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Keywords: Oobius primorskyensis Yao and Duan (Hymenoptera: Encyrtidae) is a recently described egg parasitoid of the emerald
Biological control ash borer (EAB), Agrilus planipennis Fairmaire, from the Russian Far East. To support the potential introduction of this
Host range new parasitoid for biocontrol of EAB in North America, we surveyed EAB eggs on infested green ash (Fraxinus
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pennsylvanica Marsh) trees in the Russian Far East and documented the rate of EAB egg parasitism by O. pri-
morskyensis. After establishing quarantine colonies of O. primorskyensis in the United States, we tested the parasitoid
against eggs of 30 taxa of insects, mostly native North American wood-boring beetles in the families Buprestidae and
Cerambycidae plus one unidentified weevil, one predatory coccinellid, one pentatomid and one moth. Field ob-
servations showed that EAB egg parasitism rate ranged from 23 to 44% in the Russian Far East and O. primorskyensis
was the only egg parasitoid recovered from the parasitized eggs collected there. Quarantine testing showed that O.
primorskyensis attacked seven out of nine Agrilus species, but not any of the other non-target species tested. Percentage
parasitism of A. anxius (40%) and A. cephalicus (30%) was comparable to parasitism of their corresponding EAB
(positive) control (29-30%). However, percentage parasitism of the other five attacked species (A. bilineatus, A.
egenus, A. fallax, A. macer, and A. oblongus) were significantly less (4-17%) than for the EAB control (60-90%). These
results indicate that the host specificity of O. primorskyensis may be limited to species phylogenetically closely related
to EAB, such as those in the genus Agrilus. Additional testing is needed to determine whether the eggs of other
buprestid genera are utilized by the species as well.
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1. Introduction

Invasion by non-native insects, often associated with the rapidly
expanding global economy, poses one of the greatest threats to the
ecological sustainability of agriculture and forest ecosystems
throughout the world (Pimentel, 1986; Aukema et al., 2010; Boyd et al.,
2013). Classical biological control, involving the introduction and es-
tablishment of co-evolved natural enemies (predators, parasitoids, or
pathogens) from the invasive pest’s native range, has long been used for
sustainable management of invasive insect pests in both agriculture and
forest ecosystems (e.g., in van den Bosch et al., 1982; van Driesche
et al., 2010). Successful development of a classical biocontrol program
against the invasive pest requires information on host specificity as well
as the target-impact of the potential agents (or associated natural
enemies) in the pest’s native range (Follett and Duan, 2000; van
Lenteren and Loomans, 2006; van Driesche and Hoddle, 2017).

The emerald ash borer (EAB), Agrilus planipennis Fairmaire
(Coleoptera: Buprestidae), accidentally introduced from northeastern
Asia during the 1990s, has become a serious invasive forest pest since it
was first discovered as the cause of ash (Fraxinus spp.) tree mortality in
southeast Michigan, USA and nearby Ontario, Canada in 2002 (Haack
et al., 2002; Herms and McCullough, 2014). This invasive phloem-
feeding beetle has now spread to 35 states in the USA and three pro-
vinces in Canada, continuing to degrade and damage ash-dominant
forest ecosystems of North America (Jennings et al., 2017; Emerald Ash
Borer Information, 2018; CFIA, 2018). Shortly after the detection of
EAB in North America, a classical biological control program was in-
itiated by the U.S. Department of Agriculture against this invasive
wood-boring beetle (Bauer et al., 2008). This program led to the in-
troduction of three species of hymenopteran parasitoids from northeast
China in 2007 and one additional species from the Russian Far East in
2015 (Federal Register, 2007, 2015). The three biocontrol agents from
China included the egg parasitoid Oobius agrili Zhang and Huang (En-
cyrtidae) and two larval parasitoids Tetrastichus planipennisi Yang (Eu-
lophidae) and Spathius agrili Yang (Braconidae). The introduced agent
from the Russian Far East is Spathius galinae Belokobylskij & Strazanac
(Hymenoptera: Braconidae).

