-

Journal of Economic Entomology, XX(XX), 2021, 1-12 1 ENTOMOLOGICAL
doi: 10.1093/jee/toab057 Q ,» SOCIETY OF AMERICA

) 9 SHARING INSECT SCIENCE GLOBALLY
Review -

Review

Choosing an Effective PCR-Based Approach for Diet
Analysis of Insect Herbivores: A Systematic Review

Alina Avanesyan,'?° Hannah Sutton," and William O. Lamp'

'Department of Entomology, University of Maryland, 4291 Fieldhouse Drive, 4112 Plant Sciences, College Park, MD 20742, USA
2Corresponding author, e-mail: alina@umd.edu

Subject Editor: Erin Scully

Received 27 June 2020; Editorial decision 2 March 2021

Abstract

Identification of ingested plant species using polymerase chain reaction (PCR)-based methods is an increas-
ingly useful yet challenging approach to accurately determine the diet composition of insect herbivores and
thus their trophic interactions. A typical process of detection of DNA of ingested plants involves the choice
of a DNA extraction method, a genomic target region, and/or the best approach for an accurate plant species
identification. The wide range of available techniques makes the choice of the most appropriate method for
an accurately and timely identification of ingested plants from insect guts difficult. In our study, we reviewed
the commonly used PCR-based approaches in studies published from 1977 to 2019, to provide researchers
with the information on the tools which have been shown to be effective for obtaining and identifying in-
gested plants. Our results showed that among five insect orders used in the retrieved studies Coleoptera and
Hemiptera were prevalent (33 and 28% of all the records, respectively). In 79% of the studies a DNA barcoding
approach was employed. In a substantial number of studies Qiagen DNA extraction kits and CTAB protocol
were used (43 and 23%, respectively). Of all records, 65% used a single locus as a targeted plant DNA frag-
ment; trnL, rbcl, and ITS regions were the most frequently used loci. Sequencing was the dominant type of
among DNA verification approaches (70% of all records). This review provides important information on the
availability of successfully used PCR-based approaches to identify ingested plant DNA in insect guts, and sug-
gests potential directions for future studies on plant-insect trophic interactions.
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Various approaches are used to investigate insect diet and feeding
preferences, including but not limited to direct observations and
controlled feeding experiments (Siemann and Rogers 2003, Jogesh
et al. 2008, Branson and Sword 2009, Fielding and Conn 2011,
Fan et al., 2013), microscopical identification of ingested plants and
pollen (Joern 1979, Joern 1983, Silberbauer et al. 2004), stable iso-
tope methods (see review by Hood-Nowotny and Knols 2007), and
biochemical approaches (Stephens et al. 2008). Our review here fo-
cuses on molecular gut content analysis of insect herbivores, and
here specifically on polymerase chain reaction (PCR)-based ap-
proaches, primarily DNA barcoding, to identify ingested plant spe-
cies in insect guts.

DNA barcoding approaches have been identified to be highly
useful to rapidly and accurately identify the diet composition of insect
herbivores (Miller et al. 2006; Jurado-Rivera et al. 2009; Valentini
et al. 2009; Bafeel et al. 2012; Wallinger et al. 2012, 2013; Garcia-
Robledo et al. 2013; Traugott et al. 2013; Avanesyan 2014; Huang
et al. 2017; De la Cadena et al. 2017; Zhu et al. 2019; Avanesyan
and Lamp 2020). These techniques allow us to identify ingested
food plants, determine the feeding behavior of insect herbivores,
and draw conclusions on the role of insects in trophic interactions.
DNA barcoding approaches have many advantages over classical ap-
proaches by providing a better species resolution, as well as detection
of plants which can be missed during field surveys (Valentini et al.
2009, Hereward and Walter 2012, Kitson et al. 2013, De la Cadena
etal. 2017). In particular, the use of high-throughput DNA sequencing
can decipher complex multitrophic interactions of generalist insect
species (Taberlet et al. 2012, Firlej et al. 2013, Mollot et al. 2014,
Sow et al. 2020). Knowledge of diet composition is especially crit-
ical for understanding feeding preferences of invasive agricultural or
forest pests, as well as detecting and predicting novel plant—insect as-
sociations (Garcia-Robledo et al. 2013, Gonzalez-Chang et al. 2016,

Avanesyan and Lamp 2020). This information also has important im-
plications for biological control of weeds by determining the field host
range of a potential biocontrol agent and ultimately reducing the use
of herbicides (Frei et al. 2019, Ollivier et al. 2020).

Typically, a DNA barcoding process involves the following steps:
1) plant DNA extraction, 2) amplification of the targeted plant DNA
fragment, 3) validation of the presence of the amplified plant DNA
fragment, 4) sequencing of the plant DNA fragment, and 5) plant
species identification via comparison with reference databases. At
each step of the DNA barcoding process, an investigator makes a
choice about what tool, kit, targeted gene, or sequencing method
to use. Previous studies demonstrated successful plant DNA detec-
tion from insect guts using various Qiagen DNA extraction kits
(Pumarino et al. 2011, Hereward and Walter 2012, Cooper et al.
2016, Avanesyan and Lamp 2020) and CTAB protocols (Staudacher
et al. 2011, Cooper et al. 2016). Several plant DNA loci, such as
trnL, rbcL, matK, and ITS (ITS-1 and ITS-2) have been success-
fully utilized for amplification of ingested plant DNA (Matheson
et al. 2008, Hereward and Walter 2012, Garcia-Robledo et al.
2013, Wang et al. 2019, Avanesyan et al. 2021). Both, sequencing
a single DNA template using the Sanger approach (hereafter ‘DNA
barcoding’) and metabarcoding using next-generation sequencing
(NGS) technologies (hereafter ‘metabarcoding’) have been used in
various studies to identify ingested plant species, explore source of
honey and plant community composition, as well as infer various
species interactions (e.g., Hawkins et al. 2015, Pornon et al. 2016,
Deiner et al. 2017, Matesanz et al. 2019, Baksay et al. 2020; see
also reviews by Gonzdlez-Chang et al. 2016, Dormontt et al. 2018,
Adamowicz et al. 2019, Kennedy et al. 2020).

In addition to traditional DNA barcoding, diagnostic PCR
assays involving the detection of products via amplification
with plant-specific primers have been shown to be effective for both

1202 1dy 20 U0 1s9nB Aq 4216029/.50080)/28l/£60 1 "0 L/10p/a[oilE-80UBAPE/23(/WO00"dNO"dlWapede//:sdny WOy papeojumoq



Journal of Economic Entomology, 2021, Vol. XX, No. XX

Total number of studies retrieved (direct search; 1977-2019) (n = 902)

! l ! !

| ! |

PubMed BioOne JSTOR Web of Science
(n=108) Complete (n=220) (n=289)
(n =365)

APPS MER Environmental Entomology
(n=5) (n=65) (n=50)

] [ Studies Retrieved]

Titles screened (n =902)

Studies excluded (n = 815)
Double entries removed (n=10)

Total number of relevant titles selected for abstract screening (n = 77)

! | !

=]
()
= l
v
v
=1
3]
@
)
= l l l l
—
h—
=
PubMed BioOne JSTOR Web of Science
(n=18) Complete (n=8) (n=19)
(n=13)

APPS MER Environmental Entomology
(n=3) (n=18) (n=8)

Total number of relevant abstracts selected (n =57)

Studies excluded (n=11)

'

Total number of full-text articles assessed for eligibility (n = 46)

: | | }

| } }

PubMed BioOne JSTOR Web of Science
n=9) Complete (n=4) (n=18)
(n=6)

APPS MER Environmental Entomology
(n=2) (n=3) (n=4)

Additional eligible studies identified through other sources (manual search)
(n=17)

l

[Studies Included] [Studies assessed for eligibility] [

Studies included in qualitative synthesis (n = 40)
Records extracted for qualitative synthesis (n = 61)

Fig. 1. PRISMA flowchart: literature search and data extraction (modified from Moher et al. 2009).

aboveground insect herbivores (e.g., Pumarifio et al. 2011, Wang
2018) and belowground insect herbivores (e.g., Staudacher et al.
2011, Wallinger et al. 2012). Such PCR assays are especially advan-
tageous for confirming the diet of insect herbivores with a limited
number of host plants (Wang et al. 2018).

