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Abstract Interactions between plants and insects are among the most important life func-
tions for all organism at a particular natural community. Usually a large number of samples
are required to identify insect diets in food web studies. Previously, Sanger sequencing
and next generation sequencing (NGS) with short DNA barcodes were used, resulting in
low species-level identification; meanwhile the costs of Sanger sequencing are expensive
for metabarcoding together with more samples. Here, we present a fast and effective se-
quencing strategy to identify larvae of Lepidoptera and their diets at the same time without
increasing the cost on Illumina platform in a single HiSeq run, with long-multiplex-
metabarcoding (COI for insects, rbcL, matK, ITS and trnL for plants) obtained by Trinity
assembly (SHMMT). Meanwhile, Sanger sequencing (for single individuals) and NGS (for
polyphagous) were used to verify the reliability of the SHMMT approach. Furthermore,
we show that SHMMT approach is fast and reliable, with most high-quality sequences of
five DNA barcodes of 63 larvae individuals (54 species) recovered (full length of 100% of
the COI gene and 98.3% of plant DNA barcodes) using Trinity assembly (up-sized to 1015
bp). For larvae diets identification, 95% are reliable; the other 5% failed because their guts
were empty. The diets identified by SHMMT approach are 100% consistent with the host
plants that the larvae were feeding on during our collection. Our study demonstrates that
SHMMT approach is reliable and cost-effective for insect-plants network studies. This will
facilitate insect-host plant studies that generally contain a huge number of samples.
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Introduction associated insects, such as lepidopterans and their hosts
(Powell et al., 1998), are intertwined (Futuyma &
Agrawal, 2009). Therefore, it is particularly important

to find an effective method to establish the association

Interactions between insects and their host plants have
been an important focus of evolutionary and ecologi-

cal studies. The evolutionary history of plants and their
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between them.

Lepidoptera is one of the largest groups of herbivorous
insects worldwide (Donahue, 1995), and caterpillars feed
on almost all the orders of angiosperms and gymnosperms
(Powell et al, 1998), and many are major pests in
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agriculture and forestry (Fitt, 1989; Talekar & Shelton,
1993). However, associating caterpillars and their host
plants has proven challenging. Larvae rearing has been an
important, but time-consuming method to determine the
host plant relationship, for example, Bainbridge-Fletcher
(Fletcher, 1920) reared 650 species over 20 years to es-
tablish host plants of insects in India. Besides rearing,
morphological analyses of gut contents and feces, pro-
tein electrophoresis (Traugott, 2003) and stable isotope
analysis of herbivorous animal tissues (Ponsard & Arditi,
2000) has been used in animal diet studies. However, these
methods require experts to identify the plant material. Er-
roneous records of Lepidoptera host plants are inevitably
found in, otherwise erudite, early work (Sattler, 1967).

DNA barcoding was proposed as a relatively simple
and quick tool for species identification (Hebert Cywin-
ska et al., 2003; Hajibabaei et al., 2006). The technique
was subsequently applied to the analysis of animal di-
ets through DNA barcoding gut contents or fecal sam-
ples (King et al., 2008; Valentini et al., 2009; Carreon-
Martinez & Heath, 2010; Lim et al., 2017), facilitating
many ecological studies (Valentini et al., 2009). The pro-
cess includes DNA extraction, selection of appropriate
DNA barcode gene regions, polymerase chain reaction
(PCR) amplification and sequencing (Wilson, 2012) and
bioinformatics (Wilson et al., 2018). For investigations of
plant-animal trophic interactions, rbcL is a commonly se-
quenced gene region for plant identification (Hoss ef al.,
1992; Kajtoch et al., 2015). Short ITS, trnL and P6 loop
fragments (usually shorter than 300 bp) are also frequently
used when analyzing gut contents or fecal samples be-
cause the plant tissue has been digested and DNA is likely
to be highly degraded (Matheson et al., 2008; Garcia-
Robledo et al., 2013). However, it has been reported that
short sequences often do not have sufficient resolution to
distinguish plant species (Little, 2014), inevitably reduc-
ing the taxonomic precision of studies relying on molec-
ular approaches.

Full-length plant DNA barcodes (about 700 bp for rbcL
and 1000 bp for matK) have been extracted from the guts
of insects via Sanger sequencing (Kitson et al., 2013;
Kajtoch, 2014; Kajtoch et al., 2015). However, Sanger se-
quencing can only be applied in situations where only one
host plant species is likely to be found in the gut contents
or feces of the herbivore (Lim et al., 2017), which is not
applicable to generalist insects, which likely have a mix of
host plant DNA in their guts. Cloning is a useful method to
enable dietary analysis of polyphagous animals (Jo et al.,
2016) but it is labor-intensive (Zeale et al., 2011). Fur-
thermore, the cost increases substantially as the number of
samples requiring Sanger sequencing increases (Vesteri-
nen et al., 2013; Yang et al., 2016). High-throughput se-

quencing, with multiplex capabilities, could analyze bulk
samples (Zhou et al., 2013) and solve the problem of
sequencing the diets of omnivorous animals (Vesterinen
et al.,2013). The Illumina platform has been used widely
for omnivorous animal diet sequencing but with some
limitations in obtaining longer barcodes (no longer than
600 bp) (Kartzinel ef al., 2015); however, universal bar-
codes are usually longer than 600 bp (Kress et al., 2005).
Long amplicons could directly sequence using PacBio
Sequel Systems, but the error rate of PacBio sequencing
was higher than that of next generation sequencing (NGS)
when the fragment was shorter than 800 bp, and it is more
suitable for 1-6 kb inserted fragments; however, the length
of several universal barcodes are from 600 bp to 1000 bp.
For MinION, Oxford Nanopore’s third-generation se-
quencing, it has been reported that as an exciting step in
a new direction, it need dramatic decreases in error rates
(Mikheyev & Tin, 2014). Although the accuracy has been
improved, Long-read PacBio and Nanopore sequencing
are more suitable for whole-genome de novo assembly,
not for 600—1000 bp amplicons.