In many regions of the United States, the three Chinese biocontrol
agents are recovered from EAB larvae or eggs one year after release,
indicating successful reproduction and overwintering in the target host
(see reviews in Bauer et al., 2015; Duan et al., 2018). However, only O.
agrili and T. planipennisi are consistently recovered two or more years
after the last release, and these two species are now considered estab-
lished and spreading naturally beyond their initial release sites
(Jennings et al., 2016; Mapbiocontrol, 2018; Duan et al., 2018). Re-
leases of S. galinae began in 2015, and it is too soon to confirm its
establishment. Recent field studies have shown that the larval para-
sitoid T. planipennisi plays a significant role in protecting ash saplings
and smaller trees (DBH < 12cm) in aftermath forests in Michigan
(Duan et al., 2015a, 2017). However, the ability of T. planipennisi to
attack EAB larvae in large ash trees (DBH > 15cm) is limited by its
short ovipositor (Abell et al., 2014). Larval parasitoids with longer
ovipositors such as S. galinae or egg parasitoids such as O. agrili are
needed to protect growing and surviving large ash trees from EAB.
Unfortunately, parasitism rates by the egg parasitoid O. agrili are vari-
able among different released areas (1-32%) and its role in reducing
EAB population growth requires further evaluation (Abell et al., 2014;
Davidson and Rieske, 2016; Duan et al., 2018).

The encyrtid wasp Oobius primorskyensis Yao and Duan
(Hymenoptera: Encyrtidae), is a recently described egg parasitoid of A.
planipennis that is known from the Russian Far East as well as South
Korea (Yao et al., 2016, 2018). In Russia, O. primorskyensis exhibits
obligatory diapause behavior in response to a shortage of host eggs and
in order to overwinter (Yao et al., 2016). This diapause behavior is
apparently different from that of its congener O. agrili, which is pri-
marily induced by short-day photoperiod (Hoban et al., 2016; Larson
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and Duan, 2016). If successfully introduced to North America, O. pri-
morskyensis may have the potential to complement the current EAB
biocontrol program because it has a geographic distribution and dia-
pause behavior different than O. agrili.

Prior to this research we had little information on O. primorskyensis
potential impact on EAB populations in its native range, and the only
information available to predict the species’ impact and host range
came from the limited data on field parasitism and host records of the
congener O. agrili (as reported in USDA APHIS, 2007; Liu et al., 2007).
However, predicting a parasitoid’s impact and host range based on
parasitism rate and host records of related congeners has been notor-
iously unreliable and is not considered an acceptable approach for both
target and non-target impact assessments (Follett and Duan, 2000;
Desneux et al., 2009).

To support both target and nontarget impact assessments for po-
tential introduction of O. primorskyensis against EAB in North America,
we surveyed EAB eggs on infested green ash (Fraxinus pennsylvanica
Marsh) trees in the Russian Far East and documented the rate of EAB
egg parasitism by O. primorskyensis. After having established quarantine
colonies of O. primorskyensis in the U.S., we tested the parasitoid against
eggs of 30 species of insects, mostly native North American wood-
boring beetles in the families Buprestidae and Cerambycidae.

’

2. Materials and methods
2.1. Field survey of EAB egg parasitism in the Russian Far East

Surveys of EAB eggs and associated parasitoids were conducted on
infested green ash trees (F. pennsylvanica Marsh.) at two different sites
in the Primorsky Kray of the Russian Federation in the fall (September)
of both 2010 and of 2012, respectively. The first site was a natural
forest in the Vladivostok area (43°05 N; 131°57 E) while the second site
was also a natural forest in the Vozdvizhenka area (43.°56 N, 131°55 E).
At both sites, three to five green ash trees (diameters at breast
height = 8-21 cm) with apparent symptoms of EAB infestations (crown
declining, bark-splits, and D-shaped exit holes) were felled and the
main trunk of each felled-tree was cut into meter-long logs prior to
searching for EAB eggs.

To search for EAB eggs, flakes of bark on the meter-long logs from
the trunks of the trees were gently removed with a utility knife and
exposed EAB eggs were collected with a small brush and placed into
1.5 ml Eppendorf® snap-cap tubes. Depending upon the size (diameter)
of the log and bark textures, an observer spent 15-60 min on each log
searching for EAB eggs. All collected EAB eggs were later examined in
the laboratory for parasitism under a stereomicroscope (2 — 3X mag-
nification). EAB eggs with a yellowish or golden appearance and con-
taining frass from hatched-neonate larvae were classified as un-
parasitized eggs, while parasitized EAB eggs with a darkened
appearance were easily recognized. Parasitized EAB eggs were further
classified into two categories: old parasitized eggs, each with a small
adult parasitoid exit hole on the top of the egg, and viable (over-
wintering) parasitized eggs with no parasitoid exit holes, each con-
taining a diapausing parasitoid larva.

