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Abstract
Detection of host plant DNA from sap-feeding insects can be challenging due to potential low concentration of ingested plant DNA. Although a few previous studies have demonstrated the possibility of detecting
various fragments of plant DNA from some sap-feeders, there are no protocols available for potato leafhopper, Empoasca fabae (Harris) (Hemiptera: Cicadellidae), a significant agricultural pest. In this study we
focused on optimizing a DNA-based method for host plant identification of E. fabae and investigating the
longevity of the ingested plant DNA as one of the potential applications of the protocol. We largely utilized
and modified our previously developed PCR-based method for detecting host plant DNA from grasshopper
and the spotted lanternfly gut contents. We have demonstrated that the trnL (UAA) gene can be successfully utilized for detecting ingested host plant DNA from E. fabae and determining plant DNA longevity. The
developed protocol is a relatively quick and low-cost method for detecting plant DNA from E. fabae. It has
a number of important applications—from determining host plants and dispersal of E. fabae to developing
effective pest management strategies.
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Potato leafhopper, Empoasca fabae (Harris) (Hemiptera:
Cicadellidae), is a sap-feeding insect and a wide-spread agricultural
pest in the United States and Canada which causes substantial plant
damage (hopperburn) triggered by a plant wound response (Backus
et al. 2005, DeLay et al. 2012). The leafhopper is highly polyphagous, with over 220 known reproductive host plant species in 26
plant families (Lamp et al. 1994). While adults often occur on other
plant species, whether E. fabae feeds on nonreproductive plants or
uses them for resting only is poorly understood.
Use of molecular markers has many advantages for understanding plant usage by various insects (García-Robledo et al.
2013, Avanesyan and Lamp 2020). Molecular gut content analysis of E. fabae would help us accurately identify host plants and
may predict a potential host switch. To date, however, to the best
of our knowledge, no studies have been conducted on detection
of ingested host plant DNA from E. fabae. Previous studies that
involved molecular diet analysis were primarily conducted on
leaf-chewing insects, such as beetles (Jurado-Rivera et al. 2009,
Wallinger et al. 2013), moths (Miller et al. 2006), and orthopterans (Avanesyan and Culley 2015, Avanesyan 2014). Sap-feeding
insects, such as E. fabae, are more challenging for molecular

analysis of their gut contents because phloem sap presumably does
not contain plant DNA (Avanesyan and Lamp 2020). However,
such gut content analysis was shown to be helpful for tracking
the landscape movements of psyllid species (Cooper et al. 2019),
as well as for determining host usage of the spotted lanternfly
(Avanesyan and Lamp 2020). Pearson et al. (2014) suggested in
their study with psyllids that psyllids’ stylet could sample parenchyma cells while locating the phloem tubes; this could explain
DNA detection in the guts of sap-feeding insects.
To address these issues for E. fabae, we focused on the following
objectives: 1) to develop an effective protocol for detection of host
plant DNA in E. fabae; and 2) to explore the longevity of the host
plant DNA within the insect body, as one of the potential applications of this protocol (Fig. 1). Based on our recent findings from
molecular gut content analysis of another sap-feeder, Lycorma
delicatula (White) (Hemiptera: Fulgoridae) (Avanesyan and Lamp
2020), we expected that the ingested plant DNA is detectable in
E. fabae. However, due to a smaller size of E. fabae body (compared to that of L. delicatula), we expected ingested plant DNA to
be at very low concentration and show a weaker signal during gel
electrophoresis.
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Materials and Methods
The fava bean plants (Vicia faba (L.) (Fabales: Fabaceae)), which
serve as a host plant species for E. fabae, were grown from seed in
the Research Plant Growth Facility of the University of Maryland
from May to October 2018. Two- and three-week-old potted plants,
approximately 20–25 cm height, were used for maintaining a lab
colony of E. fabae which were initially collected at the Western
Maryland Research and Education Center (Keedysville, MD). For
the purpose of this study, only adults were used for detection of ingested plant DNA.