Here we present a novel method for studying plant—
insect interactions. The method (SHMMT) uses parallel
tagged amplicon sequencing (PTAS) of insect (COI) and
plant DNA barcodes (rbcL+matK+ITS+trnl) on an 1I-
lumina platform and sequence assemble by Trinity which
could obtain full long-read.

Materials and methods
Barcoding database of plant

A database of DNA barcodes (trnlL, rbcL, matK, trnH-
psbA, ITS) (Table S1) for plant species found in Bei-
jing was established in 2016. The plants were identified
by morphology and five DNA barcodes. An algorithm
combining rbcL+matK+ITS+trnL which had the high-
est discrimination success (100% for family and genus
level, 55% for species level) (Fig. S1) was used, and all
plants in the database were identified to species level by
morphology and a molecular, phylogenetic tree of rbcL
gene reconstruction was used to verify the accuracy of the
identification (Fig. S2).

Insect samples, DNA extraction, and PCR

Five caterpillars fed on known different plants in
our laboratory were used as positive control. Live
caterpillars of Ampelophaga rubiginosa (from Shiji-
azhuang, Hebei Province), Dendrolimus punctatus (from
Dawu, Hubei Province), Gastropacha populifolia (from
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Labagoumen, Beijing), and Helicoverpa armigera (from
Chinese Academy of Agricultural Science culture), were
maintained in our laboratory and they were only fed on
Vitis vinifera, Pinus massoniana, Salix matsudana and
Nicotiana tabacum, respectively. Control caterpillars were
subjected to different starvation times to determine the
effects of starvation on larval diet identification (4. ru-
biginosa is fresh feeding control, H. armigera frozen at
—80 °C for 1 year after feeding on N. tabacum, D. punc-
tatus starved for 24 h after feeding on P massoniana, G.
populifolia starved for 24 h and 48 h, respectively, after
feeding on S. matsudana). A total of 58 caterpillar sam-
ples (details in article appendix) were collected away from
host plants in Beijing. The larvae were immediately pre-
served in absolute ethanol and frozen at —20 °C the same
day.

To reduce the concentration of insect DNA relative to
plant DNA, in most cases, the guts of larvae were used as
the DNA extraction material (Krehenwinkel ef al., 2017).
However, for small larvae with a body length of less than
1 cm or width of less than 0.2 cm, the whole animal was
used. DNA material from the guts or whole larvae was
isolated using a FastDNA™ Spin Kit for Soil Kit (Mpbio),
which has the advantages of short extraction time, but a
high DNA purity and recovery rate (Ariefdjohan et al.,
2010). A Nanodrop (Thermo Scientific™) was used to
test the DNA concentration and purity.

Five DNA barcodes were used in this study, COI (Lep
F and Lep R) for insect identification, and four DNA
barcoding regions for plants, rbcL (F1 and 724R), trnL
(A49325 [c] and B49863 [d]), matK (390F and 1326R)
and ITS (ITS5a and ITS4) (Table S2) were used for
diet identification. In addition, trnH-psbA (psbA3'f and
trnH2) was used to establish a plant database but not for
diet identification. The DNA of the 63 insect samples
used in this study were subjected to individual PCR, and
sequencing by two strategies, namely Sanger and NGS
(Illumina MiSeq PE300) (S + NGS), and only HTS (high-
throughput sequencing, Illumina HiSeq X Ten) (SHMMT
approach), while S + NGS was used to verify the accu-
racy of the SHMMT approach. Because of the higher cost
of method 1, only two regions (7rnL and rbcL) were used
for plant identification in method 1 and four regions in
method 2.

Method 1: Sequencing by Sanger and NGS

The PCR products were individually sequenced using
Sanger technology for 60 insect samples (only one indi-
vidual was collected at the collection site of the 60 insect
samples and gut contents usually contain DNA from only
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one host plant of the caterpillar) while NGS was used for
the remaining three samples (more individuals we col-
lected of these three species and at least three individuals
were used from each sample; they are not monophagous)
(Fig. S3). The quality of Sanger sequences was checked
using SeqMan of DNA STAR LASERGENE. v7.1. The
specific steps followed are shown in the article appendix.

Method 2: SHMMT approach

The five target DNA barcode regions were amplified
separately, and the products were purified using a Pu-
rification Kit (Ensure Biologicals, Shanghai, Art. No:
EK03351) according to the manufacturer’s protocols. The
total quantity of each purified PCR product was not less
than 2 ug and the concentration was measured by Nan-
odrop (each product was greater than 20 ng/uL). The
PCR products of five DNA barcodes were pooled by
each sample using an equal volume. In addition, HHYP
(No.43, No.59 were mixed) as one mixed sample in-
cluding 17 individuals (14 species), was supposed to be
one polyphagous insect that ate seven plant species, and
was used to test the accuracy of SHMMT approach for
polyphagous insect identification; the total concentration
of HHYP was consistent with other samples. A total of
64 samples were used in the SHMMT approach.

Uniquely indexed libraries were prepared for all sam-
ples (63 individual insects and one pooled sample -
HHYP) according to Feng et al. (2016), with slight mod-
ifications. Three hundred nanograms of DNA of each
purified pool sample was used and randomly sheared by
double-stranded DNA fragments in 20 uL reactions; the
fragments were then blunt-end-repaired and A-tails added
at the 3’ end. After that, unique indexes were ligated to
fragments via TA-ligation.