The viable parasitized EAB eggs (with no parasitoid exit holes)
collected in both 2010 and 2012 were hand-carried to the quarantine
laboratory at the Beneficial Insects Introduction Research Unit (BIIRU)
of the U.S. Department of Agriculture (USDA), Agricultural Research
Service (Newark, Delaware) within seven days by JJD via commercial
flights under the USDA APHIS PPQ permit (#P526P-10-01043). Upon
arrival at the BIIRU quarantine laboratory, all the parasitized eggs were
placed inside ventilated 1.5 ml micro-centrifuge tubes and stored in a
1.7 °C refrigerator for approximately 6 months (to break diapause) be-
fore they were incubated for adult emergence in a growth chamber
under normal rearing conditions (25 * 1.5°C, 65 + 10% RH and
16:8h L:D photoperiod). EAB egg parasitism rates were calculated as
the proportion of parasitized eggs (including both old and viable ones)
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relative to the total number of eggs collected from all the ash logs at
each location. Adult parasitoids recovered from rearing in the labora-
tory were later described as the new species O. primorskyensis (Yao
et al., 2016). Holotype specimens of O. primorskyensis were deposited at
the Smithsonian National Museum of Natural History (Washington DC,
USA) (Yao et al., 2016). The remaining paratype specimens were de-
posited at the USDA ARS BIIRU (Newark, Delaware, USA).

2.2. Quarantine host specificity testing

2.2.1. Parasitoid colony

Adults of O. primorskyensis used for host specificity testing at the
USDA ARS BIIRU were the F3 ;5 progeny of a founder colony collected
in 2010 in the Russian Far East region near Vladivostok, which started
with several F, individuals and had since been reared with EAB eggs
(Larson and Duan, 2016). Before testing, naive adult parasitoids were
contained in 250 ml screw-cap jars (5-20 parasitoids per jar; Tri-State
Plastics, Latonia, KY, USA) and maintained in environmental chambers
(Percival Scientific, Perry, Iowa) at 25 ( = 1) °C, with 65 * 10% RH
and 16:8 (L:D) hr. photoperiod. To provide the wasps with a source of
food and water, thin streaks of non-diluted clover honey were applied
to the inside wall of each jar with an insect pin.

2.2.2. Nontarget insects

To select non-target insects for host specificity testing with O. pri-
morskyensis, we first considered phylogenetic affinities of the non-target
species to EAB starting with the closely related taxa (e.g., Agrilus spp. in
the family Buprestidae) to distantly related ones (e.g., wood-boring
species in the family Cerambycidae and Curculionidae) within the order
Coleoptera (Arnett, 1985; Evans et al., 2015). Secondly, we also con-
sidered similarities in oviposition behaviors between non-target insects
and EAB so that O. primorskyensis was presented with a range of non-
target insect eggs irrespective of relatedness to EAB. However, we point
out that the centrifugal phylogenetic approach commonly used for

Table 1
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selection of plants for testing host specificity of herbivorous insects
(Wapshere, 1974) could not be strictly followed in our study due to the
difficulty in finding adults and/or eggs of many insect species. A total of
30 non-target taxa belonging to three orders and six families were se-
lected for testing. Two taxa outside the order Coleoptera, Halyomorpha
halys Stal (Hemiptera: Pentatomidae) and Heliothis virescens (Fabricius)
(Lepidoptera: Noctuidae) were included as negative controls in addition
to a predatory ladybird beetle, Coleomegilla maculata (Coleoptera:
Coccinellidae). All three of these species lay eggs on the surfaces of
plant substrates. The remaining 27 species were species of wood-boring
beetles (Coleoptera) belonging to the families Buprestidae, Cer-
ambycidae, and Curculionidae. All of these species lay eggs under the
bark or bark crevices (typically a few millimeters in depth) of their host
plants. Of the wood-boring beetles, nine species were in the genus
Agrilus (not including the target pest), and were thus closely related to
the EAB. In addition, an unidentified species of weevil (Curculionidae)
collected from honey locust was tested. Detailed information on the
host plants, collection localities, and oviposition habitats for these non-
target wood borers are presented in Table 1.

