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Abstract In order to systematically study the predatory behavior and digestion regularity of spi-
ders, real-time fluorescence quantification PCR technique was used to detect the number of CO-I
genes in Pardosa pseudoannulata after it preyed on rice planthoppers in different temperatures
within different periods. At 28 °C, 0, 1, 2, 4, 8, 16, and 24 h after P. pseudoannulata preyed on rich
planthopper, DNA was extracted from cephalothorax and abdomen of P. pseudoannulata. Routine
PCR and real-time fluorescence PCR techniques were employed for CO-I gene amplification. The
results show that: The prey liquid was temporarily stored in the sucking stomach of the spider head
within 2 h after prey, and gradually transferred to the midgut of the abdomen with the prolongation
of time. After 4 h, CO-I gene residues of rice planthopper in the cephalothorax gradually decreased.
The CO-I gene of rice planthopper was basically transferred to the abdomen after 16 h. During 0—
1 h, food contained in abdominal midgut and other digestive organs was very small, CO-I gene
detection was not obvious. Over time, food entered into the midgut from the sucking stomach
for digestion. During 2—4 h, CO-I gene amount increased, at 2—4 h, detected CO-I gene residue
reached the peak; but rapidly declined after 8, 16, and 24 h, even it is still detectable. The results
at different temperatures reveal that: As the temperature increased from 26 °C to 32 °C, CO-I gene
residues of rich planthopper in cephalothorax and abdomen of P. pseudoannulata gradually
decreased, which indicated that the digestion rate increased with the increase of temperature with
some range. However, when the temperature continued to increase to 34 °C, the digestion rate
decreased.

© 2017 The Authors. 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

E-mail address: yanhm2006(@ 163.com (H. Yan). Spider is one of the most important predators for all kinds of
Peer review under responsibility of King Saud University. agricultural pests. It is very important to know its prey species
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and digestion rate. The direct method of trophic analysis
includes field observation (Luck et al., 1988) and digestive tract
anatomy (Hengeveld, 1980). However, spider has in vitro and
in vivo digestion after predation, and takes in formless prey
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tissue fluid, thus traditional morphological classification is not
applicable to trophic analysis of stomach contents for spiders.

With the development of molecular biology, DNA taxon-
omy has been developed. DNA-based trophic analysis is to
determine food organisms by identifying DNA sequences in
the residual tissues of the stomach (Sheppard and Harwood,
2005). Identification of food organisms excludes degree of bio-
logical digestion, which can be used for different morphologi-
cal organisms at different growth and development stages.
Hoss et al. published a paper in Nature about applying
DNA to identify presence of residual food organism in feces,
which is the first case to adopt DNA in determination of ani-
mal diet (Hoss et al., 1992). Deagle used this technique in
pyrosequencing of food organisms from arctocephalinae feces,
obtaining an unbiased diet composition of arctocephalinae
(Deagle et al., 2009). Reed et al. extracted DNA from feces
and stomach contents of manatee, and analyzed the composi-
tions and proportion of the food organisms with fingerprint
technology, which solved the problem related to the high
digestibility of prey and the difficulty in identification of tradi-
tional food identification methods (Reed and Tollit, 1995). In
addition, when it comes to the spider predation effect, Weber
suggested that DNA molecular marker has the advantages of
rigorous reaction conditions, stable results, high sensitivity
and repeatability, based on which one of the most effective
methods to study the predation effect is proposed (Weber
and Lundgren, 2009; Hanief, 2016). However, qualitative eval-
uation can only determine whether predators have the ability
to prey on certain pests, while quantitative evaluation is essen-
tial to determine control capacity of the natural enemies for
target pests.

Many studies have focused on the predator—prey qualita-
tive research. On the contrary, few studies have evaluated
the predatory behavior quantitatively, which is because the
conventional PCR-based molecular detection technique can
only qualitatively detect the predator species of the target
insects, i.e. it cannot quantitatively detect capacity of predator
in predation of target insects. Real-time fluorescence quantifi-
cation PCR detection technique is to design a fluorescent
probe based on the conventional PCR, which can detect quan-
titatively amount of the initial template in target DNA frag-
ments in the system, and evaluate accurately capacity of
predator in predation of target insects (Zhang et al., 2007).
Therefore, it is believed to provide the possibility of precise
digital quantification of ability of predators in predation of
pests.

