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Abstract

The Asian ladybird Harmonia axyridis (Pallas) (Coleoptera Coccinellidae), an active predator of aphids and other insect pests, has
long been used as a biocontrol agent and deliberately or accidentally introduced into many countries. Over the last few decades
concerns have been raised about its invasiveness in those areas where it has been introduced. A test was carried out to investigate
the ability of H. axyridis to survive, grow and reproduce at higher temperatures (30 °C) than the recorded optimum of 25 °C. In a
preliminary experiment, the temperature of 35 °C was also tested, but was subsequently excluded, because all eggs were dehy-
drated. The eggs placed at 30 °C hatched, but at a considerably lower rate compared with the control eggs. This temperature re-
sulted in faster larval and overall development compared with the control temperature. Adult weight and reproductive parameters
were adversely affected at 30 °C. In particular, fecundity and fertility were dramatically lower for the females reared and main-
tained at 30 °C. The higher temperature tested had thus an overall negative impact on H. axyridis development and performance.
A second experiment was designed to test the effects of a pyrethroid insecticide (A-Cyhalothrin) on H. axyridis in comparison
with Adalia bipunctata (L.), a species commonly found in Europe. Larval mortality suggested that H. axyridis was less susceptible
than 4. bipunctata to A-Cyhalothrin. Further studies are needed to better evaluate the impact of this and other pesticide treatments

on the exotic vs. native ladybirds, also under field conditions, where other factors may play a key role.
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Introduction

Over the last few decades interest in the multicoloured
Asian ladybird, Harmonia axyridis (Pallas) (Coleoptera
Coccinellidae), has grown greatly. This ladybird, native
to Eastern Asia, is a generalist predator of aphids and
other soft-bodied arthropods (Koch, 2003).

H. axyridis voracity and ability to prey different key
pest insects made it a potentially useful biocontrol agent
(Pervez and Omkar, 2006). The species, the eggs of
which are laid in clusters of approximately 20 to 30
eggs (Takahashi, 1987), can also be easily mass reared
on aphids, Ephestia kuehniella Zeller eggs and artificial
diets (Soares et al., 2004; Sighinolfi et al., 2013).

H. axyridis was intentionally released as a biocontrol
agent in various locations around the world, but also ac-
cidentally introduced via international trade, leading to
colonization of areas outside its native range (Roy et al.,
2005). Nowadays, H. axyridis is established in many
areas of different continents, such as North America,
South America, Europe and a few regions of Africa
(Brown et al., 2011). In some cases, such as the Azores
Islands (Soares and Serpa, 2007) releases did not lead to
establishment.

The current spread and distribution of H. axyridis in
Europe is reported in PQR - EPPO Plant Quarantine
data Retrieval (EPPO, 2014). In Italy, evidence of estab-
lishment was provided in Northern regions (Burgio et
al., 2008; Cornacchia and Nardi, 2012). The species has
also been sporadically recorded in Central Italy (Cano-
vai and Lucchi, 2011; Olivieri, 2011), whereas no re-

cords are presently known for Southern Italy, Sicily or
Sardinia (EPPO, 2014). In the UK, H. axyridis has been
reported as established and its rapid spread is clear
(Brown et al., 2007).

Adverse effects of this coccinellid on other arthro-
pods, crops and humans have been reported (Burgio et
al., 2005; Roy et al., 2012; Nedvéd et al., 2013; Lom-
baert et al., 2014). Over the last decades, the conse-
quences associated with the deliberate introduction of
exotic biocontrol agents have received increasing atten-
tion. H. axyridis is the best known example of a benefi-
cial insect currently considered an invasive species
which itself now requires control (Roy et al., 2006;
Kenis et al., 2008).

The spread of H. axyridis can be limited by several
factors, including parasitoids, predators, fungi (Santi
and Maini, 2006; Berkvens et al., 2010; Riddick and
Cottrell, 2010; Roy et al., 2011) and even egg cannibal-
ism (Santi and Maini, 2007). Climate, in particular tem-
perature, is also important. The limiting low tempera-
ture for this ladybird ranges from 9.3 °C (Soares et al.,
2003) to 13.3 °C (Hodek and Hongk, 1996) while the
highest limiting temperature reported in the literature
varied between 30 °C and 35 °C (Michaud, 2002a). The
thermal optimum is 20-25 °C (Soares et al., 2003),
15-25 °C (Acar et al., 2001) and 23-25 °C (Yuan et al.,
1994). The data found in the literature are therefore not
fully consistent, although the maximum thermal opti-
mum is 25 °C for all the above mentioned authors. Sev-
eral biological parameters of H. axyridis have been
shown to be affected by temperature, including adult



weight. Larvae reared at higher temperatures produced
smaller adults than at lower temperatures (Kawauchi,
1979). The temperature to which pupae are exposed
may also influence elytra colouration and maculation
(Sakai et al., 1974). Recently Zhang et al. (2014)
showed that exposure of eggs to high temperature nega-
tively affects the subsequent development, survival and
reproduction of H. axyridis.