Eggs of all the wood-boring beetles in the family Buprestidae,
Cerambycidae, and Curculionidae (except Agrilus macer) were freshly
laid (< 7 days old) by field-collected adult beetles under laboratory
conditions (20-25 °C, viable humidity and a photoperiod of 16:8h L:D).
Eggs from most of these nontarget beetles were laid either on their host
plant logs (15-22 cm long, 1.5-3.5 cm in diameter) wrapped with cur-
ling ribbon (0.5 cm width X 15-25 cm long) or on coffee filter papers
according to methods described in Duan et al. (2011, 2013a) and Gould
et al. (2018). However, some longhorned beetles such as Anoplophora
glabripennis lay their eggs in pits in the stems of host plants, so host
plant logs were not wrapped with curling ribbon for their oviposition.
Egg masses of A. macer (unknown age) (laid on the bark surface) were
collected in mid-June of 2017 by cutting off pieces of bark (1.5cm
width x 3 ¢cm long) with a utility knife directly from the main trunk of
hackberry trees (Celtis laevigata Willd.) and tested at USDA ARS BIIRU

Non-target taxa, their host plants and location of collections for testing with Oobius primorskyensis.

Test species Order/Family Host Plant Location of Collections Oviposition Habitat
Agrilus anxius Coleoptera: Buprestidae Birch Newark, DE Bark crevice
Agrilus bilineatus Coleoptera: Buprestidae Red Oak Newark, DE Bark crevice
Agrilus cephalicus Coleoptera: Buprestidae Dogwood Wilmington, DE Bark crevice
Agrilus egenus Coleoptera: Buprestidae Freesia Newark, DE Bark crevice
Agrilus difficilis Coleoptera: Buprestidae Honey Locust Newark, DE Bark crevice
Agrilus fallax Coleoptera: Buprestidae Honey Locust Newark, DE Bark crevice
Agrilus macer Coleoptera: Buprestidae Hackberry South Carolina Exposed

Agrilus oblongus Coleoptera: Buprestidae Hackberry Newark, DE Bark crevice
Agrilus celti Coleoptera: Buprestidae Hackberry Newark, DE Bark crevice
Agrilus planipennis Coleoptera: Buprestidae Ash ARS-BIIRU Bark crevice
Aegomorphus modestus Coleoptera: Cerambycidae Birch/maple southeastern MA Pits in Bark
Analeptura lineola Coleoptera: Cerambycidae Birch southeastern MA Under ribbon
Anoplophora glabripennis Coleoptera: Cerambycidae Maple ARS-BIIRU Under bark
Anelaphus villosus Coleoptera: Cerambycidae Maple southeastern MA Under ribbon/on twig
Cyrtophorous verrucosus Coleoptera: Cerambycidae Red Oak southeastern MA under ribbon, coffee filter
Elaphidion mucronatum Coleoptera: Cerambycidae Maple Newark, DE under ribbon, coffee filter
Gaurotes cyanipennis Coleoptera: Cerambycidae Sumac/dogwood southeastern MA under ribbon
Judolia cordifera Coleoptera: Cerambycidae Unknown southeastern MA coffee filter
Megacyllene robiniae Coleoptera: Cerambycidae Black Locust Newark, DE Under bark
Monochamus scuttelatus Coleoptera: Cerambycidae White Pine southeastern MA Pits in Bark
Neoclytus acuminatus Coleoptera: Cerambycidae Ash Newark, DE Under bark
Neoclytus scutellaris Coleoptera: Cerambycidae Hickory/hackberry Newark, DE Under bark
Phymatodes aureus Coleoptera: Cerambycidae Dead oak southeastern MA coffee filter
Phymatodes testaceus Coleoptera: Cerambycidae Oak bark southeastern MA coffee filter
Tilloclytus geminatus Coleoptera: Cerambycidae Oak Newark, DE Under bark
Graphisurus fasciatus Coleoptera: Cerambycidae Maple Newark, DE Under bark
Xylotrechus colonus Coleoptera: Cerambycidae Oak Newark, DE Under bark
Unidentified weevil Coleoptera: Curculionidae Ash Newark, DE Bark crevice
Coleomegilla maculata Coleoptera: Coccinellidae N/A ARS-Beltsville Exposed
Halyomorpha halys Hemiptera: Pentatomidae Produce ARS-BIIRU Exposed

Heliothis virescens Lepidoptera: Noctuidae Tobacco ARS-BIIRU Exposed
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Table 2
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Taxa of non-target wood boring insects used in host specificity tests, number of replications and test eggs, and parasitism rate by the potential biological control agent
Oobius primorskyensis. The target pest, Agrilus planipennis, was used in each paired test as a positive control (see text for explanation).

