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Abstract: Psyllaephagus sp. (Hymenoptera: Encyrtidae) is a newly recognized and important par-
asitoid of Cacopsylla chinensis (Yang and Li) (Hemiptera: Psyllidae), a pest of pear orchards. Its
parasitism potential and rearing were studied in the laboratory. The studies showed that the most
suitable hosts were fourth- and fifth-instar nymphs of pear psyllids (C. chinensis). The development
duration of Psyllaephagus sp. females and males was 15.25 £ 0.37 and 13.57 + 0.27 days when laying
eggs in fourth-instar psyllid nymphs. The wasps did not survive longer than three days when they
were fed only water, while they survived about an average of 20 days (23.20 =+ 1.12 for females and
19.00 £ 0.80 for males) when fed 20% honey water. The provision of honey water could thus increase
adult parasitoid longevity significantly. The lifetime fecundity of Psyllaephagus sp. females was
21.60 £ 0.88. Tests of parasitoid efficiency showed that the wasp’s functional response was Holling
type II, with the number of hosts parasitized increasing with the host density to a maximum para-
sitism rate. The model suggested that a single Psyllaephagus sp. female could parasitize a maximum of
13.66 nymphs per day. The mutual interference of foraging Psyllaephagus sp. females occurred at high
parasitoid densities. Psyllaephagus sp. has potential as a biocontrol agent for use against C. chinensis.
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1. Introduction

The pear psylla, Cacopsylla chinensis (Yang and Li) (Hemiptera: Psyllidae), is an im-
portant pest in pear orchards in China [1,2]. Pear psyllids damage pear trees by direct
feeding on the phloem and xylem, and, more importantly, cosmetic damage from sooty
mold growing on the pest’s honeydew reduces the photosynthesis of pear leaves and the
quality of pear fruits [3-5]. Currently, chemical insecticides are commonly used options
to control C. chinensis. However, due to psyllids” cryptic habits and the honeydew they
produce, chemical control is not always effective, and side-effects of use can include harm
to natural enemies, environmental pollution, and resistance of C. chinensis to chemical
insecticides. However, the natural enemies of pear psyllid are often abundant and may be
a practical alternative for biological control.

The genus Psyllaephagus is a cosmopolitan group of 246 known species [6,7], of which
18 have been recorded in China [7-15]. Species of Psyllaephagus are believed to be all primary
endoparasitoids of psyllids [16]. Several Psyllaephagus species have been used for biological
control of psyllids. For instance, (1) P. yaseeni Noyes has been used against Heteropsylla
cubana Crawford in a number of countries; it has been established in some of these countries
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and at least partially controlled the psyllids effectively [17]. (2) P. pilosus Noyes was
released at eight sites in California and psyllid Ctenarytaina eucalypti Maskell populations
declined somewhat at most sites [18]. (3) P. bliteus Riek is a parasitoid of red gum lerp
psyllid, Glycaspsis brimblecombei Moore, which was imported from Australia and released
in California after this psyllid invaded California [19]. (4,5) P. parvus Riek and P. perplexans
Cockerell were introduced into southern California to control Eucalyptolyma maiden Froggatt
and Cryptoneossa triangula Taylor, respectively [20]. However, little information is available
about Psyllaephagus parasitoids of Cacopsylia.

We found an undescribed species of Psyllaephagus attacking C. chinensis in pear or-
chards in China. It was first discovered in Dangshan, Anhui Province, through field
investigation. The wasp is widely distributed in China, being found in pear orchards in
Dangshan in Anhui Province and Fangshan, Beijing, and Taian in Shandong Province,
covering parts of both southern and northern China. Parasitism rates often reach 50% in
pear orchards (unpublished data), suggesting the wasp has potential for augmentative
or conservation biocontrol of pear psyllids in the field. Here, we present information on
the developmental duration, host stage preference, fecundity, functional response, and
laboratory rearing of this new Psyllaephagus species.

