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Spiders are the most common and predominant predators in terrestrial ecosystems. The predatory behav-
ior of spiders affects the energy flow across the food web within an ecosystem. Traditiaonal methods for
analyzing spider diets such as field observation, anatomy and faeces analysis are not suitable for spider
experiments due to spiders’ special dietary behavior. The molecular method based on the specific primers
of prey DNA seems to be inefficient either in spite of its wide application in diet analysis. As the next-
generation sequencing (NGS) technology becomes prevalent in many different areas, several cases of
the NGS-based analysis of mammal diets have been published. This study analyzed the diet differences
of Pardosa pseudoannulata (Araneae: Lycosidae) in four habitats (a wetland, a tea plantation, an alpine
meadow and a paddy field) by using the NGS technology, combined with the DNA barcode method.
The results suggested that the Pardosa pseudoannulata feed on a broad range of prey, and 7 orders and
24 families of insects were detected in the four investigated habitats. Moreover, it is found that the diet
diversity of Pardosa pseudoannulata is greatly influenced by their living environments and seasons. In a
nutshell, this study established an NGS-based methodology for spider diets analysis, and the results pro-
vided some basic materials to inform the protection and utilization of the Pardosa pseudoannulata as a
potential eco-friendly predator against pests.
� 2018 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Spiders are the most common and predominant predators in
terrestrial ecosystems (Nyffeler and Benz, 1987). Nyffeler and
Birkhofer (2017) estimated that prey killed by the global spider
community annually weighs about 400–800 million tons. Diet
analysis is considered a core element in the study of animal nutri-
tion needs, prey strategies, habitat utilization and interspecific
relationships in ecosystems (Pompanon et al., 2012). As a general-
ist predator, spiders have predatory behavior that reportedly
affects the energy flow across the ecosystem food web (Yang
et al., 2017b, Suenaga and Hamamura, 2014). In the past, diet anal-
ysis was mainly based on field observation or residual fragments
detection of prey from intestine or feces. These approaches are tim-
ing time-consuming, and require sophisticated expertise. Above
all, they often fail to be accurate. Most spider species hunt noctur-
nally, and the body fluids of prey would be digested after being
sucked in. The feeding characteristics, therefore, make it difficult
to obtain the spider prey lists through the conventional methods
mentioned above (Furlong, 2015). With the continuous develop-
ment of molecular biology, more rapid, accurate and economical
experimental methods have been available, and the predation
mass of spiders can be exactly measured, marking the evolution
of diet analysis from macroscope to microscope (Sheppard and
Harwood, 2005). The single PCR (Sint et al., 2011) and multiplex
PCR methods (Staudacher et al., 2016), temperature gradient gel
electrophoresis (Harper et al., 2007), DNA barcodes and molecular
cloning (Greenstone et al., 2014, Hamback et al., 2016), stable iso-
tope analysis (Sanders et al., 2015, Speir et al., 2014), among others,
have been applied to the study of diet analysis. However, these
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molecular biological methods remain inefficient when massive
DNA information needs to be analyzed in diet experiments.

Global commercialization of the Next-Generation Sequencing
(NGS) technology enabled us to obtain large amounts of genomic
data quickly at a low cost. The NGS has been applied to several
fields in ecological and biodiversity analysis, including taxon iden-
tification (Valentini et al., 2009, Shendure and Ji, 2008). The
metabarcoding method in combination with DNA taxonomy and
the NGS technology, which has become more popular, offers an
ideal approach for food analysis (Ji et al., 2013, Coissac et al.,
2012, Taberlet et al., 2012). Soininen et al. (2009) analyzed the gas-
tric contents of Microtus oeconomus and Myodes rufocanus using
both the traditional micro-histology and metabarcoding methods,
and came to the conclusion that the metabarcoding method is
more accurate since human-induced deviations could be avoided.
Shehzad et al. (2012) identified 18 prey taxa of leopard cats (Prion-
ailurus bengalensis) from 38 faeces using the NGS technology.
Meredith et al. (2016) studied the feeding habits of Chrysaora quin-
quecirrha in Barnegat Bay and indicated that the ‘‘shotgun” NGS
approach could supplement visual identification methods.

Pardosa pseudoannulata (Araneae: Lycosidae) is a perennial
dominant species in China’s farmland (J.J. et al., 2001), and could
be seen throughout China. Its impressive predatory ability and
the broad ecological niche endow Pardosa pseudoannulata an
important role in pest control (Wang, 2007). In this study, the
NGS technology was used in combination with the DNA barcode
method to analyze the diet components of Pardosa pseudoannulata.
The results presented the prey taxa of Pardosa pseudoannulata in
four different habitats (a wetland, a tea plantation, an alpine mea-
dow and a paddy field) and provided significant evidence that the
diet diversity of spiders can be influenced by their living environ-
ments and seasons.
2. Materials and methods

