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Abstract

The effects of associative learning of plant chemicals on host-searching behavior in Ascogaster reticulata Watanabe,
an egg-larval parasitoid of the smaller tea tortrix, Adoxophyes honmai Yasuda, were investigated. Learned responses
of conditioned and non-conditioned plant species were examined by a two-choice assay. Before the two-choice assays,
females were given a rewarding oviposition experience or unrewarding experience on a leaf disc or leaf extract of ei-
ther tea, camellia, sasanqua, bayberry, chinquapin, rose, Japanese cedar, fern pine, mulberry and corn. Following the
experience, females were tested in a choice test between tea leaf and an alternative plant leaf. The results of the two-
choice assays with leaf square discs were similar to tests using leaf extracts. Females that were conditioned with tea
leaf showed a significant preference for tea leaf over the alternative plant species, except for leaves of the genus
Camellia (camellia and sasanqua). Wasps conditioned with the other nine plant leaves only showed a significant pref-
erence for bayberry, mulberry, fern pine and corn. Females that had rewarding and unrewarding experiences were able
to distinguish between tea and camellia. These results suggest that A. reticulata females are able to distinguish differ-
ent plant species except for closely related species and some plant species; however, combinations with rewarding and
unrewarding experiences enabled females to discriminate closely related species.
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INTRODUCTION

The smaller tea tortrix Adoxophyes honmai Ya-
suda is a major tea pest in Japan (Minamikawa and
Osakabe, 1979). Ascogaster reticulata Watanabe is
a solitary egg-larval endoparasitoid of 4. honmai
and seven other tortricid species (Watanabe, 1967;
Kamijo, 1973; Takagi, 1974; Kawakami and
Kainoh, 1986). During host searching and attack,
A. reticulata females use several host kairomones,
e.g. wing scales and adult host excretion (Kainoh
and Tamaki, 1982; Kainoh et al., 1982, 1990). Fur-
thermore, A. reticulata females are able to learn to
associate plant contact chemicals with the host egg
mass as host-searching cues (Kainoh, 1997; Honda
et al., 1998), and the learning of plant cues con-
tributes to efficient host-searching behavior. Plant
exploitation by polyphagous hosts such as 4. hon-
mai is spatially and temporally variable, and asso-

ciative learning of plant cues provides flexibility to
adapt to changes in plants (Vet, 2001).

Experienced females showed zigzag walking
while exhibiting antennating responses at an al-
most constant speed along a line treated with a
tea leaf extract. Previous studies (Kainoh, 1997;
Honda et al., 1998) showed that the female re-
sponse to plant chemicals is highest after females
have three subsequent rewarding experiences with
at least 5 min between each reward. In addition, fe-
male learning ability depends on the presence of
mature eggs in the ovary because newly emerged
females lacking mature eggs in their ovaries
showed a lower response to learned plant contact
chemicals than older females (Honda and Kainoh,
1998).

The ability to discriminate between conditioned
and non-conditioned plant species is important for
parasitoid searching behavior. Many studies have
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reported that parasitoids are able to discriminate
between plants based on previous experiences
(Kaas et al., 1990; Turlings et al., 1990; McAus-
lane et al., 1991a; McCall et al., 1993). These stud-
ies typically examined responses to two plant
species (two hosts or host and nonhost); however,
parasitoids must discriminate between previously
learned plant species and many other plant species
in the host habitat location, although to what extent
A. reticulata females can distinguish conditioned
plants and other plants has not yet been investi-
gated and relatively few studies have examined the
effects of conditioning on responses to a wider
range of plants (Kester and Barbosa, 1992).

In this study, we conducted a two-choice (tea
and one of another nine plants) bioassay with A.
reticulata to investigate its ability to discriminate
plant species through associative learning. The
plants used in this assay were tea (Camellia sinen-
sis variety “Yabukita”) and nine other plant
species, camellia (Camellia japonica), sasanqua
(Camellia sasanqua), bayberry (Myrica rubra),
chinquapin (Castanopsis cuspidata var. sieboldii),
rose (Rosa hybrida), Japanese cedar (Cryptomeria
Japonica), fern pine (Podocarpus macrophyllus),
mulberry (Morus bombycis) and corn (Zea mays
variety “Peter 6107”). Except for mulberry and
corn, all other species are known as host plants of
A. honmai (Minamikawa and Osakabe, 1979).

