
Insect Science (2019) 00, 1–11, DOI 10.1111/1744-7917.12704

ORIGINAL ARTICLE

The endoparasitoid Psyllaephagus arenarius benefits from
ectoparasitic venom via multiparasitism with the
ectoparasitoid Tamarixia lyciumi
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Abstract As solitary nymphal parasitoids of Paratrioza sinica, the ectoparasitoid Tamar-
ixia lyciumi and the endoparasitoid Psyllaephagus arenarius act as effective biocontrol
agents. Thus, it is necessary to facilitate mass productions of both species. Despite show-
ing an excellent parasitic ability, Ps. arenarius is often trapped fatally inside 5th-instar
nymphs of Pa. sinica due to strong host immunity. To improve the emergence rate of
Ps. arenarius, we evaluated whether Ps. arenarius could utilize T. lyciumi venom via
multiparasitism, so the parasitism characteristics of both species were examined between
separate-existence (monoparasitism only) and co-existence (mono- and multiparasitism)
systems. Further, the parasitism characteristics of Ps. arenarius on venom-injected hosts
with/without T. lyciumi eggs were tested to further identify the facilitator. The results
showed the parasitism rate of T. lyciumi was increased while that of Ps. arenarius did not
change from separate-existence to co-existence systems. The intrinsic performances of two
species in monoparasitism did not differ between separate- and co-existence systems. From
monoparasitism (separate-existence) to multiparasitism (co-existence), no differences were
detected in the intrinsic performances of T. lyciumi, but those of Ps. arenarius were greatly
improved. After T. lyciumi venom injection, the parasitism characteristics of Ps. arenarius
did not differ between venom-injected hosts with T. lyciumi eggs and those without, further
indicating Ps. arenarius benefited from the venom of T. lyciumi females rather than T. lyci-
umi egg/larval secretions. Instead of negative effects, multiparasitism with ectoparasitoids
improves endoparasitoids due to ectoparasitic venom. The study increases host resource
utilization and provides creative ways for mass production of endoparasitoids.

Key words biocontrol agent; host resource utilization; intrinsic performance; mass pro-
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Introduction

Paratrioza sinica Yang et Li (Homoptera: Psyllidae), a
harmful leaf-sucking pest of Lycium barbarum L., is
widespread across goji berry orchards in northern China
(Liu et al., 2013). Currently, broad-spectrum chemical
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pesticides are used to control Pa. sinica, potentially dam-
aging human health and the ecological environment (Youn
et al., 2003; Garratt & Kennedy, 2006). Biological control
programs would be more sustainable and desirable, thus
they are gaining increasing attention (Leskey et al., 2012;
Lee et al., 2013). Parasitoids have a potential to create
tremendous ecological and economic values for biologi-
cal control programs (LaSalle & Gauld, 1993; Hawkins
et al., 1999). Both Tamarixia lyciumi Yang (Hymenoptera:
Eulophidae) and Psyllaephagus arenarius Trjapitzin
(Hymenoptera: Encyrtidae) are solitary parasitoids (only
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one parasitoid successfully develops from a host) and both
species can discriminate pre-parasitized hosts to avoid
self- or conspecific superparasitism (parastism of an al-
ready parasitized host by more parasitoids) (Wang et al.,
2010; Wu et al., 2017). Because of high parasitism rates,
the nymphal parasitoids T. lyciumi and Ps. arenarius have
been gradually developed as common biological control
agents of Pa. sinica in China. The ectoparasitoid T. lyci-
umi was originally recorded in 1997, which has served as
a classical biological control agent of Pa. sinica in China,
with the parasitism rate in the field as high as 86.0% (Tang,
1997; Duan et al., 2002). The endoparasitoid Ps. arenar-
ius was first described in 2016 from China (Zhang et al.,
2017), and its parasitism rate in the field can reach up to
89.7% (Wu et al., 2017). Despite the enormous potential
of Ps. arenarius in the biological control of Pa. sinica,
the mass production of this newly introduced biocontrol
agent still needs to be improved. Thus, it is necessary to
increase the efficiency of mass rearing Ps. arenarius to
facilitate its inundative use against Pa. sinica.

Although both T. lyciumi and Ps. arenarius show posi-
tive preferences for 4th-instar nymphs of Pa. sinica (Wang
et al., 2010; Wu et al., 2017), the emergence rates of par-
asitoids are higher in 5th-instar nymphs of Pa. sinica, so
the stage is more appropriate in the mass rearing practices.
Currently, 5th-instar nymphs of Pa. sinica are exploited as
factitious hosts for mass production of Ps. arenarius. Big-
sized nymphs of Pa. sinica acting as hosts have a practical
advantage for Ps. arenarius production due to sufficient
nutrients, but their strong immune system also causes the
endoparasitoid to be fatally trapped inside, sharply limit-
ing Ps. arenarius production. Since ectoparasitic venoms
could help suppress the host immunity (Moreau & Asgari,
2015), the ectoparasitoid T. lyciumi can successfully de-
velop on the hosts. To facilitate inundative releases of Ps.
arenarius, it is essential to study whether T. lyciumi and
Ps. arenarius can coexist and multiparasitize hosts suc-
cessfully, and whether the T. lyciumi venom can benefit
Ps. arenarius under multiparasitism conditions by miti-
gating host immunity.

Multiparasitism of two parasitoid species on the same
host is common (Du & Qiu, 1988; Ni et al., 1994; Wang
et al., 2015). In many cases, multiparasitism appears to
cause adverse effects on the performances of both para-
sitoid species via intrinsic competition (Pijls et al., 1995;
Collier et al., 2002). Ideally, multiparasitism can increase
the efficiency of host resource utilization (Shi & Liu,
2003). In general, the effect (neutral, positive or nega-
tive) of multiparasitism depends on host-parasitoid and
parasitoid-parasitoid interactions (Han et al., 1993), so
the multiparasitism of T. lyciumi and Ps. arenarius de-
serves to be explored in terms of mass production.