The wide range of available techniques makes the choice of the
most appropriate method for an accurately and timely identification
of ingested plants from insect guts difficult. To address this, we re-
viewed PCR-based approaches that were commonly used in dietary
studies to identify the most promising tools for identifying ingested
plant species. This information will help researchers to make well-
founded choices and design experimental protocols applicable to
their specific research question and study species.

Specifically, we designed our study to help researchers in 1) gath-
ering preliminary information necessary for successful detection of
host plant DNA from an insect of interest, and 2) reducing trouble-
shooting time. In this review, we summarize available information

based on a systematic literature search (following Moher et al.
2009), using the keywords which researchers might typically use,
and restricting the summary to studies with a successful identifica-
tion of plants ingested by insects.

In our systematic review, we were specifically interested in the
following questions:

(1) What insect groups were used for detecting ingested plant
species using a PCR-based approach? Previous studies have
demonstrated successful detection of ingested plants from
guts of multiple insect species, including but not limited to
the orders Coleoptera and Orthoptera (Kishimoto-Yamada
et al. 2013, Staudacher et al. 2013, Avanesyan 2014,
Avanesyan and Culley 2015), as well as Hemiptera (Cooper
et al. 2016, 2019; Avanesyan and Lamp 2020; Avanesyan
et al. 2021). In this review, we explored the range of insect
groups utilized.
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(2) Which DNA extraction methods have been used for detecting
plant DNA from insect guts? In our study, we reviewed the DNA
extraction methods which have been successfully used for plant
DNA isolation from insect guts. We also addressed whether re-
searchers tend to use a whole-body extract or isolated insect
body parts for DNA extraction. For the purpose of this review,
we also included studies which used insect regurgitates.

Which DNA regions have been shown to allow for successful
identification of plant species? The choice of plant DNA regions

w

certainly depends on multiple factors, including but not limited
to a researcher’s previous experience, available laboratory tools,
study species, etc. Hollingsworth et al. (2011) reviewed the
most commonly used plant DNA barcodes from intact plants
and discussed the discriminatory power for each targeted gene.
However, the choice of plant DNA barcodes becomes more diffi-
cult when a researcher deals with ingested plants (i.e., degraded
DNA). The balance between resistance of a targeted DNA frag-
ment to degradation and a good species resolution is important
but not always possible. In this review, we specifically focused
on which plant DNA region(s) the authors found to be effective
and whether a single locus or multiple loci are commonly used in
such studies.

(4) How is the presence of the targeted plant DNA fragment veri-
fied? Tt is critical to confirm that the targeted DNA fragment
was amplified. A researcher can confirm the presence of a spe-
cific amplified DNA fragment by its length via gel electrophor-
esis or alternatively by performing BLAST comparisons against
sequences in public databases such as NCBI GenBank or the
Barcode of Life DataSystems (BOLD). Depending on a research
question and previous work on the study species, the researcher
might choose to follow another routine to validate the obtaining
the targeted DNA fragment. We summarize the validation
methods the authors used and discuss their applications.

Based on the results from previous studies and our own experi-
ence of choosing a specific approach, we expected that the retrieved
studies would show a wide range of DNA extraction methods and
targeted plant DNA loci. We also expected a DNA barcoding to
be applied when the study species is a specialist insect; whereas
metabarcoding could be the most often choice when the study

Number of studies
3
1

o -

2006 2008 2010 2012 2014 2016 2018

species is a polyphagous insect. We also suggest potential applica-
tions of using a PCR-based approach for diet analysis of agricultural
insect pests.

Materials and Methods

Literature Search and Inclusion Criteria

For this study, we conducted literature search following the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines (Moher et al. 2009) (Fig. 1). First,
we searched four databases (Web of Science, JSTOR, PubMed, and
BioOne Complete) for relevant studies on molecular gut content
analysis of insect herbivores published between 1 January 1977 and
30 September 2019. The year 1977 was chosen as the year of the
development of Sanger’s ‘chain-termination’ technique (Sanger et al.
1977, Heather and Chain 2016). We searched for relevant studies
using the following keywords: ‘molecular’ AND ‘gut’ AND ‘content’
AND ‘analysis’; the search was then refined by keyword ‘insects’.

In addition to these four databases which we used as the pri-
mary sources to search for relevant studies, we screened three jour-
nals (Environmental Entomology, Molecular Ecology Resources,
and Applications in Plant Sciences) for the same time period using
‘insect molecular gut content analysis’ as a search query. By adding
these three journals and using a slightly different combination of
the keywords we intended to retrieve the studies which might have
been missed during the primary search in the databases. Due to the
focus of this review, only experimental research articles published
in English were included in the screening. Using these search terms,
we retrieved 902 articles in total; of those, 10 double entries were
removed, and 77 relevant titles containing terms such as ‘feeding’,
‘host plants’, ‘plant DNA’, ‘ingested plants’, PCR’, ‘DNA barcoding’,
‘insect herbivores’, or their combination were chosen for abstract
screening. Based on abstract screening, 46 relevant articles were
selected for further screening of full texts.

To include a study in our analysis, we used the following inclu-
sion criteria:

(1) the study had to report successful detection of plant DNA from
insect guts only (for the purpose of this review, the studies which

Insect host plant usage 52%

Developing methodology 48%

Fig. 2. Number of studies relevant to using a DNA barcoding approach in insect gut content analysis published during 1977-2019: all retrieved studies (A), and

percentage of studies that reported different research objectives (B).
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Coleoptera 33%

A
Diptera 15%

Orthoptera 10%

Hemiptera 28% A mix 5%

Lepidoptera 8%

o
Other procedures 21%, CTAB 23%

Other DNA extraction kits 13%
Qiagen DNA extraction kits 43%

C

Other DNA regions 11%

ITS 22%

rbcL  25%

trnL 41%

Fig. 3. Percentage of studies that used various insect orders (A), various DNA
extraction methods (B), and various plant DNA barcoding regions (C). (A) Mix
orders include the following: Lepidoptera and Hemiptera (Pumarino et al.
2011); Orthoptera, Coleoptera, Hemiptera, and Lepidoptera (Matheson et al.
2008). (B) Various kits include: Macherey-Nagel nucleospin tissue extraction
kit (McClenaghan 2015), Wizard Genomic DNA Isolation kit (Lovejoy and
Johnson 2014), Promega 96-well plate kit (Navarro et al. 2010), BioSprint 96
DNA Blood Kit (Wallinger et al. 2015), and NucleoSpin Tissue Kit (Kajtoch
2014, Kajtoch and Mazur 2015). (C) Other DNA regions include: matK (Kajtoch
2014), short and long RAPD fragments amplified by primers OPA3, OPA4,
OPB10, OPD3, pUC/M13F, BOXAIR, pehA#6, and pehA#3 (Latif et al. 2012);
a 169-bp region of plastid DNA amplified by strawberry-specific primers
(Diepenbrock et al. 2018); multiplex PCR assays (Staudacher et al. 2013).

used plant DNA detection from insect feces or focused on DNA
barcoding of honey and pollen were not included);

(2) the study had to report the plant DNA region used for PCR
amplification;

(3) the study had to indicate an approach used to confirm successful
plant DNA detection (i.e., method to validate the amplification
of the targeted DNA region).

We expected that the keywords we used for the literature search
might yield both the studies which employed a diagnostic PCR
using specific primers and the studies that used a traditional DNA
barcoding approach. We aimed to keep our literature search as close
as possible to a typical literature search a researcher might use.
Subsequently, all such studies were included in the analysis if they
satisfied the inclusion criteria described above.

The authors’ rationale for conducting a study and study object-
ives were not considered: the articles which focused on developing
a method or using a method to decipher insect feeding preferences
were included in the analysis. As a result, a total of 23 articles which
satisfied all the inclusion criteria were selected for the analysis.
Additionally, reference lists of these 23 articles were screened and
nine eligible studies (i.e., secondary references) were added. Finally,
five eligible studies were manually retrieved through ResearchGate,
and three eligible unpublished studies from our own laboratory
trials (two studies are now published) were added. As a result, 40
articles which satisfied all the inclusion criteria were used in our data
analysis (Fig. 1; Supp Table S1 [online only]).