2.1. Sample collection

A total number of 150 Pardosa pseudoannulata were collected
with clean 50 mL centrifuge tubes between June to September
2014 (Table 1). In order to prevent the further digestion of the prey,
the samples were immediately frozen in ice boxes, taken back to
the laboratory and stored at �80 �C.
2.2. Prime design

Mitochondrial cytochrome oxidase subunit I (COI) has been
generally recognized as a standard ‘‘taxon barcode” for most ani-
mal groups, and has a wide application (Hebert et al., 2003,
Meyer, 2015, Hoareau and Boissin, 2010). The hypervariable region
across the COI gene can categorize incognizable animal samples
into different taxa by sequencing and comparing the results with
reference databases that contain millions of species gene informa-
tion. However, the amplification products of classical versatile pri-
mers (LCO1490 and HCO2198) have a length of 658 bp, which is
likely to cause degradation or breakage (Jo et al., 2016, Huber
et al., 2009). In addition, the longer the distance between forward
Table 1
Collection of Pardosa pseudoannulata from four different habitats.

Sampling location Sampling time

Jindian mountain 2014.9
Gaoligong mountain 2014.7
Middle reaches of N’Mai river 2014.7
Paddy field of Hunan Academy of Agricultural Sciences 2014.6
and reverse primers, the better the required integrity of the prey
target gene sequence and the lower the identification efficiency.
Therefore, ideal primers used for diet analysis should have high
classification coverage and resolution, and the target DNA frag-
ments should to be short (Casiraghi et al., 2010). In order to
increase the efficiency and accuracy of the taxon detection and
identification, we modified metabarcoding primer sequences pro-
posed by Leray et al. (2013) to enhance the adaptability of the
degenerate bases (Table 2).

2.3. DNA extraction and library preparation

The gut contents of all sample spiders were taken, mixed and
homogenized by groups. All the samples were digested with
360 lL of ATL Buffer (Qiagen) and 40 lL of Protease (Takara) over-
night. The DNA extraction was performed according to the kit
instruction (DNeasy Blood & Tissue Kit, Qiagen), and ultrapure
water was used to substitute for the sample DNA as a negative con-
trol throughout the extraction process. The concentration and
quality of the extracted DNA were tested with Nanodrop spec-
trophotometers (Thermo Scientific).

Library preparation consisted of two PCR steps. The first round
of PCR was performed in a final volume of 20 lL. Each tube con-
tained: 13.0 lL of H2O, 2 lL of 10 � PCR Buffer, 1.6 lL of dNTP
(10 mmol/L), 0.1 lL of Ex Taq enzyme (Takara), 0.4 lL of each pri-
mer (10 lmol/L), 1 lL of bovine albumin serum (Roche Diagnostic)
and 1.5 lL of the sample DNA. The PCR protocol was comprised of
an initial step of 4 min at 94 �C, followed by 35 cycles of 45 s at
94 �C, 45 s at 50 �C, 90 s at 72 �C, and a final cycle of 10 min at
72 �C. Each library was repetitively amplified for three times.

The PCR products of the first round of amplification were mixed
and subject to the second round of PCR, which was also performed
in a final volume of 20 lL. The amplified protocol and program of
the second round of PCR was consistent with those of the first
round of PCR, except that 1.5 lL of the preceding PCR products
were used as DNA templates, 0.4 lL of the second-round primes
(10 lmol/L) were added to replace the previous primers. Each
library was repetitively amplified for three times. About 60 lL of
the final product was mixed, electrophoresed by 2% agarose, and
�500 bp DNA bands were purified and recovered using QIAquick
Gel Extraction Kit (Qiagen).

2.4. DNA sequencing

The purified PCR products were sent to the Kunming Institute of
Zoology, Chinese Academy of Sciences (CAS) for sequencing. The
sequence dates were carried out on the Illumina Miseq platform,
the Paired-end method was uesd and the target fragment size
was 319 bp.
3. Results

3.1. Sequencing data analysis

As more and more amplicon sequencing studies were pub-
lished, it was found that slight contamination in the sequencing
Sample size Habitat Longitude and latitude

60 Wetland 102�470E, 25�50N
30 Tea plantation 98�490E, 25�590N
30 Alpine meadow 98�210E, 27�540N
30 Paddy field 113�50E, 28�110N



Table 2
Prime sequences for NGS based on COI.

Note: The box sequence is the index sequence, the underline sequence is the Linker sequence.
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process was unavoidable, therefore sequences with reads below a
certain threshold should be excluded in the final data analysis
(Deagle et al., 2009, Binladen et al., 2007). In this study, sequences
with reads below 10 were excluded from the final results. After
removing remove chimeras with Uchime, we obtained a total of
14,262 valid reads after eliminating the predator and problematic
sequences. Sequences whose similarity is greater than 97% were
defined as an Operational taxonomic units (OTU), and a total of
63 OTUs were clustered. The exact information of species was
searched adopting the Statistical Assignment Package (SAP)
(Munch et al., 2008) approach in GenBank.