Despite the excellent parasitic ability in the biological
control of Pa. sinica, the emergence rate of Ps. arenar-
ius in monoparasitism is still very low. Both the venom
from ectoparasitoid females and the secretion of larval en-
doparasitoid suppress host immunity. Since suppressing
the host immunity is essential for both ecto- and endopar-
asitoids to develop successfully on hosts, endoparasitoid
Ps. arenarius may benefit from the venom of ectopara-
sitoid T. lyciumi in multiparasitism. Thus in this study,
we hypothesized that: (i) Ps. arenarius can successfully
multiparasitize with T. lyciumi; (ii) multiparasitism can
improve the intrinsic performances of Ps. arenarius com-
pared to monoparasitism. Moreover, host immunity could
be suppressed by the venom from ectoparasitoid females
during oviposition or by the secretion of the ectopara-
sitoid egg/larva on the host. Thus, we needed to further
assess: (iii) whether Ps. arenarius would benefit from the
venom of T. lyciumi females or the secretion of T. lyciumi
egg/larva, to identify the facilitator.

Materials and methods

Insects

Colonies of both T. lyciumi and Ps. arenarius were es-
tablished from exposed 5th-instar nymphs of Pa. sinica
from the Dadi large-scale goji berry orchard, Zhongning
County, Ningxia, China, in 2015. Upon the initial es-
tablishment of the laboratory colonies, T. lyciumi (Wang
et al., 2010) and Ps. arenarius (Zhang et al., 2017) were
taxonomically identified via morphology. After collecting
from the field, both colonies were maintained at 26 °C,
70% RH, 16 : 8 L : D photoperiod and provided with the
Pa. sinica nymphs for over eight generations. Since host
feeding of both T. lyciumi and Ps. arenarius was not ob-
served, their adults were provided with additional 10%
honey water twice a week besides fresh Pa. sinica nymphs.
The experiments were performed in conditions at 26 °C,
70% RH, 16 : 8 L : D photoperiod; all parasitoid females
used in experiments were 4-d-old and mated.

Parasitism characteristics of two parasitoid species in
the co- and separate-existence systems

To imitate the mass rearing practices, a sample size of
30 fresh (<12 h) 5th-instar nymphs of Pa. sinica were
selected, a T. lyciumi female and a Ps. arenarius fe-
male were simultaneously introduced into a Petri dish
containing 30 fresh 5th-instar nymphs of Pa. sinica, act-
ing as the co-existence system. Hosts were detected until
the parasitoid females left them for more than 30 min.
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After 24 h, both the parasitoid females were removed, and
the Petri dish was kept at the same condition to main-
tain the development of larval parasitoids. Oviposition by
parasitoids could be identified by the presence of a dis-
tinctive scar on the nymph, and both monoparasitism and
multiparasitism were observed in the co-existence sys-
tem. The number of nymphs parasitized by each species
was counted to calculate the proportion (parasitism rate).
Then the Petri dish was tested daily until hosts produced
no parasitoids at all. Three weeks later, the proportions
of T. lyciumi and Ps. arenarius emerging from monopar-
asitized/multiparasitized hosts (emergence rate), and the
female proportions of both species in the emerging par-
asitoids (female parasitoid rate) were recorded, species
and sex of the emerging parasitoids were identified based
on morphological characteristics. Moreover, the develop-
mental periods of T. lyciumi and Ps. arenarius from ovipo-
sition to emergence of adult offspring (pre-emergence pe-
riod) were examined in mono- or multiparasitism. The
experiment was simultaneously replicated 10 times.

To evaluate parasitism characteristics (parasitism rate,
emergence rate, female parasitoid rate and pre-emergence
period) of both parasitoid species between the separate-
and co-existence systems, 30 fresh 5th-instar nymphs of
Pa. sinica were exposed to a T. lyciumi or Ps. arenarius
female in a Petri dish, respectively, acting as the separate-
existence systems. Then the following procedures were
similar to those in the co-existence system. Only monopar-
asitism was observed in the separate-existence system, the
parasitism characteristics of T. lyciumi and Ps. arenarius
were recorded. The experiment was simultaneously repli-
cated 10 times. Moreover, 30 fresh 5th-instar nymphs of
Pa. sinica without treatment served as control to test their
natural mortality in 24 h, which was simultaneously repli-
cated 10 times.

Effect of venom from T. lyciumi female on parasitism
characteristics of Ps. arenarius

First, to detect whether the venom from T. lyciumi
female impacted the development of hosts, 30 fresh
5th-instar nymphs of Pa. sinica were presented to six
randomly selected T. lyciumi females in a Petri dish and
were observed until all the hosts were parasitized, then the
T. lyciumi eggs were immediately removed from the hosts
using a pair of micro-tweezers and a binocular micro-
scope. The venom-injected host nymphs were monitored
daily until all host adult emergence ceased (5th-instar
is the last nymphal instar). All hosts were kept for
2 weeks; the adult-emergence rate of host and the devel-
opmental period of 5th-instar nymphs were recorded. In
addition, 30 fresh 5th-instar nymphs of Pa. sinica without

venom injection served as control to evaluate their normal
adult-emergence rate and developmental period of 5th-
instar nymphs. Each treatment was simultaneously
replicated 10 times.

In order to further verify that the intrinsic performances
of Ps. arenarius were improved by the venom from T.
lyciumi female or the secretion of T. lyciumi egg/larva
during multiparasitism, all 60 fresh 5th-instar nymphs of
Pa. sinica were parasitized by 12 randomly selected T.
lyciumi females, then T. lyciumi eggs were immediately
removed from half of the hosts. Thus, two treatments were
established after T. lyciumi venom injection (n = 30 per
treatment): (i) venom-injected host with T. lyciumi egg;
(ii) venom-injected host without T. lyciumi egg. Imme-
diately, the 30 venom-injected hosts with or without T.
lyciumi egg were exposed to a Ps. arenarius female in
a Petri dish. After 24 h, the Ps. arenarius females were
removed and the parasitism rates were recorded. Subse-
quently, the Petri dishes were examined daily until no
parasitoids emerged. Three weeks later, the intrinsic per-
formances (emergence rate, female parasitoid rate and
pre-emergence period) of Ps. arenarius were recorded.
The experiment was simultaneously replicated 10 times.