2. Materials and Methods
2.1. Insects

Colonies of C. chinensis were reared as described by Ge et al. [21]. That is, Cacopsylla
chinensis colonies originated from field-collected individuals harvested from a pear orchard
in Anhui Academy of Agricultural Sciences, China (31°89’48"" N, 117°25'23'" E). The insect
colonies were maintained in growth chambers under the following conditions: 25 £ 2 °C,
RH 75 £ 5%, and 16:8 h L:D photoperiod. Psyllids were maintained on two-month-
old pear seedlings. The pear (Pyrus bretschneideri Rehder) leaves and seedlings were
obtained from potted pear plants grown under controlled conditions. Discrimination of
the different instars of C. chinensis followed the method reported by Gai et al. [22]. The
Psyllaephagus sp. used in the experiments was collected from Fangshan, Beijing, China
(39°38'25" N, 116°4’13"" E), as parasitized pear psylla nymphs, and when adult wasps
emerged, they were paired and placed into 1.5 mL centrifuge tubes. Its COI sequence can
be obtained with the accession number OP787025 in GenBank. The wasps were fed on 20%
honey water and provided with 4th- and 5th-instar nymphs of C. chinensis for oviposition.
The insect colonies were maintained in an insectarium at a 16 L:8 D photoperiod, 25 + 2 °C,
and 75 £ 5% RH.

2.2. Wasps” Host Stage Preference

To determine the optimal host life stage for parasitoid rearing, a fresh pear leaf was
inserted aslant into water agar in a Petri dish (9 cm diameter), and then the dish was
covered with a sheet of stretched parafilm that had been punctured multiple times with a
pin (diameter = 0.3 mm). In the choice test, 15 psyllid nymphs of each of the three instars
(third, fourth, and fifth) were introduced on the pear leaf in the Petri dish and allowed
to settle for one hour. Ten replications were set. A pair of newly emerged (<24 h old)
and mated Psyllaephagus sp. adults was introduced into each Petri dish and left for 24 h.
The wasps were then removed. To allow close observation of individual nymphs, all
the exposed psyllids were placed individually in 1.5 mL centrifuge tubes and held until
they molted to adults, died, or parasitoids emerged. We then calculated the pear psyllids’
mummies as the parasitism number for each psyllid instar.

In a no-choice test, groups of 40 psyllids of each of the three nymphal instars were
placed on pear leaves in the Petri dish, with instar groups in separate Petri dishes. Then, a
pair of newly emerged (<24 h) and mated wasps was introduced into the Petri dish and left
for 24 h. From this point on, the procedures for post-exposure observations were the same
as described above for the choice test. This experiment was replicated 10 times.
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Both experiments were carried out in an incubator at 16 L:8 D photoperiod, 25 £ 2 °C,
and 75 £ 5% RH.

2.3. Developmental Duration and Fecundity of Psyllaephagus sp.

To measure the life stage duration of Psyllaephagus sp., one potted pear seedling
(3 months old) bearing 300 4th instar psyllids was put in a cage (30 cm x 30 cm x 40 cm),
and then 10 pairs of Psyllaephagus sp. were introduced into the cage for 24 h to initiate a
single large cohort of parasitoid offspring. Thereafter, we dissected 10 or more parasitized
psyllids daily under a stereoscopic microscope. All parasitoid immature stages seen in
these host dissections were classified to life stages, and the data was used to calculate the
duration of each immature parasitoid stage.

To measure total fecundity of Psyllaephagus sp. females, a potted pear seedling bearing
20 4th-instar nymphs was put in a cage (as above). Then a pair of newly emerged (<24 h old)
adults of Psyllaephagus sp. was introduced into the cage. The pear seedling with 4th-instar
psyllids was replaced daily until the female parasitoids had died. Honeydew excreted by
pear psyllids can supply the diet for parasitic wasps, so we did not additionally provide
honey water for the parasitic wasps. After its day of parasitoid exposure, each potted pear
was held, the nymphs on it were examined daily, and the number of psyllid mummies was
noted. Mummified psyllids were collected daily as they formed. They were then held for
parasitoid emergence. The emerging parasitoids were counted and sexed to determine the
progeny number and sex ratio. This experiment was replicated 10 times.