Test ID Test Taxa No. trials or No. test No. test eggs exposed % Trials producing % Egg parasitism Likelihood-Ratio  P-value®
replicates parasitoids to parasitoids parasitism” (Mean + SE)° x>

1 Agrilus anxius 20 31 21 40.0 40.0 = 11.2 0.441 0.5068
Agrilus planipennis 20 31 21 30.0 30.0 = 10.5

2 Agrilus bilineatus 20 36 25 5.00 5.00 = 5.00 13.403 0.0003
Agrilus planipennis 20 36 25 55.0 55.0 = 11.4

3 Agrilus cephalicus 20 37 24 30.0 28.8 = 10.1 0.205 0.6504
Agrilus planipennis 20 32 24 36.8 36.8 = 11.4

4 Agrilus egenus 20 20 20 10.0 10.0 = 6.90 22.44 < 0.0001
Agrilus planipennis 20 20 20 85.0 85.0 + 8.20

5 Agrilus difficilis 16 16 16 0.00 0.00 = 0.00 7.863 0.005
Agrilus planipennis 16 16 16 31.3 31.3 = 12.0

6 Agrilus fallax 17 17 42 11.8 7.80 = 6.10 15.793 0.0004
Agrilus planipennis 17 17 39 76.5 70.1 = 10.6

7 Agrilus macer 12 21 177 25.0 16.8 = 9.20 18.259 < 0.0001
Agrilus planipennis 12 24 196 100 90.0 = 2.10

8 Agrilus oblongus 20 20 27 15.0 15.0 = 8.20 9.069 0.0026
Agrilus planipennis 20 20 34 60.0 54.0 = 10.5

9 Agrilus celti 6 6 6 0.00 0.00 = 0.00 5.439 0.0197
Agrilus planipennis 11 11 11 45.5 45.5 + 15.7

10 Aegomorphus 10 10 10 0.00 0.00 = 0.00 8.63 0.0033
modestus
Agrilus planipennis 10 10 10 50.0 50.0 = 16.7

11 Analeptura lineola 28 36 36 0.00 0.00 = 0.00 21.779 < 0.0001
Agrilus planipennis 14 14 16 57.1 57.1 = 13.7

12 Anoplophora 20 20 20 0.00 0.00 = 0.00 29.92 < 0.0001
glabripennis
Agrilus planipennis 15 15 15 80.00 80.0 + 10.7

13 Anelaphus villosus 20 20 20 0.00 0.00 + 0.00 7.648 0.0057
Agrilus planipennis 20 20 20 25.0 25.0 + 9.90

14 Cyrtophorous 18 18 18 0.00 0.00 + 0.00 7.863 0.005
verrucosus
Agrilus planipennis 16 16 16 31.25 31.3 + 12.0

15 Elaphidion 20 20 20 0.00 0.00 + 0.00 9.382 0.0022
mucronatum
Agrilus planipennis 20 20 20 30.0 30.0 + 10.5

16 Gaurotes cyanipennis 5 5 5 0.00 0.00 + 0.00 5.487 0.0192
Agrilus planipennis 5 5 5 60.0 60.0 + 24.5

17 Judolia cordifera 20 20 20 0.00 0.00 + 0.00 13.112 0.0003
Agrilus planipennis 20 20 20 40.0 40.0 + 11.2

18 Megacyllene robiniae 20 20 20 0.00 0.0 + 0.0 33.825 < 0.0001
Agrilus planipennis 20 20 20 80.0 80.0 + 9.20

19 Monochamus 5 9 5 0.00 0.00 + 0.00 6.733 0.0095
scuttelatus
Agrilus planipennis 5 10 5 60.0 60.0 + 16.3

20 Neoclytus acuminatus 29 29 29 0.00 0.00 + 0.00 41.117 < 0.0001
Agrilus planipennis 29 29 29 82.61 82.6 + 8.1

21 Neoclytus scuttelaris 20 20 20 0.00 0.00 + 0.00 21.497 < 0.0001
Agrilus planipennis 20 20 20 60.0 60.0 + 11.2

22 Phymatodes aureus 6 6 6 0.00 0.00 + 0.00 12.636 < 0.0001
Agrilus planipennis 6 6 6 100 100 + 0.00

23 Phymatodes testaceus 20 20 20 0.00 0.00 + 0.00 9.382 0.0022
Agrilus planipennis 20 20 20 30.0 30.0 + 10.5

24 Tilloclytus geminatus 10 17 10 0.00 0.00 + 0.00 4.691 0.0303
Agrilus planipennis 10 15 10 30.0 30.0 + 15.3

25 Graphisurus fasciatus 5 10 5 0.00 0.00 + 0.00 5.487 0.0192
Agrilus planipennis 5 10 5 60.0 60.0 + 24.5

26 Xylotrechus colonus 30 33 31 0.00 0.00 + 0.00 25.891 < 0.0001
Agrilus planipennis 30 33 32 50.0 50.0 + 9.30

27 Unidentifed sp. 23 23 119 0.00 0.00 + 0.00 24.669 < 0.0001
Agrilus planipennis 24 24 121 58.3 54.8 + 9.8

28 Coleomegilla 20 20 22 0.00 0.00 + 0.00 24.549 < 0.0001
maculata
Agrilus planipennis 20 20 29 65.0 65.0 + 10.9

29 Halyomorpha halys 20 20 20 0.00 0.0 0 + 0.00 15.128 0.0001
Agrilus planipennis 20 20 24 45.0 45.0 + 11.4

30 Heliothis virescens 20 20 20 0.00 0.00 + 0.00 21.949 < 0.0001
Agrilus planipennis 29 20 20 60.0 60.0 + 11.2

@ Proportion of replicated trials producing parasitism in each test taxon was compared with that in positive (EAB) control with likelihood ratio Chi-square (Y?)

tests.

" For each test taxon, percentage parasitism rate was calculated for each trail and then used for calculation of the mean percentage parasitism and standard error
(SE) across the replicated trials.