All 64 libraries (index to each libraries) were combined.
Suitable fragments (200-500 bp) of the final pool were
selected on an agarose gel. The final DNA library was
sent to ANOROAD (Beijing, China) and a sequencing
library was constructed using the TruSeq DNA Sample
Preparation kit for sequencing on an Illumina HiSeq X
Ten. The raw reads were processed by ANOROAD first,
library barcodes were removed by ANOROAD, which
was added to distinguish different libraries sequencing in
the same lane, and low-quality data were filtered. This
resulted in 22 G of raw data.

Sequencing paired-end reads were sorted based on in-
dex, and the linkers were removed during sorting (Feng
et al., 2016). The sorted paired-end reads of each 64
species were assembled using Trinity (Grabherr et al.,
2011), as per the default parameters. The depth of each
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assembled contig was calculated using BOWTIE (Lang-
mead et al., 2009) and SAMTOOLS (Li et al., 2009),
Python script written specially for this study was used to
assemble all the samples, calculate the depth of each con-
tig, add the sample number to each contig and incorporate
all contigs into one text; we finally got a text that includes
all the contigs of all samples. In order to obtain high-
quality contigs, contigs with an average sequencing depth
>1000x (based on positive controls, the summary of the
OUT above 10x detected with depth for five positive
controls samples is showed in Table S3. OUTs at depth
<100x are more likely by assemblies mistake, OUT at
100x < depth < 1000x are more like by contamina-
tion) and sequence length within the expected range (the
lengths of COI, ITS and rbcL of 500-900 bp, matK of
800-1100 bp, trnL of 400-800 bp) and cut off 20 bp at
both ends (primer length is ~20 bp) were retained for
further analysis. For the sample of HHYP, a slightly less
strict filter was applied: contigs with a sequencing depth
>300x and length >270 bp were retained.

Genetic designation was added (COI, trnL, rbcL, matK
and ITS) based on the local reference database by Blastn,
and sorted by Python script written specially for this study.
The sorted genes were first blast in National Center for
Biotechnology Information (NCBI), only the cover >80%
and ident >98% (based on GenBank blast) were retained
by a Python script written specially for this study based
on the downloaded XML text. Ninety-eight percent of
identified thresholds were used in other plant barcodes
studies (Valentini et al., 2009; Heise et al., 2015). This step
was used to remove poor assembled sequences and non-
flora and fauna sequences, such as fungi, and five texts
were finally obtained for further analysis (Fig. 1). The
process for our bioinformation analysis has a home page:
https://github.com/zhangab2008/HSMMT _project.git.

Data analysis

All the sequences were first compared with the local
reference database (frnL, rbcL, matK and ITS for plants,
COl for insect species, information see Table S1) by NCBI
Blastn; only >99% hits (trnL, rbcL and matK gene) or
>98% hits (COI and ITS gene; because /7S shows more
intraspecific variations than the other three plant DNA
barcoding loci) and >99% coverage were accepted for
identifications at the species level. It has been reported
that 99% identification threshold of #7nL and rbcL were
used in another study (Kajtoch et al., 2015); matK and
rbcL were usually considered as genus-level identifica-
tion barcodes, so 99% threshold was selected. COI shows
different intraspecific variations among the species of

Lepidoptera (Hajibabaei et al., 2006), so 98% threshold
was selected. All the sequences were checked again by
NCBI blast against GenBank, using the same parameters
(but 80% coverage), to identify any species that were not
included in the local reference database. For food plant
identification, based on the result of the positive control,
only species matches with at least two DNA barcoding
regions were accepted; this can lead to more reliable re-
sults. For insect identification, COI genes >95% (overall
mean distance in genus is greater than 5% and the max-
imum value of pairwise distance in genus is greater than
the difference value of identification rate of this sample)
hit was scored as identification at the genus level, while if
overall mean distance in family and the maximum value
of pairwise distance in family were greater than the dif-
ference value of identification rate of the sample, it was
accepted as identification at the family level.

The PCR and sequencing success, as well as the rate of
species identification between method 1 and the SHMMT
approach were compared (Fig. 2). The exact length of as-
sembled contig obtained by SHMMT approach are shown
in Table 1, where different symbols represent different
situations during the experiment.

Phylogenetic tree was used as an alternative approach
to test the reliability of assembled contig in the SHMMT
approach. COI gene and rbcL gene from method 1 (62 in-
dividuals of COI and 56 individuals of rbcL) and method
2 (57 individuals of COI and 57 individuals of rbcL)
respectively were combined to reconstruct the phyloge-
netic tree. rbcL gene was used to reconstruct a tree of the
host plant, because the rbcL gene can be easily ampli-
fied and aligned than the other three genes (#rnL, matK,
ITS). The larvae of Chrysomelidae (two species) and Ten-
thredinidae (three species, four individuals) were used
as the out group of COI gene, while Pinus tabuliformis
was used as the out group of rbcL gene. Both COI gene
and rbcL gene were aligned respectively using MEGA
6.0 (Tamura et al., 2013). A maximum-likelihood tree
was reconstructed (RAXML). The best-fitting nucleotide
substitution model test was obtained using AIC in JMOD-
ELTEST 2.1.7 (Posada, 2008); 1000 bootstraps were used
to assess the node support by RAXML. The tree was vi-
sualized and edited by iTOL (http://itol.embl.de/itol.cgi)
(Fig. S4A).