2.4. Influence of Supplementary Nutrition on Psyllaephagus sp. Adult Longevity

To determine an optimal concentration of honey water for feeding adult parasitoids,
newly emerged adults of Psyllaephagus sp. were put in centrifuge tubes plugged with
absorbent cotton and fed on absorbent cotton soaked with 0, 5%, 10%, or 20% honey water.
The absorbent cotton was changed daily, and parasitoids were checked daily until all had
died. Ten replicates (5 adults in each replicate) of each sex were run per treatment. During
the test, wasps were held at 25 £ 2 °C, 75 & 5% RH, and a 16:8 L:D photoperiod.

2.5. Functional Response of Psyllaephagus sp. Females to C. chinensis Nymphs

To determine the response of parasitoids to the host density, the species’ functional
response to hosts was measured. Newly emerged (1 d old) isolated female parasitoids
reared with 20% honey water were presented with either 8, 16, 24, 32, 40, 50, or 70 newly
molted 4th- or 5th-instar psyllids for 24 h, after which the females were removed. The
number of mummified Psyllaephagus sp. nymphs from each treatment was recorded for
each wasp. Since the differences in functional responses between type II and type III are
mainly the result of different parasitism rates at lower host densities, more replications at
lower host densities are recommended. Therefore, there were ten replicates for treatments
with host densities of 8 or 16, but only five for host densities of between 24 and 70.

2.6. Optimal Host/Parasitoid Ratios

To determine the effect of various host/parasitoid ratios, we placed 1, 2, or 3 pairs of
newly emerged (<24-h old) Psyllaephagus sp. wasps in Petri dishes with 20 newly molted
4th- or 5th-instar nymphs of C. chinensis for 24 h. The numbers of nymphs parasitized in
each treatment were recorded to estimate the parasitism rates for each host/parasitoid
ratio. The experiment was replicated ten times for each treatment.

2.7. Statistical Analysis

All data were checked for normality and homoscedasticity before comparison analysis.
The number of parasitized pear psyllids in the choice and no-choice tests were compared
using Kruskal-Wallis tests. The data were first subjected to a square-root transformation
because 1st- and 2nd-instar nymphs were not parasitized; 0.5 was first added to the orig-
inal data, and then the transformed total was used to analyze the host stage preference
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results [23]. Differences in the wasps’ adult longevity between different levels of supple-
mentary nutrition were analyzed using a one-way ANOVA. The least significant difference
(LSD) test was used to determine the difference among different treatments at p < 0.05.
The development period and longevity data of the parasitic wasps were analyzed with
Student’s t-test. The data were analyzed statistically with the software SPSS v21.0.

A one-way ANOVA at a significance level of p < 0.05 for mean separation was used to
detect the effect of host/parasitoid ratios on parasitism. The parasitoid search efficiency
in relation to the parasitoid density (i.e., indirect mutual interference) was estimated from

Equation (1) [24].
s H[ N } 1)

~ P N—N,

where P; is the density of Psyllaephagus sp. females, N; is the density of C. chinensis nymphs,
and N, is the number of nymphs parasitized. The searching efficiency (s) was regressed on
the logip-transformed female Psyllaephagus sp. densities using least-squares regression [23].

A two-step method was used to analyze the results of the functional response test [25].
First, a logistic regression was applied to determine the relationship between the percentage
of C. chinensis nymphs parasitized by Psyllaephagus sp. and the Psyllaephagus sp. density,
using the logistic model (Equation (2)).

N, _ exp(Py+PiNo + PNg + P;Ng)
No  1+4exp(Py+ PiNy+ P,N3 + P5N3)

