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Abstract Egg predation and cannibalism are common
phenomena in predatory ladybirds despite the presence of
defensive alkaloids. Consumption of heterospecific eggs
negatively affects survivorship and development; however,
intraspecific variation in quantities of alkaloids and post-
ingestion responses to con- and hetero-specific alkaloids,
are not well understood. We examined variation in the
quantity of alkaloids in eggs of Harmonia axyridis (Pallas),
Coccinella septempunctata L., and Hippodamia conver-
gens (Guérin) using gas chromatography-mass spectrometry,
and show a link between heterospecific alkaloids and their
toxicity and/or costs by feeding high and low alkaloid eggs
to first instar H. axyridis and C. septempunctata. The
repeatability of alkaloid measurements in eggs in an egg
cluster was high; however, the amount of alkaloids var-
ied significantly between egg clutches within and among
females. This variation affected egg consumption by C. sep-
tempunctata when fed H. axyridis eggs. Harmonia axyridis
accumulated their own alkaloid by cannibalism and synthe-
sized it de novo, but C. septempunctata lost some portion of
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the consumed conspecific alkaloids. Both species lost most
of the consumed heterospecific alkaloids, but C. septem-
punctata died within 3 days. Most H. axyridis survived to
the second instar, but C. septempunctata alkaloids led to a
significant reduction in weight gain compared to an aphid
control. In addition, ingestion of high alkaloid C. septem-
punctata extended development of H. axyridis compared to
the aphid control or conspecific eggs. Harmonia axyridis
had greater abilities to process ingested con- and hetero-
specific alkaloids compared with C. septempunctata, which
may, in part, explain their interspecific interactions in
nature.
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Introduction

Many insects sequester defensive chemicals, including
alkaloids, from their diet, or synthesize these compounds de
novo. Generally, long-term exposure to heterospecific alka-
loids results in deleterious effects on survival and fecundity
(Aniszewski 2007). Many studies have focused on plant
alkaloids and their effects on insect herbivores (Rosenthal
and Berenbaum 1992), and herbivores and predatory
insects interactions (Eisner and Eisner 1991; Hare and
Eisner 1993; Eisner et al. 2000; Pasteels 2007). An under-
standing of the effects of ingested alkaloids is still lacking
among generalist arthropod predators. Because cannibalism
and intraguild predation are common phenomena among
generalist arthropod predators (Fox 1975; Polis 1981;
Rosenheim et al. 1995; Rosenheim 1998), how generalist
predators respond to ingested conspecific and heterospecific
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alkaloids, and how these compounds affect development
and survivorship are intriguing topics relative to their life
history strategies.

Identification of alkaloids in predatory ladybirds
(Coleoptera: Coccinellidae) has been investigated extensively
(King and Meinwald 1996). Alkaloids of ladybirds are syn-
thesized in fat bodies (Laurent et al. 2002), and secreted as
defensive fluids (reflex bleeding) in larvae and adults. Alka-
loids are also found in eggs (Daloze et al. 1995; Sloggett
et al. 2009a, b). Despite the presence of alkaloids, cannibal-
ism and intraguild predation are common phenomena
among predatory ladybirds (Takahashi 1989; Agarwala and
Dixon 1992; Yasuda and Shinya 1997). Eggs are especially
vulnerable to predation in fields (Koide 1962; Hodek 1973;
Osawa 1989, 1992a, b). Previous studies show that con-
sumption of heterospecific eggs negatively affects feeding
behavior of adults and larvae, and survivorship and devel-
opment during the larval stages, but the toxic levels of alka-
loids in eggs and the ability to tolerate heterospecific
alkaloids is likely to vary among species (Agarwala and
Dixon 1992; Agarwala et al. 1998; Sato and Dixon 2004;
Cottrell 2004, 2005, 2007; Rieder et al. 2008; Sloggett et al.
2009a). A more thorough understanding of the defensive
roles of alkaloids requires quantification of levels of
alkaloids in eggs, intraspecific variation in these quantities,
and the predators’ response to ingested con- and hetero-
specific alkaloids. Together these factors may influence the
outcome of interactions among predatory ladybirds.

