cowpea (Vigna unguiculata) than on the
host, C. macrophylla, 24 h after release. No-choice assays showed that the citrus cover crop species
evaluated extend the survival of D. citri up to 8 d because of xylem feeding. Our results indicate that
some cover crop species may be less suitable refuge sites for D. citri than others, but none served as
breeding sites or supported more than 8 d of survival.

Keywords: Asian citrus psyllids; Diaphorina citri; cover crops; electrical penetration graph; xylem
feeding; phloem feeding

1. Introduction

Cover crops have long been used in citrus for weed management and are especially
important for organic citrus production, where agrochemical use is discouraged [1]. Be-
sides weed suppression, additional benefits from planting cover crops include increased
microbial diversity and reduced weed seed vigor from unremoved residues [2], increased
soil C and N content, as well as suppressed activity from parasitic nematodes [3], and soil
pathogens via allelochemicals [4]. The additional abundance and diversity from ground
cover vegetation are positively correlated with the presence of insects [5], which can benefit
or, in some cases, encumber pest management. While many previous studies have linked
cover crops to increases in arthropod predator abundance and diversity [6,7], studies have
also suggested that pest species can benefit from cover crops [8,9].

Suppression of Asian citrus psyllid, Diaphorina citri Kuwayama, populations is an
important component of managing the currently incurable citrus greening disease [10]. A
feeding study conducted by George et al. [11] suggested that when host conditions are
unfavorable, adult D. citri can use weed species commonly found in Florida citrus groves as
a short-term refuge. This highlights the importance of choosing cover crop species that both
outcompete weed species in citrus but that do not themselves act as suitable refuges for D.
citri in Florida citrus groves. Selecting a cover crop that both attracts predators, pollinators,
and herbivore natural enemies while simultaneously repelling or outcompeting damaging
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herbivores and weeds is challenging and unlikely possible without some compromise [12].
As a starting point, an evaluation of cover crop suitability as hosts to key pests of a particular
cultivated crop could allow growers to make more informed choices that benefit production
and yield.

Commonly used cover crop species in Florida citrus production include buckwheat
Fagopyrum esculentum, (Polygonacea), daikon radish, Raphanus sativus var. longipinnatus,
(Brassicaceae), and numerous legumes (Fabaceae) such as cowpea (Vigna unguiculata),
clover (Trifolium incarnatum), perennial peanut (Arachis glabrata), hairy vetch (Vicia vil-
losa), or a selected mixture of these plants. Among these six species, buckwheat has been
demonstrated to increase the diversity of beneficial parasitoids, predators, and pollina-
tors in various agriculture settings, and numerous studies conducted in vineyards with
buckwheat as ground covers showed enhanced biological control of various arthropod
pests [13–15]. Certain cultivars of cowpea, such as ‘Mississippi Silver’ and ‘Iron Clay’,
exhibit resistance to the root-knot nematode, Meloidogyne incognita, while other species
may increase nematode populations [16]. Cowpea also exhibits resistance to arthropods,
such as fall armyworms, Spodoptera frugiperda (J.E. Smith) [17]. Moreover, cowpea plants
can attract parasitoid wasps and other beneficial insects following damage by stink bugs,
leaf-footed bugs, and aphids [18]. Manandhar and Wright [19] reported an increase in
parasitization of Helicoverpa zea eggs by Trichogramma spp. from an established cover crop
mixture of cowpeas and sunn hemp (Crotalaria juncea) between rows of sweetcorn. The
same study also revealed an increase in predator populations (Orius spp.), which is likely
a consequence of additional nectar and pollen provided by the cover crops. When used
as cover crop monocultures, clover and buckwheat exhibited repellent activities against
silverleaf whitefly, Bemisia argentifolii, in zucchini production fields [20]. Clover enhanced
biological control of grape leafhopper (Erythroneura spp.) by Anagrus wasps in commercial
vineyards [21]. A radish–clover mixture was reported to increase beneficial insects such as
big-eyed bugs (Geocoris punctipes) and lady beetles (Coccinellidae) in Southeastern United
States (U.S.) while also being preferred by pest insects such as the tarnished plant bug
(Lygus lineolaris) [22]. Coincidentally, Bugg and Ellis [23] reported that hairy vetch (Vicia
villosa) harbored exceptionally high densities of aphids (Acyrthosiphon pisum), while both
hairy vetch and buckwheat harbored high densities of the insidious flower bug (Orius
insidiosus) and the tarnished plant bug (Lygus lineolaris). A related investigation suggested
that interspersion of ryegrass, Lolium multiflorum (Poaceae) with hairy vetch and clover
reduced both aphid and coccinellid densities; however, this suppressive effect was not
consistent over time [24].