The phylogenetic trees of COI and rbcL were linked
based on the interactions of larvae-host plants (Fig. S4A).
The lines in different colors represent different states of
the larvae when they were collected (Fig. S4A and B),
and the match ratio of the diet was calculated based on
molecular result (Fig. S5). Bipartite package in R (Dor-
mann et al., 2008) was used to construct the network of
larvae and their host plants (Fig. S4C). The diet results
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Sample 1 Sample 2 Sample 3

1) Genomic DNA :

1 1 1
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1 1 1
3) Fragmentation —

1 1 1
4) Species-specific ——_ _ _
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1 1 1

6) Read sorting
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‘ Filtered by depth
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l Sorted by 5 genes
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Splice error x ITS
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‘Filtered by length
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Splice error x

rbcl
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<80% cover and <98% identification were filtered out
of four plant barcodes base on Blast

(f%l Blast Local reference database
trnL -
rbcL

matkK

8) Verification
Phylogenetic tree used to reconfirm the accuracy of insects and their diet identification

Python script | The identification result of each sequence
were merged in one text

Sample COl ITS trnL rbcL matK

1

species 1

species A species A

2 species 2 species B species B
3 species 3 species C species C

species A species A
species B species B
species C species C

Fig. 1 Schematic overview of sequencing in a single Hiseq run and long-multiplex-metabarcoding obtained by Trinity (SHMMT)
approach and bioinformatic analysis pipe line. 1) DNA extracted and barcodes selected for identification of insects and host plants.
2) Barcodes of different samples amplified, different markers produced from polymerase chain reaction for the same sample are pooled
and purified. 3) DNA fragmentation. 4) Adapter ligation was added to both ends of the fragments. 5) Fragment sizes were selected (250 ~
500 bp) by gel electrophoresis, different libraries were pooled, final size selection and sequencing was achieved by I[llumina HiseqX Ten.
6) Reads were sorted by index. 7) Sorted reads were assembled by de novo Trinity into full-length contig (finally, full-length sequence of
universal barcodes was obtained), depth <1000 were discarded. The assembled contigs were blast against local reference database and
five genes sorted by Python script written specifically for this study. Lengths were sorted based on the length of each barcode. Those
with <80% cover and <98% identity were discarded based on blast against GenBank (*.xml document). All the high-quality genes
were blast against local reference database again. 8) Phylogenetic tree was used to reconfirm the accuracy of identification of SHMMT
approach. The identity result of each barcode was merged into one Excel file by Python script written specifically for this study.
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1.6% Identified at Family level
Sanger COI 98.4% qre% Identified at Genus level
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4.8% PCR failure
Low concentration after PCR
SHMMT COl 90.5% 73.0% o .
81.0% Amplification and sequencing errors

Sequencing failure
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93.6% SN: Sanger + NGS
SN rbeL+tmL 52;832 SHMMT: Multi-target metabarcoding and Trinity
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SN rbcL 88.9% 73.0%
87.3%

SHMMT 4.8%

0,
ITS+matK 16% 95.2% 92.1%
+rbcL+trnL 95.2%
SHMMT trnL

73.0%
80.1%

1.6%
80.1% 4.8%
3.2%
SHMMT rbel 90.5% 73.0%
88.9%
1.6%
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66.7%

15.9%

3.2%
SHMMT ITS 81.0%

. 74.6%
81.0%

0.8 0.9 1
Percent of successful sequencing under the premise of successful PCR

Fig. 2 Comparison of the performance of each barcoding locus by Sanger + next generation sequencing (S + NGS) and sequencing
in a single Hiseq run and long-multiplex-metabarcoding obtained by Trinity (SHMMT). Two barcoding loci were used in method 1
(S + NGS) and five barcoding loci barcodes were used in method 2 (SHMMT). Dark blue, red and gray represent the percentage of
discrimination at different taxonomic levels for single-locus barcodes or combination barcodes separately.
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Table 1 continue.

1T rbel matK trnL
(bp length) (bp length) (bp length) (bp length)
v/ 819

Concentration
rate

Diet
(species)

Inset species

Sample

v 652
@ 389
@473

V 659 V970
@355

/695

52.9%

J. mandshurica
U. davidiana
O. sativa

Presume that one larva feed on seven

HHYP

0309

17.6%
5.9%
5.9%
5.9%
5.9%
5.9%

plants in different concentration

(No.43-No.59)

V973
? 469

0 305

0272

L. japonicus

0239

D. nipponica
S. trilobata

0289
0307

@ 650

P, pekinensis

V. , polymerase chain reaction (PCR), sequencing and assembling successful (full length obtained); o, PCR failure; % error sequences introduced; LC, no result due to the

low concentration after PCR; LC_X, error sequence introduced for the low concentration after PCR; @, failure to obtain full length (may be due to the low diet concentration

in gut); —, no result due to lack of diet in larvae gut; ||, no result due to relatively low concentration.
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of the larvae in this study were also compared with the
records in previous studies (Fig. 3).

Results

Comparison of Sanger sequencing and SHMMT of insect
identification

COI of 63 insect samples were sequenced by Sanger
in method 1; the DNA sequences of 62 insect samples
were obtained Table S4 while one insect sample could not
be sequenced due to the low concentration of the PCR
product. The identification rate of each barcode and the
overall mean distance and pairwise distance in genus and
family of seven samples (samples that identified to genus
and family level) of COI are showed in Table S4. For COI
sequenced in the SHMMT approach, the full length of
100% of the COI gene which was successfully sequenced
(based on successful PCR and proper concentration of
DNA) and recovered by Trinity assembly (Table 1); 4.8%
of the COI gene failed in PCR amplification and 4.8%
failed to be sequenced due to the low concentration of
PCR products (Fig. 2).