The spread of H. axyridis may also be influenced by
pesticide treatments performed against aphids or other
target insect pests. The impact of pesticides on this lady-
bird has been tested in laboratory and field experiments
(Buntin and Bouton, 1997; Cho et al., 1997; Jansen and
Hautier, 2006). The majority of the studies used mortal-
ity as an indicator of susceptibility, but some also exam-
ined sub-lethal effects (Weissenberger et al., 1997) or
behavioural effects (Vincent ez al., 2000). The toxic ef-
fects of a number of insecticides (e.g. indoxacarb,
pyriproxifen and spinosad) to H. axyridis were minimal
(Michaud, 2002b; 2003; Musser and Shelton, 2003).

The aim of this work was to increase knowledge about
H. axyridis capacity to survive, grow and reproduce at
higher temperatures than the optimum of 25 °C. In de-
tail, the effects on H. axyridis development (from egg to
adult) and quality parameters (adult weight, longevity,
fecundity and fertility) were investigated. Experiments
were also designed to test the effects of a pyrethroid in-
secticide (A-Cyhalothrin) on H. axyridis in comparison
with the native ladybird Adalia bipunctata (L.). This
species was selected as an indicator for other ladybirds,
because it generally shows greater sensitivity to pesti-
cides than larger species (Jansen and Hautier, 2006;
Jansen ef al., 2011).

Materials and methods

The effect of temperature and susceptibility to pyre-
throid insecticide were respectively investigated at
DipSA (Department of Agricultural Sciences) of the
University of Bologna (Italy) and at CERC (Crop and
Environment Research Centre) of Harper Adams Uni-
versity (UK).

Insect culture

A colony of H. axyridis was maintained in the labora-
tory at DipSA in a rearing chamber at 25 £ 1 °C, 65 +
5% RH and L16:D8 photoperiod. The colony was estab-
lished in 2010 with adults collected from Crevalcore
(Northern Italy, 44°43'0"N 11°9'0"E) and augmented in
the following years with individuals captured in the Bo-
logna area (Northern Italy, 44°29'38"N 11°20'34"E).
Adults and larvae were fed with green peach aphids
(Myzus persicae Sulzer) ad libitum. At CERC, labora-
tory colonies of H. axyridis and A. bipunctata were
started in June 2013, originating from adults collected
on the University campus (Shropshire, England,
52°46'45.1"N 2°25'55.1"W). They were maintained in a
greenhouse at approximately 22 °C, 40% RH and a pho-
toperiod of L16:D8. All ladybirds were fed ad libitum
with green peach aphids on Chinese cabbage (Brassica
rapa L. subsp. chinensis).
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All adult ladybirds were kept in cages, separated from
the preimaginal stages which were maintained in plastic
boxes with lids having holes covered by a steel mesh net
or tulle for aeration.

Effect of temperature on H. axyridis biological
parameters

Egg hatching at 35 °C was preliminarily tested. Since
the eggs were dehydrated and none hatched, this tempera-
ture was excluded from the experiment. Two tempera-
tures (= treatments), namely 25 °C and 30 °C were tested.

Egg clusters were collected from the laboratory colony
of H. axyridis and placed individually in 5.5 cm diame-
ter plastic Petri dishes. The dishes with clusters (= 42)
were divided randomly between the two temperatures.
Namely, half of them (21 clusters with 546 eggs in to-
tal) were kept under the standard rearing conditions
25 £ 1 °C, 65 £ 5% RH and L16:D8 photoperiod),
whereas the others (21 clusters with 564 eggs in total)
were placed at 30 = 1 °C, 65 £ 5% RH and L16:D8 pho-
toperiod.

Newly-hatched larvae (= 40 per treatment) were col-
lected and placed in plastic cylinders (5.5 cm diameter,
7 cm height) with lids having holes covered by a steel
mesh net. Each larva was reared individually until adult
eclosion. Excess larvae were transferred to the labora-
tory colony.

For each temperature, the newly-emerged adults were
counted, weighed and sexed. Couples (= 12 at 25 °C
and 11 at 30 °C) were created and maintained in cylin-
ders of the above mentioned type until death (1 cou-
ple/cylinder). In each cylinder a layer of bubble wrap
was inserted to facilitate the collection of the egg clus-
ters laid. Each cluster was individually placed in 2.5 cm
diameter Petri dishes until hatching. The newly-hatched
larvae were counted.