Out of these six species listed above, cowpea, buckwheat, and clover have been
evaluated as cover crops, most often including their interactions with beneficial/pest insect
populations. In contrast, daikon radish and perennial peanuts have received little attention
previously with respect to their interactions with commonly occurring pests in tree fruit or
citrus in particular. With a growing interest in introducing cover crops into citriculture as a
sustainable weed management practice, there is a need to investigate their compatibility
with key pests of cultivated citrus. Therefore, our objectives were to determine if any of
the six potential cover crop species could serve as potential hosts or feeding resources
for D. citri as compared to a true host, Citrus macrophylla (Rutaceae), serving as a positive
control. Cryptic xylem- and phloem-feeding behaviors of D. citri were compared between
cover crops and hosts using electrical penetration graph recordings. Furthermore, choice
and no-choice assays were performed to investigate plant acceptance by D. citri as well as
the duration of survival.

2. Materials and Methods
2.1. Plants

Cover crop plant species evaluated in electrical penetration graph (EPG) recordings
and behavioral assays were buckwheat, cowpea, clover, daikon radish, perennial peanut
(not shown), and hairy vetch (Figure 1). Seeds were procured from the Hancock seed
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company (Dade City, FL, USA) and planted in 1-liter plastic pots filled with a 2:1 potting
mix: sand mixture (Pro-Mix BX Mycorrhizae growing medium, Quakertown, PA, USA).
The test plants were raised in a temperature-controlled greenhouse under natural sunlight
conditions. C. macrophylla, a known host of D. citri, was used as a positive control and was
grown under identical conditions. Young leaves (soft, immature, and fully expanded) of
C. macrophylla and cover crop plants were used in the EPG recordings. Plants of the same
approximate age (5 weeks) and size were used in the choice and no-choice experiments.
Plants were watered every other day with tap water during the duration of the experiment.
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Figure 1. Feeding activities of Diaphorina citri on various cover crops. (A) Cowpea (Vigna unguiculata);
(B) buckwheat (Fagopyrum esculentum); (C) hairy vetch (Vicia villosa); (D) daikon radish (Raphanus
sativus var. longipinnatus); (E) clover (Trifolium incarnatum); (F) Citrus macrophylla.

2.2. Insects

Adult D. citri used in the experiments were acquired from a D. citri colony established
in 2000 at the USDA-ARS U.S. Horticultural Research Laboratory, Fort Pierce, FL. This
colony was maintained on C. macrophylla, as described by Skelley and Hoy in [25]. To
confirm the absence of CLas, the colony was tested quarterly by qPCR [26]. All the adults
used for the EPG recordings were 6–8 days old. Previous research has shown no differences
in the EPG waveforms produced by male and female D. citri [27,28]. Therefore, the sex of
the psyllids used was not considered a factor in the data analysis.