Detecting DNA of Vicia faba From the Gut Contents
of Empoasca fabae
For this study, we largely utilized our previously developed PCRbased method for detecting a portion of plant chloroplast gene
(trnL (UAA)) from grasshopper gut contents (Avanesyan 2014),
as well as recent modifications of that protocol for L. delicatula
(Avanesyan and Lamp 2020). In total, 20 adults of E. fabae were
randomly collected from the culture, and then were immediately
frozen at −20°C along with a small leaf from fava bean plants
which was used later as a positive control for PCR amplification.
Following the steps described in Avanesyan and Lamp (2020), the
whole body of an insect (submersed in 2% bleach solution for
1 min) and a leaf from fava bean plants were utilized for DNA extraction (DNeasy blood and tissue kit, Qiagen Inc., Germantown,
MD). Rinsing the insects with bleach solution is commonly used
to sterilize insect body surface from any plant remains and to ensure that all the detected plant DNA is the ingested plant DNA
(Cooper et al. 2016, 2019; Diepenbrock et al. 2018; Avanesyan
and Lamp 2020). Following these studies, we expected that all

the detected DNA from V. faba would be presumably ingested
by E. fabae.
Samples were then stored at −4°C until they were used for PCR
amplification. A partial chloroplast trnL (UAA) gene (~500 bp)
was amplified using primers trnLc-trnLd (Taberlet et al. 1991) purchased from Integrated DNA Technologies (Coralville, IA) under
PCR conditions described in Avanesyan and Lamp (2020). Relative
DNA template concentration was quantified using the Invitrogen
Qubit 4 Fluorometer. The presence of the DNA template was verified using 1% agarose gel. PCR products were then purified using
ExoSAP-IT (Affymetrix Inc., Santa Clara, CA), and sequenced using
Sanger sequencing at GENEWIZ (GENEWIZ Inc., South Plainfield,
NJ). The obtained DNA sequences from both the plant and insect
samples were trimmed and aligned using BioEdit (Hall 1999). Plant
species identity was determined using BLAST (the NCBI GenBank
database; http://www.ncbi.nlm.nih.gov/genbank/).

Potential Application of the Protocol: Longevity of
Ingested Plant DNA
To demonstrate how the developed protocol can be applied for
exploring plant DNA longevity in E. fabae, a separate feeding
experiment was conducted. Ten pots with fava bean plants were
selected; one small plastic cage, 12 × 9 × 3.5 cm, per plant was then
set up around the top part of plant stems following Avanesyan
et al. (2019). Three–five adult leafhoppers were introduced in each
cage where they were allowed to feed on the enclosed leaves for
24 h. After feeding, the leaves were removed from the cages, and
the cages were checked for the number of live leafhoppers. Then,
the cages with leafhoppers were frozen at −20°C at 10 time intervals: 30 min, 45 min, 1, 2, 5, 6, 7, 8, 18, and 20 h post-ingestion.
In this experiment, we did not aim to explore all the time points
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Fig. 1. The overview of the experimental setup. (A) Developing the protocol for obtaining DNA of Vicia faba plants from the potato leafhopper, Empoasca fabae;
main steps from obtaining the plant and insect samples to sequence analysis. (B) Potential application of the protocol: exploring plant DNA longevity in E. fabae.
The obtained sequences of intact and ingested V. faba are deposited to NCBI GenBank (accession no.: MK934667, MK837073) (Photos by A. Avanesyan).
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Results
Detecting DNA of Vicia faba From the Gut Contents
of Empoasca fabae
Our developed PCR protocol demonstrated that plant DNA can
be reliably detected in E. fabae: the gel electrophoresis confirmed
the presence of the ingested plant DNA in all 20 samples. All the
DNA ‘bands’ had relatively strong intensity compared to that in the
positive control. The relative concentration of the DNA template in
purified PCR products was 0.061 ± 0.01 ng/µl (n = 10). Sequence
analysis of the purified PCR products revealed that primers trnLc
and trnLd successfully amplified a 496-bp region of the chloroplast
trnL (UAA) gene from experimental V. faba plant and a 511-bp region of the chloroplast trnL (UAA) gene from E. fabae. The obtained
sequences showed 100% identity between the plant and insect samples, and 99% identity (with E-value = 0) with V. faba sequence retrieved from the NCBI GenBank database. The sequences of V. faba,
isolated from both plant and insect samples, are deposited at the
NCBI GenBank database (accession no.: MK934667, MK837073).