Data analysis

Descriptive statistics are given as the mean values and
standard errors of the mean. Parasitism characteristics be-
tween T. lyciumi and Ps. arenarius, or between co- and
separate-existence systems were analyzed using two-way
analysis of variance (ANOVA) with the general linear
model. Data were log-transformed and subjected to the
Shapiro-Wilk test for normality, and percentage data was
arcsine �x transformed prior to ANOVA analysis. A least
significant difference (LSD) test was used to separate
means between treatments (P < 0.05). Differences be-
tween the natural mortality rate and 0 were determined
using one sample t-tests. Other data were examined us-
ing independent t-tests. P-values < 0.05 were considered
significant. All statistical analyses were performed using
SPSS 20.0 software (IBM, Armonk, NY, USA).

Results

Parasitism characteristics of two parasitoid species in
the co- and separate-existence systems

Parasitism rate Natural mortality rates of 5th-instar
nymphal Pa. sinica (3.0% ± 1.4%) did not significantly
differ from 0 (t = 2.212, df = 9, P = 0.054). Thus, the
natural mortality of hosts during the tests was negligible
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Fig. 1 Proportions of host parasitized by Tamarixia lyciumi and
Psyllaephagus arenarius under separate- and co-existence sys-
tems (mean ± SE). The data were logarithmically and arcsine
�x transformed prior to analysis of variance. For each parasitoid
species/existence system, different lower-cased/upper-cased let-
ters indicate a significant difference between the two existence
systems/two species (mean separation by least significant dif-
ference test, P < 0.05).

and did not impact the parasitization events. In the co-
existence system, the overall proportion of parasitized
hosts was 78.7% ± 1.4%, containing hosts monopara-
sitized by T. lyciumi (25.3% ± 3.8%) and by Ps. arenar-
ius (14.7% ± 2.0%), and multiparasitized hosts (38.7% ±
4.4%).

For each existence system, no differences were
observed in parasitism rates between T. lyciumi and
Ps. arenarius under the separate-existence (T. lyciumi,
51.7% ± 5.0%; Ps. arenarius, 53.7% ± 4.4%; F1,36 =
0.133, P = 0.717) or co-existence (T. lyciumi, 64.0% ±
2.5%; Ps. arenarius, 53.3% ± 3.1%; F1,36 = 3.785, P =
0.06) systems. From separate-existence to co-existence
system, T. lyciumi significantly increased its proportion
of parasitization (F1,36 = 5.06, P = 0.031), whereas Ps.
arenarius still kept the parasitism rate at the same level
(F1,36 = 0.004, P = 0.952) (Fig. 1).

Emergence rate (intrinsic performance) Only
monoparasitism occurred under the separate-existence
system, and emergence rates of T. lyciumi and Ps. are-
narius were 74.2% ± 4.0% and 59.0% ± 5.9%, respec-
tively. In the co-existence system, the proportions of T.
lyciumi and Ps. arenarius produced by monoparasitized
hosts were 72.8% ± 4.9% and 56.2% ± 7.7%, respec-
tively. From a monoparasitism perspective, no differences
were tested in the emergence rates of T. lyciumi (F1,36 =
0.032, P = 0.859) and Ps. arenarius (F1,36 = 0.115,
P = 0.737) between the separate- and co-existence sys-
tems (Fig. 2A).

In multiparasitism, both parasitoid species have a po-
tential to emerge successfully from a common host. Obvi-
ously more Ps. arenarius successfully developed on mul-
tiparasitized hosts (73.6% ± 2.5%) under the co-existence
system compared to monoparasitized hosts (59.0% ±
5.9%) under the separate-coexistence system (F1,36 =
7.041, P = 0.012), while the emergence rate of T. ly-
ciumi was not affected by monoparasitism (74.2% ±
4.0%) or multiparasitism (74.5% ± 1.8%) (F1,36 = 0.028,
P = 0.868). In terms of the emergence rate, T. lyciumi
was clearly superior to Ps. arenarius in monoparasitism
(F1,36 = 7.673, P = 0.009), but had no advantage over its
rival when multiparasitism occurred (F1,36 = 0.028, P =
0.868) (Fig. 2B).

Female parasitoid rate (intrinsic performance)
From the viewpoint of monoparasitism, the female pro-
portions of both emerging T. lyciumi (separate-existence,
52.9% ± 4.2%; co-existence, 52.7% ± 4.0%; F1,36 =
0.001, P = 0.975) and Ps. arenarius (separate-existence,
58.3% ± 4.8%; co-existence, 55.7% ± 7.2%; F1,36 =
0.119, P = 0.732) were not affected by different existence
systems (Fig. 2C). No matter whether monoparasitism
(52.9% ± 4.2%) or multiparasitism (55.3% ± 4.4%) oc-
curred, the female proportion of T. lyciumi emerging from
hosts failed to change (F1,36 = 0.147, P = 0.704). How-
ever, the female parasitoid rate of Ps. arenarius increased
from 58.3% ± 4.8% in monoparasitism to 72.0% ± 3.6%
in multiparasitism (F1,36 = 5.145, P = 0.029). The fe-
male proportion of Ps. arenarius did not differ signifi-
cantly from that of T. lyciumi in monoparasitism (F1,36 =
0.772, P = 0.385), whereas Ps. arenarius showed an over-
whelming superiority in emerging female offspring un-
der multiparasitism situations (F1,36 = 7.638, P = 0.009)
(Fig. 2D).

Pre-emergence period (intrinsic performance) Pre-
emergence periods of both T. lyciumi (separate-existence,
6.37 ± 0.11 d; co-existence, 6.31 ± 0.19 d; F1,283 = 0.08,
P = 0.777) and Ps. arenarius (separate-existence, 5.15 ±
0.12 d; co-existence, 5.22 ± 0.24 d; F1,283 = 0.069, P =
0.793) emerging from monoparasitized hosts did not dif-
fer significantly between the separate- and co-existence
systems (Fig. 2E). The pre-emergence period of T. lyci-
umi was not influenced by different parasitization modes
(monoparasitism, 6.37 ± 0.11 d; multiparasitism, 6.37 ±
0.19 d; F1,374 = 0.001, P = 0.973), whereas that of Ps. are-
narius was significantly shortened from monoparasitism
(5.15 ± 0.12 d) to multiparasitism (4.74 ± 0.07 d) (F1,374