3.2. Diet analysis of Pardosa pseudoannulata

Due to the absence of comprehensive gene information from
public databases, it is challeging to identify more accurate classifi-
cation based on the sequencing results. In this study, 7 out of 63
OTUs were identified to Insecta only and the remaining 56 were
identified to order, of which 40 were identified to family, 25 to
genus, and only 15 to species (Table 3). The results showed that
the predation efficiency of Pardosa pseudoannulata on Coleoptera
and Dipterawas 52% and 28% respectively, significantly higher than
that of other insects. This could be resulted from higher sensitivi-
ties of ocelli to the change of ambient light, and highly mobile
insects (Coleoptera and Diptera) that would cause more detectable
light changes around Pardosa pseudoannulata were more likely to
be preyed on. This coud also be attributed to the long-term evolu-
tion of the predatory behavior of spiders, which resulted in the
predatory preference in a certain ecological environment.

3.3. The diet diversity of Pardosa pseudoannulata in different habitats

Habitats affect the diet diversity of spiders (Sanders et al.,
2015). By sorting the OTUs using the index sequence, the prey taxa
of Pardosa pseudoannulata in different habitats were then obtained
(Table 4).

The sampled wetland is located at the foot of the Jindian moun-
tain in the eastern outskirts of Kunming city. It has a subtropical
plateau monsoon climate with a wide range of vegetation types
and diverse biocenoses. Its geographic characteristics coupled with
random predatory behavior of spiders determined the most abun-
dant prey taxa of Pardosa pseudoannulata in this location. The sam-
pled alpine tea plantation and meadow are both located in dry
lands with altitudes of about 3500 m. These two places have a cool
and dry climate with a single vegetation, and the prey taxa of Par-
dosa pseudoannulata are relatively simple. The biocenosis of paddy
fields are accepted to be flourishing (Wang et al., 2017). During the
outbreak of pests, the population densities of prey (such as plan-
thoppers and leafhoppers) will balloon, and spiders can feed them-
selves easily. However, in this study, the results indicated that the
prey taxa of Pardosa pseudoannulata were not as abundant as
expectated. The possible explaination is as follows: the sampling
took place at the end of June, when early rice had been harvested
and late rice has not yet been sown. During this period, the most
common pests in southern Chinese paddy fields (such as Nila-
parvata lugens, Laodelphax striatellus and Cnaphalocrocis medinalis)
migrated to other surrounding habitats for foraging. The frequent
use of pesticides during the rice growing period could also lead
to a significant decline of the pests population during the alternate
husbandry period. Therefore, the gene fragments of those common
pests were not detected in the guts of spiders, and the prey taxa of
Pardosa pseudoannulata appeared to be relatively scarce under this
seasonal condition. The histograms present a more visualized com-
parison of the prey taxa in four habitats (Figs. 1–3).

The diversity of spider prey taxa and the capacity of spider pre-
dation are largely affected by the environmental conditions such as
vegetation types, biocenosis diversity, geographical locations and
seasonal conditions, etc. Generally speaking, the diet of Pardosa



Table 3
List of diet items (OTUs) sequenced from gut contents of Pardosa pseudoannulata.