Potential Application of the Method: Longevity of
Ingested Plant DNA
In total, 10 adult females of E. fabae were used to test the presence of ingested plant DNA at different time intervals post-ingestion,
with 1–3 adults per time point. Our results demonstrated the presence of plant DNA in E. fabae individuals during all the time points.
Interestingly, despite our expectation that the DNA signal would fade
over time, the intensity of the DNA signal did not seem to follow any
pattern. We detected various intensities of the DNA signal at different time points: from very weak to relatively strong. Relatively
strong DNA signals were observed at 45 min post-ingestion, as well
as at 2, 5, 6, 7, 8, and 18 h post-ingestion; weak DNA signals were
recorded at 1 and 20 h post-ingestion; and a very weak signal was
recorded at 30 min post-ingestion only.

Discussion
The choice of the targeted plant DNA locus is one of the primary
factors which could affect the detectability and identification of ingested plant DNA in E. fabae. The region of P6 loop of the trnL
intron, which we used in our study, has been reported to be less sensitive to amplification of degraded DNA but can show low species
resolution (Valentini et al. 2009). In our recent study on L. delicatula
we demonstrated the amplification success of rbcL gene (Avanesyan
and Lamp 2020). Future studies might focus on utilization of other
loci for host plant identification on species level, such as the nuclear

ribosomal DNA or the internal transcribed spacers or use a combination of loci (Kress et al. 2009).
The feeding mechanism which E. fabae utilizes on different
host plants may also contribute to the intensity of the plant DNA
signal. It has been reported that the amount of phloem feeding
versus laceration-style mesophyll feeding which E. fabae performs
on different host plants may differ (Backus and Hunter 1989). We
hypothesize that the DNA from the host plant which E. fabae utilizes for mesophyll feeding is easier to detect compared with phloem
feeding due to the presence of the plant cell components in the insect guts. Differences in the probe location (i.e., the place on a plant
into which the insect inserts its stylets) and probe duration (i.e., how
long the insect keeps its stylets inserted) between and within host
plants (Backus and Hunter 1989) may also indicate differences in
the amount of plant material consumed. This, in turn, may explain
differences in the DNA signal intensity we detected over time.
The detectability of plant DNA in E. fabae in 20 h post-ingestion
was somewhat surprising for a relatively small sap-feeding insect;
however, based on previous studies and our work with other insects,
we expected to detect the plant DNA during at least first 2–3 h postingestion. Previously, we were able to detect the ingested plant DNA
in the differential grasshopper, Melanoplus differentialis (Thomas)
(Orthoptera: Acrididae) up to 22 h post-ingestion (Avanesyan 2014).
Diepenbrock et al. (2018) in their experiments with Drosophila
suzukii (Matsumura) (Diptera: Drosophilidae) and strawberry
plants showed that the host plant DNA can be detected in D. suzukii
gut contents for up to 7 d post-ingestion. For future studies, it would
be helpful to investigate differences in gut morphology between
leaf-grazing and sap-feeding insects and its effect on plant DNA
detectability, as well as the plant DNA detection rate in E. fabae
after transferring insects to a new host plant.
Additionally, future studies might explore the ingested content in sap-feeders, particularly the presence of pathogens, which
was beyond the focus of our study. It has been shown, for example, that the meadow spittlebug, Philaenus spumarius (L.)
(Hemiptera: Aphrophoridae), a vector of Xylella fastidiosa (Wells
et al.) (Xanthomonadales: Xanthomonadaceae), can ingest this bacterium with plant sap, and this pathogen can be detected in insect
foregut (but not in the other parts of P. spumarius digestive system)
(Cornara et al. 2017). Finally, incorporating additional steps in our
developed approach, such as sequencing of the cloned amplicons
(e.g., Wang et al. 2018), or using high-throughput sequencing (e.g.,
Cooper et al. 2019), will be invaluable for tracking the dispersal of
E. fabae among different crop plants, as well as E. fabae feeding
prior to its migration to the agricultural fields.