Data Extraction

To investigate and summarize available information on the ap-
proaches which were used for detecting host plants ingested by in-
sects, from each study we retrieved separate records which included:
1) one plant DNA region, applied to 2) one insect species, and 3) one
validation method used for this plant DNA region and insect species.
As in some studies several plant regions were used for more than
one insect species, we retrieved a total of 61 records from 40 articles
(Fig. 1; Supp Table S2 [online only]). Additionally, the following in-
formation was extracted from each article: the purpose of the study
(developing a method or investigating insect feeding preferences), in-
sect order, number of plant DNA loci used, validation method (an
approach used to confirm successful amplification of the targeted
DNA region), and sequencing approach, if used (a DNA barcoding
or metabarcoding) (Supp Table S1 [online only]). Additionally, we
also extracted the following data: DNA extraction method, body
parts used, and kind of plant DNA locus used (Supp Table S2 [on-
line only]).

Data Analysis

All data on insect orders, DNA extraction method, PCR amplifica-
tion, and validation methods were synthesized using proportions,
and the prevalence of studies reporting of a certain approach or tool
was determined using a binomial test. Kruskal-Wallis test was used
to determine the difference between the number of studies published
at different time periods. The differences among validation methods,
targeted genes, and extraction methods in application to different
insect feeding guilds were determined using Pearson’s chi-squared
test and MASS package in R. All the data analysis was conducted in
R, v.3.4.3 (R Core Team 2014).

Results

Focus of the Studies and Insect Orders

Identified 40 articles, which met the inclusion criteria, were pub-
lished between 2006 and 2019; number of publications ranged from
1 to § per year (Fig. 2A). The number of studies published between
2011 and 2019 were significantly prevalent (x> = 6.124,df = 1, P =
0.01334). Studies aiming to develop a method and explore insect
host plant usage were almost equally presented (Fig. 2B); 75% of
the studies utilized a DNA barcoding approach and 25% employed
diagnostic PCR assays (Supp Table S2 [online only]).

Five insect orders were primarily used in the studies: Orthoptera,
Coleoptera, Hemiptera, Diptera, and Lepidoptera; Coleoptera and
Hemiptera were significantly prevalent (61% of all records; bino-
mial test: P = 0.0003; Fig. 3A). Two studies used a mix of insect
species from these five orders: various species from Lepidoptera
and Hemiptera (Pumarino et al. 2011); and various species from
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Table 1. Primer sequences (5"-3’) reported for detecting trnL, rbcl, and ITS regions in Coleoptera and Hemiptera

Author, year

Insect order

Primer sequences (5"-3")

Amplicon
sizes (bp)

Avanesyan and Lamp (2020)

Cooper et al. (2019)

Cooper et al. (2016)

Garcia-Robledo et al. (2013)

Hereward and Walter (2012)
Hereward et al. (2013)
Jurado-Rivera et al. (2009)

Kajtoch (2014)

Kajtoch and Mazur (2015)

Kitson et al. (2013)

Kishimoto-Yamada et al. (2013)
Lovejoy and Johnson (2014)
Matheson et al. (2008)

Navarro et al. (2010)

Wang et al. (2017)

Wang et al. (2019)

Hemiptera

Hemiptera

Hemiptera

Coleoptera

Hemiptera
Hemiptera
Coleoptera

Coleoptera

Coleoptera

Coleoptera

Coleoptera

Coleoptera Hemiptera

Coleoptera

Hemiptera

Hemiptera

rbcLaF: ATGTCACCACAAACAGAGACTAAAGC

rbcLaR: GTAAAATCAAGTCCACCRCG

B49873-e: GGTTCAAGTCCCTCTATCCC

A50272-F: ATTTGAACTGGTGACACGAG

B49317-c: CGAAATCGGTAGACGCTACG

A49855-d: GGGGATAGAGGGACTTGAAC

ITS2F: ATGCGATACTTGGTGTGAAT

ITS3R: GACGCTTCTCCAGACTACAAT

trnL575F: CGACCCCCTTTCCTTAGCG

trnL755R: TCGGGAATCATTCAACTAGGGA

1TS4_Rev: GCATATCAATAAGCGGAGGA

ITS3_Rev: ATTGTAGTCTGGAGAAGCGTC

ITS2-2_For: ATGCGATACTTGGTGTGAAT

rbcL_F: ATGTCACCACAAACAGAGACTAAAGC

rbcL_Rev: GTAAAATCAAGTCCACCRCG

rbcl._230_Rev: TTACCAGYCTTGATCGTTACAAAGG

rbcl_260_For: CTTTGTAACGATCAAGRCTGGTAAG

psbA: GTTATGCATGAACGTAATGCTC

trnH: CGCGCATGGTGGATTCACAATCC

trnL e B49873: GGTTCAAGTCCCTCTATCCC

trnF f A50272: ATTTGAACTGGTGACACGAG

c A49325: CGAAATCGGTAGACGCTACG

d B49863: GGGGATAGAGGGACTTGAAC

¢ A49325: CGAAATCGGTAGACGCTACG

d B49863: GGGGATAGAGGGACTTGAAC

1F: ATGTCACCACAAACAGAAAC

636F: GCGTTGGAGAGATCGTTTCT

rbcL-724R: TCGCATGTACCTGCAGTAGC

A49325: CGAAATCGGTAGACGCTACG

B49863: GGGGATAGAGGGACTTGAAC

A49325: CGAAATCGGTAGACGCTACG

B49863: GGGGATAGAGGGACTTGAAC

A49425: GGGCAATCCTGAGCCAA

B49466: CCATTGAGTCTCTGCACCTATC

A49325: CGAAATCGGTAGACGCTACG

M13(-21) B49863: TGTAAAACGACGGCCAGTGGGGATA
GAGGGACTTGAAC

H-rev: GATAGGTGCAGAGACTCAATG

rbcLa forward: ATGTCACCACAAACAGAGACTAAAGC

rbcLa reverse: GTAAAATCAAGTCCACCRCG

trnL-c: CGAAATCGGTAGACGCTACG

trnL-d: GGGGATAGAGGGACTTGAAC

rbcL.19: AGATTCCGCAGCCACTGCAGCCCCTGCTTC

rbcLZ1: ATGTCACCACAAACAGAGACTAAAGCAAGT

¢ A49325: CGAAATCGGTAGACGCTACG

d B49863: GGGGATAGAGGGACTTGAAC

trnL-trnF

Cotton:

Forward: GTTGAAGAAAGAATCGAATAGAATAG

Reverse: ATAGACAGCAAACGGGCTTT

Mungbean:

Forward: ATGTCAATACCGACAACAATGAA

Reverse: AAATCCAAATTCCAATTTAGTTG

psbA: GTTATGCATGAACGTAATGCTC

trnH: CGCGCATGGTGGATTCACAATCC

rbcL_F: ATGTCACCACAAACAGAGACTAAAGC rbcL_Rev:

GTAAAATCAAGTCCACCRCG
ITS1-F-rc*: GACTCTCGGCAACGGATATC
ITS4: TCCTCCGCTTATTGATATGC

530

400-600

180

360

N/A

N/A

161-567
400, 600
313-581

400

343-574

255-409

547-553
300-600
157

379-609

236

199

430
599

410
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A Sequencing 70%

Gel electrophoresis 22%

Quantitative real time PCR 8%

B

DNA barcoding 79%

Both approaches 17%
Meta-barcoding 4%

Fig. 4. DNA verification methods used in retrieved relevant studies:
percentage of studies used various DNA verification methods (A), and
percentage of studies used a DNA barcoding, metabarcoding, and both
approaches (B).

Orthoptera, Coleoptera, Hemiptera, and Lepidoptera (Matheson
et al. 2008).