2.3. Feeding Behavior of D. citri Adults on Cover Crop Plants versus Citrus Using an Electrical
Penetration Graph (EPG)

The feeding behavior of D. citri adults was quantified, as described by George et al.,
in [11]. In brief, young, fully expanded leaves of cover crop species and C. macrophylla were
used for EPG recordings. A DC-monitor was used to perform the EPG recordings (GIGA-8
model, EPG-Systems, Wageningen, The Netherlands) adjusted to a 50x gain [29]. To digitize
the analog signal, a DI-710 board was used and displayed using the Windaq Lite ver. 2.40
software (Dataq Instruments Inc. Akron, OH, USA) on a desktop computer (Dell, Austin,
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TX, USA). Recordings were performed for 18 h under continuous photophase, and the EPG
system was set up inside a Faraday cage housed in an environmentally regulated room.
The temperature was set to 26 ◦C with 60–65% RH. Prior to the start of the experiment,
psyllid adults were aspirated into glass vials and starved for 2 h.

Psyllid adults were attached to a 25 µm gold wire (Sigmund Cohn Corp., Mt. Vernon,
New York, NY, USA) by a droplet of silver conducting paint (Ladd Research Industries,
Burlington, VT, USA) applied to the pronotum [28,29]. The gold wire lead was attached
to a copper electrode (3 cm × 1 mm diameter) connected to the EPG probe. A reference
copper electrode (10 cm × 2 mm) was inserted into the soil medium near the base of each
plant to complete the electrical circuit. Psyllid adult feeding was restricted on the abaxial
surface of fully expanded leaves (the preferred feeding site on leaves) of cover crop plants
or citrus [28,30,31]. The feeding behaviors of individual D. citri adults were monitored on
cowpea (n = 12), daikon radish (n = 12), hairy vetch (n = 12), buckwheat (n = 11), perennial
peanut (n = 10), clover (n = 6), and C. macrophylla (n = 17) for a continuous period of 18 h.

EPG waveform characterization was performed by visually identifying and annotating
waveforms based on previous histological studies [28,30]. Waveform annotations were
conducted using the Windows Dataq waveform browser (Dataq Instruments Inc., Akron,
OH, USA). The waveforms were visually inspected for frequency patterns and annotated
as non-probing (Np), mesophyll intercellular pathway (C), phloem penetration (D), phloem
salivation (E1), phloem ingestion (E2), or xylem ingestion (G) phases. JMP (v. 10, SAS Inc,
Cary, NC, USA) was used for performing the statistical analysis. The mean numbers of
feeding bouts, duration, and total duration of different feeding activities were analyzed
by analysis of variance (ANOVA) and mean comparisons using Tukey’s HSD using log-
transformed data. The Kruskal–Wallis test, followed by Dunn’s test, was performed
for nonparametric pairwise comparison using JMP (v. 10, SAS Inc., Cary, NC, USA) if
normal distribution criteria were not met. Treatments that have no letters in common were
significantly different (α = 0.05).

2.4. Behavioral Choice of D. citri to Various Citrus Cover Crop Species and Citrus

The host preference and feeding choice of D. citri adults to various cover crop plants
and citrus were investigated in a choice assay. One-liter pots containing either buckwheat,
cowpea, clover, daikon radish, perennial peanut, hairy vetch, or Citrus macrophylla were
used in the choice assay (Figure 1). The plants were five weeks old. Six cover crop plants
and one citrus plant were arranged in a circular pattern in a completely randomized design
inside screened cages (60 × 60 × 60 cm, BioQuip, San Diego, CA, USA) and placed under
grow lights on a bench in a walk-in growth chamber (26 ◦C, 65% RH, 14: 10 L/D). Each
cage received 100 adult D. citri adults. The experiment was replicated six times. D. citri
were allowed to settle and feed on host plants of their choice, and their host preferences
were recorded at 4, 24, and 48 h after release. The numbers of D. citri alighting on each
plant species were analyzed using the Kruskal–Wallis test followed by Dunn’s test for
nonparametric pairwise comparison (α = 0.05).