Throughout the experiment, the ladybird larvae and
adults were fed ad libitum on pea seedlings infested
with M. persicae.

The parameters considered were: 1) hatched eggs
(number and percentage, calculated on the original egg
number minus cannibalized eggs); 2) cannibalized eggs
(number and percentage, calculated on the original egg
number); 3) duration (in days) of the larval, pupal and
overall preimaginal development (= time elapsed from
egg hatching until pupation, from pupation until adult
eclosion and from egg hatching until adult eclosion, re-
spectively); 4) number and proportion of individuals
reaching the adult stage calculated on the larvae (= 40
per treatment) selected for the experiment; 5) sex-ratio;
6) newly-emerged adult weight (g); 7) pre-oviposition
time (days) = time from adult emergence to first ovi-
position; 8) oviposition time (days) = time from the first
to the last oviposition; 9) number of eggs laid by each
female over a period of 10 days starting from the first
oviposition (Eo) to represent fecundity; 10) percentage
of first instar larvae obtained from eggs to represent fer-
tility; 11) adult longevity from emergence (days).

For the parameters 3 and 6-11, the replicates corre-
sponded to the number of individuals (parameters 3, 6
and 11) or couples (parameters 7-10) (Lanzoni et al.,
2004; Sighinolfi et al., 2013).



Effects of a pyrethroid insecticide on H. axyridis
vs. A. bipunctata mortality

The experiment investigated the effects of Hallmark
with Zeon Technology® (Syngenta), a microcapsule
suspension containing 100 g/l A-Cyhalothrin and 1,2-
Benzisothiazolin-3-one. This product was selected, be-
cause it is commonly used in the agricultural sector of
the United Kingdom (against aphids, beetles, caterpil-
lars, moths, suckers and weevils) on a wide range of
crops, including cabbage (Springate and Colvin, 2012).

Egg clusters of H. axyridis or A. bipunctata were col-
lected from stock cultures, transferred into 5 cm diame-
ter plastic Petri dishes (1 cluster/dish), and placed under
controlled conditions at 20 + 1 °C, 65 + 5% RH and
L16:D8 photoperiod. This temperature was selected be-
cause it more closely represents UK summer tempera-
tures (Oliver et al., 2006; Aqueel and Leather, 2012).

Newly hatched larvae were individually placed in Petri
dishes of the same type (to avoid cannibalism) and fed ad
libitum on M. persicae until reaching the third instar.

Following the label instructions, the dose used was
0.033 ml of insecticide/100 ml of water. The suspension
was sprayed on three weeks old Chinese cabbage plants
using an automatic pot-sprayer.

Prior to the experiments, preliminary tests were car-
ried out to ascertain the appropriate waiting time (days
between insecticide spraying and release of coccinellid
larvae), so as to avoid an excessive mortality rate of
coccinellid larvae. This parameter takes into account the
natural degradation of the insecticide on plant surfaces.
After those tests the waiting time for the experiment
was set as 7 days.

For each coccinellid species, 5 replicates were carried
out, each consisting of 1 treated and 1 untreated (con-
trol) cabbage plant. On each plant, 10 H. axyridis or
A. bipunctata larvae were released 7 days after insecti-
cide (treated) or distilled water (untreated) spraying. In
order to prevent larval escape, each plant was covered
with a transparent breathable bread bag (Caterdyou,
High Wcombe, UK), secured by a rubber band around
the pot. Green peach aphids were added daily to provide
food. The dead coccinellids were removed and counted
3 days and 7 days after release onto plants.

The results were evaluated in terms of number and
percentage of dead larvae (mortality) calculated on the
original number of larvae released.

Statistical analysis

In the first experiment hatched eggs, cannibalized
eggs, adults and sex-ratio were analyzed by 2 x 2 con-
tingency tables with Yates’ correction for small num-
bers (< 100) when necessary. The one-way analysis of
variance or the Kruskal-Wallis non-parametric proce-
dure (when heteroscedasticity occurred) were used to
analyze the other parameters.

In the second experiment the data were analysed using
2 x 2 contingency tables with Yates’ correction for
small numbers (< 100).

The percentage values were transformed prior to
analysis using an arcsine transformation (Zar, 1984). All
statistical tests were done with Statistica™ 10.0
(StatSoft, 2010).