Comparison of Sanger+NGS and SHMMT of diet
identification

In Sanger4+NGS, diet of 77.7% of samples had species-
level matches (only accepting species-level matches at
two or more DNA barcoding regions). Results showed
that 4.8% of rbcL and 15.9% of frnL had amplifica-
tion and sequencing errors due to bias amplification. The
sequencing for 4.8% of rbcL and 3.2% of trnL failed

(Fig. 2).

Diet identification (four barcodes: trnl + rbcL +
matK + ITS) by SHMMT approach The diet identifi-
cations of five laboratory-fed insects (four species) us-
ing metabarcoding was consistent with what the insects
were fed on. There were 98.2% of full length of four
plant DNA barcodings recovered (base on successful PCR
and proper concentration of DNA) by Trinity assembly
(Table 1). Based on the criteria of only accepting species-
level matches at two or more DNA barcoding regions,
92.0% of samples were identified to the species level. For
each loci, 73.0% of trnL (of 63 samples) had species-level
matches, 17.5% trnl had amplification errors due to am-
plification bias of #7nL to contamination sequences, such
as bias to Pinus tabuliformis and Rhodiola amplification.
For rbcL gene, 73.0% of rbcL had species-level matches,
4.8% low concentration after PCR due to not having
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Interactions of 38 insects and host plants

nsect larvae

Rosaceae O
Salicaceae = O
Ulmaceae I
Poaceae ]
Juglandaceae [l
Fagaceae
Leguminosae
Pinaceae
Solanaceae ||
Betulaceae B
Moraceae
Theaceae
Malvaceae
Saxifragaceae
Oleaceae
Cruciferae
Rutaceae
Vitaceae
Compositae
Rhamnaceae
Ebenaceae
Cucurbitaceae
Ericaceae
Ranunculaceae
Verbenaceae
Caprifoliaceae
Scrophulariaceae
Sterculiaceae
Pedaliaceae
Dioscoreaceae
Menispermaceae
Urticaceae O
Labiatae [ |
Aristolochiaceae
Papaveraceae

Host plants

Included in other literature

B Included in this study

[ Included in both

Fig. 3 Reconstruction of network matrix of plant-herbivore larvae that was included in our study and previous studies. Each matrix
represents an association between herbivorous larvae (columns) and host plants (rows), interaction shown by red color presents the host
plants only included in this study, gray represents host plants not found in this study, blue represents the host plants included in both
(this study and previous studies). Species names shown in red color represents host plants with no record in previous study.

yielded high-quality sequences, such as Spiraea trilobata,
Deutzia parviflora and Alisma gramineum. Menispermum
dauricum failed to amplify due to lack species specificity.
For matK gene, 50.0% had species-level matches, 22.2%
had PCR failure due to lack of barcode specificity, such as
Urtica angustifolia, Ulmus, Juglans mandshurica, Bras-
sica rapa, S. trilobata and Carpinus turczaninowii. For
ITS gene, 74.6% had species-level matches, while 15.9%

failed to be sequenced due to the low concentration of
PCR products, such as J. mandshurica and M. dauricum;
information detail of each barcodes is shown in Figure 2
and Table S5. For the five positive control samples, the
specimen of Gastropacha populifolia that was starved for
48 h prior to DNA extraction failed to produce a trnL se-
quence by Sanger+NGS (method 1) or SHMMT approach
due to low concentration of PCR products; similarly, the

© 2019 Institute of Zoology, Chinese Academy of Sciences, 28, 127-143

85UB017 SUOWIWIOD BA1E81D) 8|qeot(dde 8y} Aq peusenob ke Saie YO 88N JO SajnJ 10} ARIq1T 8UIUQ A8]IA UO (SUOTIPUOD-PUE-SWIBY/W0Y™A8 | 1M ARe.d]jBuUO//:Sdny) SUONIPUOD PUe SWB | 8U} 89S *[£202/T0/60] U0 A%iqiTauliuo A8]IM BuIyD8uRIY00D Ad 6v/ZT ZT6.-vi/T/TTTT OT/I0p/woo A 1M Ariqijeul|uo//sdny woiy pepeojumod ‘T ‘T20Z ‘LT6.vi.T



G. populifolia that was starved for 24 h produced a se-
quence error of trnL (Table S5).

Phylogenetic tree

Sequence of the larvae as well as plants generated from
the two sequencing approaches were marked in black and
red colors respectively. The phylogenetic tree of COI gene
and rbcL gene showed that 93% sequence of COI gene
and 95% of rbcL gene had no base pair difference from
the same species sequenced by both approaches (the boot-
strap values were 100 and branch lengths were the same
in the phylogenetic tree). For the differential COI gene
that was obtained by the two sequencing strategies of the
same species, there were no more than two base pair dif-
ferent except the COI gene of Chrysomela populi (five
individuals were mixed before DNA extraction, the base
pair difference may be due to individual differences). For
the rbecL gene, 52 of 55 rbcL genes had no base difference
(Fig. S4A).

Sequencing by lllumina MiSeq in method 1 and method 2

Three insect species (Helicoverpa armigera, Sericinus
montela and another species from Chrysomelidae) were
sequenced by Illumina MiSeq in method 1; rbcL and
trnL were used to identify the diet of these three insects,
but only one of trnL gene (species from Chrysomelidae)
obtained full length by Illumina sequencing (the maxi-
mum sequencing length of “Illumina MiSeq PE300” was
600 bp and only #rnL gene of species from Chrysomelidae
was shorter than 600 bp). The data of the three species was
selected for comparison of the performance of SHMMT
approach. The diet of all the three larvae were correctly
identified by SHMMT, and 62.5% sequence of metabar-
coding of these three species had full length after Trinity
assembly (Table S6).