© X2 values and type I error rates from likelihood ratio Chi-square (X?) tests on the proportion of replicated trials producing parasitism in each test taxon against

that in positive (EAB) control.

47



J.J. Duan et al.

quarantine laboratory within 3 days of field collection.

2.2.3. Testing procedures

All trials were conducted under standard laboratory rearing condi-
tions [25 * 1.5 °C; photoperiod of 16:8h L:D] for O. primorskyensis as
described in Larson and Duan (2016). Trials with different groups or
taxa of non-target insects had to be conducted with different genera-
tions of O. primorskyensis at different times over a five and half year
period (2013-2017) due to the logistical challenges of obtaining non-
target species for testing. To control variation among trials with dif-
ferent taxa conducted at different times, the target host EAB eggs were
included (or paired) as a positive control for each replicated trial of the
test with a non-target taxon. Trials with the same non-target taxon and
its positive EAB controls were conducted at the same time and normally
completed in the same year.

Each test arena consisted of a clear screwcap vial (12cm
long X 1 cm in diameter, Tri-State Plastics, Latonia, KY, USA). Four or
five thin streaks of non-diluted clover honey were applied to the inside
of the vial wall with an insect pin as a food and water source for test
parasitoids. For the non-target species laying individual eggs that were
easily separated from each other, one or two test eggs (on pieces of their
host tree bark, ~5mm long X 5mm width X < 1mm thick) were
presented to the same number of gravid naive female parasitoids in
each test arena (or replicate). In tests with A. macer, which lays eggs in
tightly compacted masses, the entire egg mass (consisting of 12-17
eggs) on the surface of host tree bark (=10mm long X 5mm
width X 1 mm thick) was exposed to two gravid naive female para-
sitoids. Throughout the study, the number of EAB eggs used as the
positive control for each test were comparable to that of the tested
nontarget species. The parasitoid exposure time was five days for all
tests; the parasitoid-to-host ratio was approximately 1:1 for tests with
the non-target species laying individual eggs and approximately 1:9 for
tests with A. macer egg masses. Following the 5-day exposure to para-
sitoids, eggs of both EAB and non-target insects were reared for ap-
proximately six weeks under standard rearing laboratory conditions
described earlier. By then, O. primorskyensis would have emerged as
adults or diapaused as mature larvae in parasitized host eggs (Larson
and Duan, 2016). Test eggs that died without yielding parasitoids were
dissected to see if aborted parasitism had occurred (e.g., presence of
parasitoid larval cadavers).

2.3. Data analysis

Throughout the study, a few test eggs of both EAB and non-target
insects (< 5% of the exposed eggs) did not hatch, but showed no evi-
dence of parasitism (i.e., containing no parasitoid cadavers). Those
“unhatched” eggs were excluded from data analysis because their via-
bility could not be confirmed. For tests with each taxon of nontarget
insects, likelihood Chi-square tests were used to compare the propor-
tion of replicated trials producing parasitism in the non-target taxon
against that in positive (EAB) control (SAS Institute Inc., 2012). We did
not statistically compare levels of parasitism between EAB and the non-
target taxon mainly because some trials consisted of more than one test
eggs and would violate the “independence” assumption of Chi-square
tests. However, percentage parasitism rate was calculated for each trail
and then used for calculation of the mean percentage parasitism and
standard error (SE) across the replicated trials for each test taxon.