Harmonia axyridis (Pallas) and Coccinella septempunc-
tata L. are invasive species in North America, but they are
coevolved species in native ranges. Harmonia axyridis is
dominant (or more abundant) relative to C. septempunctata
when in sympatry in their native range (Yasuda and Shinya
1997, Sato et al. 2003, 2008), and in selected orchard habi-
tats in an invaded range (Brown and Miller 1998; Brown
2003). Larvae of H. axyridis are more aggressive and con-
sume a wider range of prey and non-prey food items com-
pared with C. septempunctata (Yasuda and Ohnuma 1999).
In addition, consumption of H. axyridis eggs lowers survi-
vorship of C. septempunctata, but not vice versa (Sato and
Dixon 2004; Rieder et al. 2008). Based on these studies, we
hypothesized that H. axyridis larvae have a superior ability
to process ingested con- and heterospecific defense chemi-
cals compared with C. septempunctata, which may, in
part, explain the characteristics of H. axyridis as an
intraguild predator, and interspecific interactions with
C. septempunctata.

We investigated variation in the amount of alkaloids in
eggs of H. axyridis, C. septempunctata and Hippodamia
convergens (Guérin). We also quantified the effect of vari-
able amounts of alkaloids in eggs on first instar H. axyridis
and C. septempunctata. We measured feeding activity,
development, and survivorship of first instar H. axyridis
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and C. septempunctata, and compared responses to
ingested con- and heterospecific alkaloids between the two
species.

Materials and methods
Insect materials

Adults of Harmonia axyridis, Coccinella septempunctata,
and Hippodamia convergens were collected from alfalfa
and strawberry fields at the Research Farms of the
University of Kentucky (Lexington, KY, USA), during
September 2008. In the laboratory, females and males were
paired and provided with pea aphids (Acyrthosiphon pisum
Harris) ad libitum daily. Pea aphids were reared on fava
bean, Vicia faba L. Each pair was placed in a Petri dish
(9 cm in diameter and 1.5 cm in height), maintained in an
incubator at 22°C (17L:7D), and transferred to a new Petri
dish daily to reduce potential egg cannibalism. A strip of
folded filter paper (1 x 4 cm) provided oviposition sites.
Eggs from individual females were transferred daily to a
1.5 ml tube with the records of the female and the date, and
stored at —80°C for 2—-3 months.

Variation in alkaloid content in eggs

Alkaloids within individual eggs laid by five females of
H. axyridis, and four females of C. septempunctata and
H. convergens were quantified by gas chromatography-
mass spectrometry (GC-MS). Egg clutches were collected
daily at three time periods in 2008: 24-28 September, 4-9
October, and 13-16 October. Four eggs were randomly
selected from one egg clutch produced by each female.
Alkaloids of the three species have previously been identi-
fied (Tursch et al. 1971a, b, 1974; Braconnier et al. 1985a, b;
Alam et al. 2002; Sloggett et al. 2009b): harmonine and
3-hydroxypiperidine-2-one in H. axyridis, precoccinelline
and coccinelline in C. septempunctata, and hippodamine,
convergine, harmonine and n-octylamine in H. convergens.
3-hydroxypiperidine-2-one in H. axyridis and n-octylamine
in H. convergens are not detectable using the GC-MS
method used here (Sloggett et al. 2009b). The wet weight
of each egg was measured to the nearest 0.01 mg using a
Mettler AE163 microbalance before GC-MS analysis.