= 4.907, P = 0.027). In terms of the pre-emergence pe-
riod, Ps. arenarius (5.15 ± 0.12 d) was superior to T.
lyciumi (6.37 ± 0.11 d) under monoparasitism situations
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Fig. 2 Parasitism characteristics of Tamarixia lyciumi and Psyllaephagus arenarius under separate-existence (SEX, including monopar-
asitism only) and co-existence (CEX, including monoparasitism and multiparasitism) systems (mean ± SE). The data were logarith-
mically and arcsine �x transformed prior to analysis of variance. For each parasitoid species/existence system, different lower-
cased/upper-cased letters indicate a significant difference between the two existence systems/two species (mean separation by least
significant difference test, P < 0.05). Comparisons of (A) emergence rate, (C) female parasitoid rate and (E) pre-emergence period
between the monoparasitism (SEX) and the monoparasitism (CEX) for the two species. Comparisons of (B) emergence rate, (D) female
parasitoid rate and (F) pre-emergence period between the monoparasitism (SEX) and the multiparasitism (CEX) for the two species.
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(F1,374 = 49.703, P < 0.001). When multiparasitizing
with T. lyciumi (6.37 ± 0.19 d), Ps. arenarius (4.74 ±
0.07 d) further strengthened its developmental advantage
(F1,374 = 74.542, P < 0.001) (Fig. 2F).

Effect of venom from T. lyciumi female on parasitism
characteristics of Ps. arenarius

From a host perspective, the injection with T. lyciumi
venom affected the development of 5th-instar nymphs of
Pa. sinica. The adult-emergence rate of venom-injected
hosts (79.3% ± 3.1%) was far lower than that of control
(97.0% ± 1.4%) (t = 5.172, df = 18, P < 0.001; Fig. 3A).
Venom-injected hosts (4.35 ± 0.09 d) also significantly
arrested their development compared to normal 5th-instar
nymphs of Pa. sinica (3.21 ± 0.1 d) (t = 8.356, df = 18,
P < 0.001; Fig. 3B).

Compared to monoparasitism, the intrinsic perfor-
mances of Ps. arenarius were improved in multiparasitism
with T. lyciumi, and then further study was conducted to
identify the facilitator. After the T. lyciumi female injected
venom into the host during oviposition, no matter whether
a T. lyciumi egg was removed from the host or not, no dif-
ferences were detected in parasitism characteristics of Ps.
arenarius, that is, parasitism rates (with T. lyciumi egg,
50.7% ± 3.5%; without T. lyciumi egg, 59.3% ± 5.0%;
t = 1.417, df = 18, P = 0.174; Fig. 4A), emergence rates
(with T. lyciumi egg, 67.4% ± 5.2%; without T. lyciumi
egg, 74.5% ± 4.2%; t = 1.066, df = 18, P = 0.301;
Fig. 4B), female parasitoid rates (with T. lyciumi egg,
71.1% ± 3.9%; without T. lyciumi egg, 68.1% ± 4.0%;
t = 0.522, df = 18, P = 0.608; Fig. 4C) and pre-
emergence periods (with T. lyciumi egg, 4.84 ± 0.14 d;
without T. lyciumi egg, 4.62 ± 0.13 d; t = 1.138, df = 231,
P = 0.256; Fig. 4D). Thus with or without the presence
of T. lyciumi egg/larva, the intrinsic performances of Ps.
arenarius on venom-injected hosts were improved.

Discussion

The endoparasitoid Ps. arenarius shows its potential in the
biological control of Pa. sinica when it was first recorded
in 2016 from China (Zhang et al., 2017), it is an outstand-
ing natural enemy with high parasitism rates in the field
(Wu et al., 2017), so the large-scale Ps. arenarius release
is valuable to pest suppression. However, unlike ectopar-
asitoids, endoparasitoids adopt a koinobiont life style al-
lowing further development of the host, it continuously
exposes its egg and larva to host immune responses, that
is, encapsulation engulfing the egg and larva with multi-
layers of hemocytes (Pennacchio & Strand, 2006). Thus,

the proportion of emerging endoparasitoid Ps. arenarius
was low during mass production. Many Ps. arenarius lar-
vae were lethally trapped inside hosts, leading to massive
losses, so it is essential for biological control programs to
improve the emergence rate of this excellent species.

Since parasitoids encounter more conspecifics rather
than heterospecifics, they usually neglect interspecific
host discrimination (Godfray, 1994). Thus, the parasitism
rate of Ps. arenarius did not differ between separate- and
co-existence systems. Due to lack of interspecific host dis-
crimination, multiparasitism is inescapable once various
parasitoid species coexist (Yu et al., 1990; Ulyshen et al.,
2010; Yang et al., 2013; Wang et al., 2015), so T. lyciumi
and Ps. arenarius often multiparasitized a common Pa.
sinica nymph when coexisting in an ecosystem. Although
no physical competition between the two different types of
parasitoids (ecto- and endoparasitoids), both parasitoids
are still negatively affected by multiparasitism, although
at a minor extent (Mackauer, 1990). Parasitoids suffer
from low-quality resources as multiparasitized hosts are
exploited jointly by opponents (Boivin & Brodeur, 2006),
possibly triggering a sequence of developmental deficien-
cies of the emerging parasitoids (Harvey et al., 2009).
After evaluating the cost of multiparasitism, T. lyciumi
might discriminate hosts pre-parasitized by the rival and
choose to monoparasitize more fresh hosts to avoid losses,
increasing its parasitism rate under co-existence systems.
When multiparasitism occurred, both T. lyciumi and Ps.
arenarius could emerge successfully from a common 5th-
instar nymph of Pa. sinica due to the sufficient nutrients,
indicating Ps. arenarius can successfully multiparasitize
with T. lyciumi.