Acknowledgments
The authors thank David Hawthorne for providing lab equipment and helpful discussions; Morgan Thompson for growing fava
bean plants; Leslie Pick’s lab for help with visualizing gel; Bryan
Stancliff for help with DNA isolation; as well as Darsy Smith, Omar
Abdelwahab, and Jessica Ho (Lamp Lab) for depositing sequences
to GenBank. Support was provided by the Maryland Agriculture
Experiment Station Hatch Project, MD-ENTM-1802.

References Cited
Avanesyan, A. 2014. Plant DNA detection from grasshopper guts: a step-bystep protocol, from tissue preparation to obtaining plant DNA sequences.
Appl. Plant Sci. 2: 1300082.

Downloaded from https://academic.oup.com/jee/article/114/1/472/5955538 by ESA Member Access user on 26 February 2021

but rather to show the application of the developed protocol to
investigate the plant DNA longevity in E. fabae. Consequently,
for the purpose of the study, plant DNA was then extracted from
1–3 insect individuals per time interval (i.e., per cage) following
the procedure described above; the presence of DNA was verified
by gel electrophoresis. Intensity of the DNA signal was compared
to that of the positive control (i.e., PCR product obtained from
DNA from an intact fava bean plant, which showed the strongest
signal on the gel image), and was described as: 1) strong (similar
to control); 2) relatively strong (~75% of the signal intensity of
the control); 3) weak (~50% of the signal intensity of the control);
4) very weak (a pale band with ~25% of the signal intensity of the
control); and 5) none (no signal).

Journal of Economic Entomology, 2021, Vol. 114, No. 1

Journal of Economic Entomology, 2021, Vol. 114, No. 1

symposium series, vol. 41, no. 41. Information Retrieval Ltd., London,
c1979-c2000.
Hunter, W. B., and E. A. Backus. 1989. Mesophyll-feeding by the potato leafhopper, Empoasca fabae (Homoptera: Cicadellidae): results from electronic monitoring and thin-layer chromatography. Environ. Entomol. 18:
465–472.
Jurado-Rivera, J. A., A. P. Vogler, C. A. Reid, E. Petitpierre, and J. GómezZurita. 2009. DNA barcoding insect–host plant associations. Proc. R. Soc.
B: Biol. Sci. 276: 639–648.
Kress, W. J., D. L. Erickson, F. A. Jones, N. G. Swenson, R. Perez, O. Sanjur,
and E. Bermingham. 2009. Plant DNA barcodes and a community phylogeny of a tropical forest dynamics plot in Panama. Proc. Natl. Acad. Sci.
USA. 106: 18621–18626.
Lamp, W. O., G. R. Nielsen, and S. D. Danielson. 1994. Patterns among host
plants of potato leafhopper, Empoasca fabae (Homoptera: Cicadellidae).
J. Kansas Entomol. Soc. 67: 354–368.
Miller, M. A., G. С. Müller, V. D. Kravchenko, J. Amy, K. K. Vernon,
C. D. Matheson, and A. Hausmann. 2006. DNA-based identification of
Lepidoptera larvae and plant meals from their gut contents. Rus. Entomol.
J. 15: 427–432.
Pearson, C. C., E. A. Backus, H. J. Shugart, and J. E. Munyaneza. 2014.
Characterization and correlation of EPG waveforms of Bactericera
cockerelli (Hemiptera: Triozidae): variability in waveform appearance in relation to applied signal. Ann. Entomol. Soc. Am. 107:
650–666.
Taberlet, P., L. Gielly, G. Pautou, and J. Bouvet. 1991. Universal primers for
amplification of three non-coding regions of chloroplast DNA. Plant Mol.
Biol. 17: 1105–1109.
Valentini, A., C. Miquel, M. A. Nawaz, E. Bellemain, E. Coissac, F. Pompanon,
L. Gielly, C. Cruaud, G. Nascetti, P. Wincker, et al. 2009. New perspectives
in diet analysis based on DNA barcoding and parallel pyrosequencing: the
trnL approach. Mol. Ecol. Resour. 9: 51–60.
Wallinger, C., K. Staudacher, N. Schallhart, E. Peter, P. Dresch, A. Juen, and
M. Traugott. 2013. The effect of plant identity and the level of plant decay
on molecular gut content analysis in a herbivorous soil insect. Mol. Ecol.
Resour. 13: 75–83.
Wang, Q., W. Bao, F. Yang, Y. Yang, and Y. Lu. 2018. A PCR-based analysis of plant DNA reveals the feeding preferences of Apolygus lucorum
(Heteroptera: Miridae). Arthropod Plant Interact. 12: 567–574.