OTUs order Ident family Ident genus Ident species Ident

OTU 133 Coleoptera 100% Coccinellidae 100% Azoria 100% Azoria bayeri 100%
OTU 420 Coleoptera 100% Carabidae 100% Bembidion 96% Bembidion parviceps 84%
OTU 421 Coleoptera 97% Carabidae 97% Bembidion 95% Bembidion salinarium 95%
OTU 322 Coleoptera 98% Throscidae 98% Pactopus 98% Pactopus hornii 98%
OTU 2230 Coleoptera 100% Melandryidae 86% Rushia 83% Rushia parreyssi 83%
OTU 192 Coleoptera 95% Carabidae 95% Bembidion 92%
OTU 925 Coleoptera 100% Curculionidae 100% Curculio 100%
OTU 215 Coleoptera 100% Chrysomelidae 100% Gonioctena 94%
OTU 898 Coleoptera 100% Curculionidae 100% Scolytoplatypus 100%
OTU 946 Coleoptera 100% Cleridae 100% Stigmatium 82%
OTU 433 Coleoptera 100% Throscidae 100% Trixagus 100%
OTU 246 Coleoptera 100% Chrysomelidae 100%
OTU 251 Coleoptera 100% Chrysomelidae 100%
OTU 4105 Coleoptera 100% Chrysomelidae 100%
OTU 422 Coleoptera 100% Coccinellidae 100%
OTU 741 Coleoptera 100% Oedemeridae 100%
OTU 20 Coleoptera 100% Scarabaeidae 100%
OTU 398 Coleoptera 100% Scarabaeidae 100%
OTU 78 Coleoptera 100% Scarabaeidae 100%
OTU 110 Coleoptera 100%
OTU 112 Coleoptera 100%
OTU 115 Coleoptera 100%
OTU 3565 Coleoptera 100%
OTU 37 Coleoptera 100%
OTU 3842 Coleoptera 89%
OTU 390 Coleoptera 95%
OTU 4351 Coleoptera 100%
OTU 694 Coleoptera 96%
OTU 88 Coleoptera 100%
OTU 1203 Diptera 100% Tachinidae 99% Chrysoexorista 99% Chrysoexorista dawsoni 99%
OTU 419 Diptera 100% Stratiomyidae 100% Hermetia 100% Hermetia illucens 100%
OTU 294 Diptera 100% Mycetophilidae 100% Mycomya 100% Mycomya circumdata 100%
OTU 2746 Diptera 100% Stratiomyidae 100% Odontomyia 100% Odontomyia garatas 100%
OTU 4895 Diptera 100% Dolichopodidae 99% Dolichopus 98%
OTU 375 Diptera 100% Mycetophilidae 100% Exechia 86%
OTU 2172 Diptera 100% Phoridae 99% Megaselia 99%
OTU 4777 Diptera 100% Phoridae 98% Megaselia 98%
OTU 2219 Diptera 100% Chironomidae 100%
OTU 54 Diptera 92% Chironomidae 89%
OTU 2254 Diptera 100% Dolichopodidae 100%
OTU 4635 Diptera 100% Sciaridae 100%
OTU 1925 Diptera 96%
OTU 3672 Diptera 100%
OTU 4683 Diptera 82%
OTU 326 Hemiptera 100% Reduviidae 100% Triatoma 100% Triatoma dimidiata 100%
OTU 4682 Hemiptera 100% Plataspidae 90%
OTU 2493 Hemiptera 100%
OTU 3262 Hymenoptera 100% Formicidae 100%
OTU 810 Hymenoptera 100% Tenthredinidae 100%
OTU 129 Hymenoptera 100%
OTU 3461 Lepidoptera 100% Lycaenidae 100% Luthrodes 100% Luthrodes pandava 98%
OTU 272 Lepidoptera 100% Pieridae 100% Pieris 100% Pieris canidia 100%
OTU 1708 Lepidoptera 100% Lycaenidae 100% Pseudozizeeria 97% Pseudozizeeria maha 97%
OTU 1877 Lepidoptera 100%
OTU 311 Psocoptera 100% Amphipsocidae 100% Polypsocus 100% Polypsocus corruptus 100%
OTU 2353 Trichoptera 100% Lepidostomatidae 100% Lepidostoma 100% Lepidostoma flavum 100%
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pseudoannulata is more diverse in low altitude areas than in high
altitude areas; more diverse in diversiform biocenoses than in sim-
plex ones; more diverse during the crop growth period than during
the alternate husbandry period, and more diverse in fields where
no pesticides are used.

4. Disscusion

It has been more than 50 years since people first used pesticides
to control farmland pests (Soloneski and Larramendy, 2013).
Although pesticides clearly have advantages for they are highly
efficient, simple to use and easy to promote, but they also increase
the cost of farmland insect control. More importantly, the use of
pesticides have posed significant negative effects, including the
generally acknowledged pesticide residues in vegetables, ecologi-
cal environment destruction and in vivo pest resistance gene gen-
eration (Yang et al., 2017a, Riaz et al., 2009, Turgut et al., 2011, Hou
et al., 2001). In the modern society, people pay more attention to
improving their quality of life, and focus on food safety and envi-
ronmental protection. As a novel and eco-friendly approach, bio-
logical control of pests has been widely discussed in recent years
(Rutledge et al., 2004, Cullen et al., 2008, Orr, 2009). Up to now,
47,061 species of spiders have been found worldwide (Laws and
Joern, 2017). As one of the predominant predators in terrestrial
ecosystems (Norma-Rashid et al., 2014), spiders have varied hunt-
ing behavior, habitat preferences and activity periods. Moreover,



Table 4
Diet diversity of Pardosa pseudoannulata in different habitats.

Prey taxa

Wetland Tea plantation Alpine meadow Paddy field

Species
Azoria bayeri 1 0 0 0
Bembidion parviceps 1 0 1 0
Bembidion salinarium 1 0 0 0
Chrysoexorista dawsoni 1 0 0 0
Hermetia illucens 1 0 0 0
Lepidostoma flavum 1 0 0 0
Luthrodes pandava 1 0 0 0
Mycomya circumdata 0 0 0 1
Odontomyia garatas 1 0 0 0
Pactopus hornii 1 0 0 0
Pieris canidia 0 0 0 1
Polypsocus corruptus 1 0 0 0
Pseudozizeeria maha 0 0 0 1
Rushia parreyssi 1 0 0 0
Triatoma dimidiata 0 0 0 2

Genus
Azoria 1 0 0 0
Bembidion 3 0 2 1
Chrysoexorista 1 0 0 0
Curculio 1 0 0 0
Dolichopus 1 0 0 0
Exechia 0 1 0 0
Gonioctena 1 0 0 0
Hermetia 1 0 0 0
Lepidostoma 1 0 0 0
Luthrodes 1 0 0 0
Megaselia 2 0 0 0
Mycomya 0 0 0 1
Odontomyia 1 0 0 0
Pactopus 1 0 0 0
Pieris 0 0 0 1
Polypsocus 1 0 0 0
Pseudozizeeria 0 0 0 1
Rushia 1 0 0 0
Scolytoplatypus 1 0 0 0
Stigmatium 1 0 0 0
Triatoma 0 0 0 2
Trixagus 1 0 0 0