Choice of DNA Extraction Method

A substantial number of the retrieved records (54%) used various
DNA extraction kits, primarily from Qiagen (43% of all the records)
(Fig. 3B). Other studies employed DNA extraction kits such as (as re-
ported by the authors) Macherey—Nagel nucleospin tissue extraction
kit (McClenaghan 2015), Wizard Genomic DNA Isolation kit (Lovejoy
and Johnson 2014), Promega 96-well plate kit (Navarro et al. 2010),
BioSprint 96 DNA Blood Kit (Wallinger et al. 2015), and NucleoSpin
Tissue Kit (Kajtoch 2014, Kajtoch and Mazur 2015). The rest of the re-
trieved records used a CTAB-based protocol or developed other extrac-
tion procedures (23 and 21%, respectively) (Fig. 3B). Other procedures
were described as the DNA extractions using the reagents available in
a laboratory (Matheson et al. 2008; Junnila et al. 2010, 2011; Latif
et al. 2012; Garcia-Robledo et al. 2013; Hereward et al. 2013, Huang
et al. 2017). Regarding DNA extraction, the number of studies with
insect whole-body extraction was significantly prevalent (64% of all
records; binomial test: P = 0.006). Other options included: isolated
guts, various body parts (e.g., thorax), and regurgitates.

Choice of Plant DNA Barcode

On average, one to three plant DNA loci were used in the reviewed
studies; the number of those which used a single locus was signifi-
cantly prevalent (65% of all records; binomial test: P = 0.006). The
plant DNA regions which were used more often included: #rnL
(41% of the studies), 7bcL (25%), and ITS (22%) (Fig. 3C). Primer
sequences used to detect various portions of these DNA regions in
gut contents of Coleoptera and Hemiptera are presented in Table 1.
Other DNA regions were: matK (Kajtoch 2014); the plastid gene
ycfl (Diepenbrock et al. 2018); and specific primers located in the
trnT—trnF region (Staudacher et al. 2013), as well as short and long
RAPD fragments amplified by primers OPA3, OPA4, OPB10, OPD3,
pUC/M13F, BOXAIR, pehA#6, and pehA#3 (Latif et al. 2012).

Verification of Plant DNA Presence

The prevalent number of studies used sequencing to validate the
amplification of the targeted plant DNA fragment (70% of all rec-
ords; binomial test: P < 0.0001) (Fig. 4A). The rest of the studies em-
ployed a diagnostic PCR (30%); of these, most studies conducted gel
electrophoresis as a final step of the experimental procedures (Fig.
4A). DNA barcoding was significantly prevalent (79% of all rec-
ords; binomial test: P < 0.0001); 17% of studies used both a DNA
barcoding using Sanger method and metabarcoding using various
NGS technologies (Fig. 4B). Interestingly, validation methods sig-
nificantly differed among the studies which amplified different
plant DNA loci (y? = 24.673, df = 9, P = 0.003): most of the studies
which used #rnL, rbcl, and ITS genes (96, 93, and 63%, respect-
ively) used sequencing as a validation method, while 80% of studies
which used other plant DNA regions used gel electrophoresis as a
validation method.

Discussion

In this study, we explored PCR-based approaches that researchers
commonly used for diet analysis of insect herbivores. We were spe-
cifically interested in retrieving records of successful detection of
ingested plant DNA from insect guts published between 1977 and
2019. Our main goal was to review the chosen approaches and to
provide researchers with a brief summary of the available informa-
tion on the most often used tools, kits, and targeted plant genes for
detecting ingested plants from insect guts, which ultimately helps the
researchers make an informed choice for the most suitable tool for
their specific research question.

Retrieved Studies, Studies’ Focus, and Insect Orders
Since only studies that reported successtul plant DNA detection
from insect guts were included in our data analysis, such a relatively
small number of studies published during 1977-2019 may be as-
sociated with challenges accompanying the process of detection of
ingested plant DNA, and unsuccessful attempts were not published.
The choice of the study species and incorporating DNA
barcoding tools certainly depends on a researcher’s goals and
the research focus. Kajtoch and Mazur (2015), for example, in-
dicated that they chose the weevil, Centricnemus leucogrammaus
(Germar, 1824) (Coleoptera: Curculionidae) for their study as a
well-explored species in terms of ecology and which feeding pref-
erences was intensively explored using molecular biology tools.
The authors advanced this knowledge in their study by exploring
feeding activity of C. leucogrammus under harsh environmental
conditions using DNA barcoding tools (Kajtoch and Mazur 2015).
The prevalence of study species of the orders Coleoptera and
Hemiptera, many of which are important agricultural pests and/
or potential biocontrol agents were somewhat expected. From
the plant DNA perspective, the leaf-grazing species of the order
Coleoptera, as well as their larvae, are potentially a convenient
study system due to less destroyed DNA of ingested plants com-
pared to that in the guts of fluid-feeding insects (Cooper et al.
2016, Avanesyan and Lamp 2020, Gonella et al. 2020). As for
Hemiptera, many species of this order are economically important
agricultural pests (Sethusa et al. 2014), some are vector species
(Cooper et al. 2016, 2019; Cavalieri et al. 2019), and therefore,
they represent valuable study species. Among the retrieved studies,
Wang et al. (2018), for example, focused on the bug, Apolygus
lucorum (Meyer-Diir) (Hemiptera: Miridae), a highly mobile pest
of cotton and other crops; Lovejoy and Johnson (2014) used the
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invasive kudzu bug, Megacopta cribraria (Fabricius) (Hemiptera:
Plataspidae), an important pest of various legumes. Despite the
substantial number of studies on Hemiptera, several authors em-
phasized the challenges associated with detection of plant DNA
from piercing—sucking insects; among which a potential lack of
plant tissue in insect guts and limited knowledge on stylet penetra-
tion through the plant tissue (Cooper et al. 2016, 2019; Avanesyan
and Lamp 2020; Avanesyan et al. 2021). We did not find, however,
that the insect species which were easier to handle in terms of mo-
lecular gut content analysis were often chosen as study species.
Future studies might focus on insect species which were less often
used in the gut content analysis, such as lepidopterans, and de-
velop DNA barcoding protocols applicable to these species.

Choice of DNA Extraction Method

A wide variety of extraction methods was used in the retrieved
studies: studies which used ‘ready-to-go” extraction kits and studies
which developed the extraction procedures were almost equally pre-
sented. Such a variety of extraction methods can be explained by at
least three factors: 1) investigating unique study species, 2) specific
research goals (whether it is developing a method or deciphering diet
composition), and 3) needs and funds of a research team.

Both, plant DNA extraction kit (DNeasy Plant Mini Kit) and
insect DNA extraction kit (DNeasy Blood & Tissue Kit) worked
well for the purpose of the studies. The plant DNA extraction kit
apparently worked best with the leaf-grazing insect species of a rela-
tively large size, such as grasshoppers (Avanesyan 2014, Avanesyan
and Culley 2015). In grasshopper gut contents the ingested plant
DNA can be preserved and detected for up to 22 h postconsumption
(Avanesyan 2014). Additionally, the DNA extraction method was
not associated with the insect orders which were used in the studies;
which is valuable information for researchers who overcome chal-
lenges working with fluid-feeding insects.

The prevalence of studies which used an insect whole-body
extract to amplify ingested plant DNA can be explained by con-
venience of DNA extraction process as this limits the time needed
for sample preparation for extraction (Jurado-Rivera et al. 2009).
Also, using a whole-body extract may be an easier option when
researchers work with relatively small insects, such as the spotted
wing drosophila, Drosophila suzukii (Matsumura) (Diptera:
Drosophilidae) (Briem et al. 2018), or potato psyllid, Bactericera
cockerelli (Sulc) (Hemiptera: Triozidae) (Cooper et al. 2016, 2019).
Some of the studies pointed out, however, that using a whole-body
extract may increase risk of contamination of insect body surface
with host plant DNA (e.g., Briem et al. 2018). Even though this issue
can be addressed by emerging an insect in a bleach solution (Cooper
et al. 2016; Avanesyan and Lamp 2020), future studies might fur-
ther explore this issue and determine whether the amount of plant
DNA on insect surface differs between leaf-grazing insects and fluid-
feeders, to increase yield of targeted DNA.