In recent years, although real-time fluorescence quantifica-
tion PCR has been used for predator—prey studies (King et al.,
2008), quantitative and qualitative studies of predator—prey
relationships and predator control of prey by fluorescence
quantification PCR are rarely reported. Specially, Harper
et al. (2005) used multiple real-time fluorescence quantification
PCR system to study predator’s diet, finding that ground bee-
tle can feed on aphids, weevils, earthworms and some mol-
lusks, of which, earthworms and mollusks are the main food.
Troedsson et al. (2007) studied differences in trapping and
digestion efficiency of three species of algae of different size
by Oikopleura dioica at different concentrations. Lv et al.
(2005) quantitatively evaluated the control effect of field
predators on Bemisia tabaci with real-time quantification
PCR. Zhang et al. (2007) used TagMan real-time fluorescence

quantification PCR technique to quantitatively detect copy
number of target DNA in B. tabaci, nymph, imago. Subse-
quently, various predators of B. tabaci were selected from
the field. Based on the copy number of target DNA of B.
tabaci residue in the predator, the number of B. tabaci larvae
in the digestive tract of each predator was estimated. For pest
and natural enemy communities in maize and soybean fields,
using DNA molecular markers and fluorescence quantification
PCR technique as tools, Song Xinyuan studied in details about
the predation behavior of natural enemies for pests, fitted var-
ious influence factors to accurately and quantitatively study
control effects of main natural enemies on the target pests
(Song, 2008). Wang Guanghua obtained ITS gene sequences
of Sogatella furcifera, Nilaparvata lugens and Laodelphax stri-
atellus by PCR cloning. The primers and specific ALLGlo
probes of the three planthoppers were designed and synthe-
sized, an ALLGlo probe integrated triple real-time fluores-
cence quantitative detection system was established and
optimized, which was further used to study capacity of com-
mon predators in rice field in predation of rice planthoppers
(Wang, 2009). Using COI and SCAR molecular marker tech-
nology, Meng Xiangqin established a technique system for
qualitative detection of predation of Frankliniella occidentalis
by local natural enemies, and by TagMan fluorescence quan-
tification PCR, which quantitatively determined capacity of
natural enemies in predation of F. occidentalis (Meng, 2010).
Nevertheless, comprehensive research on quantitative analysis
and evaluation of insect-controlling efficiency by spider has
not been reported so far, demonstrating this study is quite
necessary.

In this study, to understand predatory behavior and diges-
tion regularity of spiders, real-time quantification PCR tech-
nique was used to detect the number of COI genes in
Pardosa pseudoannulata after it preyed on rice planthoppers
in different temperatures within different periods.

2. Materials and methods

2.1. Experimental materials

Mature P. pseudoannulata with similar size were collected in
Zhuhai rice field (22°15min253 s north latitude, 114°-
12 min 314 seast longitude). They were put in 250 ml Erlen-
meyer flask separately, and studied in experiments after
hungry feeding for 7 d. Absorbent cotton was placed in the
flask, only adequate water was provided to ensure that taran-
tula could survive under hunger.

N. lugens Seal of similar size were also collected from rice
fields where P. pseudoannulata lived. They were placed in plas-
tic bottle with rice, and sealed with gauze after the capture for
temporary cultivation and spare applications.

2.2. Experimental design

2.2.1. Study on digestion rate of P. pseudoannulata after feeding
with rice planthopper

The P. pseudoannulata were cultured in a bottle under starva-
tion condition. Each of them was fed with three rice planthop-
pers before being placed in an incubator at 28 °C. They were
killed at 0, 1, 2, 4, 8, 16, and 24 h, respectively. All walking legs
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and pedipalps were removed, the cephalothorax and abdomen
were cut with a scalpel. It should be noted that the abdomen is
not squeezed before cutting because of the soft tissue in the
abdomen. Otherwise, food juice in the midgut will flow back
along the podeon to the cephalothorax, affecting the experi-
mental results. The cephalothorax and abdomen were placed
and well-marked in a 1.5 ml centrifuge tube for the subsequent
processing in the next step. The negative control P. pseudoan-
nulata was not fed and used directly in experiment.

2.2.2. Study on digestion rate of rich planthopper
by P. pseudoannulata at different temperatures

The P. pseudoannulata were placed in incubators at 26 °C,
28 °C, 30 °C, 32 °C and 34 °C, respectively. Two hours after
being fed with rice planthoppers, they were treated same as
mentioned above in Section 2.2.1, with DNA extracted for fur-
ther experiments.

2.3. Experimental methods

2.3.1. DNA extraction: DNA fast extraction kit (animal)
produced by Sangon Biotech (Shanghai) Co., Ltd was used to
extract DNA

CO-I gene primers (Wang, 2009) were synthesized by Sangon
Biotech (Shanghai) Co., Ltd.