GC-MS methods

Each egg was homogenized in 200 pl methanol containing
2,000 ng (Z)-13-octadecenol in a conical reaction glass vial
(1 ml). After homogenization, 400 pl distilled hexane was
added and mixed vigorously. The methanol phase was
transferred by 100 pl glass pipette and filtered through a
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glass tube packed with glass-wool. The glass tube was
rinsed with 120 pl methanol twice. The filtered sample was
split into two glass vials (200 pl for each vial transferred by
a glass pipette), which allowed us to duplicate the sample
for the further derivatization treatment for harmonine [e.g.,
to detect harmonine using GC-MS, derivatization with
MBTFA (N-methyl-bis, trifluoroacetamide) was used
(Sloggett et al. 2009b)]. The repeatability (R) of the split-
sample technique was high (R = 0.95), based on the results
from C. septempunctata by using Proc VARCOMP (SAS
9.1): R =[Var (measurements)/(Var (measurements) + Var
(error)]. The sample was dried under a stream of nitrogen
gas. For the analysis of alkaloids of C. septempunctata, and
hippodamine and convergine of H. convergens, the dried
sample was dissolved in an additional internal standard
solution [100 pl of methylene chloride with (Z)-13-octade-
cenyl acetate (20 ng/ul)] and transferred to an auto-sample
vial. For detection of harmonine from H. axyridis and
H. convergens, the dried sample was dissolved in 100 pl
methylene chloride with 10 ul MBTFA for derivatization.
The solution was placed in an oven at 60°C for 1 h
(Sloggett et al. 2009b), dried under a stream of nitrogen
gas, and dissolved in 100 pl methylene chloride with
(Z)-13-octadecenyl acetate (20 ng/ul), and transferred to an
auto-sample vial.

GC-MS analyses were conducted using the methods of
Sloggett et al. (2009b) on a Hewlett-Packard HP 6890 gas
chromatograph with a HP 7683 auto-sampler coupled to a
HP 5973 mass spectrometer. A split-splitless injector at
200°C and a DB5 GC column (0.25 mm diameter, 30 m
length, and 0.25 pum film thickness) was used. The carrier
gas was helium with a flow rate of 1 ml/min. Mass spectra
were obtained using electron ionization mode at 70 eV
(scan range m/z 35-500). The GC temperature program
was 60°C for 2 min, followed by an increase of 10°C/min
up to 325°C and holding at this final temperature for
15 min. For the analysis, 2 pul sample (out of 100 pl) in
methylene chloride was injected. The quantity of each alka-
loid was estimated using an area comparison to (Z)-13-
octadecenol (2,000 ng). Because authentic standards of the
alkaloids were not available, we could not correct for the
differential sensitivity of the instrument to the alkaloids and
the internal standards. However, relative differences in the
quantities of alkaloids among treatments should be accu-
rate and reproducible. An additional internal standard of
(Z)-13-octadecenyl acetate was used as a further reference
[for comparison with the (Z)-13-octadecenol]. The estima-
tion of hippodamine and convergine between the treatment
with derivatization and no derivatization by MBTFA did
not differ significantly (P =0.86 by ¢ test); however, the
estimated values from the non-derivatization were used for
the analyses.
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Fig. 1 Total ion chromatogram and mass spectrum of precoccinelline
and degraded coccinelline products from Coccinella septempunctata
(a), and hippodamine and degraded convergine products from Hippod-
amia convergens (b). Coccinelline and convergine, which are N-oxide
alkaloids, were thermally degraded by the injector during gas chroma-
tography-mass spectrometry (GC-MS); however, it is possible to trace
their degraded products by searching the ions of m/z 192, 191, 190,
176, 162, 148 (see Sloggett et al. 2009b)