Results

Effect of temperature on H. axyridis biological
parameters

There was a significant effect of temperature on H. axy-
ridis egg hatching (x> = 48.64; df = 1; P = 0.00001) and
cannibalism (x> = 18.46; df = 1; P = 0.00001). The per-
centages of hatched eggs and cannibalized eggs were
higher at 25 °C than at 30 °C (figure 1). Overall pre-
imaginal development of the ladybird was significantly
faster at the higher temperature compared with the con-
trol temperature, as a result of the faster larval develop-
ment that occurred at 30 °C. Conversely, pupal devel-
opment was not significantly affected by temperature
(table 1). The percentage of adults obtained (92.5 + 4.2
at 25 °C and 87.5 £ 5.3 at 30 °C) was not significantly
different between the two temperatures (y° = 0.14; df =
I; P =0.71) as well as the sex ratio (male percentages
459 + 53 at 25 °C and 68.6 = 7.9 at 30 °C; y* = 2.89;
df = 1, P = 0.09). At 30 °C, the sex-ratio was male-
biased, although not significantly so.

All adult life history parameters were affected by tem-
perature except for pre-oviposition period and longevity
(table 2). At 30 °C adults attained a significantly lower
weight, had a significantly shorter oviposition period
and dramatically lower fecundity and fertility compared
with the control temperature.

Effects of a pyrethroid insecticide on H. axyridis
vs. A. bipunctata mortality

On the control plants no H. axyridis or A. bipunctata
mortality occurred, either 3 or 7 days after releasing the
larvae. The difference in larval mortality between the
treated and untreated plants was highly significant (P =
0.00001; df = 1) for both H. axyridis (x> = 30.72 [3
days]; 38.08 [7 days]) and A. bipunctata (* = 48.53 [3
days]; 66.14 [7 days]). At both exposure times, A-
Cyhalothrin induced higher mortality in A. bipunctata
than in H. axyridis (figure 2). Mortality was, however,
not significantly affected by the coccinellid species at 3
days after releasing the larvae on the treated plants (y° =
2.65; df = 1; P = 0.103), whereas a significant effect
was found at 7 days (y* = 5.76; df = 1; P =0.016).

Discussion and conclusions

Temperature is a key factor for the spread of insects
(Messenger, 1959) and plays a very important role in the
survival and fitness of H. axyridis, thus ultimately influ-
encing its distribution (Poutsma et al., 2008). The ex-
periment aimed at evaluating the effects of temperature
on H. axyridis biological parameters confirmed its role.
In particular, the constant temperature of 35 °C proved
too high for egg hatchability and thus unsuitable for H.
axyridis development. This result is in line with the find-
ing of previous studies which showed that most H. axy-
ridis instars tolerate high temperature only for a short
time, namely 48 hrs at 33 °C (Knapp and Nedvéd, 2013)
and two hours at 35 °C and 40 °C (Acar et al., 2004). In
addition, Wang et al. (2009) reported that 35 °C was too
high for the survival of this coccinellid species.
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Figure 1. Effect of temperature on H. axyridis egg hatching and egg cannibalism. Columns indicate the percentage
(= SE) of hatched eggs (calculated on the original egg number minus cannibalized eggs = 391 [25°C] and 465
[30°C]) and cannibalized eggs (calculated on the original egg number = 546 [25°C] and 564 [30°C]). For each pa-
rameter, different letters above the columns indicate the differences in the percentages of eggs as determined by 2 x 2
contingency tables.

Table 1. Effect of temperature on H. axyridis duration of larval, pupal and overall preimaginal development (from
egg hatching until adult eclosion). Number of replicates is given in parentheses above the means (+ SE). The repli-
cates correspond to the number of individuals. Values followed by different letters in a column are significantly
different, using the Kruskal-Wallis test (overall preimaginal development) or the one-way analysis of variance
(other parameters) (P < 0.05).

Larval development Pupal development Overall preimaginal development
(days) (days) (days)

25 oC (n=37) (n=37) m=37)

8.76 £0.17a 5.1+0.16a 13.84 +£0.09a
30 °C (n=35) (n=35) (n=35)

7.46 £ 0.24b 5.34+£0.19a 12.8£0.19b
F (df) 19.78 (1, 70) 1.07 (1,70)
H (N) 21.25 (72)
P 0.000032* 0.3 0.00001*

Table 2. Effect of temperature on H. axyridis newly-emerged adult weight, pre-oviposition and oviposition duration,
fecundity, fertility and adult longevity from emergence. Number of replicates is given in parentheses above the
means (= SE). For each temperature, the replicates correspond to the number of newly-emerged adults (weight), or
couples (other parameters). Values followed by different letters in a column are significantly different, using the
Kruskal-Wallis test (fertility) or the one-way analysis of variance (other parameters) (P < 0.05).