Upstream primer: 5-CAACATTTATTTTGATTTTTT
GG-%¥

Downstream primer: 5-TCCAATGCACATATCTGCCA
TATTA-3

2.3.2. Routine PCR

25uL routine PCR System: 2.5pL 10x PCR buffer,
0.5 uLL 10 mmol/L dNTPs, 1 pLL 10 ummol/L upstream primer,
1 pL 10 pmmol/L downstream primer, 0.3 pL 5 U/uL Taq
DNA polymerase, MLDNA template, add water to 25 pL.

PCR procedure: initial denaturation at 94 °C for 3 min;
denaturation at 94 °C for 50 s; refolding for 30 s at annealing
temperature 55 °C (to be lowered by 1 °C in each cycle until
50 °C); extension at 72 °C for 1 min (35 cycles); extension at
72 °C for 10 min; save at 4 °C for standby application.

After completion of the reaction, take 5 pL for elec-
trophoresis in 1% agarose gel at 70 V for 25 min. View the
results with gel imager to save resulting image.

2.3.3. Real-time fluorescence PCR

Fluorochrome SYBR Green I was used to establish a 25 puL
real-time fluorescence PCR system. The liquid was homoge-
nized and placed in a PCR 8 tube, and put in a 7500 fluoro-
genic quantitative PCR instrument for gene amplification.
The PCR procedure was described as follows: Initial denatura-
tion at 95 °C for 3 min, denaturation at 95 °C for 30 s; refold-
ing for 30 s at annealing temperature 50 °C; extension at 72 °C
for 1 min (a total of 40 cycles); save at 4 °C for standby
application.

The expression difference was calculated with
method by Ct value and formula v = AC/t, wherein, v denotes
the digestion rate, AC denotes the total amount before the
digestion- the total amount after the digestion, t denotes the
digestion time. The digestion rate was calculated for each time
period.

zfAACt

3. Results

3.1. Detection of digestion rate of P. pseudoannulata at different
time after feeding by routine PCR method

According to the experimental design, gene amplification was
performed by routine PCR method, and electrophoresis detec-
tion showed that no target band was found in the negative con-
trol group, which proved that the primers did not amplify the
DNA of P. pseudoannulata, and specificity indeed exists. After
gel extraction of positive results, gene sequencing proved that
the amplified band represented CO-I gene of rice planthopper.

DNA was extracted from the cephalothorax and abdomen
of P. pseudoannulata during 0-24 h after it preyed on rice plan-
thopper, followed by conventional PCR amplification. The
results are shown in Figs. 1-2.

In Fig. 1, the gel imaging results show the fact that there are
obvious bright spots with length of about 900 bp in the
cephalothorax at 0, 1, 2, 4h. Among which, spots at 0, 1,
2 h are more obvious. Over time, the brightness of the elec-
trophoretic bands decreases gradually, and becomes difficult
to be observed after 16 h. This indicates that there are many
residues of CO-I gene of rice planthopper in the digestive tract
of cephalothorax within 2 h after predation, which gradually
decrease after 4 h, and basically disappear after 16 h.

As shown in Fig. 2, after electrophoresis, there are obvious
bright spots in the abdomen at 0, 1, 2, 4, 8 h, and very dark
band appear after 16 and 24 h. Thus, it is believed that there
were many residues of CO-I gene of rice planthopper in the
abdomen within 2 h after predation, which gradually decreased
after 4 h with residue remained in the abdomen after 24 h.

3.2. Detection of digestion rate of P. pseudoannulata at different
time after feeding by real-time fluorescence quantification PCR
technique

Reaction melting curves are of single peak, the peak value is
single, and Tm value of the amplified products is uniform.

M Oh 1h 2h 4h 8h 16h 24h

Figure 1 Results of routine PCR electrophoresis of cepha-
lothorax of P. pseudoannulata.
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Figure 2  Results of routine PCR electrophoresis of abdomen of
P. pseudoannulata. Note: M in the figure represents marker
DS2000; 0 h, 1 h, 2h, 4h, 8 h, 16 h, 24 h represent different time
after P. pseudoannulata preys on rice planthopper.

The reaction specificity is good, and there is no primer dimer
and nonspecific amplification. The CO-I gene of cephalothorax
and abdomen of P. pseudoannulata after 0-24 h of predation of
rice planthopper was amplified with real-time fluorescence
PCR technique. The following amplification curves were
obtained, as shown in Figs. 3-5.