Detection of alkaloids was based on the occurrence of
a mass spectrum containing the key ions; for example,
harmonine bis-trifluoracetyl derivative: m/z 140, 361,
405, 474 (Sloggett et al. 2009b), precoccinelline: m/z
150, 164, 178, 192, degraded coccinelline products: m/z
148, 162, 176, 190 (Fig. l1a), hippodamine: m/z 150,
164, 178, 192, and degraded convergine: m/z 148, 162,
176, 190 (Fig. 1b, also see Sloggett etal. 2009b).
Coccinelline and convergine, which are N-oxide alka-
loids, are thermally degraded by GC-MS; however, their
degraded products are detectable by searching for ions as
described above at the appropriate retention times.
The amount of free-base alkaloids (precoccinelline and
hippodamine) and degraded N-oxide alkaloids (coccinel-
line and convergine) are highly correlated in our data
(C. septempunctata: R*=0.834, P <0.0002, H. convergens:
R?=0.830, P < 0.0001). For data analyses, both free-base
and N-oxide alkaloids are combined for C. septempunctata
and H. convergens.
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Larval performance after feeding on eggs with high
or low alkaloid levels

Levels of alkaloid (high vs low) in an individual egg from
an egg clutch of H. axyridis and C. septempunctata were
categorized by the results of GC-MS analyses as described
above. For each category, data from all females and three
time periods were pooled for each species, which allowed
us to obtain a sufficient number of eggs for the feeding
experiment. The average amounts of alkaloids of four eggs
from an egg cluster produced by each female during the
three time periods were grouped as high and low levels.
Because the repeatability of our measurements of alkaloids
in eggs in an egg cluster was high (R = 0.99, see Results),
we assumed that the remaining eggs in an egg clutch con-
tain similar amounts of alkaloids. Therefore, the eggs in an
egg clutch were pooled with eggs from other clutches, cate-
gorized as high or low, and used in the feeding experiment.
Eggs used for the feeding experiment were selected ran-
domly.

Harmonia axyridis and C. septempunctata first instars
(<4 h after emergence from an egg) were used as the preda-
tors of eggs in this experiment. A larva (<1 h old) was
immediately removed from an egg clutch to avoid sibling
egg cannibalism (Osawa 1989). Wet weight of each indi-
vidual (in mg) was measured before the start of the experi-
ment. Each individual was placed in a cell of a 24-well cell
culture plate (15.6 mm in diameter). The inside of each cell
was coated with Fluon to prevent escape. A piece of filter
paper was placed in the bottom of each cell, and one drop
of distilled water was added to provide moisture in the cell.

The five treatments designed to measure the effects of
variation in alkaloid levels on biological parameters were
high alkaloid eggs from con- and hetero-specifics, low alka-
loid eggs from con-and hetero-specifics, and a pea aphid
control. One egg with high or low level alkaloids from
H. axyridis or C. septempunctata was placed on the filter
paper in each cell. As a control, frozen immature pea aphids
(2nd-3rd instar) were given ad libitum to each individual
larva. Observations were made every 4 h to determine sur-
vival and developmental time. An additional egg was added
when a larva nearly finished consuming a given egg. Egg
consumption was estimated by measuring the proportion of
an egg consumed, i.e., 0.25, 0.5, 0.75 and 1. The number of
eggs consumed by a larva was recorded every 12-h period,
and summed for the total egg consumption. Wet weight
was measured when each individual became 2nd instar
(within 4 h of ecdysis) to calculate individual weight gain.
Each individual was transferred into a 1.5 ml tube and
stored in a —20°C freezer when they became a 2nd instar or
died. Alkaloids from five individual larvae in each treat-
ment, including the aphid control, were quantified by the
methods described above to examine the amount of conspe-
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cific and/or heterospecific alkaloids in each individual
H. axyridis and C. septempunctata larva.

Analyses

The repeatability of measurements of alkaloids from four
eggs in an egg clutch laid by each female was calculated by
Proc VARCOMP (SAS 9.1) [R=Var (4 eggs)/Var (4
eggs) + Var (error)] for each species. The amount of alka-
loids in eggs of H. axyridis, C. septempunctata, and H. con-
vergens during the three-oviposition time periods were
analyzed by two-way ANOVA (female and time effects) for
each species. Correlation and regression analyses were con-
ducted to examine the relationship between egg clutch size
or individual egg weight and amount of alkaloids within
eggs of each species.