Choice of Plant DNA Region

PCR has been shown to be the most common molecular method
for determining diet composition and evaluating trophic interactions
in the agricultural settings (Gonzalez-Chang et al. 2016). Dormontt
et al. in their review of DNA barcoding applications (2018) indi-
cated several loci which are routinely used in DNA barcoding of
plant species, such as rbcL, matK, ITS, and psbA—trnHis. Similar to
the previous studies (e.g., Matheson et al. 2008; Kress et al. 2009;
Kajtoch and Mazur 2015), we found that trnL and rbcL are the two
most often used plant DNA barcodes.

The trnL region was first suggested by Taberlet et al. (1991), and
since then was widely used for various ecological studies focusing on
determining insect associations with their host plants (Jurado-Rivera
et al. 2009, Navarro et al. 2010, Staudacher et al. 2011, Avanesyan
2014, Avanesyan and Culley 2015, Wallinger et al. 2015, Avanesyan
et al. 2021). A substantial portion of the retrieved studies used the
universal primers proposed by Taberlet et al. (1991) (Table 1). It
has also been demonstrated in the previous studies that the ##L in-
tron is relatively tolerant to degradation and it can provide a higher
species resolution than rbcL gene (Kress et al. 2009, Sundari and
Papuangan 2019). In our previous study on the spotted lanternfly,
however, we were not able to successfully amplify a #nL region,
while rbcLL gene provided a good amplification and species reso-
lution (Avanesyan and Lamp 2020). To improve taxonomic reso-
lution of a specimen, multiple loci can be combined (Kress et al.
2009, Li et al. 2017, Zhu et al. 2019). Keeping in mind differences
in species resolution provided by #r#L and rbcL genes (Kress et al.
2009, Sundari and Papuangan 2019, Avanesyan and Lamp 2020), a
researcher may want to make choice to better address the goal of the
study—whether it is plant species identification, or confirmation of
plant consumption.

Additionally, when the ingested plant DNA is a DNA source,
the DNA is more likely degraded, and amplification of long DNA
regions can be challenging (Dormontt et al. 2018). This can pose
limitation for utilizing metabarcoding as some sequencing platform
can have shorter sequence read length than some of the long DNA
barcoding loci; as a result, only partial sequence can be obtained
(Dormontt et al. 2018). Some authors suggested using short but in-
formative loci if metabarcoding approach is chosen by a researcher
(Coissac et al. 2012, Dormontt et al. 2018).

Verification and Identification of Plant DNA

Presence

The most important step toward successful identification of plants
is a validation of the presence of the targeted DNA template in the
PCR product: this step not only provides the results but ultimately
demonstrates the effectiveness of the utilized PCR-based approach.
Obtaining a DNA sequence is critical for plant species identification,
and many sequencing procedures become more accessible for the re-
searchers (Stein et al. 2014). The observed prevalence of the studies
which used a DNA barcoding using Sanger method (79%) can be
explained by high utilization of specialist insects as study species, as
well as using direct feeding assays. Sanger sequencing was the first
method used for DNA barcoding of insect host plants (Kajtoch and
Mazur 20135); it has also been a relatively cheap method with regard
to sample submission (especially when submitting a large number
of individual samples) compared to metabarcoding (Wallinger et al.
2012). Despite its effectiveness demonstrated in the retrieved studies,
Sanger method is limited to the identification of only one species
only within a single reaction (Kajtoch and Mazur 2015). So, while
a DNA barcoding is effective for work with specialist insects, it
is impossible to apply it for polyphagous insect species which re-
quire sequencing multiple amplicons (Kajtoch and Mazur 2015,
Avanesyan and Lamp 2020). This limitation can be partially over-
come if a researcher, for example, design the primers which amp-
lify multiple amplicons of different length within the same reaction
(Wallinger et al. 2012). However, metabarcoding is certainly highly
efficient to address this issue; it has also been advantageous for iden-
tification of various plant food sources under natural conditions
(e.g., Briem et al. 2018, Pitteloud et al. 2020, Zhang et al. 2021).
Also, pollen DNA metabarcoding, which was outside of the focus of
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A. PCR-based approaches ms) | DNA barcoding 7%

Diagnostic PCR assays | 5%
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C. DNA extraction method m=) | Qiagen DNeasy Blood & Tissue Kit  s3%
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Fig. 5. Summary of the results of the systematic review of the retrieved studies on detection of ingested plants from insect guts using PCR-based approaches.
The presented results include: overall PCR-based approaches (A), insect orders (B), DNA extraction methods (C), plant DNA barcodes (D), and approaches the
studies used to verify the obtaining of the targeted plant DNA fragment (E). The results demonstrated the prevalence of a DNA barcoding (A), using insects of
Coleoptera and Hemiptera orders (B), utilizing ‘ready-to-go” DNA extraction kits (C), amplifying plant DNA loci such as trnlL, rbcL, and ITS (D), and performing

sequencing, particularly Sanger sequencing, as a validation method (E).

the present manuscript, is a promising research direction (please see
a review by Evans and Kitson 2020), which can be applied even to
historic insect specimens (e.g., Gous et al. 2021).

Our review also indicates that metabarcoding approach was
used for polyphagous insect herbivores and here primarily for the
analysis of field-collected individuals (McClenaghan et al. 2015).
In this context, the targeted genes #rnL, rbcL, and ITS were most
frequently used as target loci since there are numerous sequences
available in public databases such as NCBI GenBank. Looking at
the expected development in this area, it is to be expected that
metabarcoding will gain even more importance for the investiga-
tion of the feeding behavior of polyphagous insects at a high reso-
lution in the future. Using this approach, a researcher cannot only
identify the range of consumed plants, but also the identity of the
insects in parallel.

Potential Applications of PCR-Based Approaches for
Diet Analysis of Agricultural Insect Pests

Insect herbivores, both generalists and specialists, represent an im-
portant part of agricultural food webs, often damaging crop plants
and causing substantial economic problems; the estimated annual
costs associated with only non-native crop arthropod pests are $13.9
billion (Pimentel et al. 2005). Gonzélez-Chang et al. (2016), in their
review of molecular techniques used to study trophic interactions in
agricultural systems, emphasized the importance of using molecular
tools for analysis of food webs, discovering rare or cryptic inter-
actions, as well as understanding the effect of landscape complexity
on species interactions. Below we briefly indicate a few specific appli-
cations of PCR-based approaches for detecting ingested plants from
insect guts that researchers could utilize in the agricultural setting,
along with several examples from previous studies.

First, PCR-based approaches are extremely valuable for the ana-
lysis of diet composition of generalist species (Sow et al. 2020). In
diet analysis, metabarcoding of ingested plant species becomes es-
pecially advantageous (McClenaghan et al. 2015) as it is highly ef-
fective for the analysis of complex food webs (Gonzélez-Chang et al.
2016) and for investigating feeding activity of highly polyphagous
pests (Avanesyan and Lamp 2020, Pitteloud et al. 2020, Zhang et al.
2021). Thus, Pitteloud et al. (2020) have successfully utilized a DNA
metabarcoding method to investigate changes in plant—-Orthoptera
interactions across several elevational gradients.

Exploring pest migration between crop plants is another valuable
application of plant DNA detection from insect guts. Wang et al.
(2017, 2018, 2019) in series of experiments with the polyphagous
mirid bug A. lucorum (Heteroptera: Miridae) successfully demon-
strated utilization of DNA barcoding of plants ingested by this insect
pest for determining the consumption of novel food plants and mi-
gration of A. lucorum between cotton (Gossypium hirsutum L.) and
mungbean (Vigna radiata (L.) Wilczek).

The safety of biological control and a better understanding of
interactions between weeds and potential biocontrol agents is yet an-
other venue for utilizing PCR-based approaches. Biocontrol agents
directly or indirectly could consume nontarget species (Willis and
Memmott 2005). Accurate detection and confirmation of the in-
gested food plants using PCR-based methods is a valuable tool to
‘track’ trophic interactions in the agricultural environment and to
identify a promising biocontrol candidate (Ollivier et al. 2020). Frei
et al. (2019) in their study with carabid beetles found that weed
seeds were a substantial part of carabid diet and demonstrated a po-
tential of carabid beetles for biocontrol of weeds.