@)

where N, is the number of C. chinensis nymphs parasitized; Ny is the nymphs’ density; and
Py, P1, P3, and Ps3 are the intercept, linear, quadratic, and cubic coefficients, respectively.
The type of functional response can be determined by the signs of the linear and quadratic
coefficients P; and P,, where P; = 0 indicates a type I functional response, P; < 0 indicates
a type II functional response, and a type III functional response is indicated by P; > 0
and P, < 0 [26-28]. When there was no significant difference between P; and 0, the cubic
and quadratic coefficients in Equation (2) were successively deleted until there was a
significant difference between the linear coefficient P; and 0 [28-30]. The Py, Py, P>, and
P3 values in the logistic regression model were calculated using GLM in R [31]. In this
case, a type II functional response was obtained; hence, Holling’s disc equation for a type
II functional response was fit to calculate the handling time per host T}, and the attack

constant a (Equation (3)).
aTNO
Ny = ——7+ 3
"= T4 aT,Ng ®)
where N, is the number of C. chinensis nymphs parasitized, Ny is the nymphal density, T is
the total exposure time in the experiment (1 d), and T/Tj, is the maximum number of hosts

parasitized per female and day.

3. Results
3.1. Wasps” Host Stage Preference

The results from both choice (Figure 1a) and no-choice (Figure 1b) tests show that
Psyllaephagus sp. preferred fourth- or fifth-instar psyllids to younger instars. The first- and
second-instar nymphs were not parasitized by the wasps, and parasitism on the fourth or
fifth instars was significantly higher than on the third instar, but no significant difference
occurred between fourth- and fifth-instar parasitism in the choice test (Kruskal-Wallis test,
F =42.894; df = 4.45; p < 0.001). In the no-choice test, the first- and second-instar nymphs
were also not parasitized by the wasps, and the parasitism on the third, fourth, and fifth
instars had no significant difference (Kruskal-Wallis test, F = 45.353; df = 4.45; p < 0.001).
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Figure 1. Preference of Psyllaephagus sp. to Cacopsylla chinensis among different nymphal stages.
(a) Choice test; (b) No-choice test. Black bars (£standard deviation) followed by different lowercase
letters indicate significant differences among instars (p < 0.001, Kruskal-Wallis test).

3.2. Developmental Duration and Fecundity of Psyllaephagus sp.

At 25 °C, the developmental durations of the egg, larval, and pupal stages of Psyllaeph-
agus sp. were 1.52 £ 0.06, 6.34 = 0.20, and 6.23 + 0.15 d, respectively. The developmental
duration of the immature stages combined of female and male adult wasps was 15.25 £ 0.37
and 13.57 £ 0.27 d, respectively, and the adult longevity was 22.80 + 1.41 and 18.00 & 0.97 d
for females and males, respectively. The female parasitoids had a significantly longer devel-
opmental duration and greater longevity than males (developmental duration: two-sample
t-test, t = 3.80; df = 37; p = 0.001; longevity: two-sample t-test, t = 2.93; df = 36; p < 0.05).

The lifetime fecundity of Psyllaephagus sp. females was 21.60 =+ 0.88, and their daily
oviposition pattern is shown in Figure 2. The results showed that the daily oviposition
number decreased with the increasing age of female parasitic wasps, and the numbers of
female and male progeny were 7.00 £ 0.87 and 12.90 + 0.80, respectively, with a sex ratio
(proportion female) of 0.35 &= 0.03 and an adult emergence rate of 0.92 £ 0.02.

©
1

(=2
1

N
1

Oviposition numbers (female/day)
S
1

o

o
[3,]
-
o
-
[3,]

Days
Figure 2. The daily oviposition pattern of Psyllaecphagus sp. females.

3.3. Influence of Supplementary Nutrition on Psyllaephagus sp. Adult Longevity

Supplementary nutrition in the form of honey water significantly influenced the
longevity of the wasp Psyllaephagus sp. (female: one-way ANOVA, F = 172.88; df = 3196;
p <0.001; male: F = one-way ANOVA, 218.05; df = 3196; p < 0.001) (Figure 3). When fed on
distilled water, the longevity of the wasp adults was not more than 2 days (Table 1). The
longevity of the parasitoids fed on 20% honey water was longer than those fed 5 or 10%
honey water (Table 1). Moreover, female wasps survived significantly longer than male
wasps whatever level of honey water they were fed (distilled water: two-sample t-test,
t =217, p < 0.05; 5% honey water: two-sample t-test, t = 2.68, p < 0.05; 10% honey water:
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Figure 3. Survival for (a) Psyllaephagus sp. females and (b) males fed distilled water (black line), 5%
honey water (red line), 10% honey water (green line), or 20% honey water (blue line).
Table 1. Longevity (d) of Psyllaephagus sp. female and male adults feeding on different food
(mean =+ SE).
Distilled Water 5% Honey Water 10% Honey Water 20% Honey Water
Females 1.72 £ 0.14 Da 8.44 + 0.38 Ca 15.32 + 0.74 Ba 2320 +1.12 Aa
Males 1.36 £ 0.09 Db 714 £ 0.30Cb 13.08 + 0.57 Bb 19.00 + 0.80 Ab