Conditioning as well as the assay was conducted
using ethanol extracts to standardize the physical
state and surface area of each plant. In addition,
two-choice bioassays using leaf discs of tea, camel-
lia and corn were conducted to confirm whether the
results of the leaf extracts reflect female behavior
on a real leaf.

MATERIALS AND METHODS

Insect rearing. Colonies of A. reticulata and its
host A. honmai were obtained from a stock culture
at the University of Tsukuba. The rearing of A.
reticulata was based on the methods described by
Kainoh (1988), and that of A. honmai on Tamaki
(1966). Parasitized and unparasitized A. honmai
larvae were reared on an artificial diet containing
tea leaf powder. A. reticulata cocoons and A. hon-
mai pupae were taken out of the rearing containers
and each A. reticulata cocoon was separately
placed into a 5 ml sample tube until they emerged.

Emerged adult wasps were sexed and 10 to 20 of
each were kept in a plastic container (15 cm diam.,
9cm high) with wet cotton on the bottom and
honey on the walls. Rearing and experiments were
conducted in the laboratory at 25*1°C and
60*+10% RH under a 16L-8D photoperiod. Three-
to four-day-old unmated female wasps with no
oviposition experience and 1-day-old host egg
masses were used in all experiments.

Plant leaves. Leaves of potted tea plants, and
corn were used. Camellia leaves were collected on
the campus of the University of Tsukuba. All
leaves for conditioning and bioassays were cut to
uniform size (2 cmX3 cm square).

Plant extracts. Leaves of tea plant, mulberry
and corn were obtained from our greenhouse.
Leaves of camellia, sasanqua, bayberry, chin-
quapin, rose, fern pine and Japanese cedar were
collected in the University of Tsukuba. Five grams
of the leaves were soaked in 50 ml ethanol for 24 h.
The extract was filtered and stored at 5°C until use.

Discrimination of plant leaves

Conditioning. A leaf square (2cmX3cm) of
each plant was placed at the center of a 9 cm glass
Petri dish. A host egg mass was placed in the cen-
ter of the leaf and a 3- to 4-day-old female para-
sitoid was released into the covered dish. The fe-
male was allowed to oviposit in the host egg mass
for 2 min, and was then gently removed with an in-
sect aspirator and placed in a container (15cm in
diam., 9 cm high) with wet cotton on the bottom
and honey on the walls before being used in the
next conditioning or the bioassay of learned re-
sponses. Conditioning was repeated three times on
the same leaf square at 30—60 min intervals and the
females were tested in a two-choice bioassay
30—60 min after the last conditioning.

Bioassay. One of the two combinations of
leaves: 1) one tea leaf square and one camellia leaf
square, and 2) one tea leaf square and one corn leaf
square, was placed on the bottom of a 9 cm Petri
dish. A. reticulata females conditioned with tea
were individually released into the dishes contain-
ing either combination of leaves. Females condi-
tioned with camellia were individually released
into the dish containing tea and camellia leaves.
Corn-conditioned females were individually re-
leased into the dish containing tea and corn leaves.
Their behavior was observed for 3 min. The total
time spent on each leaf was measured with a stop-
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watch. Ten females were used for each condition-
ing group.

Discrimination of plant extracts

Conditioning. Plant extracts (5 ul) were applied
to a 9cm line across the center of the 9 cm glass
Petri dish. After the solvent was evaporated by air
drying, a host egg mass was placed in the center
and 3- to 4-day-old female parasitoids were re-
leased into the dish. The females were conditioned
by the same method as in the bioassay of plant
leaves (2 min oviposition, three subsequent condi-
tioning trials).

Bioassay. The tea leaf extract (5 ul) and one of
the nine alternative plant leaf extracts were applied
crosswise on the bottom of a 9 cm Petri dish. The
extracts were not applied in the center area (1 cm in
diam.) to prevent the mixing of lines. After the sol-
vent evaporated, a female was released into the
dish and her behavior was observed for 3 min. The
total distance of zigzag walking along each extract-
treated line was measured with a scale on the bot-
tom of the Petri dish. The preference rate was cal-
culated based on the following equation:

WT or WA
Preference rate (%) = ————— X100
WT + WA

Where, WT is the walking distance on the tea leaf
extract line and WA is the walking distance on the
alternative leaf extract line.