2.5. Survival of D. citri Adults on Citrus Cover Crop Species in No-Choice Assays

To measure the survival of psyllids on various cover crop plants versus the true
citrus host, no-choice assays were conducted using potted plants within screened cages.
Individual plants were placed into mesh cages, after which twenty-five D. citri adults were
introduced. The adults were allowed to feed on the plants, and the number of surviving
psyllid adults was counted 2, 4, 6, 8, and 10 d after their release on the plant treatments.
A negative control was included, in which twenty-five adults were released into cages
containing only moistened cotton rolls as a water source. This quantified the survival of
psyllids under starvation conditions. All treatments tested in choice and no-choice assays
were identical to those tested in EPG recordings, and each treatment was replicated six
times. To assess the influence of these cover crops on D. citri survival, log-transformed data
were analyzed by ANOVA using JMP (v. 10, SAS Inc., Cary, NC, USA). Data from no-choice
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assays were subjected to the Kaplan–Meier test to determine the survival probability of
D. citri on days 2, 8, and 10. The Kaplan–Meier test was implemented in the R programming
language (v 4.2.0) using the ‘ggfortify’ package.

3. Results
3.1. Feeding Behavior of D. citri Adults on Cover Crop Plants versus Citrus Using Electrical
Penetration Graph (EPG)

All D. citri adults that were recorded engaged in xylem and/or phloem feeding
activities on cover crop plants and citrus. Sixty percent of D. citri adults engaged in phloem-
feeding activities on C. macrophylla plants, whereas no phloem penetration activities that
could result in phloem ingestion occurred on any of the cover crop species. The feeding
waveforms produced on citrus were similar to those reported in previous EPG studies with
D. citri [28,30,31].

No differences were observed in the frequency, mean duration, or total duration
(frequency x mean duration) of non-probing (Np) activities between the cover crop plant
species and citrus. D. citri adults spent 58 to 71% of their total feeding time in non-probing
activities on the various cover crop plants and citrus (Figure 2). No statistical differences
were observed in the frequency of feeding bouts or total duration of intercellular stylet
penetration activities between the various cover crop plants tested versus citrus. The
mean duration of intercellular stylet penetration (waveform C) activities was significantly
longer on clover (12.9 ± 1.7 min) than on the other cover crop plants, such as buckwheat
(6.4 ± 1.2 min) and cowpea (5.3 ± 1.1 min) (F6,74 = 4.13; p = 0.0012, n = 6) (Figure 3). During
the 18 h recordings, 9 to 20% of the total time was spent on intercellular stylet penetration
activities (Figure 2).
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Figure 2. Percent duration of various feeding activities performed by Diaphorina citri adults on
various cover crop species as determined by waveforms (C, D, E1, E2, G, and Np) recorded over an
18 h period by electrical penetration graph recordings. (A) Buckwheat, n = 11; (B) cowpea, n = 13;
(C) clover, n = 6; (D) radish, n = 12; (E) peanut, n = 10; (F) vetch, n = 12; (G) Citrus macrophylla, n = 17.

The proportion of overall time that D. citri spent in xylem feeding activities was similar
between the various cover crop species (17 to 33%); however, this duration was significantly
higher than the proportion of overall time spent xylem feeding (9%) on C. macrophylla
(Figures 2 and 4). There were no differences observed in the number of xylem feeding bouts
on the various cover crop species versus citrus (p = 0.2). The mean duration of feeding
on the xylem was significantly longer on cowpea (65.5 ± 12.3 min) than C. macrophylla
(27.1 ± 11.3) (χ2 = 20.93, df = 6, p < 0.05). In addition, the total duration of xylem feeding
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activities performed by D. citri during the 18 h period was significantly higher on cowpea
(352 ± 65.2 min) than on C. macrophylla (95.4 ± 29.2) (χ2 = 14.71, df = 6, p < 0.05) (Figure 4).
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on various cover crop species and citrus. Data were analyzed by the Kruskal-Wallis test followed by
Dunn’s test for nonparametric pairwise comparison. Treatments that had no letters in common were
significantly different (α = 0.05).
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There were a few phloem penetration (waveform D) and salivation (waveform E1)
attempts observed on certain cover crop plant species such as clover and daikon radish,
but none of them resulted in any phloem ingestion (waveform E2) activities (Figure 2). The
number of phloem-feeding bouts (χ2 = 42.22, df = 6, p < 0.05) as well as their total duration
(χ2 = 34.79, df = 6, p < 0.05) were significantly higher on C. macrophylla than on any of the
cover crop species. Adults spent 11% of their time in phloem ingestion on citrus plants
(Figure 2G), whereas no phloem ingestion (<1%) was observed on any cover crop species
(Figure 2A–F).