Finally, using DNA barcoding approaches can be very helpful
for exploring host-finding process by agricultural pests. It becomes
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especially important if insects (such as, for example, aphids and
whiteflies) can transmit plant pathogens. In aphids, such virus trans-
mission can occur during series of steps in the process of insect
search of host plants and identifying feeding sites (Irwin et al. 2007,
Fereres and Moreno 2009). During this process, aphid stylets can
frequently penetrate plant cells in peripheral plant tissues following
various sensory cues, tasting various plants even outside of the crop
field, and then perform sap ingestion from the acceptable food plants
(Irwin et al. 2000, Powell et al. 2006, Irwin et al. 2007; Fereres and
Moreno 2009). Such stylet probing and feeding behavior after the
insect arrival on the host plant is common among many hemipteran
pests (Backus 1988, Backus and Hunter 1989, Backus et al. 2005).
Tasting various plants during the host search can result in ingestion
of small amount of DNA from the plants which are not the insect’s
primary host plants. Future studies might focus on further exploring
host-finding process in insect vectors and identifying such ‘nonhost’
ingested DNA.

Conclusions

A PCR-based analysis of ingested plants is an exciting and challen-
ging approach used to confirm direct trophic interactions between
insect species and specific food plants. Our study demonstrated a
significant increase in the number of studies successfully used this
approach during last decade. We found that using ‘ready-to-go’
DNA extraction kits, amplifying plant DNA loci such as trnL, rbcL,
and ITS, and utilized sequencing as a validation method are com-
monly used approaches which researchers used (Fig. 5). This review
provides important information on availability of successfully used
PCR-based approaches to detect ingested plant DNA from insect
guts, as well as potential directions for future studies on plant—in-
sect interactions. In conclusion, we designed this review systematic
review to help researchers conduct effective PCR-based assays for
their study species; and we also want to encourage researchers to
further develop and publish PCR-based approaches especially for in-
sect pests of high economic importance.

Supplementary Data

Supplementary data are available at Journal of Economic
Entomology online.

Acknowledgments

The authors thank lab members of David Hawthorne and William
Lamp (Department of Entomology, University of Maryland) for
helpful discussions, and two anonymous reviewers for their valu-
able comments and suggestions on earlier versions of this manu-
script. This research was supported by Maryland Agricultural
Experiment Station (MAES) Competitive Grants Program (CGP),
MD-ENTM-201189; Maryland Department of Agriculture’s
Specialty Crop Block Grant Program, grant no. 191501-02; and par-
tially by the Hatch Project, MD-ENTM-1802.

References Cited

Adamowicz, S. J., J. S. Boatwright, F. Chain, B. L. Fisher, I. D. Hogg, F. Leese,
D. A. Lijtmaer, M. Mwale, A. M. Naaum, X. Pochon, et al. 2019. Trends in
DNA barcoding and metabarcoding. Genome. 62: v—viii.

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

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 ana-
lysis to decipher the range of food plants of the invasive spotted lanternfly,
Lycorma delicatula. Insects. 11: 215.

Avanesyan, A., N. Illahi, and W. O. Lamp. 2021. Detecting ingested host plant
DNA in potato leafhopper, Empoasca fabae: potential use of molecular
markers for gut content analysis. J. Econ. Entomol. 114: 472-475.

Backus, E. A. 1988. Sensory systems and behaviours which mediate hemip-
teran plant-feeding: a taxonomic overview. J. Insect. Physiol. 34: 151-165.

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.

Bafeel, S. O., I. A. Arif, M. A. Bakir, A. A. Al Homaidan, A. H. Al Farhan,
and H. A. Khan. 2012. DNA barcoding of arid wild plants using rbcL gene
sequences. Genet. Mol. Res. 11: 1934-1941.

Baksay, S., A. Pornon, M. Burrus, J. Mariette, C. Andalo, and N. Escaravage.
2020. Experimental quantification of pollen with DNA metabarcoding
using ITS1 and trnL. Sci. Rep. 10: 1-9.

Branson, D. H., and G. A. Sword. 2009. Grasshopper herbivory affects native
plant diversity and abundance in a grassland dominated by the exotic grass
Agropyron cristatum. Restor. Ecol. 17: 89-96.

Briem, F, C. Zeisler, Y. Guenay, K. Staudacher, H. Vogt, and M. Traugott.
2018. Identifying plant DNA in the sponging—feeding insect pest Drosophila
suzukii. J. Pest Sci. 91: 985-994.

Cavalieri, V., G. Altamura, G. Fumarola, M. di Carolo, M. Saponari,
D. Cornara, B. Domenico, and C. Dongiovanni. 2019. Transmission of
Xylella fastidiosa subspecies pauca sequence type 53 by different insect spe-
cies. Insects. 10: 324.

Coissac, E., T. Riaz, and N. Puillandre. 2012. Bioinformatic challenges for
DNA metabarcoding of plants and animals. Mol. Ecol. 21: 1834-1847.

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.

De la Cadena, G., A. Papadopoulou, J. M. Maes, and J. Gémez-Zurita. 2017.
Evaluation of bias on the assessment of diet breadth of herbivorous insects
using molecular methods. Insect Sci. 241: 94-209.

Deiner, K., H. M. Bik, E. Michler, M. Seymour, A. Lacoursi¢re-Roussel,
F. Altermatt, S. Creer, I. Bista, D. M. Lodge, N. de Vere, et al. 2017.
Environmental DNA metabarcoding: transforming how we survey animal
and plant communities. Mol. Ecol. 26: 5872-5895.

Diepenbrock, L. M.,]. 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.

Dormontt, E. E., K. J. Van Dijk, K. L. Bell, E. Biffin, M. F. Breed, M. Byrne,
S. Caddy-Retalic, F. Encinas-Viso, P. G. Nevill, A. Shapcott, et al. 2018.
Advancing DNA barcoding and metabarcoding applications for plants re-
quires systematic analysis of herbarium collections—an Australian perspec-
tive. Front. Ecol. Evol. 6: 134.

Evans, D. M., and J. J. Kitson. 2020. Molecular ecology as a tool for under-
standing pollination and other plant-insect interactions. Curr. Opin. Insect
Sci. 38: 26-33.

Fan, S.,D. Yu, and C. Liu. 2013. The invasive plant Alternanthera philoxeroides
was suppressed more intensively than its native congener by a native gener-
alist: implications for the biotic resistance hypothesis. PLoS One. 8: e83619.

Fereres, A., and A. Moreno. 2009. Behavioural aspects influencing plant virus
transmission by homopteran insects. Virus Res. 141: 158-168.

Fielding, D. J., and J. S. Conn. 2011. Feeding preference for and impact on

an invasive weed (Crepis tectorum) by a native, generalist insect herbivore,

1202 1dy 20 U0 1s9nB Aq 4216029/.50080)/28l/£60 1 "0 L/10p/a[oilE-80UBAPE/23(/WO00"dNO"dlWapede//:sdny WOy papeojumoq



Journal of Economic Entomology, 2021, Vol. XX, No. XX

"

Melanoplus borealis (Orthoptera: Acrididae). Ann. Entomol. Soc. Am. 104:
1303-1308.

Firlej, A., J. Doyon, J. D. Harwood, and J. Brodeur. 2013. A multi-approach
study to delineate interactions between carabid beetles and soybean aphids.
Environ. Entomol. 42: 89-96.

Frei, B., Y. Guenay, D. A. Bohan, M. Traugott, and C. Wallinger. 2019.
Molecular analysis indicates high levels of carabid weed seed consump-
tion in cereal fields across Central Europe. J. Pest Sci. (2004). 92: 935-942.

Garcia-Robledo, C., D. L. Erickson, C. L. Staines, T. L. Erwin, and W. J. Kress.
2013. Tropical plant-herbivore networks: reconstructing species inter-
actions using DNA barcodes. PLoS One. 8: €52967.