Ten to 15 females were used for each extract
combination.

Effect of rewarding and unrewarding experi-
ence

Conditioning. Petri dishes were prepared with 9
cm lines of tea, camellia or corn extracts, as de-
scribed above. Females were conditioned by allow-
ing them to oviposit in the host egg mass on the tea
leaf extract for 2min as a rewarding experience
(tea® experience). The unrewarding experience
consisted of females being exposed to camellia or
corn extracts with no host egg mass for 5min
(camellia™/corn™ experience). Rewarding and un-
rewarding experiences were repeated three times
alternately at 15 min intervals.

Bioassay. Each conditioned female was released
into a Petri dish in which one of the two combina-
tions of extracts: 1) tea and camellia, and 2) tea and
corn, was applied, and female behavior was ob-
served for 3min. The preference rate was calcu-

lated based on the distance walked along each of
the extract-treated lines. Ten to 15 females were
used for each group.

RESULTS

Discrimination of plant leaves

The total searching time of tea leaf-conditioned
females on tea and camellia leaves was not signifi-
cantly different (tea: 11.02s, camellia: 11.475s)
(paired t-test, p=0.867) (Fig. 1A). Also, the
searching time of camellia-leaf-conditioned fe-
males was not significantly different (tea: 8.67s,
camellia: 11.70s) (paired t-test, p=0.197) (Fig.
1A). In contrast, in the case of a choice between
tea and corn leaves, females significantly preferred
the leaf on which they had been conditioned (tea
leaf-conditioned females: tea: 17.41s, corn: 2.93 s)
(paired t-test, p=0.006) (corn leaf-conditioned fe-
males: tea: 6.39s, corn: 10.71s) (paired z-test,
p=0.029) (Fig. 1B).
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Fig. 1. Responses of A. reticulata females conditioned

with tea or camellia leaf (A) (n=10) and tea or corn leaf (B)
(n=10). Bars indicate the duration of searching by test females
on tea, camellia and corn leaf (mean=SE). ‘ns’ indicates no
significant difference in each searching period (paired #-test,
p>0.05). Asterisks indicate a significant difference within
each group (paired #-test, * p<<0.05, ** p<<0.01).
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Fig. 2. Responses of 4. reticulata females conditioned with tea leaf extracts (A) (n=10-15) and nine other plant leaf extracts
(B) (n=10-15). Bars indicate the percentage of walking distance on tea and alternative plant extracts (mean=*SE). ‘ns’ indicates no
significant difference in each test group (paired -test, p>>0.05). Asterisks indicate a significant difference in each test group (paired

t-test, ** p<<0.01).

Discrimination of plant extracts

The tea extract-conditioned females preferred
the tea leaf extract; however, tea versus camellia or
sasanqua showed no significant differences (tea:
56.6%, camellia: 43.4%; p=0.059, paired f-test)
(tea: 54.3%, sasanqua: 45.7%; p=0.240, paired -
test) (Fig. 2A). Females conditioned with bayberry,
fern pine, mulberry and corn leaf extracts showed
a significant preference for the plant extract
(bayberry: 62.3%, p=0.005; fern pine: 67.0%,
p=0.0004; mulberry: 63.8%, p=0.0006; corn:
73.3%, p=0.0002, paired ¢-test) on which they had
been conditioned (Fig. 2B). On the other hand,
camellia, sasanqua, rose, chinquapin and Japanese
cedar extract-conditioned females did not show a
significant preference for the plant extract on
which they had been conditioned (camellia: 51.7%,

»=0.619; sasanqua: 59.5%, p=0.053; rose: 56.6%,
p=0.114; chinquapin: 58.9%, p=0.061; Japanese
cedar: 55.2%, p=0.210, paired -test) (Fig. 2B).