Fig. 3 results show that CT values of amplification curve of
cephalothorax at each time are concentrated between cycle
numbers 14 and 16. CT value of 0, 1, 2 h is 14. Similarly, the
one of the 4th hour is 15. For that of 8th and 16th hour, it
is 16. CT value of the template is linear with the logarithm
of the initial copy number of the template. The more the initial
copy number is, the smaller the Ct value will be. It indicates
that there are many residues of CO-I gene of rice planthopper
in the cephalothorax of P. pseudoannulata within 2 h after pre-
dation, which decrease gradually with digestion time. Calcula-
tion of digestion rates of cephalothorax for each time period
yielded a line graph as shown in Fig. 4.

4.0x10° - b

20x10° 4

Fluorescence

02 46810121416 18 20 22 24 26 28 30 B2 34 3 38 40

Cycle Number
Figure 3 Amplification curve of residual CO-I gene of rice
planthopper in cephalothorax.

0.00016
0.00014 |
0.00012
0.0001 |
0.00008 |
0. 00006 |
0.00004 |
0.00002 |

0

0 1 2 4 8 16 24

Figure 4  Digestion rate of residual CO-I gene of rice planthop-
per in cephalothorax.

As can be seen from Fig. 4, digestion rate of cephalothorax
accelerates within 2 h after predation, which slows down dur-
ing 2-24 h. The results of routine PCR and real-time fluores-
cence PCR show that residue of CO-I gene of rice
planthopper in cephalothorax decreases after 2 h. It is because
after capture of prey, P. pseudoannulata will inject venom and
primary digestive juice secreted from the midgut, so that soft
part of the prey is decomposed into liquid as a result of the
in vitro primary digestion. The digestive juice mainly contains
amylase, protease which only initially digests carbohydrates,
proteins, etc., while DNA is not digested as sucking stomach
located in cephalothorax does not digest it after sucking prey
liquid, but temporarily stores it. Then, the liquid maintains
the original state and constantly enters the abdomen after
2h, so CO-I gene volume in the cephalothorax decreases,
demonstrating a downward trend.

Fig. 5 shows CO-I gene amplification of rice planthopper in
the abdomen of P. pseudoannulata. As can be seen, CT values
of the abdomen at various times are concentrated between 15
and 19. Specially, CT value of the fourth and eighth hours is
15; and that of 0, 1, 2, and 16 h is 16, which significantly
increases to 19 after 24 h. Digestion rate of residual CO-I gene
of rice planthopper in abdomen is shown in Fig. 6.

As can be seen from Fig. 6, less CO-I gene residue of rice
planthopper can be detected at the Oth and 1st hour. The
detected CO-I gene residue of rice planthopper reaches the
maximum at 2-4 h, which decreases at 8, 16, 24 h, but the dif-
ference is not obvious. The results show that there are less CO-
I gene residue of the planthopper in the abdomen within 2 h
after predation, and the food is digested in the abdomen dur-
ing 2-24 h.

Considering the characteristics of the digestive system of P.
pseudoannulata, the reason for this phenomenon is probably
that just after the predation, a lot of food exists in the esoph-
agus and sucking stomach of the cephalothorax, while there is
very little food contained in midgut and other digestive organs
of the abdomen, so CO-I gene detection volume is not obvious
during 0—1 h. Over time, food successively enters into the mid-
gut from the sucking stomach for massive digestion. During 2—
4 h, CO-I gene volume increases, the midgut in the abdomen
and developed digestive gland can secrete a variety of digestive
enzymes including nuclease, and most macromolecules includ-
ing CO-I gene are degraded, digested and absorbed here,
showing accelerated digestion rate. After massive digestion
of CO-I gene, there is not much residue in the abdomen, thus
CO-I gene digestion rate remains almost the same during
824 h.
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Figure 5  Amplification curve of residual CO-I gene of rice planthopper in abdomen.
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Figure 6  Digestion rate of residual CO-I gene of rice planthop-
per in abdomen.

3.3. Detection of impact of temperature on digestion rate of P.
pseudoannulata by routine PCR method

As can be seen from Figs. 7 and 8, the amplified band of CO-I
gene of rich planthopper in the cephalothorax of P. pseudoan-
nulata is significantly brighter than that in the abdomen within
2 h of feeding under the same temperature, which is in agree-
ment with the digestive results of P. pseudoannulata at different
times in earlier stage after feeding. It is clearly seen from the
results of cephalothorax electrophoresis, electrophoretic band
brightness gradually become darken from 26 °C to 32 °C,
which becomes the darkest at 32 °C.

28'C 30°C 32°C 34C

M 26°C

Figure 7 Routine PCR electrophoresis of cephalothorax of P.
pseudoannulata at different temperatures.