3.2. Behavioral Choice of D. citri to Various Citrus Cover Crop Species and Citrus

Significantly more D. citri adults were found on buckwheat than on citrus or any other
cover crop plant species at 4 h after psyllid release (χ2 = 27.85, df = 6, p < 0.05) (Figure 5A).
Adult D. citri were found in the feeding position on these plants at 4 and 24 h after release,
shown in Figure 1A–F. After 24 h, significantly more D. citri were observed on buckwheat
and cowpea than on citrus or any of the other cover crop plant species (χ2 = 33.10, df = 6,
p < 0.05) (Figure 5B). D. citri adults were observed successfully feeding on both cowpea
and buckwheat. This observation was congruent with the EPG recordings indicating that
D. citri were found alighting on these cover crops and were able to feed on the xylem. At
48 h post psyllid release, there was no significant difference observed between the number
of insects that chose buckwheat, cowpea, and citrus; however, significantly fewer psyllids
were observed on peanut, hairy vetch, and clover. (χ2 = 33.74, df = 6, p < 0.05) (Figure 5C).
The number of D. citri that selected and remained on buckwheat was constant over the
course of 48 h, while the D. citri number found colonizing citrus gradually increased over
time after insect release (Figure 5A–C).

3.3. Survival of D. citri Adults on Citrus Cover Crop Species in No-Choice Assays

A significantly higher number of adults were found alive on cover crops or C. macro-
phylla than in the no plant (starvation) negative control (p < 0.0001, n = 5) during each day of
the experiment. There was no significant difference between the survival of D. citri on any
of the cover crop plants versus on citrus 2 d after release (p = 0.13, n = 5) (Table 1). However,
on day 4, D. citri survival was significantly higher on the radish than on hairy vetch and
peanut (Table 1). By 6–10 d post-release, psyllid survival was greater on the true citrus host
than on any of the cover crop species tested (Table 1). No differences were observed in the
survival of D. citri on the various cover crops at 8 days after release; however, survival on
these non-hosts did not extend beyond day 10. Survival of D. citri was negligible by 6 d
after release on the negative control (access to moist cotton) and did not extend beyond
6 days; all of the cover crops had higher psyllid survival than the negative control (Table 1).

Table 1. Mean (± SEM) survival of Diaphorina citri adults on various cover crop species and citrus
after the release on plants within cages in no-choice experiments. Twenty-five D. citri adults were
introduced at the start of the experiment. Log-transformed data was analyzed by ANOVA followed
by Tukey’s HSD. Treatments that have no letters in common within the same row were significantly
different (α = 0.05).