Downloaded from https://academic.oup.com/jee/article/114/1/472/5955538 by ESA Member Access user on 26 February 2021

Avanesyan, A., and T. M. Culley. 2015. Feeding preferences of Melanoplus
femurrubrum grasshoppers on native and exotic grasses: behavioral and
molecular approaches. Entomol. Exp. Appl. 157: 152–163.
Avanesyan, A., and W. O. Lamp. 2020. Use of molecular gut content analysis
to decipher the range of food plants of the invasive spotted lanternfly,
Lycorma delicatula. Insects. 11: 215.
Avanesyan, A., K. A. Snook, P. A. Follett, and W. O. Lamp. 2019. Short-term
physiological response of a native Hawaiian plant, Hibiscus arnottianus,
to injury by the exotic leafhopper, Sophonia orientalis (Hemiptera:
Cicadellidae). Environ. Entomol. 48: 363–369.
Backus, E. A., and W. B. Hunter. 1989. Comparison of feeding behavior of the
potato leafhopper Empoasca fabae (Homoptera: Cicadellidae) on alfalfa
and broad bean leaves. Environ. Entomol. 18: 473–480.
Backus, E. A., M. S. Serrano, and C. M. Ranger. 2005. Mechanisms of
hopperburn: an overview of insect taxonomy, behavior, and physiology.
Annu. Rev. Entomol. 50: 125–151.
Cooper, W. R., D. R. Horton, T. R. Unruh, and S. F. Garczynski. 2016.
Gut content analysis of a phloem-feeding insect, Bactericera cockerelli
(Hemiptera: Triozidae). Environ. Entomol. 45: 938–944.
Cooper, W. R., D. R. Horton, M. R. Wildung, A. S. Jensen, J. Thinakaran,
D. Rendon, L. B. Nottingham, E. H. Beers, D. G. Hall, and L.L. Stelinski.
2019. Host and non-host ‘whistle stops’ for psyllids: molecular gut content analysis by high-throughput sequencing reveals landscape-level movements of Psylloidea (Hemiptera). Environ. Entomol. 48: 554–566.
Cornara, D., M. Saponari, A. R. Zeilinger, A. de Stradis, D. Boscia,
G. Loconsole, D. Bosco, G. P. Martelli, R. P. P. Almeida, and F. Porcelli.
2017. Spittlebugs as vectors of Xylella fastidiosa in olive orchards in Italy.
J. Pest Sci. (2004). 90: 521–530.
DeLay, B., P. Mamidala, A. Wijeratne, S. Wijeratne, O. Mittapalli, J. Wang, and
W. Lamp. 2012. Transcriptome analysis of the salivary glands of potato
leafhopper, Empoasca fabae. J. Insect Physiol. 58: 1626–1634.
Diepenbrock, L. M., J. G. Lundgren, T. L. Sit, and H. J. Burrack. 2018. Detecting
specific resource use by Drosophila suzukii (Diptera: Drosophilidae) using
gut content analysis. J. Econ. Entomol. 111: 1496–1500.
García-Robledo, C., D. L. Erickson, C. L. Staines, T. L. Erwin, and W. J. Kress.
2013. Tropical plant-herbivore networks: reconstructing species interactions using DNA barcodes. PLoS One. 8: e52967.
Hall, T. A. 1999. BioEdit: a user-friendly biological sequence alignment editor
and analysis program for Windows 95/98/NT, pp. 95–98. In Nucleic acids

475