Family
Amphipsocidae 1 0 0 0
Carabidae 3 0 2 1
Chironomidae 1 0 0 0
Chrysomelidae 2 0 0 2
Cleridae 1 0 0 0
Coccinellidae 2 0 0 0
Curculionidae 2 0 0 0
Dolichopodidae 2 0 0 0
Formicidae 0 0 0 1
Lepidostomatidae 1 0 0 0
Lycaenidae 1 0 0 1
Melandryidae 1 0 0 0
Mycetophilidae 0 1 0 1
Oedemeridae 1 0 0 0
Phoridae 2 0 0 0
Pieridae 0 0 0 1
Plataspidae 1 0 0 0
Reduviidae 0 0 0 2
Scarabaeidae 3 0 0 1
Sciaridae 1 0 0 0
Stratiomyidae 2 0 0 0
Tachinidae 1 0 0 0
Tenthredinidae 0 0 0 1
Throscidae 2 0 0 0
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spiders have long life cycles and will not cause crops or fruits dam-
age. All of these characteristics make spiders a potential ideal hun-
ter in efficient pest control (Afzal et al., 2013, Clausen, 1986).

Diet analysis plays an important role in ecological research, and
it is a prerequisite to understand the energy flow within ecosys-
tems. However, it is difficult to obtain the detailed prey lists of
predators in a given habitat, especially those of generalist preda-
tors. In order to compare what spiders feed on in different habitats,
we need a more economical and efficient method. The power of the
NGS technology and its association with the DNA barcode could
provide an ideal solution (De Barba et al., 2014). In this solution,
a short piece of the standard DNA barcode is amplified using



Fig. 1. Diet diversity of Pardosa pseudoannulata at species level.

Fig. 2. Diet diversity of Pardosa pseudoannulata at genus level.

Fig. 3. Diet diversity of Pardosa pseudoannulata at family level.
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universal primers, under the premise of accuracy, numerous
amplicons are sequenced simultaneously via the NGS system to
obtain species classification information, which greatly reduce
the experimental costs and improve the efficiency (Hajibabaei,
2012). In addition, the original data could be obtained directly with
no previous understanding of the target habitats required, and the
results could be accepted as important evidence for predator diet
analysis.

However, no technology is impeccable. The NGS also has several
defects that are worth noting in the process of the experimental
design, implementation and datas analysis: 1. During the sequenc-
ing process, the reliability of sequencing data gradually decreases
because of the declining activity of the Taq enzyme, which is an
important factor that limits the read-lengths. In addition, the
digestion effect of spiders and the shearing force in the DNA
extraction process can fragment the nucleic acid chains, reducing
PCR amplification productivity (Leray et al., 2013, Symondson
and Harwood, 2014). Therefore, the length of the amplicon needs
to be taken into consideration to ensure that the data obtained
could be used for later database comparison. 2. While the NGS
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technology does an excellent job in qualitative analysis of the prey
taxa (Amend et al., 2010), it could hardly quantify the amount of
the prey DNA compared with qPCR. 3. Barcode information in pub-
lic resource databases (such as Genebank, BOLD, etc.) is patchy and
needs constant update. In diet analysis, many prey OTUs sequences
can be only identified to genus, family or even order, and the iden-
tification at species level remains chanllenging. As a result, it is dif-
ficult to know exactly what predators feed on (Casiraghi et al.,
2010, Burgar et al., 2014). That said, the advantages of NGS in diet
analysis are irreplaceable.

This study used the NGS method for the first time to analyze the
diet of Pardosa pseudoannulata in four habitats (a wetland, a tea
plantation, an alpine meadow and a paddy field). Under the condi-
tions of the study, the results suggested that the prey taxa of Par-
dosa pseudoannulata was very wide, and in the sample wetland,
Pardosa pseudoannulata predominatly preyed on Coleoptera and
Diptera insects. In all of the four habitats of this study, 7 orders
and 24 families of insects were detected. The living environment
and season determined the abundance of insects, which had a
great impact on Pardosa pseudoannulata diet diversity, the rules
of which could be concluded as follows: low altitude areas＞ high
altitude areas; diversiform biocenoses＞ simplex ones; crop
growth period＞ alternate husbandry period; fields with no pesti-
cide use＞ fields with pesticide use. The results would provide the-
oretical support and scientific information for the effective
protection and utilization of Pardosa pseudoannulata.

Acknowledgements

This study was supported by a National Natural Science
Foundation of China (NSFC) grant (31372159). We wish to express
our sincere gratitude to Dr. Li Zong-xu from Kunming Institute of
Zoology, CAS for kindly providing the NGS platform and for
patiently guiding us to analyze the experimental data.