Time

Plant Type

F-Ratio p-Value
Radish Peanut Buckwheat Vetch Citrus Cowpea Clover Negative

Control

Day 2 23 ± 1 a 22 ± 1 a 24 ± 1 a 23 ± 1 a 21 ± 1 a 22 ± 1 a 22 ± 1 a 16 ± 1 b 19.78 <0.0001
Day 4 21 ± 1 a 15 ± 2 b 17 ± 2 ab 15 ± 1 b 20 ± 1 ab 16 ± 1 b 18 ± 1 ab 10 ± 1 c 9.1 <0.0001
Day 6 12 ± 1 b 11 ± 1 bc 12 ± 2 b 11 ± 1 bc 19 ± 1 a 5 ± 2 cd 13 ± 1 ab 2 ± 1 d 13.4 <0.0001
Day 8 10 ± 2 b 9 ± 1 b 8 ± 2 b 6 ± 1 b 18 ± 1 a 5 ± 1 bc 10 ± 1 b 0 ± 0 b 19.1 <0.0001

Day 10 0 ± 0 b 1 ± 1 b 0 ± 0 b 0 ± 0 b 15 ± 1 a 0 ± 0 b 0 ± 0 b 0 ± 0 b 344.3 <0.0001



Agriculture 2022, 12, 2175 8 of 12
Agriculture 2022, 12, x FOR PEER REVIEW 8 of 13 
 

 

 
Figure 5. Mean (± SEM) number of Diaphorina citri adults observed alighting on various cover crop 
species and citrus plants (A) 4, (B) 24, and (C) 48 h after release in choice experiments. Data were 
analyzed by the Kruskal–Wallis test followed by Dunn’s test for nonparametric pairwise compari-
son. Treatments that have no letters in common were significantly different (α = 0.05). 

3.3. Survival of D. citri Adults on Citrus Cover Crop Species in No-Choice Assays 
A significantly higher number of adults were found alive on cover crops or C. macro-

phylla than in the no plant (starvation) negative control (p < 0.0001, n = 5) during each day 
of the experiment. There was no significant difference between the survival of D. citri on 
any of the cover crop plants versus on citrus 2 d after release (p = 0.13, n = 5) (Table 1). 
However, on day 4, D. citri survival was significantly higher on the radish than on hairy 
vetch and peanut (Table 1). By 6–10 d post-release, psyllid survival was greater on the true 
citrus host than on any of the cover crop species tested (Table 1). No differences were 
observed in the survival of D. citri on the various cover crops at 8 days after release; how-
ever, survival on these non-hosts did not extend beyond day 10. Survival of D. citri was 
negligible by 6 d after release on the negative control (access to moist cotton) and did not 
extend beyond 6 days; all of the cover crops had higher psyllid survival than the negative 
control (Table 1).  

Figure 5. Mean (± SEM) number of Diaphorina citri adults observed alighting on various cover crop
species and citrus plants (A) 4, (B) 24, and (C) 48 h after release in choice experiments. Data were
analyzed by the Kruskal–Wallis test followed by Dunn’s test for nonparametric pairwise comparison.
Treatments that have no letters in common were significantly different (α = 0.05).

Kaplan–Meier plots were employed to assess the survival of D. citri adults on citrus
and the different cover crops (Figure 6). In general, the survival of D. citri was higher on
C. macrophylla (Cmac) than the cover crop species evaluated (Figure 6). Although D. citri
survived on the cover crop plants initially, their survival probability declined rapidly over
time. Survival probability on the negative control was lower than on cover crops or citrus
(Figure 6).
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4. Discussion

We examined the feeding behavior of D. citri on selected cover crop species commonly
grown in citrus groves for the purpose of weed management to determine if these non-host
plants used for cultural control could act as alternate feeding resources for this key pest.
Although a recent report has indicated that adult psyllids can take short-term refuge in
weed species commonly found in citrus groves when conditions on the host are unfavorable,
such as directly after insecticide application, interactions between citrus pests and cover
crops commonly have not been previously investigated.