3. Results
3.1. Field EAB egg parasitism in the Russian Far East

A total of 131 and 50 EAB eggs were collected from infested ash
trees in the Vladivostok area in 2010 and in the Vozdvizhenka area in

2012, respectively. Of the collected EAB eggs in the Vladivostok area,
approximately 23% showed evidence of parasitism (dark in color);
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among the parasitized eggs, 66.7% had small adult wasp exit holes on
the top or outward egg shell (n = 20) and 33.3% contained mature
parasitoid larvae (n = 10). In contrast, approximately 44% of EAB eggs
in the Vozdvizhenka area were parasitized; among the parasitized eggs,
22.7% (n = 5) had adult parasitoid exit holes and 77.3% (n = 17)
contained mature parasitoid larvae. In both regions, O. primorskyensis
was the only egg parasitoid reared from the parasitized EAB eggs in the
Russian Far East.

3.2. Quarantine testing with non-target insects

Among all the non-target taxa tested, O. primorskyensis attacked
seven out of nine Agrilus species (Table 2). The proportion of the trials
producing parasitism by O. primorskyensis in two of the attacked spe-
cies, A. anxius (40%) and A. cephalicus (30%) were comparable to that
of their corresponding EAB (positive) control (29-37%) (Likelihood
Chi-square tests, P = 0.5068 and 0.6504, respectively). However, the
proportions of trials producing parasitism in the other five attacked
Agrilus species (A. bilineatus, A. egenus, A. fallax, A. macer, and A. ob-
longus) were significantly less (4-17%) than those of trials with their
respective EAB control (60-90%). Finally, no parasitism of A. celti, A.
difficilis or any of the non-buprestid taxa was observed in these trials
compared to 25-100% of EAB positive controls being parasitized
(likelihood Chi-square tests, P < 0.05 for all tests with negative re-
sponses).

4. Discussion

Our field survey at two different sites in the Primorsky Krai region
of Russian Federation revealed 23-44% of EAB egg parasitism rate with
O. primorskyensis being the only parasitoid recovered from parasitized
EAB eggs in the region. However, the difference in parasitism rate be-
tween the two locations (Vladivostok vs Vozdvizhenka area) could have
resulted from different years of sampling, geographic range (~ 85 km
apart) variation or both. Expanded field surveys to include more loca-
tions in the same year and the same locations in multiple years are
needed to quantify both temporal and spatial variations in EAB egg
parasitism by O. primorskyensis in this part of EAB’s native range.

Previous field studies in Northeast China showed that EAB egg
parasitism rates by the congener egg parasitoid O. agrili varied sig-
nificantly among different years and locations from 12 to 62% (Liu
et al., 2007; Wang et al., 2016). In fact, O. agrili is the only EAB egg
parasitoid collected consistently in Jilin and Liaoning provinces of
Northeast China. It is currently not known if the distribution of both O.
agrili and O. primorskyensis overlap in Northeast Asia. However, recent
laboratory studies reveal that O. primorskyensis diapause is obligatory or
“pre-programed” in response to seasonal shortage of host eggs in the
late summer, fall and winter. In contrast, O. agrili has evolved a fa-
cultative diapause, which is primarily induced by short-day photo-
period (Hoban et al., 2016). The difference in diapause behaviors be-
tween these two egg parasitoid species may in fact result in different
phenology to synchronize with EAB oviposition in both their native or
newly introduced regions. In addition, findings from our limited field
surveys suggest that O. primorskyensis has the potential to inflict levels
of EAB egg mortality comparable to that by O. agrili. Together, we
suggest that the current EAB biocontrol programs may potentially
benefit from the introduction of O. primorskyensis for protection of ash
resources in North America.

Our quarantine testing with 30 taxa of nontarget insects, mostly
native North American wood-boring insects in the family Buprestidae
or Cerambycidae, showed that only Agrilius (seven out of nine) species
are attacked by O. primorskyensis, with five of them being attacked
significantly less than and two at the level of parasitism comparable to
EAB. It is possible that O. primorskyensis may be restricted to the non-
target species in the family Buprestidae, but further testing with eggs
from other buprestid genera is needed to more fully understand the host
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specificity of O. primorskyensis. However, the fact that O. primorskyensis
rejected all non-buprestid eggs in this study suggests that future host-
range testing need not include additional taxa outside this family.
Furthermore, we point out that laboratory host range testing can only
be conducted at very limited spatial and temporal scales and often lacks
the real ecological context. Therefore, there are always uncertainties
associated with laboratory host range studies even if every single re-
levant non-target species is tested with the concerned biocontrol agent.
Sound non-target risk assessment protocols need to factor in these un-
certainties associated with the laboratory host range results.