Diet analysis of polyphagous insects in method 2

For HHYP, it was presumed that one larva fed on seven
plants to different levels, the total concentration of HHYP
(25.5 ng/uL) was consistent with the other samples (about
2040 ng/uL). Consequently, the concentration of each
plant of HHYP were far lower than other samples, there-
fore, the depth threshold of HHYP (depth >300) was set
lower than other samples. Full-length genes (ITS, matK,
rbcL, trnL) of the host plant that was at the highest con-
centration (it accounted for 52.9% of the total concentra-
tion) were obtained. Only rbcL gene had the full length
when the gene had low concentration at 17.6% (Table 1).

Insect food web revealed by long barcodes and HTS 137

The concentrations of the other five plant foods were all
5.9%; only L. japonicas of matK was obtained with the
full length by assembly. Even for the low concentration of
mixed foods in one sample, all the seven foods were still
identified using SHMMT (Table 1).

Plant—insect network and comparing SHMMT with
direct observation

There were 56 interactions between insects and host
plants established from the plant-herbivorous insect net-
work (49 interactions among lepidopterans and host
plants) (Fig. S4C). The diet of 38 insect species in this
study were compared with records from previous stud-
ies; the results showed that the diets of monophagous
insects identified by metabarcoding were consistent with
previous reports (Zhao, 1978; Wu, 2001; Yu, 2015). The
diets of oligophagous species, Polygonia c-album and No-
lathripa lactarian identified by metabarcoding (only one
host plan was identified in our study) were consistent with
plants that were recorded previously (Liu & Wu, 2006).
There are 8/16 larvae with polyphagous diets identified
in this study which had plant hosts consistent with previ-
ous records, while others were different from the previous
records and can be considered as supplemental records
(Chen, 1999). The food of 11 species named in red had
not been reported in previous studies (Fig. 3).

Comparing diet identification using metabarcoding
with what was directly observed (33% of larvae were
feeding on the host pants when they were collected, 53%
were strolling or resting on the plants while 14% were
roaming in the field) (Fig. S5) showed that the diet re-
sults of the larvae that fed on the host pants identified by
metabarcoding were 100% consistent with the directly ob-
served results. For larvae roaming or resting on the plants,
76% of their diets identified by metabarcoding were con-
sistent with the plants they were roaming or resting on; the
remaining inconsistencies could be caused by the larvae
just passing through the plants when they were collected.
The diets of 78% of larvae that were roaming on the field
were identified by metabarcoding; other larvae failed to
provide the diet result due to hunger (larvae guts were
empty when dissected).

Discussion

The objective of this study was to explore a reliable and
cost-effective method to test what insects are eating. The
SHMMT approach that was developed could identify
herbivorous larvae and their host plants simultaneously
in a cost-effective way.
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Comparing Sanger+NGS sequencing with SHMMT
approach

For the identification of insects, it was found that the
successful rate of COI sequences by Sanger (98.4%, 95%
confidence interval: 0.903—0.999) was higher than that by
the SHMMT approach (sequencing by Illumina: HiSeq X
Ten, which had a 90.5% success rate, 95% confidence
interval: 0.798-0.961), because repetitive PCR amplifi-
cations and sequencing were performed when the sample
had sequencing failure with Sanger, but only one PCR
amplification was executed with SHMMT. However, two-
sided 95% confidence interval was from —0.015 t0 0.174,
which includes 0, so there is no statistical significance
between the two methods in the successful rate of COI
sequencing.

For the identification of insect diet (host plant), the
SHMMT approach rate of successful sequences (90.5%
of rbcL and 80.1% of frnl) was higher than method 1
(88.9% of rbcL and 77.8% of trnL). However, two-sided
95% confidence interval was from —0.138 to 0.106 of
rbeL and two-sided 95% confidence interval was from
—0.189 to 0.125 of trnL between the two methods, all
including 0, so there is no statistical significance between
the two methods. Besides considering statistical signifi-
cance, we also need to consider the reasons for the suc-
cess and failure of sequencing. Mononucleotide repeats
are known to be great challenges in Sanger sequencing
and had an effect on assembling of host plant reference
library by Sanger in this study. For example, several poly
A and poly T regions (more than 10 nucleotides) were
detected in matK gene (about 1000 bp) of Malus baccata
and Aristolochia contorta respectively, as well as poly C
in ITS gene of Ulmaceae plants (e.g., Celtis sinensis, Ul-
mus davidiana), which reduced the success rate of Sanger
sequencing. However, these sequences could easily be
generated using SHMMT approach. Another advantage
of SHMMT approach is that DNA barcoding loci were
randomly interrupted, and the correct result could be ac-
quired by any efficiency segments, which remarkably im-
prove the efficiency of the SHMMT approach. If there are
more mononucleotide repeat sequences in one’s sample,
SHMMT approach will have a significant advantage over
method 1.

Metabarcoding was employed in the SHMMT approach
to improve the accuracy of the species identification. The
diet results identified of S. montela via these two sequenc-
ing strategies were inconsistent: Youngia denticulate was
sequenced by Illumina MiSeq PE300 while Aristolochia
contorta was sequenced by SHMMT. However, it has been
recorded that S. montela is monophagous and can only
feed on A. contorta (Wu, 2001), therefore the SHMMT

result was more reliable. The main reasons for the error
of sequencing by Illumina MiSeq PE300 were contamina-
tion (the contamination species could be easily amplified
by the bias amplification of different DNA barcodes) and
the insufficient DNA barcodes adopted (only two genes,
trnL and rbcL were used in method 1, and the two genes
of A. contorta are not easily amplified). On the other
hand, matK loci used in SHMMT approach are proper
for A. contorta amplification. So the combination of five
universal DNA barcoding COI+rbcL+matK+ITS+trnL
by the SHMMT approach was effective in identifying
monophagous insects.