In terms of monoparasitism, no differences were found
in the intrinsic performances of two parasitoid species
between separate- and co-existence systems, suggesting
the monoparasitism of both species was not affected by
different existence systems. From a multiparasitism per-
spective, the intrinsic performances of T. lyciumi did not
undergo a change between different existence systems. In
multiparasitism, there might be no physical contact be-
tween the ecto- and endoparasitoids, suggesting the pro-
portion of T. lyciumi emerging from multiparasitized hosts
was not impacted by the physical competition, and vice
versa. In general, the effect of multiparasitism depends on
not only parasitoid-parasitoid but host-parasitoid interac-
tions (Han et al., 1993), so the emergence rates of both
T. lyciumi and Ps. arenarius might depend mainly on the
level of host immune suppression (host–parasitoid inter-
actions). Ectoparasitoids deposit their eggs externally to
the host, then a larval parasitoid hatches and feeds exter-
nally on the host until pupation (Asgari & Rivers, 2011),
so it may not often suffer host immune responses. In
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Fig. 3 Effects of venom from Tamarixia lyciumi female on the host, 5th-instar nymph of Paratrioza sinica (mean ± SE). (A) Adult-
emergence rates of normal and venom-injected hosts. (B) Developmental periods of normal and venom-injected hosts at 5th-instar
nymphal stage. The “*” indicates significant differences in parameters between normal and venom-injected hosts (independent t-tests,
P < 0.05).

addition, most ectoparasitoids are idiobionts, their off-
spring benefit from the ectoparasitic venom suppressing
the host immunity or interrupting the host development,
and then harvest nutrition from hosts (Edwards et al.,
2006; Price et al., 2009; Tian et al., 2010; Kryukova
et al., 2011), further facilitating the development of lar-
val parasitoids. Thus, the emergence rate of T. lyciumi was
also not affected by the host immunity, although big-sized
Pa. sinica nymphs had strong immune systems. Further-
more, sex ratio and pre-emergence period of emerging
parasitoids depend mainly on the change of host quality
(Godfray, 1994; Mahmoud & Lim, 2008). In order to al-
low further host growth and development, most endopara-
sitoids do not make a paralytic impact on the host (Moreau
& Asgari, 2015). Since the quality of the multiparasitized
host was not greatly affected by the endoparasitoid Ps.
arenarius, the female parasitoid rate and pre-emergence
period of T. lyciumi did not change from monoparasitism
to multiparasitism.

Endoparasitoid larvae need to mitigate host immunity
that can impair or even kill them, to continue to develop
inside the hosts, so they produce teratocytes suppressing
host immunity by inhibiting the activity of phenol oxidase
in the host hemolymph (Basio & Kim, 2005). In monopar-
asitism, the emergence rate of Ps. arenarius was low,
probably because of strong immune systems in big-sized
nymphs of Pa. sinica. Ectoparasitic venoms can suppress
the host immunity through decreased melanization and
phenol oxidase activity, and even programmed cell death
in apoptosis of hemocytes (Rivers et al., 2002; Abt &

Rivers, 2007; Martinson et al., 2014). Since suppressing
the host immunity is essential for both ecto- and endopar-
asitoids to develop successfully on hosts, endoparasitoid
Ps. arenarius might benefit from the venom of ectopara-
sitoid T. lyciumi in multiparasitism, so obviously more Ps.
arenarius emerged from the multiparasitized hosts. Both
the venom from ectoparasitoid female and the secretion
of larval endoparasitoid perform a similar function (host
immune suppression), and the presence of toxin-like pep-
tides in secretions of larval endoparasitoid seem to support
the view that both ecto- and endoparasitoids evolved from
a common ancestor (Dowton & Austin, 1994), further in-
dicating the venom of T. lyciumi could also be used by
Ps. arenarius. Venoms of ectoparasitoids not only sup-
press the host immunity, but also involve the alteration of
physiological and metabolism state in hosts, presumably
to create a more nutritious environment for the larvae on
hosts (Mrinalini & Werren, 2016). Thus, the endopara-
sitoid Ps. arenarius could also benefit from the nutritious
environment in multiparasitism with ectoparasitoid T. ly-
ciumi, greatly improving its female parasitoid rate and
pre-emergence period.

In hosts, the ectoparasitic venom acts as a facilitator
of targeted change in physiological state (Danneels et al.,
2013), the venom increases lipid content in the fat bod-
ies of hosts and then improves liposynthetic abilities of
larval parasitoids, thereby enhancing parasitoid fitness
(Rivers & Denlinger, 1994a, 1995; Visser & Ellers, 2008;
Visser et al., 2010, 2012; Ellers et al., 2012). Simulta-
neously, from a host perspective, the venom also triggers
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Fig. 4 Parasitism characteristics of Psyllaephagus arenarius on venom-injected host with/without Tamarixia lyciumi egg after T.
lyciumi venom injection (mean ± SE). Comparisons of (A) parasitism rates, (B) emergence rates, (C) female parasitoid rates and (D)
pre-emergence periods of Ps. arenarius between the venom-injected host with or without T. lyciumi egg (independent t-tests, P < 0.05).

metabolic symptoms, and a diapause-like developmental
arrest is observed (Rivers & Denlinger, 1994b; Mrinalini
et al., 2014). Thus, the T. lyciumi venom injection sig-
nificantly arrested the host development, rather than im-
mediately killing the host. Venom-injected hosts still had
a 79.3% ± 3.1% survival rate, suggesting that although
ectoparasitoids inject venom into hosts, they allow fur-
ther growth of their host, in order to continuously supply
nutrients to their offspring from the host (Nakamatsu &
Tanaka, 2003).

Host immunity could be suppressed not only by the
venom from parasitoid female during oviposition but
by the secretion of parasitoid egg/larva on the host.
For example, eggs of Trissolcus are known to release
ooplasm-altering teratocytes upon hatching (Dahlman,