3.4. Detection of impact of temperature on digestion rate of P.
pseudoannulata by real-time fluorescence quantification PCR
technique

As can be seen from Figs. 9 and 10, the total CT value of CO-I
residual gene amplification of rich planthopper in cephalotho-
rax of P. pseudoannulata is in the range of 14-17. Specially, CT
value is the smallest at 26 °C, which is only 14. On the con-
trary, CT value is 15 at 28 °C, 16 at 30 °C, and becomes the
largest (reaching 17 in this case) at 32 °C. A similar trend is
observed in real-time fluorescence PCR amplification curve
of the abdomen. The larger the CT value is, the less the resid-
ual CO-I gene of rice planthopper in P. pseudoannulata is, and
the faster the digestion rate is, vice versa. The results show that
temperature can affect digestion rate of rice planthopper by P.
pseudoannulata to a certain extent.

4. Discussion

4.1. The relationship between the CO-I gene residue of rice
planthopper and the digestion time

Experiments were carried out in an incubator at 28 °C, which
effectively reduced the effect of temperature on the digestion

26C 28C 30T 32T 24C

Figure 8 Routine PCR electrophoresis of abdomen of P.
pseudoannulata at different temperatures.



B. Wang et al.

716
— 26°C
4x10° [ 28
— 30°C
— 32°C
o o3y10° L 34'c
<
- :
S 210 [
1x10° [
0 1 1 1 1 1| 1 1 1 Il Il 1 1 1 1 Il Il Il 1 1 1 1

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
Cycle Number

Figure 9 Real-time fluorescence PCR amplification curve of
residual CO-I gene of rice planthopper in cephalothorax of P.
pseudoannulata.
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Figure 10 Real-time fluorescence PCR amplification curve of
residual CO-I gene of rice planthopper in abdomen of P.
pseudoannulata.

rate (Hoogendoorn and Heimpel, 2001). At the same time,
starvation for 7 days (De Leon et al., 2006; Harper et al.,
2006) before the experiment could ensure that predator had
consumed residue food before feeding, which increased its pre-
dation probability, with relatively accurate predatory capacity
detected. The presence of other prey increased the detection
rate of prey DNA (Dodd, 2004), so this experiment only fed
single prey, rich planthoppers, to the P. pseudoannulata.
Within 2 h after predation, the sucked prey liquid was not
completely digested, but temporarily stored in the sucking
stomach of spider cephalothorax, which gradually transferred
to the midgut of the abdomen with the time. After 4 h, CO-1
gene residues of rich planthopper in cephalothorax decreased
gradually, which was totally transferred to the abdomen at
16 h. Therefore, during 0-1h, food amount in the midgut
and other digestive organs of the abdomen was very low, so
CO-I gene detection volume was not obvious. Over time, food
successively entered into the midgut from the sucking stomach
for massive digestion. During 2-4h, CO-I gene volume
increased, the midgut in the abdomen and developed digestive
gland could secrete a variety of digestive enzymes including
nuclease, and most macromolecules including CO-I gene were
degraded, digested and absorbed during this range, showing

accelerated digestion rate. Detected CO-1 gene residue of rice
planthopper reached the peak during 2—4 h, which dropped
rapidly at 8, 16 and 24 h, but still detectable. Studies pointed
out that time of detectability of number and type of prey in
indigestive tract of predators depends on the predator itself,
while food quality can also affect the spider’s metabolic rate
(Anderson, 1974). Large prey increases time of detectability
of prey, with a longer detection period even in the absence
of feeding of alternate preys (Sheppard et al., 2005). The long-
est time of detectability can range from a few hours to five days
(Chen et al., 2000; Ma et al., 2005).

4.2. Effect of temperature on the digestion rate
of P. pseudoannulata

Temperature can significantly affect the digestion rate of
predators (Zhao, 2001; Liu, 2014). As the temperature
increased from 26 °C to 32 °C, CO-I gene residues of rich plan-
thopper were decreased gradually in cephalothorax and abdo-
men of P. pseudoannulata, indicating that digestion rate
increased with increasing temperature within a certain range.
However, when the temperature continued to increase to
34 °C, the digestion rate decreased. It is possible that enzy-
matic activities of the spider such as digestive enzymes are
affected by different temperatures. As a result, digestive capac-
ity, mobility of Oxyopes sertatus maintain at a better state
under 28-32 °C (Wang and Yan, 2006), while excessive tem-
perature will cause a negative effect on physiological activity
of spiders (Xu et al., 1995).
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