Conflict of interest

The authors declare that they have no competing interests.

Data accessibility

Sequences used for designing primers were provided by the
Moorea Biocode Project and sequenced datas performed BLAST
searches in GENBANK.

References

Afzal, G., Mushtaq, S., Rana, S.A., Sheikh, M.A., 2013. Trophic niche breadth and
niche overlap among different guilds of spider species in wheat agro-ecosystem.
Pakistan J. Life Soc. Sci. 11, 107–111.

Amend, A.S., Seifert, K.A., Bruns, T.D., 2010. Quantifying microbial communities
with 454 pyrosequencing: does read abundance count? Mol. Ecol. 19, 5555–
5565.

Binladen, J., Gilbert, M.T., Bollback, J.P., Panitz, F., Bendixen, C., Nielsen, R.,
Willerslev, E., 2007. The use of coded PCR primers enables high-throughput
sequencing of multiple homolog amplification products by 454 parallel
sequencing. PLoS ONE 2, e197.

Burgar, J.M., Murray, D.C., Craig, M.D., Haile, J., Houston, J., Stokes, V., Bunce, M.,
2014. Who’s for dinner? High-throughput sequencing reveals bat dietary
differentiation in a biodiversity hotspot where prey taxonomy is largely
undescribed. Mol. Ecol. 23, 3605–3617.

Casiraghi, M., Labra, M., Ferri, E., Galimberti, A., de Mattia, F., 2010. DNA barcoding:
a six-question tour to improve users’ awareness about the method. Brief
Bioinform. 11, 440–453.

Clausen, I.H.S., 1986. The use of spiders(Araneae) as ecological indicators. Bull.
British Arachnol. Soc. 7, 83–86.

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

Cullen, R., Warner, K.D., Jonsson, M., Wratten, S.D., 2008. Economics and adoption of
conservation biological control. Biol. Control 45, 272–280.
de Barba, M., Miquel, C., Boyer, F., Mercier, C., Rioux, D., Coissac, E., Taberlet, P.,
2014. DNA metabarcoding multiplexing and validation of data accuracy for diet
assessment: application to omnivorous diet. Mol. Ecol. Resour. 14, 306–323.

Deagle, B.E., Kirkwood, R., Jarman, S.N., 2009. Analysis of Australian fur seal diet by
pyrosequencing prey DNA in faeces. Mol. Ecol. 18, 2022–2038.

Furlong, M.J., 2015. Knowing your enemies: Integrating molecular and ecological
methods to assess the impact of arthropod predators on crop pests. Insect Sci.
22, 6–19.

Greenstone, M.H., Tillman, P.G., Hu, J.S., 2014. Predation of the newly invasive pest
Megacopta cribraria (Hemiptera: Plataspidae) in soybean habitats adjacent to
cotton by a complex of predators. J. Econ. Entomol. 107, 947–954.

Hajibabaei, M., 2012. The golden age of DNA metasystematics. Trends Genet. Tig 28,
535–537.

Hamback, P.A., Weingartner, E., Dalen, L., Wirta, H., Roslin, T., 2016. Spatial subsidies
in spider diets vary with shoreline structure: complementary evidence from
molecular diet analysis and stable isotopes. Ecol. Evol. 6, 8431–8439.

Harper, G.L., Sheppard, S.K., Harwood, J.D., Read, D.S., Glen, D.M., Bruford, M.W.,
Symondson, W.O.C., 2007. Evaluation of temperature gradient gel
electrophoresis for the analysis of prey DNA within the guts of invertebrate
predators. Bull. Entomol. Res. 96, 295–304.

Hebert, P.D., Cywinska, A., Ball, S.L., Dewaard, J.R., 2003. Biological identifications
through DNA barcodes. Proc. Biol. Sci. 270, 313–321.

Hoareau, T.B., Boissin, E., 2010. Design of phylum-specific hybrid primers for DNA
barcoding: addressing the need for efficient COI amplification in the
Echinodermata. Mol. Ecol. Resour. 10, 960–971.

Hou, Y.M., Pang, X.F., Liang, G.G., You,M.S., 2001. Effect of chemical insecticides on the
diversity of arthropods in vegetable fields. Acta Ecologica Sinica 21, 1262–1268.

Huber, J.A., Morrison, H.G., Huse, S.M., Neal, P.R., Sogin, M.L., MarkWelch, D.B., 2009.
Effect of PCR amplicon size on assessments of clone library microbial diversity
and community structure. Environ. Microbiol. 11, 1292–1302.

J.J., L.J. Q.Z.Z. M.H., 2001. Research progress of paddy field spiders. Acta Arachnol.
Sin. 10, 58–63.

Ji, Y., Ashton, L., Pedley, S.M., Edwards, D.P., Tang, Y., Nakamura, A., Kitching, R.,
Dolman, P.M., Woodcock, P., Edwards, F.A., Larsen, T.H., Hsu, W.W., Benedick, S.,
Hamer, K.C., Wilcove, D.S., Bruce, C., Wang, X., Levi, T., Lott, M., Emerson, B.C.,
Yu, D.W., 2013. Reliable, verifiable and efficient monitoring of biodiversity via
metabarcoding. Ecol. Lett. 16, 1245–1257.