Different uppercase letters in the same row indicate a significant difference among foods, and different lowercase
letters in the same column indicate significant differences between genders (p < 0.05).

3.4. Functional Response of Psyllaephagus sp. Females to C. chinensis Nymphs

Since the results of the logistic regression analysis showed that there was no significant
difference between the P; value and 0 in the initial cubic-term model, the cubic term and
quadratic term in Equation (2) were gradually deleted until the linear term coefficient
showed a significant difference from 0. After calculation and deletion, the P; values in
the model were significantly less than 0 (P; = —0.015, p < 0.001). Therefore, the logistic
regression showed that the response of the parasitoid to changes in the pear psyllid density
was a Holling type II response, with the number of hosts parasitized increasing with the
host density until the parasitoid reached its maximum reproductive capacity (Figure 4).
The instantaneous attack rate (2), handling time (T}, /d), maximum daily parasitism, and
a/ Ty, of Psyllaephagus sp. females in response to C. chinensis nymphs were 0.490 & 0.094,
0.073 & 0.015, 13.660, and 6.712, respectively.

15+
°
- ° °
9 ° °
= 10 e o
3 °
I ° D
= ° °
2 ° °
£ 54 e
[e] [ ) [ ]
z o o
e o o
o o
0 * T T T 1
0 20 40 60 80
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Figure 4. Functional response of Psyllaephagus sp. to increasing host density (Holling type II response,
Na = 0.490N,/(1 + 0.036Ny); R? = 0.996; p < 0.001).
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3.5. Optimal Host/Parasitoid Ratios

When the host parasitism ratio varied, we found that the per capita parasitism de-
creased with an increase in the parasitoid number. As the number of wasps increased from
one to three (with a fixed number of hosts), the average number of hosts parasitized per
Psyllaephagus sp. female decreased significantly from 8.50 £ 0.79 to 4.60 £ 0.40. Single
adult females parasitized significantly more nymphs per capita than did females in groups
of two or three (one-way ANOVA, F = 13.18; df = 2, 27; p = 0.001). There was a signifi-
cant negative correlation between the logg searching efficiency (s) and parasitoid number
(log s = —0.4359 log P; + 0.2321) (Figure 5).
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Figure 5. Density interference of Psyllaephagus sp. females.

4. Discussion and Conclusions

The biology and behavior of parasitoids are the most complex in the animal king-
dom [32]. The information on the development, fertility, and life history of a parasitoid
is important when its field establishment, efficiency, and long-term effects in a system
need to be evaluated [33]. Our study provides information on the biology and parasitic
behavior of a new species of psyllid parasitoid, Psyllaephagus sp., which is a koinobiont
parasitoid, so that C. chinensis kept feeding and growing until mummification after par-
asitization. The total development period of Psyllaephagus sp. males and females from
parasitism to the death of adult wasps was 31 and 38 days, respectively. Mummification of
C. chinensis nymphs occurs two weeks after parasitism and only one wasp emerges from
each mummy. This species’ biology is similar to that of other parasitoids such as P. bliteus
Riek, which attacks G. brimblecombei Moore (Hemiptera: Psylloidea) [19], and Blepyrus clavi-
cornis Compere parasitizing Pseudococcus viburni Signoret [34]. The longevity of adult wasps
differed between the sexes and among the supplementary foods, which was also observed
in Blepyrus clavicornis Compere parasitizing Pseudococcus viburni Signoret. Nectar from
flowers and honeydew can be important sources of carbohydrates for psyllid parasitoids
in the field, and honey water as a supplementary food could provide the carbohydrates
used by parasitoid wasps in laboratory. Sandanayaka et al. [35] reported that Acerophagus
maculipennis (Mercet) had a similar longevity when it fed on honey and on honeydew from
P. viburni. Generally, parasitic wasps have female-biased sex ratios [36,37], but in our study,
the result of the sex ratio was male-biased with a very low proportion of female offspring,
which is similar to Neodryinus typhlocybae Ashmead [38]. Sex allocation in parasitoid wasps
is under maternal control; females develop from fertilized eggs and males develop from
unfertilized eggs [39]. Females typically manipulate the sex of their progeny according to
many factors, such as the host quality, age, and especially host size [40-44]. Environmental
factors also influence the offspring sex ratio of hymenopteran parasitoids [45]. The reason
for the low proportion of female offspring in our study may be the presence of unmated
females, because the wasp was only one pair when mated and the mated time was short.