Gonella, E., L. Picciau, L. Pippinato, B. Cavagna, and A. Alma. 2020. Host
plant identification in the generalist xylem feeder Philaenus spumarius
through gut content analysis. Entomol. Exp. Appl. 168: 890-899.

Gonzalez-Chang, M., S. D. Wratten, M. C. Lefort, and S. Boyer. 2016. Food
webs and biological control: a review of molecular tools used to reveal
trophic interactions in agricultural systems. Food Webs. 9: 4-11.

Gous, A., C. D. Eardley, S. D. Johnson, D. Z. H. Swanevelder, and S. Willows-
Munro. 2021. Floral hosts of leaf-cutter bees (Megachilidae) in a biodiver-
sity hotspot revealed by pollen DNA metabarcoding of historic specimens.
PLoS One. 16: €0244973.

Hawkins, J., N. de Vere, A. Griffith, C. R. Ford, ]. Allainguillaume,
M. J. Hegarty, L. Baillie, and B. Adams-Groom. 2015. Using DNA
metabarcoding to identify the floral composition of honey: a new tool for
investigating honey bee foraging preferences. PLoS One. 10: e0134735.

Heather, J. M., and B. Chain. 2016. The sequence of sequencers: the history of
sequencing DNA. Genomics. 107: 1-8.

Hereward, J. P, and G. H. Walter. 2012. Molecular interrogation of the
feeding behaviour of field captured individual insects for interpretation of
multiple host plant use. PLoS One. 7: e44435.

Hereward, J. P, P. J. DeBarro, and G. H. Walter. 2013. Resolving multiple host
use of an emergent pest of cotton with microsatellite data and chloroplast
markers (Creontiades dilutus Stal; Hemiptera, Miridae). Bull. Entomol. Res.
103: 611-618.

Hollingsworth, P. M., S. W. Graham, and D. P. Little. 2011. Choosing and
using a plant DNA barcode. PLoS One. 6: ¢19254.

Hood-Nowotny, R., and B. G. Knols. 2007. Stable isotope methods in bio-
logical and ecological studies of arthropods. Entomol. Exp. Appl. 124: 3-16.

Huang, X., M. R. McNeill, J. Ma, X. Qin, X. Tu, G. Cao, G. Wang, X. Nong,
and Z. Zhang. 2017. Gut transcriptome analysis shows different food util-
ization efficiency by the grasshopper Oedaleous asiaticus (Orthoptera:
Acrididae). J. Econ. Entomol. 110: 1831-1840.

Irwin, M. E., W. G. Ruesink, S. A. Isard, and G. E. Kampmeier. 2000.
Mitigating epidemics caused by non-persistently transmitted aphid-borne
viruses: the role of the pliant environment. Virus Res. 71: 185-211.

Irwin, M. E., G. E. Kampmeier, and W. W. Weisser. 2007. Aphid move-
ment: process and consequences, pp. 153-186. In H. E van Emden and
R. Harrington (eds.), Aphids as crop pests. CABI Publishing, Wallingford,
United Kingdom.

Joern, A. 1979. Feeding patterns in grasshoppers (Orthoptera: Acrididae): fac-
tors influencing diet specialization. Oecologia. 38: 325-347.

Joern, A. 1983. Host plant utilization by grasshoppers (Orthoptera: Acrididae)
from a sandhills prairie. ] Range Manag. 36: 793-797.

Jogesh T., D. Carpenter, and N. Cappuccino. 2008. Herbivory on invasive
exotic plants and their non-invasive relatives. Biol. Invasions. 10: 797-804.

Junnila, A., G. C. Miiller, and Y. Schlein. 2010. Species identification of plant
tissues from the gut of An. sergentii by DNA analysis. Acta Trop. 115:
227-233.

Junnila, A., G. C. Miiller, and Y. Schlein. 2011. Identification of plant tissues
from the gut of Phlebotomus papatasi by DNA analysis. Acta Trop. 117:
14-18.

Jurado-Rivera, J. A., A. P. Vogler, C. A. Reid, E. Petitpierre, and J. Gémez-
Zurita. 2009. DNA barcoding insect-host plant associations. Proc. R. Soc.
B: Biol. Sci. 276: 639-648.

Kajtoch, E. 2014. A DNA metabarcoding study of a polyphagous beetle
dietary diversity: the utility of barcodes and sequencing techniques. Folia
Biol. (Krakow). 62: 223-234.

Kajtoch, k., and M. A. Mazur. 2015. The impact of environmental condi-
tions on efficiency of host plant DNA barcoding for polyphagous beetles.
Environ. Entomol. 44: 325-329.

Kennedy, S. R., S. Prost, I. Overcast, A. J. Rominger, R. G. Gillespie, and
H. Krehenwinkel. 2020. High-throughput sequencing for community ana-
lysis: the promise of DNA barcoding to uncover diversity, relatedness,
abundances and interactions in spider communities. Dev. Genes Evol. 230:
185-201.

Kishimoto-Yamada, K., K. Kamiya, P. Meleng, B. Diway, H. Kaliang, L. Chong,
T. Itioka, S. Sakai, and M. Ito. 2013. Wide host ranges of herbivorous bee-
tles? Insights from DNA bar coding. PLoS One. 8: ¢74426.

Kitson, J. J., B. H. Warren, E. B. Florens, C. Baider, D. Strasberg, and
B. C. Emerson. 2013. Molecular characterization of trophic ecology
within an island radiation of insect herbivores (Curculionidae: Entiminae:
Cratopus). Mol. Ecol. 22: 5441-5455.

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 phyl-
ogeny of a tropical forest dynamics plot in Panama. Proc. Natl. Acad. Sci.
USA. 106: 18621-18626.

Latif, M. A.,, M. Y. Omar, S. G. Tan, S. S. Siraj, M. E. Ali, and M. Y. Rafii.
2012. Food assimilated by two sympatric populations of the brown
planthopper Nilaparvata lugens (Delphacidae) feeding on different host
plants contaminates insect DNA detected by RAPD-PCR analysis. Genet.
Mol. Res. 11: 30-41.

Li, Q. W, J. H. Wu,Y. S. Wang, X. M. Lian, F. L. Wu, L. Zhou, Z. Huang,
and S. Zhu. 2017. The phylogenetic analysis of Dalbergia (Fabaceae:
Papilionaceae) based on different DNA barcodes. Holzforschung. 71:
939-949.

Lovejoy, R. T., and D. A. Johnson. 2014. A molecular analysis of herbivory in
adults of the invasive bean plataspid, Megacopta cribraria. Southeast. Nat.
13: 663-672.

Matesanz, S., D. S. Pescador, B. Pias, A. M. Sanchez, J. Chacon-Labella,
A. llluminati, M. de la Cruz, J. Lopez-Angulo, N. Mari-Mena, A. Vizcaino,
et al. 2019. Estimating belowground plant abundance with DNA
metabarcoding. Mol. Ecol. Resour. 19: 1265-1277.

Matheson, C. D., G. C. Muller, A. Junnila, K. Vernon, A. Hausmann,
M. A. Miller, C. Greenblatt, and Y. Schlein. 2008. A PCR method for
detection of plant meals from the guts of insects. Organ. Divers. Evol.
7:294-303.

McClenaghan, B., J. E. Gibson, S. Shokralla, and M. Hajibabaei. 2015.
Discrimination of grasshopper (Orthoptera: Acrididae) diet and niche
overlap using next-generation sequencing of gut contents. Ecol. Evol. 5:
3046-3055.

Miller, M. A., G. C. Miiller, 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.

Moher, D., A. Liberati, J. Tetzlaff, D. G. Altman, and PRISMA Group. 2009.
Preferred reporting items for systematic reviews and meta-analyses: the
PRISMA statement. PLoS Med. 6: €1000097.

Mollot, G., P.-F. Duyck, P. Lefeuvre, F. Lescourret, J.-F. Martin, S. Piry,
E. Canard, and P. Tixier. 2014. Cover cropping alters the diet of arthro-
pods in a banana plantation: a metabarcoding approach. PLoS One. 9:
1-9.