T-tests were conducted to analyze differences between
high and low levels of alkaloids in individual eggs and the
egg weight of H. axyridis and C. septempunctata. One-way
ANOVA was also conducted to examine the variances of
the egg weight (combined eggs of both high and low alka-
loid contents) between the two species. Because there were
positive relationships between egg weight and alkaloid
amount in individual eggs for each species (but no differ-
ences in the variation of eggs weight between the two spe-
cies in our egg samples for the feeding experiment), egg
weight was considered when estimating the cumulative
amount of alkaloids consumed by a larva (see “Results”
and Supplemental Materials). Therefore, cumulative weight
of eggs consumed by a larva was calculated by the total
number of eggs consumed by a larva x the mean egg
weight with high or low level of alkaloids for each species.
These data were analyzed by one-way ANOVA.

The amount of conspecific alkaloid within H. axyridis
and C. septempunctata larvae fed H. axyridis and C. sep-
tempunctata eggs with high or low levels of alkaloids, or an
aphid diet were analyzed by one-way ANOVA and a Tukey
post-hoc test. Relative percentages of alkaloid content in
larvae fed eggs compared with the aphid diet were also cal-
culated. The amount of alkaloid consumed by H. axyridis
and C. septempunctata larvae was estimated by the total
number of eggs consumed x the mean amount of alkaloids
in an egg as described below (see ‘“Results”). Estimated
amount of alkaloids consumed by a larva and the observed
amount of alkaloids in a larva were compared by paired-¢
test for each treatment.

Larval survival among treatments was analyzed by a
Chi-squared test for each species. Effects on first instars
(weight gain and developmental time) following consump-
tion of eggs with high or low alkaloid levels and an aphid
control were analyzed by one-way ANOVA and a Tukey
post-hoc test. The time to death of C. septempunctata first
instars fed on high or low level H. axyridis eggs was
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analyzed by a t test. All analyses were conducted using
SAS 9.1 (SAS Institute 2002).

Results
Variation in egg alkaloid content

The repeatability of alkaloid measurements of four eggs
from an egg clutch produced by an individual female was
high (R =0.99 for each of the three species), which indi-
cates low variation in the amount of alkaloids in individual
eggs within an egg cluster. The amount of alkaloids in an
egg from each species varied significantly among females
and three oviposition periods (time; P < 0.01 for female,
time, and the interaction of female and time; see Electronic
Supplementary Material, Table A1 and Fig. Al). The
ranges in the amount of alkaloids [mean of four eggs (£SE)
in an egg clutch, data from all females and three-time peri-
ods were pooled] were 62.8(+11.1) to 451.2(+43.9) ng
in H. axyridis (harmonine bis-trifluoracetyl derivative),
770(£33.3) to 1,568.9(+62.8) ng in C. septempunctata
(precoccinelline + degraded coccinelline products), and
113.8(£13.8) to 390.5(£42.6) ng in H. convergens
(hippodamine + degraded convergine products). Harmo-
nine bis-trifluoracetyl derivative was not detected in
H. convergens eggs, probably due to its low concentration
in this species. There was no correlation between egg
clutch size and the amount of alkaloids in eggs of the three
species (P =0.62 in H. axyridis, P=0.95 in C. septem-
punctata, P = 0.31 in H. convergens). However, there was a
positive linear relationship between egg weight (mg) and
the amount of alkaloid (ng) [H. axyridis: alkaloid = 3,694.5
(egg weight) — 562.1, R?=0.25, P <0.0001, C. septem-
punctata: alkaloid = 12,386.0 (egg weight) — 1,501.8,
R? = 0.12, P=0.02, H. convergens: alkaloid =2,034.6
(egg weight) — 177.6, R>=0.16, P =0.001, see Elec-

tronic Supplementary Materials, Fig. A2]. The correlations
(low value of RZ) explain little variation in alkaloid content,
indicating that size is a relatively minor contributor to vari-
ation in alkaloid quantity.