The SHMMT approach was not only more accurate
but also more economical compared to Sanger+NGS.
In method 1, the larvae which fed on two or more plants
simultaneously, needed sequencing by NGS (Pompanon
et al., 2012). However, with SHMMT approach, whether
there are one or more host plants in insect guts, one DNA
barcoding or metabarcoding could be sequenced simul-
taneously in a single HiSeq run, and the full-length gene
could be obtained through assembly by Trinity. With the
SHMMT strategy, five DNA barcoding regions from 63
samples were sequenced simultaneously in one sequenc-
ing run (HiSeq X Ten), at a sequencing cost of typically
not more than $250 ($11/G). For the cost of Sanger, DNA
extraction: $7.56 x 63 = $476.28; Sanger sequencing:
63 (individual insects) x 5 (four plants barcoding + one
insect barcoding) x $5 (bidirectional sequencing of one
gene) = ($1575 in total); total cost was =~ $2015. For the
cost of Sanger+NGS (method 1): Sanger: DNA extrac-
tion: $7.56 x 60 = $453.6; Sanger sequencing: 60 (indi-
vidual insects) x 5 (four plants barcoding + one insect
barcoding) x $5 (bidirectional sequencing of one gene) =
($1500 in total); total cost was = $2015. NGS: 3 x 43.7
= $131.1 total cost was = $2084. For the cost of SHMMT
approach (method 2): DNA extraction: $7.56 x 63 =
$476.28; PCR purification: $0.568 x 63 = $35.8; DNA
fragmentation: $0.75 x 63 = $47.25; adapter ligation:
second set of index was added, 8 x 8 = 64 (number of the
samples), so only 8 4+ 8 = 16 index were needed, and the
cost was 16 x $30 = $480; Size Selection: $0.16 x 63 =
$10; Ilumina sequencing: $250. Total cost = $1299
(note: the costs of adapter ligation synthesis are high, but
it can be recycled and re-used repeatedly). For the higher
cost of sequencing by Sanger, only two DNA barcoding
loci were used for diet identification in method 1.

The control samples (laboratory-fed larvae) revealed
several other parameters when using SHMMT method.
The diets of freshly fed Ampelophaga rubiginosa were
identified easily and having good matches to the local
reference library. There were error sequences introduced
in the /TS gene for the H. armigera sample (the guts were
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frozen for 1 year), and wrong identification results of /7S
gene of G. populifolia (starved for 48 h) and D. punctatus
(starved for 24 h). For G. populifolia (starved for 24 h),
an error sequence was introduced in the #nL gene. The
reasons for these inaccurate host plant sequences could
be that the plant DNA had been degraded and digested in
the insect gut. When the target DNA is degraded, small
amounts of DNA present as contamination may be pref-
erentially amplified during PCR. So at least two accu-
rate full-length plant DNA barcodes were obtained by
SHMMT from each laboratory-fed larvae, except in the
case of G. populifolia starved for 48 h, Therefore, al-
lowing an identification of the host plant identified at
species-level under the criteria that at least the identifi-
cation result of two barcodes were consistent was used in
this study.

Long amplicons versus short amplicons

Little (2014) mentioned that the discriminatory power
of mini-barcodes noticeably decreased at lower taxonomic
levels and the identification rate of best mini-barcode was
less than 38.2% at the species level. In our study discrim-
inatory power was 88.9% (95% confidence interval from
0.778 to 0.950) of full-length rbcL gene at genus taxo-
nomic levels and 73.0% (95% confidence interval from
0.601 to 0.831) at species level (Fig. 2) which was higher
than that of short-rbcL gene (230 bases long and 320
bases long) in a previous study (47% identified host plant
to genus taxonomic levels) (Garcia-Robledo ef al., 2013).
Overall the full-length barcode has sufficient resolution
to distinguish species.

However, for highly degraded plants in the insect gut,
it could be recovered by short barcodes, indicating that
the barcodes can be used as alternative barcodes for
identification of highly degraded plants. It is possible to
identify more foods in the gut by using both short bar-
codes and long barcodes, but choice of threshold is par-
ticularly important especially sequencing depth thresh-
old; depth thresholds should be set for long and short
barcodes.

Comparing direct observation with SHMMT approach

Time and cost saving are evident if 90 individuals and
five DNA barcodes are used to identify the diet of herbiv-
orous insects; one week is enough to complete the whole
laboratory work, such as DNA extraction, PCR, purifi-
cation and library preparation. Amplicon sequencing by
[llumina (by sequencing company) takes no more than half
a month, and bioinformatics analyses require 1 to 2 days
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(on condition that the software and the script have been es-
tablished). As the sample quantity increases, the cost and
time does not increase. Another advantage is reliable, full-
length amplicons (up to 1015 bp) followed by SHMMT
approach improves the precision of the species identifi-
cation; 92.1% of diet was identified to the species level.
Comparing the metabarcoding identification results with
direct observation in this study, metabarcoding showed
higher accuracy of identification (Fig. S5), the host plant
of the larvae strolling on the road (Fig. S5G) and strolling
or resting on the plants (Fig. S5E) could be obtained by
metabarcoding, but failed by direct observation. SHMMT
approach can be used as a supplement to direct observa-
tion, such as the host plant of polyphagous insects and the
insects with uncertain host plants (Fig. 3).