1991; Volkoff & Colazza, 1992; Cusumano et al., 2012),
and developing larvae of Telenomus heliothidis Ashmead
can release a cytolitical chemical correlated to teratocytes
to damage the host tissue (Strand & Vinson, 1984; Strand,
1986). After the T. lyciumi female injected venom into the
host, no differences were detected in parasitism charac-
teristics of Ps. arenarius no matter whether the T. lyciumi
egg was removed from the host or not, suggesting the T.
lyciumi egg/larva itself might not involve host immune
suppression, and thus could not play a role in improving
the intrinsic performances of Ps. arenarius under mul-
tiparasitism conditions. Therefore, when multiparasitism
occurred, the intrinsic performances of Ps. arenarius were
improved by the venom from T. lyciumi female rather than
the secretion of T. lyciumi egg/larva.
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From a Ps. arenarius perspective, multiparasitism with
T. lyciumi has several advantages over monoparasitism;
the intrinsic performances of Ps. arenarius greatly bene-
fit from the T. lyciumi venom. In some cases, the side
effect of multiparasitism on both parasitoid species is
negligible (Konopka et al., 2017; Li et al., 2019). When
big-sized nymphs of Pa. sinica served as multiparasitized
hosts, both T. lyciumi and Ps. arenarius were not af-
fected by the interspecific intrinsic interactions and then
emerged successfully. Under multiparasitism situations,
the intrinsic performances of T. lyciumi did not change,
while those of Ps. arenarius were greatly improved. Com-
pared to monoparasitism, the overall emergence rate of
both species increased by 14.8% in multiparasitism. Our
study indicated that multiparasitism had no negative ef-
fect on parasitism characteristics of the two species, and
instead improved the intrinsic performances of the biocon-
trol agent under consideration. The venom from T. lyciumi
female benefited larval Ps. arenarius by suppressing the
immunity of multiparasitized hosts, thereby improving
Ps. arenarius performance. Our results are valuable in
facilitating mass production of endoparasitoid via multi-
parasitism with ectoparasitoid. However, the availability
of mass production via multiparasitism needs to be con-
firmed with further studies. Laboratory outcomes cannot
be directly extrapolated to practical applications as labo-
ratory tests are simplified systems (Bogran et al., 2002;
Wu et al., 2018). Instead of negative effects, multipara-
sitism with ectoparasitoids improves endoparasitoids due
to ectoparasitic venom. Thus, the study increases host re-
source utilization and provides a creative way for mass
production of endoparasitoids.

Acknowledgments

The field was supported by the Dadi large-scale goji berry
orchard, Zhongning County, Ningxia, China. We would
like to thank Dr. Rong Zhang and Mrs. Jia He from In-
stitute of Plant Protection, Ningxia Academy of Agro-
Forestry Sciences for supporting facilities. We would also
like to thank Mr. Yan Chen from the Ningxia Agricul-
tural Comprehensive Development Office, Dr. Ying Wang
from South China Botanical Garden (Chinese Academy
of Sciences) and Dr. Lichao Liu from Northwest Biolog-
ical Agricultural Center (Chinese Academy of Sciences)
for cooperation. This research was funded by the Ningxia
Agriculture Integrated Development and Sci-tech Exten-
sion Program (Grant no. znnfkj2015).

Disclosure

The authors declare no conflict of interest.

References

Abt, M. and Rivers, D.B. (2007) Characterization of phenolox-
idase activity in venom from the ectoparasitoid Nasonia vit-
ripennis (Walker) (Hymenoptera: Pteromalidae). Journal of
Invertebrate Pathology, 94, 108–118.

Asgari, S. and Rivers, D.B. (2011) Venom proteins from en-
doparasitoid wasps and their role in host–parasite interactions.
Annual Review of Entomology, 56, 313–335.

Basio, N.A. and Kim, Y. (2005) A short review of teratocytes
and their characters in Cotesia plutellae (Braconidae: Hy-
menoptera). Journal of Asia-Pacific Entomology, 8, 211–
217.

Bogran, C.E., Heinz, K.M. and Ciomperlik, M.A. (2002) In-
terspecific competition among insect parasitoids: field ex-
periments with whiteflies as hosts in cotton. Ecology, 83,
653–668.

Boivin, G. and Brodeur, J. (2006) Intra- and inter-specific inter-
actions among parasitoids: mechanisms, outcomes and bio-
logical control. Trophic and Guild Interactions in Biological
Control (eds. J. Brodeur & G. Boivin), pp. 123–144. Springer,
Dordrecht, The Netherlands.

Collier, T.C., Kelly, S. and Hunter, M. (2002) Egg size, intrinsic
competition, and lethal interference in the parasitoids Encar-
sia pergandiella and Encarsia Formosa. Biological Control,
23, 254–261.

Cusumano, A., Peri, E., Vinson, S.B. and Colazza, S. (2012)
Interspecific extrinsic and intrinsic competitive interactions
in egg parasitoids. BioControl, 57, 719–734.

Dahlman, D.L. (1991) Teratocytes and host/parasitoid interac-
tions. Biological Control, 1, 118–126.

Danneels, E.L., Formesyn, E.M., Hahn, D.A., Denlinger, D.L.,
Cardoen, D., Wenseleers, T. et al. (2013) Early changes in
the pupal transcriptome of the flesh fly Sarcophagha cras-
sipalpis to parasitization by the ectoparasitic wasp, Nasonia
vitripennis. Insect Biochemistry and Molecular Biology, 43,
1189–1200.

Dowton, M. and Austin, A.D. (1994) Molecular phylogeny of
the insect order hymenoptera: Apocritan relationships. Pro-
ceedings of the National Academy of Sciences USA, 91, 9911–
9915.

Du, Z. and Qiu, X. (1988) Discovery of associated parasitism
of egg parasite in Dendrolimus punctatus Walker. Journal of
Zhejiang Forestry Science & Technology, 8, 27–31.

Duan, L.Q., Zhou, L.Q., Feng, S.J., Li, H.P. and Yuan, Q.C.
(2002) Study on pest integrated management of wolf-berry.
Journal of Inner Mongolia Institute of Agriculture & Animal
Husbandry, 23, 51–54.

Edwards, J.P., Bell, H.A., Audsley, N., Marris, G.C., Kirkbride-
Smith, A., Bryning, G. et al. (2006) The ectoparasitic
wasp Eldophus pennicornis (Hymenoptera: Eulophiclae) uses
instar-specific endocrine disruption strategies to suppress the

C© 2019 Institute of Zoology, Chinese Academy of Sciences, 00, 1–11



10 P. X. Wu et al.

development of its host Lacanobia oleracea (Lepidoptera:
Noctuidae). Journal of Insect Physiology, 52, 1153–1162.

Ellers, J., Kiers, E.T., Currie, C.R., McDonald, B.R. and Visser,
B. (2012) Ecological interactions drive evolutionary loss of
traits. Ecology Letters, 15, 1071–1082.

Garratt, J. and Kennedy, A. (2006) Use of models to assess the
reduction in contamination of water bodies by agricultural
pesticides through the implementation of policy instruments:
a case study of the voluntary initiative in the UK. Pest Man-
agement Science, 62, 1138–1149.

Godfray, H.C.J. (1994) Parasitoids: behavioral and evolutionary
ecology. Princeton University Press, Princeton, USA.