Jo, H., Ventura, M., Vidal, N., Gim, J.S., Buchaca, T., Barmuta, L.A., Jeppesen, E., Joo, G.
J., 2016. Discovering hidden biodiversity: the use of complementary monitoring
of fish diet based on DNA barcoding in freshwater ecosystems. Ecol. Evol. 6,
219–232.

Laws, A.N., Joern, A., 2017. Density mediates grasshopper performance in response
to temperature manipulation and spider predation in tallgrass prairie. Bull.
Entomol. Res. 107, 261–267.

Leray, M., Yang, J.Y., Meyer, C.P., Mills, S.C., Agudelo, N., Ranwez, V., Boehm, J.T.,
Machida, R.J., 2013. A new versatile primer set targeting a short fragment of the
mitochondrial COI region for metabarcoding metazoan diversity: application
for characterizing coral reef fish gut contents. Front. Zool. 10, 34–49.

Meredith, R.W., Gaynor, J.J., Bologna, P.A., 2016. Diet assessment of the Atlantic Sea
Nettle Chrysaora quinquecirrha in Barnegat Bay, New Jersey, using next-
generation sequencing. Mol. Ecol. 25, 6248–6266.

Meyer, C.P., 2015. Molecular systematics of cowries (Gastropoda: Cypraeidae) and
diversification patterns in the tropics. Biol. J. Linn. Soc. 79, 401–459.

Munch, K., Boomsma, W., Huelsenbeck, J.P., Willerslev, E., Nielsen, R., 2008.
Statistical assignment of DNA sequences using Bayesian phylogenetics. Syst.
Biol. 57, 750–757.

Norma-Rashid, Y., Wan, M.A.W.Z., Dzulhelmi, M.N., Masduki, N., 2014. Spiders as
Potential Ecofriendly Predators Against Pests. Springer, India.

Nyffeler, M., Benz, G., 1987. Spiders in natural pest control: a review. J. Appl.
Entomol. 103, 321–339.

Nyffeler, M., Birkhofer, K., 2017. An estimated 400–800 million tons of prey are
annually killed by the global spider community. Sci. Nat. 104, 30–42.

Orr, D., 2009. Biological Control and Integrated Pest Management. Springer,
Netherlands.

Pompanon, F., Deagle, B.E., Symondson, W.O., Brown, D.S., Jarman, S.N., Taberlet, P.,
2012. Who is eating what: diet assessment using next generation sequencing.
Mol. Ecol. 21, 1931–1950.

Riaz, M.A., Poupardin, R., Reynaud, S., Strode, C., Ranson, H., David, J.P., 2009. Impact
of glyphosate and benzo[a]pyrene on the tolerance of mosquito larvae to
chemical insecticides. Role of detoxification genes in response to xenobiotics.
Aquat. Toxicol. 93, 61–69.

Rutledge, C.E., O”Neil, R.J., Fox, T.B., Landis, D.A., 2004. Soybean aphid predators and
their use in integrated pest management. Ann. Entomol. Soc. Am. 97, 240–248.

Sanders, D., Vogel, E., Knop, E., 2015. Individual and species-specific traits explain
niche size and functional role in spiders as generalist predators. J. Anim. Ecol.
84, 134–142.

Shehzad, W., Riaz, T., Nawaz, M.A., Miquel, C., Poillot, C., Shah, S.A., Pompanon, F.,
Coissac, E., Taberlet, P., 2012. Carnivore diet analysis based on next-generation
sequencing: application to the leopard cat (Prionailurus bengalensis) in
Pakistan. Mol. Ecol. 21, 1951–1965.

Shendure, J., Ji, H., 2008. Next-generation DNA sequencing. Nat. Biotechnol. 26,
1135–1145.

Sheppard, S.K., Harwood, J.D., 2005. Advances in molecular ecology: tracking
trophic links through predator-prey food-webs. Funct. Ecol. 19, 751–762.

Sint, D., Raso, L., Kaufmann, R., Traugott, M., 2011. Optimizing methods for PCR-
based analysis of predation. Mol. Ecol. Resour. 11, 795–801.

http://refhub.elsevier.com/S1319-562X(18)30179-7/h0005
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0005
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0005
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0010
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0010
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0010
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0015
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0015
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0015
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0015
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0020
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0020
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0020
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0020
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0025
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0025
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0025
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0030
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0030
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0035
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0035
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0040
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0040
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0045
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0045
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0045
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0050
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0050
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0055
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0055
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0055
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0060
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0060
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0060
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0065
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0065
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0070
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0070
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0070
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0075
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0075
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0075
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0075
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0080
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0080
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0085
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0085
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0085
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0090
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0090
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0095
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0095
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0095
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0105
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0105
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0105
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0105
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0105
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0110
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0110
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0110
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0110
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0115
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0115
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0115
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0120
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0120
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0120
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0120
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0125
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0125
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0125
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0130
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0130
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0135
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0135
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0135
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0140
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0140
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0145
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0145
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0150
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0150
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0155
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0155
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0160
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0160
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0160
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0165
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0165
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0165
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0165
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0170
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0170
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0170
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0175
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0175
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0175
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0180
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0180
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0180
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0180
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0185
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0185
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0190
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0190
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0195
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0195