Host preferences have proven to be important to assess the dynamics of parasitoid
interactions [46]. This study showed that there was no Psyllaephagus sp. emergence from
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first- and second-instar nymphs, and Psyllaephagus sp. prefers fourth- or fifth-instar nymphs
of C. chinensis. This may be because later instars can provide enough nutrition for the
development of parasitoid wasps, thus reducing the mortality of parasitoid wasps, which
is similar to the pattern shown by Tamarixia triozae (Burks), an ectoparasitoid of the potato
psyllid Bactericera cockerelli (Sulc) [47]. There were three possible reasons that the wasps
preferred the old stages: (1) hosts at young stages are rarely encountered by the parasitoid;
(2) it is difficult to oviposit in first- or second-instar nymphs because of their small body size;
(3) hosts at young stages as food resources are insufficient for parasitoid development [48].
The preference of Psyllaephagus sp. for older nymphs shows that releases of wasps would
have to be well-timed to ensure the presence in the field of the preferred psyllid instar.

Understanding the parasitoid functional response to its host is essential to evaluate
its efficiency [49]. The functional response of Psyllaephagus sp. was type 1l, similar to
many other parasitoids [50-54]. In contrast, the functional responses for T. triozae, Aphidius
matricariae Haliday, and Necremnus tutae Ribes and Bernardo were type III [47,53,54]. Some
have suggested that the type III functional response might be more common than reported,
due to flaws in experimental designs [55,56]. Because the parasitoids are limited to a
single space for the entire experimental period and forced to revisit the parasitized hosts in
laboratory experiments, type II functional response was more likely to appear. In contrast,
under natural conditions, parasitoids often cannot find enough hosts available, and the
parasitoids showed a type III functional response [57]. Holling [58] suggested that the use
of functional response studies was better to understand predator-prey dynamics compared
to parasitism-capacity indices. Now, the type of functional response is not considered a
very good predictor of a novel natural enemy [59]. In laboratory conditions, many factors
can influence the response of a bioagent, especially small arenas that cannot represent the
field conditions; therefore, the exact searching abilities may not be assessed. In spite of
this, the consequence of functional response experiments cannot be ignored; at least, its
potential to reduce pest populations can be obtained by estimating the attack rate and
the handling time as long as factors such as the host age/size [60], parasitoid age [58],
temperature [61], and experimental conditions [62] are controlled. However, the other
model parameters of natural enemies should also be investigated to access the overall
biocontrol potential of the natural enemies better [63]. The effects of mutual interference on
the search efficiency of parasitoid wasps were more prominent when multiple female wasps
were restricted. Our results showed that the female Psyllaephagus sp.’s search efficiency
was significantly reduced when the parasitoid density was more than one. The results
of our study on the female Psyllaephagus sp. were consistent with the results of T. triozae
previously reported [47]. The functional response and mutual interference of Psyllaephagus
sp. indicate that releases of wasps would have to have the proper density to ensure a higher
parasitism rate in the field.

The findings of the present study provide insights into the potential value of Psyllaeph-
agus sp. for biological control of C. chinensis in pear orchards, and the details provided
should help optimize mass rearing schemes for this species.
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