Han, S.C., Chen, Q.X., Liu, W.H. and Zhang, M.L. (1993) Stud-
ies on interspecific competition between Anastatus japonicus
and Trichogramma dendrolimi on host eggs. Natural Enemies
of Insects, 15, 10–13.

Harvey, J.A., Gols, R. and Strand, M.R. (2009) Intrinsic compe-
tition and its effects on the survival and development of three
species of endoparasitoid wasps. Entomologia Experimentalis
et Applicata, 130, 238–248.

Hawkins, B.A., Mills, N.J., Jervis, M.A. and Price, P.W. (1999)
Is the biological control of insects a natural phenomenon?
Oikos, 86, 493–506.

Konopka, J.K., Haye, T., Gariepy, T.D. and Mcneil, J.N. (2017)
Possible coexistence of native and exotic parasitoids and their
impact on control of Halyomorpha halys. Journal of Pest
Science, 90, 1119–1125.

Kryukova, N., Dubovskiy, I., Chertkova, E., Vorontsova, Y.,
Slepneva, I. and Glupov, V. (2011) The effect of Habrobra-
con hebetor venom on the activity of the prophenoloxidase
system, the generation of reactive oxygen species and encap-
sulation in the haemolymph of Galleria mellonella larvae.
Journal of Insect Physiology, 57, 769–800.

LaSalle, J. and Gauld, I.D. (1993) Hymenoptera & Biodiversity.
CAB International, Wallingford, UK.

Lee, D.H., Wright, S.E. and Leskey, T.C. (2013) Impact of in-
secticide residue exposure on the invasive pest, Halyomorpha
halys (Hemiptera: Pentatomidae): analysis of adult mobility.
Journal of Economic Entomology, 106, 150–158.

Leskey, T.C., Lee, D.H., Short, B.D. and Wright, S.E.
(2012) Impact of insecticides on the invasive Halyomor-
pha halys (Hemiptera: Pentatomidae): analysis of insecti-
cide lethality. Journal of Economic Entomology, 105, 1726–
1735.

Li, T.H., Tian, C.Y., Zang, L.S., Hou, Y.Y., Ruan, C.C., Yang,
X.B. et al. (2019) Multiparasitism with Trichogramma den-
drolimi on egg of Chinese oak silkworm, Antheraea pernyi,
enhances emergence of Trichogramma ostriniae. Journal of
Pest Science, 92, 707–713.

Liu, X.L., Li, F., Li, X.L., Ma, J.G. and Liu, C.G. (2013) Study on
population dynamics and vertical activity habits of Paratrioza
sinica Yang & Li. Northern Horticulture, 12, 122–124.

Mackauer, M. (1990) Host discrimination and larval competi-
tion in solitary endoparasitoids. Critical Issues in Biological
Control (eds. M. Mackauer, L.E. Ehler & J. Roland), pp. 41–
62. Intercept Ltd, Andover, UK.

Mahmoud, A.M.A. and Lim, U.T. (2008) Host discrimination
and interspecific competition of Trissolcus nigripedius and
Telenomus gifuensis (Hymenoptera: Scelionidae), sympatric
parasitoids of Dolycoris baccarum (Heteroptera: Pentatomi-
dae). Biological Control, 45, 337–343.

Martinson, E.O., Wheeler, D., Wright, J., Mrinalini, Siebert,
A.L. and Werren, J.H. (2014) Nasonia vitripennis venom
causes targeted gene expression changes in its fly host. Molec-
ular Ecology, 23, 5918–5930.

Moreau, S.J.M. and Asgari, S. (2015) Venom proteins from
parasitoid wasps and their biological functions. Toxins, 7,
2385–2412.

Mrinalini, Siebert, A.L., Wright, J., Martinson, E., Wheeler, D.
and Werren, J.H. (2014) Parasitoid venom induces metabolic
cascades in fly hosts. Metabolomics, 11, 350–366.

Mrinalini, and Werren, J.H. (2016) Parasitoid wasps and their
venoms. Evolution of Venomous Animals and Their Toxins
(eds. P. Gopalakrishnakone & A. Malhotra), pp. 187–212.
Springer Publishing, Rotterdam, Netherlands.

Nakamatsu, Y. and Tanaka, T. (2003) Venom of ectoparasitoid,
Euplectrus sp. near plathypenae (Hymenoptera: Eulophidae)
regulates the physiological state of Pseudaletia separata (Lep-
idoptera: Noctuidae) host as a food resource. Journal of Insect
Physiology, 49, 149–159.

Ni, L.X., Tong, X.W. and Lao, X.M. (1994) Influence of multi-
parasitism of egg parasitoids of pine lasiocampids on efficacy
of biological control. Acta Entomologica Sinica, 37, 145–152.

Pennacchio, F. and Strand, M.R. (2006) Evolution of develop-
mental strategies in parasitic hymenoptera. Annual Review of
Entomology, 51, 233–258.

Pijls, J.W.A.M., Hofker, K.D., van Staalduinen, M.J. and
van Alphen, J.J.M. (1995) Interspecific host discrimina-
tion and competition in Apoanagyrus (Epidinocarsis) lopezi
and A.(E.)diversicornis, parasitoids of the cassava mealy-
bug Phenacoccus manihoti. Ecological Entomology, 20,
326–332.

Price, D., Bell, H., Hinchliffe, G., Fitches, E., Weaver, R. and
Gatehouse, J. (2009) A venom metalloproteinase from the
parasitic wasp Eulophus pennicornis is toxic towards its host,
tomato moth (Lacanobia oleracae). Insect Molecular Biol-
ogy, 18, 195–202.

Rivers, D.B. and Denlinger, D.L. (1994a) Redirection of
metabolism in the flesh fly, Sarcophaga bullata, following
envenomation by the ectoparasitoid Nasonia vitripennis and
correlation of metabolic effects with the diapause status of
the host. Journal of Insect Physiology, 40, 207–215.

Rivers, D.B. and Denlinger, D.L. (1994b) Developmental fate of
the flesh fly, Sarcophaga bullata, envenomated by the pupal

C© 2019 Institute of Zoology, Chinese Academy of Sciences, 00, 1–11



Ectoparasitic venom benefits endoparasitoid 11

ectoparasitoid, Nasonia vitripennis. Journal of Insect Physi-
ology, 40, 121–127.