Navarro, S. P, J. A. Jurado Rivera, ]J. Gomez Zurita, C. H. C. Lyal, and
A. P. Vogler. 2010. DNA profiling of host-herbivore interactions in tropical
forests. Ecol. Entomol. 35: 18-32.

Ollivier, M., V. Lesieur, S. Raghu, and J. F. Martin. 2020. Characterizing eco-
logical interaction networks to support risk assessment in classical bio-
logical control of weeds. Curr. Opin. Insect Sci. 38: 40-47.

Pimentel, D., P. Hepperly, J. Hanson, D. Douds, and R. Seidel. 2005.
Environmental, energetic, and economic comparisons of organic and con-
ventional farming systems. BioScience. 55: 573-582.

Pitteloud, C., J. C. Walser, P. Descombes, C. Novaes de Santana, S. Rasmann,
and L. Pellissier. 2020. The structure of plant-herbivore interaction net-
works varies along elevational gradients in the European Alps. J. Biogeogr.
00: 1-12.

1202 1dy 20 U0 1s9nB Aq 4216029/.50080)/28l/£60 1 "0 L/10p/a[oilE-80UBAPE/23(/WO00"dNO"dlWapede//:sdny WOy papeojumoq



12

Journal of Economic Entomology, 2021, Vol. XX, No. XX

Pornon, A., N. Escaravage, M. Burrus, H. Holota, A. Khimoun, J. Mariette,
C. Pellizzari, A. Iribar, R. Etienne, P. Taberlet, et al. 2016. Using
metabarcoding to reveal and quantify plantpollinator interactions. Sci. Rep.
6: 1-12.

Powell, G., C. R. Tosh, and ]J. Hardie. 2006. Host plant selection by aphids:
behavioral, evolutionary, and applied perspectives. Annu. Rev. Entomol. 51:
309-330.

Pumarifio, L., O. Alomar, and N. Agusti. 2011. Development of specific ITS
markers for plant DNA identification within herbivorous insects. Bull.
Entomol. Res. 101: 271-276.

R Core Team. 2014. R: a language and environment for statistical computing.
R Foundation for Statistical Computing, Vienna, Austria. http://www.R-
project.org/.

Sanger, F,, S. Nicklen, and A. R. Coulson. 1977. DNA sequencing with chain-
terminating inhibitors. Proc. Natl. Acad. Sci. USA. 74: 5463-5467.

Sethusa, M. T., I. M. Millar, K. Yessoufou, A. Jacobs, M. Van der Bank, and
H. Van der Bank. 2014. DNA barcode efficacy for the identification of eco-
nomically important scale insects (Hemiptera: Coccoidea) in South Africa.
Afr. Entomol. 22: 257-266.

Siemann, E., and W. E. Rogers. 2003. Reduced resistance of invasive varieties
of the alien tree Sapium sebiferum to a generalist herbivore. Oecologia. 135:
451-457.

Silberbauer, L., M. Yee, A. Del Socorro, S. Wratten, P. Gregg, and
M. Bowie. 2004. Pollen grains as markers to track the movements of
generalist predatory insects in agroecosystems. Intern. J. Pest Manag.
50: 165-171.

Sow, A., J. Haran, L. Benoit, M. Galan, and T. Brévault. 2020. DNA
metabarcoding as a tool for disentangling food webs in agroecosystems.
Insects. 11: 294.

Staudacher, K., C. Wallinger, N. Schallhart, and M. Traugott. 2011. Detecting
ingested plant DNA in soil-living insect larvae. Soil Biol. Biochem. 43:
346-350.

Staudacher, K., N. Schallhart, B. Thalinger, C. Wallinger, A. Juen, and
M. Traugott. 2013. Plant diversity affects behavior of generalist root
herbivores, reduces crop damage, and enhances crop yield. Ecol. Appl. 23:
1135-1145.

Stein, E. D., M. C. Martinez, S. Stiles, P. E. Miller, and E. V. Zakharov. 2014. Is
DNA barcoding actually cheaper and faster than traditional morphological
methods: results from a survey of freshwater bioassessment efforts in the
United States? PLoS One. 9: €95525.

Stephens, A. E., A. M. Barrington, V. A. Bush, N. M. Fletcher, V. J. Mitchell,
and D. M. Suckling. 2008. Evaluation of dyes for marking painted apple
moths (Teia anartoides Walker, Lep. Lymantriidae) used in a sterile insect
release program. Aust. J. Entomol. 47: 131-136.

Sundari, N. and N. Papuangan. 2019. Amplification and analysis of Rbcl
gene (Ribulose-1, 5-Bisphosphate Carboxylase) of clove in Ternate Island,

p. 012061. In IOP conference series: earth and environmental science, vol.
276.10P Publishing, Malang, Indonesia.

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.

Taberlet, P, E. Coissac, F. Pompanon, C. Brochmann, and E. Willerslev.
2012. Towards next-generation biodiversity assessment using DNA
metabarcoding. Mol. Ecol. 21: 2045-2050.

Traugott, M., S. Kamenova, L. Ruess, J. Seeber, and M. Plantegenest. 2013.

Empirically characterising trophic networks: what emerging DNA-based
methods, stable isotope and fatty acid analyses can offer, pp. 177-224. In
Advances in ecological research, vol. 49. Academic Press, Elsevier Ltd.

Valentini, A., F. Pompanon, and P. Taberlet. 2009. DNA barcoding for ecolo-
gists. Trends Ecol. Evol. 24: 110-117.

Wallinger, C., A. Juen, K. Staudacher, N. Schallhart, E. Mitterrutzner,
E. M. Steiner, B. Thalinger, and M. Traugott. 2012. Rapid plant identifica-
tion using species- and group-specific primers targeting chloroplast DNA.
PLoS One. 7: €29473.

Wallinger, C., K. Staudacher, N. Schallhart, E. Mitterrutzner, E. M. Steiner,
A. Juen, and M. Traugott. 2013. How generalist herbivores exploit
belowground plant diversity in temperate grasslands. Mol. Ecol. 23:
3826-3837.

Wallinger, C., D. Sint, F. Baier, C. Schmid, R. Mayer, and M. Traugott. 2015.
Detection of seed DNA in regurgitates of granivorous carabid beetles. Bull.
Entomol. Res. 105: 728-735.

Wang, Q., W. F. Bao, F. Yang, B. Xu, and Y. Z. Yang. 2017. The specific host
plant DNA detection suggests a potential migration of Apolygus lucorum
from cotton to mungbean fields. PLoS One. 12: €e0177789.

Wang, Q., W. Bao, F. Yang, Y. Yang, and Y. Lu. 2018. A PCR-based ana-
lysis of plant DNA reveals the feeding preferences of Apolygus lucorum
(Heteroptera: Miridae). Arthropod-Plant Interact. 12: 567-574.

Wang, Q., W. Bao, Q. Zhang, X. Fu, Y. Yang, and Y. Lu. 2019. Host plant use
of a polyphagous mirid, Apolygus lucorum: molecular evidence from migra-
tory individuals. Ecol. Evol. 9: 11518-11528.

Willis, A. J., and J. Memmott. 2005. The potential for indirect effects between
a weed, one of its biocontrol agents and native herbivores: a food web ap-
proach. Biol. Control. 35: 299-306.

Zhang, X. M., Z. Y. Shi, S. Q. Zhang, P. Zhang, J. J. Wilson, C. Shih,
J. Li, X. D. Li, G. Y. Yu, and A. B. Zhang. 2021. Plant-herbivorous
insect networks: who is eating what revealed by long barcodes using
high-throughput sequencing and Trinity assembly. Insect Sci. 28:
127-143.

Zhu, C., D. Gravel, and F. He. 2019. Seeing is believing? Comparing plant—
herbivore networks constructed by field co-occurrence and DNA barcoding
methods for gaining insights into network structures. Ecol. Evol. 9:
1764-1776.

1202 1dy 20 U0 1s9nB Aq 4216029/.50080)/28l/£60 1 "0 L/10p/a[oilE-80UBAPE/23(/WO00"dNO"dlWapede//:sdny WOy papeojumoq


http://www.R-project.org/
http://www.R-project.org/