Throughout the study, we noted a wide range of variation in EAB
egg parasitism rates (25-100%) across tests with different non-target
species, which were conducted over a period of five years (2013-2017)
due to logistical challenges associated with collecting and rearing many
non-target species. Currently, we do not know what has caused the
large variation in EAB egg parasitism rates across tests with different
non-target species. We speculate that variations in the quality of EAB
eggs and/or parasitoids reared across the five-year study period for
different tests may have contributed to the variation in EAB parasitism
rates. As we used the “pair-wise” design of having separate EAB treat-
ment alongside each test taxon for each trial, variations across different
trials should have been accounted for and not greatly reduced our
statistical power to detect the difference in parasitism rates between
EAB and the tested non-target taxon.

Host-specificity testing with the EAB egg parasitoid O. agrili, as well
as the larval parasitoids S. galinae, S. agrili, and T. planipennisi, suggests
that the host ranges of these introduced Asiatic EAB parasitoids are
limited to species closely related to EAB (Yang et al., 2008; Duan et al.,
2015b; Federal Register, 2007, 2015). For example, T. planipennisi, a
koinobiont endoparasitoid of EAB larvae, did not attack any of the 14
species of tested non-target insects including five species of Agrilus
(Bauer et al., 2015), while the other three introduced idobionts, — O.
agrili, S. agrili, and S. galinae — did attack some Asian and North
American species of Agrilus, but not any other non-Agrilus beetles
(Bauer et al., 2015; Duan et al., 2018). In addition, none of these three
introduced EAB parasitoids attacked non-buprestid beetles in previous
studies (Yang et al., 2008; Bauer et al., 2015; Duan et al., 2018). The
predicted non-target impact from introduction of these Asiatic para-
sitoids including O. primorskyensis for EAB biocontrol would be limited
to the potential use of some non-target Agrilus species as alternative
hosts in North America.

There are approximately 3000 species of Agrilus worldwide, with
about 175 species in the United States (Bellamy, 2008; Nelson et al.,
2008). Based on the results of our host range testing, it is possible that
O. primorskyensis, like the previously introduced O. agrili (as well as S.
agrili and S. galinae), may use some non-target Agrilus species as alter-
native hosts in North America under conditions that mostly favor
parasitism — e.g. the low presence of EAB hosts in the aftermath of an
EAB outbreak. A recent analysis of the non-target impacts of introduced
arthropod biocontrol agents showed that the potential to use the non-
target species as alternative hosts under field conditions does not lead
to the population level impact on the nontarget species in a majority of
cases and causes no significant harm to the susceptible nontarget spe-
cies (van Driesche and Hoddle, 2017). To date, field surveys of non-
target insects associated with ash trees following field releases of in-
troduced EAB parasitoids in Michigan and Maryland have found no
evidence of attack on ash-associated non-target insects from any of
these previously introduced parasitoids (Duan et al., 2013b; Jennings
et al., 2016, 2017; Duan et al., 2017). So far, however, no surveys of
non-target insects associated with non-ash tree species have been con-
ducted.

In addition, the possibility of risk from the introduction of O. pri-
morskyensis to the non-target Agrilus species in North America needs to
be balanced against the potential benefit that could result from suc-
cessful biological control of the emerald ash borer. EAB is decimating
ash forests throughout eastern North America and continues to expand
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into new areas. Successful control of EAB in North America is clearly
urgent and there is a tremendous potential for both economic and
ecological benefits (Kovacs et al., 2010; Duan et al., 2018). Classical
biological control via successful introduction and establishment of EAB
parasitoids from Northeast Asia, the pest’s native range, is one of the
most sustainable and promising EAB management options that needs to
be seriously considered. Unlike small larval parasitoids, which can only
provide protection to small thin-barked trees (Abell et al., 2012)., egg
parasitoids such as O. primorskyensis, as well as O. agrili, can effectively
reduce the pest load regardless of tree size. An informative risk as-
sessment and/or cost-benefit analysis based on the present study on the
host range of O. primorskyensis and the potential benefit of the EAB
biocontrol program is needed prior to potential introduction of this egg
parasitoid for biological control of EAB in North America.
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