Newly-emerged Pre-oviposition  Oviposition .Eggs laid ot s Fertility Adult[
adult weight (g) (days) (days) in 10 days (1" instar larvae/eggs) longevity
(=Ew) % (days)
25°C m=37) n=12) m=12) n=12) (n=12) (n=24)
0.026 £ 0.0005a  8.33+1.37a 18.08 £ 2.41a 228.33 £30.7a 21.63£5.12a  28.75+2.04a
30 °C (n=35) (n=11) (n=11) (n=11) (n=11) (n=22)
0.024 £ 0.0006b  6.37+1.16a 11.09 £ 2.19b 56 +17.96b 1.15+1.01b 22.77 £2.66a
F (df) 11.36 (1, 70) 1.17 (1,21) 4.53 (1,21) 22.03 (1, 21) 3.24 (1, 44)
HN) 12.25 (23)
P 0.0012* 0.29 0.045%* 0.0001* 0.0005* 0.08
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Figure 2. Effect of A-Cyhalothrin on H. axyridis vs A. bipunctata larval mortality occurred 3 or 7 days after releasing
the larvae (3™ instar) on treated plants. The waiting time (= days between insecticide spraying and release of the
larvae) was 7 days. Columns indicate the percentages of dead larvae (£ SE) calculated on the original number of
larvae released. For each time, different letters above the columns indicate the differences in the percentages of

dead larvae as determined by 2 x 2 contingency tables.

The 30 °C had an overall negative effect, as the eggs
hatched at a considerably lower rate compared with the
control eggs, maintained at 25 °C. At 30 °C most un-
hatched, non-cannibalized eggs appeared dehydrated.
The lower level of egg cannibalism observed at 30 °C
was possibly related to the lower number of newly
hatched first instars that occurred at this temperature
compared with the control one. It cannot, however, be
excluded that the young larvae were less active and
ravenous at 30 °C than at 25 °C. The high temperature
resulted in faster larval and overall preimaginal devel-
opment compared with the control temperature. Adult
weight and reproductive parameters showed that the
temperature of 30 °C negatively affected the fitness of
H. axyridis. In particular, fecundity and fertility (often
correlated with weight in entomophagous insects,
Dindo et al., 2003; 2007) were dramatically lower for
the females grown and maintained at 30 °C compared
with the control females. Moreover, in spite of lack of
significance, at 30 °C the sex ratio was male-biased
(something considered as negative for insect species,
Quezada-Garcia et al., 2014). The percentage of indi-
viduals reaching the adult stage was not affected by
temperature. Adult longevity was also not affected, al-
though at 30 °C the adults survived about one week less
than the controls.

The overall results obtained suggested that a constant
temperature of 30 °C is not optimal for H. axyridis. In
Central Japan (an area of origin) aestivation was re-
ported to occur for this species (Sakurai et al., 1988),
whereas in the areas of introduction characterized by
warm summers (including Northern Italy), the ladybird
showed continuous reproductive activity throughout the

warm season (Bazzocchi et al., 2004; Uliana, 2008).
Our data, however, showed that at 30 °C reproductive
activity decreased. More research is needed to investi-
gate the effects of fluctuating temperatures, a situation
more likely to occur in field conditions.

As shown by Michaud (2002b; 2002c¢) H. axyridis in-
vasiveness may also be related to its lower susceptibility
to insecticide treatments, when compared with indige-
nous coccinellid species. In general, beneficial coccinel-
lids can encounter the insecticides used against target
insect species either by direct contact during their appli-
cation, or by contact with their residues on plants, or
even through ingestion of poisoned prey (Katsarou et
al., 2009). Laboratory experiments aimed at assessing
the LRs, of five pesticides, for H. axyridis and three na-
tive ladybird species in Belgium, were carried out by
Jansen and Hautier (2006). The authors showed that, as
a general trend, H. axyridis was more sensitive than
Coccinella septempunctata (L.) but less susceptible than
the other coccinellids, including A. bipunctata. The re-
sults of our experiment aimed at testing the effects of A-
Cyhalothrin on H. axyridis vs. A. bipunctata suggested
that the exotic coccinellid was less susceptible than the
native to this active ingredient. Further studies are
needed to better evaluate the impact of pesticide treat-
ments on the exotic vs. native ladybirds, also under field
conditions, where other factors may play a key role. For
instance, as suggested by Jansen and Hautier (2008), in
conditions of low prey availability following an insecti-
cide treatment, H. axyridis may have more probability
to survive compared to A. bipunctata, or other native
ladybirds, through phenomena of intra guild predation
or cannibalism.
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