Our EPG recordings showed that D. citri adults engaged in xylem-feeding activities
after colonizing each of the cover crop species investigated; however, none of them en-
gaged in phloem-feeding activities (Figure 2). There were attempts made by D. citri to
access phloem tissues when probing leaves on cover crop plants (waveforms D and E1),
which were unsuccessful and did not result in phloem ingestion (waveform E2) (Figure 2).
Previous research has indicated that xylem feeding is a common behavior among psyllids,
including D. citri, which could be associated with general osmotic regulation [32,33]. The



Agriculture 2022, 12, 2175 10 of 12

much greater percentage of the total duration spent on xylem feeding activities by D. citri
on cover crop plants than their preferred host, C. macrophylla, was likely a consequence of
the ability to eventually feed on phloem on the latter (Figure 4). Phloem is more nutrient-
rich than xylem sap and therefore is vital for the development of D. citri nymphs and
eggs [11,32].

D. citri adults readily fed on the xylem of buckwheat and cowpea and also exhibited a
preference for these two cover crop species as compared with the other species investigated
during the initial 24 h post-release in the choice behavioral assays (Figure 5). Interestingly,
the buckwheat flowers attract hoverflies (Allograpta obliqua), which are natural enemies of
D. citri [34]. As D. citri may also prefer buckwheat for xylem feeding, this cover crop may
encourage biological control of D. citri as an ecosystem service in citrus groves. However,
the prospects of utilizing cover crops, such as buckwheat, as refuges for natural enemies,
trap crops or similar strategies to regulate populations of D. citri in citrus will require a
detailed investigation.

The survival of D. citri on the various cover crop plants evaluated in a no-choice setting
was extended to 8 days as compared with a 6-day lifespan observed under starvation
conditions where only moist cotton was provided. In contrast, the majority of released
psyllids were still thriving at 10 d post-release on the known host, C. macrophylla (Table 1).
Kaplan–Meier survival plots also showed a higher survival rate of D. citri on citrus plants
than the cover crop species evaluated here (Figure 6). This demonstrates that while D.
citri adults can briefly colonize these cover crop species to obtain refuge and water, the
phloem content and/or chemistry of secondary metabolites characterizing these species
does not support their long-term survival. For example, Brassicaceae species possess
insect-feeding deterrent compounds such as glucosinolates and saponins [35]. Similarly,
secondary metabolites, such as flavones, are a known plant defense mechanism in white
clover (Trifolium repens L.) [36]. Furthermore, no egg-laying was observed on any of these
plants during either choice or no-choice experiments.

Cover crops have been reported to improve soil properties in Florida citrus groves
by the addition of soil organic matter, improved infiltration, moisture retention, and
addition of soil N [37,38]. In addition, they aid in weed suppression, increase soil microbial
diversity [2], and benefit ecosystem services such as the biological control of insect pests
and pollination [23,39]. The selection of optimal cover crop species or mixtures of species
to achieve both weed and pest management would benefit citrus management in Florida,
where citrus greening has decimated yields and more than doubled production costs [40].
More importantly, evaluating the feeding behavior of D. citri on these selected cover crops
is essential to determine whether this phytopathogen vector is able to take refuge and
feed on these plants when conditions are inhospitable on their preferred citrus host. This
is relevant in the context of managing the vector of the causal pathogen of the currently
incurable citrus greening disease. Our findings indicate that D. citri can utilize these cover
crop species as alternate hosts or refuges for several days, which may promote population
survival following insecticide treatment of the citrus crop or during dispersal. However,
these cover crop species do not support the long-term survival or population growth of
D. citri.

5. Conclusions

Our results indicate that D. citri can survive up to 8 d on certain cover crop species
by feeding on xylem, which could provide a short-term refuge for psyllids when access to
host plants is restricted. However, our results showed that adult D. citri could not perform
phloem feeding on all cover crop species evaluated and, therefore, could not obtain the
required nutrition from these species. Furthermore, D. citri did not appear to lay eggs
on these plants. Radish, peanut, and vetch were not attractive to psyllids in choice tests,
while cowpea was marginally suitable as a non-host under no-choice conditions. Therefore,
radish, peanut, vetch, and cowpea may be the most useful candidates for use as cover crops
in citrus groves where D. citri and citrus greening disease are prevalent.
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