Effect of rewarding and unrewarding experi-
ences

The tea®- and camellia -experienced females
showed increased responses to the tea extract (tea:
66.0%, p=0.0003, paired #-test) when compared to
the only tea®-experienced females (tea: 56.6%,
p=0.059, paired #-test) (Figs. 2A and 3A). The
tea”- and corn”-experienced females did not show
any differences in the responses to the tea extract
(tea™: 68.1%, p=0.0019; tea*/corn™: 70.4%, p=
0.00005, paired t-test) (Figs. 2A and 3B). The total
walking distance on tea and camellia (tea™:
12.60 cm, tea*/camellia™: 14.07 cm) or that on tea
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Fig. 3. Responses of tea rewarding-experienced 4. reticu-

lata females (tea™), tea rewarding-/camellia unrewarding-ex-
perienced females (tea*/camellia™) (A) and tea®, tea*/corn™
females (B) (n=10-15). Bars indicate the percentage of walk-
ing distance on tea and camellia or corn plant extracts
(mean=SE). ‘ns’ indicates no significant difference in each
test group (paired #-test, p>>0.05). Asterisks indicate a signifi-
cant difference in each test group (paired #-test, ** p<<0.01).

and corn (tea™: 11.4cm, tea*/corn™: 12.4cm) ex-
tracted lines was mnot significantly different
(p>0.05, paired t-test).

DISCUSSION

In general, A. reticulata females tend to search
for plant species on which they have had a previous
rewarding experience. Even though mulberry and
corn are non-host plants of A. honmai, A. reticulata
was able to learn these plants (Fig. 2A, B). Other
parasitoids have also been reported to learn novel
host plants (Kester and Barbosa, 1991, 1992;
McAuslane et al., 1991a) or even volatiles not re-
lated to natural ecosystems (e.g., Olson et al.,
2003). The majority of these parasitoids, including
A. reticulata, are polyphagous. A. honmai feeds on
more than 90 species of plants from 44 families,
including herbs, broadleaf trees and conifers (Mi-
namikawa and Osakabe, 1979). Since it is difficult
to innately respond to such a broad range of plant
species, the associative learning of rewarding plant

odors is especially adaptive for parasitoids such as
A. reticulata.

Tea extract-conditioned and camellia or sasan-
qua extract-conditioned females did not discrimi-
nate between tea and camellia or sasanqua (Fig.
2A,B). Tea, camellia and sasanqua are categorized
into the same genus, Camellia. A. reticulata seems
to have difficulty in distinguishing between these
closely related plant species. Microplitis croceipes
(Cresson) (Braconidae) is able to discriminate be-
tween related chemicals based on the carbon chain
length position and type of functional group
(Meiners et al., 2002); however, M. croceipes con-
ditioned with a mixture of methyl jasmonate, f3-
caryophyllene and 2-octanone compounds had dif-
ficulty discriminating between a mixture of these
three compounds and a binary mixture of methyl
jasmonate and f-caryophyllene compounds (Mein-
ers et al., 2003). A similar phenomenon was re-
ported in the European honeybee, Apis mellifera L.
(Blight et al., 1997) in which 83% of honeybees
conditioned to oilseed rape, Brassica napus, flower
extract showed conditioned proboscis extension re-
sponses to a mixture of eight compounds from
oilseed rape flower volatiles (a-pinene, phenylac-
etaldehyde, B-ocimene, a-terpinene, linalool, 2-
phenylethanol, (E,E)-B-farnesene and 3-carene). In
addition, 85% of the bees conditioned to these 8
compounds responded to a mixture of the 3 most
active compounds, phenylacetaldehyde, linalool
and (E,E)-B-farnesene. Laloi et al. (2000) also re-
ported that honeybees conditioned to a blend of
nine oilseed rape volatiles established a hierarchy
among the components. Honeybees seem to es-
tablish responses to several key compounds of
total plant volatiles, namely phenylacetaldehyde,
linalool and (E,E)-B-farnesene in oilseed rape,
when they experience the full blend. We speculate
that A. reticulata similarly learn key compounds
when they experience a plant extract. 4. reticulata
females were unable to discriminate between tea
and camellia or tea and sasanqua, indicating the
compounds that account for a major part of learn-
ing are common to all three species.