Rivers, D.B. and Denlinger, D.L. (1995) Venom-induced alter-
ations in fly lipid metabolism and its impact on larval develop-
ment of the ectoparasitoid Nasonia vitripennis (Walker) (Hy-
menoptera, Pteromalidae). Journal of Invertebrate Pathology,
66, 104–110.

Rivers, D.B., Ruggiero, L. and Hayes, M. (2002) The ectopara-
sitic wasp Nasonia vitripennis (Walker) (Hymenoptera: Ptero-
malidae) differentially affects cells mediating the immune
response of its flesh fly host, Sarcophaga bullata Parker
(Diptera: Sarcophagidae). Journal of Insect Physiology, 48,
1053–1064.

Shi, Z.H. and Liu, S.S. (2003) Interspecific interactions between
Cotesia plutellae and Oomyzus sokolowskii, two major par-
asitoids of diamondback moth, Plutella xylostella. Chinese
Journal of Applied Ecology, 14, 949–954.

Strand, M.R. and Vinson, S.B. (1984) Facultative hyperpara-
sitism by the egg parasitoid Trichogramma pretiosum (Hy-
menoptera: Trichogrammatidae). Annals of the Entomologi-
cal Society of America, 77, 679–686.

Strand, M.R. (1986) The physiological interactions of para-
sitoids with their hosts and their influence on reproductive
strategies. Insect Parasitoids (eds. J. Waage & D. Greathead),
pp. 97–136. Academic Publishing, London, U.K.

Tang, H. (1997) The protection and utilization of the enemies
of Paratrioza sinica Yang et Li. Chinese Journal of Applied
Ecology, 34, 341–343.

Tian, C., Wang, L., Ye, G. and Zhu, S. (2010) Inhibition of
melanization by a Nasonia defensin-like peptide: Implications
for host immune suppression. Journal of Insect Physiology,
56, 1857–1862.

Ulyshen, M.D., Duan, J.J. and Bauer, L.S. (2010) Interac-
tions between Spathius agrili (Hymenoptera: Braconidae) and
Tetrastichus planipennisi (Hymenoptera: Eulophidae), larval
parasitoids of Agrilus planipennis (Coleoptera: Buprestidae).
Biological Control, 52, 188–193.

Visser, B. and Ellers, J. (2008) Lack of lipogenesis in parasitoids:
a review of physiological mechanisms and evolutionary im-
plications. Journal of Insect Physiology, 54, 1315–1322.

Visser, B., Le Lann, C., den Blanken, F.J., Harvey, J.A., van
Alphen, J.J.M. and Ellers, J. (2010) Loss of lipid synthesis
as an evolutionary consequence of a parasitic lifestyle. Pro-
ceedings of the National Academy of Sciences USA, 107,
8677–8682.

Visser, B., Roelofs, D., Hahn, D.A., Teal, P.E., Marien, J. and
Ellers, J. (2012) Transcriptional changes associated with lack
of lipid synthesis in parasitoids. Genome Biology and Evolu-
tion, 4, 752–762.

Volkoff, N. and Colazza, S. (1992) Growth patterns of terato-
cytes in the immature stages of Trissolcus basalis (Woll.) (Hy-
menoptera: Scelionidae), an egg parasitoid of Nezara viridula
(L.) (Heteroptera: Pentatomidae). International Journal of In-
sect Morphology and Embryology, 21, 323–336.

Wang, J.Q., Liu, A.P., Xu, L.B. and Cao, Y.X. (2010) Studies on
parasitic biology of Tamarixia lyciumi. Plant Protection, 36,
76–81.

Wang, X.Y., Jennings, D.E. and Duan, J.J. (2015) Trade-offs
in parasitism efficiency and brood size mediate parasitoid
coexistence, with implications for biological control of the
invasive emerald ash borer. Journal of Applied Ecology, 52,
1255–1263.

Wu, P.X., Ma, B.X., Xu, J., Zhang, R., He, J. and Zhang, R.Z.
(2017) Parasitic biological characteristics of Psyllaephagus
arenarius (Hymenoptera: Encyrtidae) on Paratrioza sinica
(Hemiptera: Psyllidae). Acta Entomologica Sinica, 11, 64–
66.

Wu, P.X., Ma, B.X., Yan, S., Xu, J. and Zhang, R.Z. (2018)
The hyperparasitoid Marietta picta (Hymenoptera: Aphelin-
idae) mediates competitive interactions between two para-
sitoids of Paratrioza sinica (Hemiptera: Psyllidae): Tamarixia
lyciumi (Hymenoptera: Eulophidae) and Psyllaephagus are-
narius (Hymenoptera: Encyrtidae). Biological Control, 126,
169–176.

Yang, S., Duan, J.J., Lelito, J. and van Driesche, R. (2013) Mul-
tiparasitism by Tetrastichus planipennisi (Hymenoptera: Eu-
lophidae) and Spathius agrili (Hymenoptera: Braconidae):
Implication for biological control of the emerald ash borer
(Coleoptera: Buprestidae). Biological Control, 65, 118–123.

Youn, Y.N., Seo, M.J., Shin, J.G., Jang, C. and Yu, Y.M. (2003)
Toxicity of greenhouse pesticides to multicolored Asian lady
beetles, Harmonia axyridis (Coleoptera: Coccinellidae). Bio-
logical Control, 28, 164–170.

Yu, D.S., Luck, R.F. and Murdoch, W.W. (1990) Competi-
tion, resource partitioning and coexistence of an endopara-
sitoid Encarsia perniciosi and an ectoparasitoid Aphytis meli-
nus of the California red scale. Ecological Entomology, 15,
469–480.

Zhang, X., Wu, P.X., Ma, B.X. and Zhang, Y.Z. (2017) Psyl-
laephagus arenarius (Hymenoptera: Encyrtidae), a newly
recorded parasitoid of Bactericera gobica (Hemiptera:
Psyllidae) in China. Acta Entomologica Sinica, 60,
842–846.

Manuscript received May 26, 2019
Final version received June 16, 2019
Accepted June 21, 2019

C© 2019 Institute of Zoology, Chinese Academy of Sciences, 00, 1–11