Limitation and future direction of SHMMT approach

In this study, it was found that 63 individuals were
somewhat inadequate from the economic level of
SHMMT approach; for example, in previous study, 320
individuals and five loci were used by PTAS (Puritz
et al., 2012). The other limitation of this method was the
costs of indexes; the number of indexes were the same
as the samples, therefore, for more different samples,
more indexes are needed (the costs of species-specific
barcode linker synthesis are high, but it can be recycled
and re-used repeatedly). This problem has already been
resolved by Feng ef al. (2016), who added the second set
ofindexes to 3’-G overhang, and cut down the costs. Thus,
SHMMT approach is suitable for the diet identification
of a great mass of herbivorous insects. Of course, the
balance between the cost of the index synthesis and
the sequencing should be considered. For example, 20
indexes can test 10 x 10 = 100 individuals and index
synthesis at a cost of 20 (species-specific barcodes) x
$30 = $600, and the cost of HiSeq X Ten sequencing is
$250 ($11/G), making a total of $850. If 200 individual
samples are to be tested, 15 (species-specific barcodes) x
15 (species-specific barcodes) = 225 individuals could be
tested, 30 x $30 = $900 for index synthesis and the total
cost would be $900 + $250 (sequencing cost) = $1150,
but if the 200 individuals are divided into two parts and
sequenced twice, only 20 indexes (barcode linkers can be
re-used) need to be synthesized and the total costs would
be $600 + $250 x 2 = $1100. Therefore, the maximum
cost saving depends on the quantity of the samples.

Other problems of this method are contamination
during the experiments, DNA barcoding amplifica-
tion bias and assembly errors. Contamination can be
avoided through careful operation during sampling, DNA
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extraction, PCR, and so on; for example, by use of
sterilized vessels, operating on ultra-clean tables and
avoiding cross-contamination. The small amount of con-
tamination can also be avoided to set a threshold in the
subsequent biological information step. Meanwhile, this
step would eliminate low-concentration diet in the in-
sect’s guts, whereas the missing data could be avoided by
increasing the number of samples.

For PCR amplification bias, some DNA barcodes are
still more aggressive for different plant taxon groups, rare
pollution can lead to identification error. For example,
trnH-psbA marker is not suitable for Zingiberales due to
the long repeat A-T (Hollingsworth et al., 2009). This
problem can be solved by using metabarcoding; in this
study, four plant DNA barcodes were used. Another prob-
lem is for the larvae, which feed on more than one host
plant, the concentration of the food plants in one gut may
be significantly different and may cause a bias amplifi-
cation; these could easily lead to amplification failure.
For example, seven host plants were mixed for the HHYP
sample, most of the lower concentration plants fail to
get full-length sequences, some even fail to get any seg-
ments (Table 1). Based on a previous study (Kajtoch et al.,
2015), it was suggested in this study that DNA barcode
loci should be amplified separately for each individual
(even for the same species) to avoid the amplification
bias of unequal concentration. In addition, if two closely
related species co-exist in the gut of one insect, it is dif-
ficult to identify two species, usually only one plant can
be identified (generally the one with the higher concen-
tration of DNA); this may be due to the high similarity
of the same gene between the two closely related species,
and only one of the sequences was obtained during Trin-
ity assembly. We hope algorithms can be optimized and
genes with high similarity can be assembled simultane-
ously in the future; of course, high precision assembly
may introduce some genes with sequencing errors, but we
believe that such errors are rare and can be filtered out by
sequencing depth.

For assembly problems, once in a while, two barcodes
of one sample are spliced together, for example, /7S and
COI genes of No. 54 (Orgyia recens) were spliced to-
gether, while /TS and rbcL genes of No. 29 (Spilosoma
meinshanica) were spliced together. Sometimes two short
fragments can be spliced together, causing splicing errors.
These can be found easily by original *.depth text (gener-
ated by SAMTOOLS). To solve this problem, one should
check the depth of the single nucleobase one by one base
on *.depth text; if the depth is suddenly reduced in the
middle of the sequence, it is generally recognized as a
splicing error, and these errors could be rectified manu-
ally. These steps are done after the threshold of depth and

length, of course one does not need to check the assem-
bled sequence one by one, but only needs to check if the
length of the spliced sequencing is equal to the lengths
of two DNA barcodes or not. To ensure the accuracy of
the assembled contig, blast and construct a phylogeny tree
are necessary. Before these, all the sequencing of splic-
ing must be converted into forward sequences. Full-length
barcode could be sequenced by PacBio sequencing, no as-
sembly required; however, the costs of PacBio sequencing
are much higher than NGS.

The same DNA barcoding loci of several plants were
produced after Trinity assembly in one sample called “par-
alogous gene”. If “paralogous gene” was chosen after
threshold selection, the larvae were thought to feed on
more than one plants. Sometimes the contamination in a
previous process would cause a “paralogous gene”; this
error can be avoided by careful operation and metabarcod-
ing. There are other de novo software for reads assembly,
such as SOAP denovo (Li et al., 2010; Xie et al., 2014),
and CUFFLINKS (Trapnell ef al., 2010).

Conclusion

Full-length universal DNA barcodes of insects and their
host plants were applied in this study using the SHMMT
approach, incorporating the strategy of metabarcoding,
which greatly improved the accuracy of species identifi-
cation for insects or their host plants. These approaches
showed high potential to identify hundreds of insects
(monophagy, oligophagy or phytophagous) and their diet
DNA using SHMMT approach (Illumina sequencing),
which also reduced the costs of sequencing compared
with Sanger sequencing. As a result, this method im-
proved the efficiency of diet recognition. To this end, we
recommend the combination of five insects and plants
universal barcoding COI+rbcL+matK+ITS+trnL as the
metabarcoding algorithm for phytophagous insects and
their diet identification by SHMMT approach. For highly
digested plant, one can choose long and short barcodes
for food identification. The protocol established here is
convenient for studying the food web of phytophagous in-
sects. We believe that this strategy can also be applied in
the network study of carnivorous insects and omnivorous
insects, if suitable metabarcoding target taxon groups are
chosen.
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