Tea™- and camellia”-experienced females were
able to discriminate between tea and camellia (Fig.
3A), suggesting that they can detect minor compo-
nents during the learning process when sufficiently
challenged. Similar results were reported in Lep-
topilina heterotoma (Vet et al., 1998). L. hetero-
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toma did not discriminate between odors from two
apple varieties when they received only a reward-
ing experience; however, when they received both
rewarding and unrewarding experiences, L. hetero-
toma discriminated between apple varieties. After
an unrewarding experience, parasitoid species re-
duced their response to the associated chemical
cues (Papaj et al., 1994; lizuka and Takasu, 1998).
Unrewarding experiences lead A. reticulata fe-
males to quickly reduce their learned response
(Honda et al., 1999). Tea extract-conditioned fe-
males fully responded by walking along the line
treated with tea extract; however, the walking dis-
tance significantly decreased the next day com-
pared to females that did not experience an unre-
warding trial. Moreover, the present study showed
that unrewarding experiences enhance the discrimi-
nation ability of reward-experienced females (Fig.
3A).

Females conditioned to rose, chinquapin and
Japanese cedar were unable to discriminate be-
tween tea and these plants (Fig. 2B). A. reticulata
did not learn these plants even though rose, chin-
quapin and Japanese cedar are host plants of A.
honmai. These plants may contain some chemicals
that inhibit responses to plant extracts, reduce
learning motivation or blocking associative learn-
ing.

Most A. reticulata females showed some level of
response to non-conditioned species of plant leaves
or extracts (i.e., Fig. 2). In addition, the responses
of tea™/corn™-experienced females to corn extracts
(average 3.47 cm: n=15) did not decrease, as was
seen in only tea”-experienced females (average
3.8cm: n=10) (Fig. 3B). These responses to non-
conditioned plants are thought to be caused by
females becoming more sensitive. Oviposition on
or contact with host-derived kairomones appears
to result in a general increase in a parasitoid’s
response to various stimuli. This phenomenon
is called “sensitization” (Turlings et al., 1989;
McAuslane et al., 1991b; Eller et al., 1992; Takasu
and Lewis, 2003). Inexperienced A. reticulata fe-
males do not respond to plant chemicals but after
an oviposition experience (absence of plant chemi-
cals), they respond to these plant chemicals (Honda
etal., 1998).

Results from the bioassay of leaves and leaf ex-
tracts suggest that A. reticulata can learn and dis-
criminate between plant species based on contact

chemicals in the leaves; however, residence time on
corn leaves was rather low (Fig. 1B). Corn leaves
are more hirsute than tea and 4. reticulata behavior
seemed to be impaired by these hairs. Trichomes or
secretions from glandular trichomes on the plant
surface sometimes interfere with insect behavior.
Parasitic wasps have also been shown to be af-
fected by hairy structures or repelled by glandular
trichome volatiles (van Lenteren et al., 1995; Sut-
terlin and van Lenteren, 1997; Romesis et al., 1998;
Al-wahaibi and Walker, 2000; Lovinger et al.,
2000). Trichomes and similar plant structures are
likely to have negative impacts on host-searching
behavior of 4. reticulata, and so can be expected to
affect the preference for and discrimination of
plant species.

Based on these results, we propose the following
hypothesis of how learning plant chemicals and un-
rewarding experiences affect host-searching behav-
ior of A. reticulata in the field. Female parasitoids
learn the key components of each plant species
when they oviposit in a host egg mass; however,
this reward by itself is insufficient for females to
discriminate between closely related plant species.
This lack of discrimination may also represent an
adaptive response because when tea is infested
with 4. honmai, plants of the genus Camellia very
likely contain host egg masses. Similarly, host-
searching behavior on plants that do not have host
egg masses constitutes an unrewarding experience.
In response to such an unrewarding experience, fe-
males reduce their searching response and gradu-
ally give up searching on those plants; however,
camellia™ experience did not reduce the response
to tea (Fig. 3A). This suggests that minor com-
pounds may affect the unrewarding experience in
this species. After unrewarding experiences, A.
reticulata females show an increased tendency to
search for new host eggs on other plant species
based on a sensitized response.

How each component in plant extracts affects A.
reticulata and how females learn and discriminate
other cues (visual or volatile) is the subject of fu-
ture research.
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