172 W. Zhong et al. / Saudi Journal of Biological Sciences 26 (2019) 165–172
Soininen, E.M., Valentini, A., Coissac, E., Miquel, C., Gielly, L., Brochmann, C.,
Brysting, A.K., Sonstebo, J.H., Ims, R.A., Yoccoz, N.G., Taberlet, P., 2009. Analysing
diet of small herbivores: the efficiency of DNA barcoding coupled with high-
throughput pyrosequencing for deciphering the composition of complex plant
mixtures. Front. Zool. 6, 16–27.

Soloneski, S., Larramendy, M.L., 2013. Weed and Pest Control –Conventional and
New Challenges. Tech Publisher.

Speir, S.L., Chumchal, M.M., Drenner, R.W., Cocke, W.G., Lewis, M.E., Whitt, H.J.,
2014. Methyl mercury and stable isotopes of nitrogen reveal that a terrestrial
spider has a diet of emergent aquatic insects. Environ. Toxicol. Chem. 33, 2506–
2509.

Staudacher, K., Jonsson, M., Traugott, M., 2016. Diagnostic PCR assays to unravel
food web interactions in cereal crops with focus on biological control of aphids.
J. Pest. Sci. 89, 281–293.

Suenaga, H., Hamamura, T., 2014. Effects of manipulated density of the wolf spider,
Pardosa astrigera (Araneae: Lycosidae), on pest populations and cabbage yield:
a field enclosure experiment. Appl. Entomol. Zool. 50, 1–9.

Symondson, W.O., Harwood, J.D., 2014. Special issue on molecular detection of
trophic interactions: unpicking the tangled bank. Introduction. Mol. Ecol. 23,
3601–3604.
Taberlet, P., Coissac, E., Pompanon, F., Brochmann, C., Willerslev, E., 2012. Towards
next-generation biodiversity assessment using DNA metabarcoding. Mol. Ecol.
21, 2045–2050.

Turgut, C., Ornek, H., Cutright, T.J., 2011. Determination of pesticide residues in
Turkey’s table grapes: the effect of integrated pest management, organic
farming, and conventional farming. Environ. Monit. Assess. 173, 315–323.

Valentini, A., Pompanon, F., Taberlet, P., 2009. DNA barcoding for ecologists. Trends
Ecol. Evol. 24, 110–117.

Wang, X.Q., Wang, G.H., Zhu, Z.R., Tang, Q.Y., Hu, Y., Qiao, F., Heong, K.L., Cheng, J.A.,
2017. Spider (Araneae) predations on white-backed planthopper Sogatella
furcifera in subtropical rice ecosystems, China. Pest Manag. Sci. 73, 1277–1286.

Wang, Z., 2007. Bionomics and behavior of the wolf spider, Pardosa pseudoannulata
(Araneae: Lycosidae). Acta Entomol. Sin. 50, 927–932.

Yang, T.B., Liu, J., Yuan, L.Y., Zhang, Y., Li, D.Q., Agnarsson, I., Chen, J., 2017a.
Molecular identification of spiders preying on Empoasca vitis in a tea
plantation. Sci. Rep. 7, 7784–7794.

Yang, T.B., Liu, J., Yuan, L.Y.S., Zhang, Y., Peng, Y., Li, D., Chen, J., 2017b. Main
predators of insect pests: screening and evaluation through comprehensive
indices. Pest Manag. Sci. 73, 2302–2309.

http://refhub.elsevier.com/S1319-562X(18)30179-7/h0200
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0200
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0200
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0200
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0200
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0205
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0205
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0210
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0210
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0210
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0210
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0215
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0215
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0215
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0220
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0220
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0220
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0225
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0225
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0225
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0230
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0230
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0230
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0235
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0235
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0235
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0240
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0240
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0245
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0245
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0245
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0250
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0250
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0255
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0255
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0255
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0260
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0260
http://refhub.elsevier.com/S1319-562X(18)30179-7/h0260

	Next-generation sequencing analysis of Pardosa pseudoannulata's diet composition in different habitats
	1 Introduction
	2 Materials and methods
	2.1 Sample collection
	2.2 Prime design
	2.3 DNA extraction and library preparation
	2.4 DNA sequencing

	3 Results
	3.1 Sequencing data analysis
	3.2 Diet analysis of Pardosa pseudoannulata
	3.3 The diet diversity of Pardosa pseudoannulata in different habitats

	4 Disscusion
	ack13
	Acknowledgements
	Conflict of interest
	Data accessibility
	References