Larval performance following feeding on eggs
with high or low alkaloid levels

The mean amount (+SE) of alkaloids in eggs selected from
high and low categories were 388.8(£22.7) ng and
85.7(£6.2) ng in H. axyridis (t,, = 13.04, P <0.0001), and
1,418.4 (£43.3) ng and 804.8 (£21.5) ng in C. septem-
punctata (t,,=12.14, P <0.0001). Weight of individual
eggs from the high and low categories of alkaloids differed
significantly (H. axyridis: “High” 0.235 (4+0.005) mg and
“Low” 0.201 (£0.004) mg, t;5=5.25, P <0.0001, C. sep-
tempunctata: “High” 0.215 (£0.002) mg and “Low” 0.204
(£ 0.002) mg, t;5 = 4.04, P = 0.0003). There was no signifi-
cant difference in egg weight variations between the two
species (F ¢, = 3.50, P = 0.07).

The total egg consumption by H. axyridis first instars did
not differ significantly among treatments (F;;5=0.11,
P =0.95, Fig. 2a); however, there was a significant effect
on egg weight consumption in C. septempunctata first
instars among treatments (Fj 3¢ = 24.51, P <0.0001, Fig. 2b).
First instar C. septempunctata consumed significantly
fewer H. axyridis eggs with high levels of alkaloids com-
pared to consumption of H. axyridis eggs with low alkaloid
levels and conspecific eggs.

Quantified conspecific alkaloids in H. axyridis and
C. septempunctata larvae differed significantly among
treatments (one-way ANOVA: H. axyridis F,g=58.51,
P <0.0001, C. septempunctata Fyg= 152.53, P <0.0001,
Fig. 3). Both H. axyridis and C. septempunctata larvae had
more of their own alkaloids (H. axyridis high: +215%, low:
+140%, C. septempunctata high: +498%, low: +391%)
when they fed on high and low conspecific eggs compared

Fig. 2 Total cumulative weight (a) (b)
of eggs consumed by 16 Harmonia axyridis 16 Coccinella septempunctata
a Harmonia axyridis (Hax) and
b Coccinella septempunctata 14 1.4 4
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Fig. 3 Comparison of the observed amount of conspecific alkaloids
(SE) in larvae of a Harmonia axyridis (Hax) and b Coccinella septem-
punctata (C7) among treatments. Horizontal bar Mean with +SE for
aphid diet. The percentage increase or decrease in the amount of

with an aphid control (Fig. 3). The quantities of conspecific
alkaloids were significantly greater in larvae fed eggs with
high vs low alkaloid content (Tukey: P < 0.05, Fig. 3). The
amount of alkaloids in these larvae was significantly greater
compared with larvae fed aphids and heterospecific eggs
(Tukey: P < 0.05). For both H. axyridis and C. septempunc-
tata larvae, however, the amount of their own alkaloid
production was similar among larvae fed heterospecific
eggs with either high or low alkaloid levels or an aphid
control (Fig. 3).

The estimated amount of alkaloids consumed by a larva
based on egg consumption was compared with the observed
amount of alkaloids in larvae for both species (Fig. 4).
There was significantly more conspecific alkaloid in
H. axyridis larvae than expected based on dietary input alone,
which suggests that they also synthesize their own alkaloids
in these treatments (Fig. 4a: paired ¢ test; high alkaloid
level t,=8.48, P=0.0034, low alkaloid level #, =9.82,
P =0.0006). On the other hand, there was a significant
decrease compared to estimated intake in the amount of
alkaloids in C. septempunctata larvae when they consumed
conspecific eggs with the high level alkaloids (paired #-test:
t,=3.18, P=0.03, Fig. 4b). Estimated and observed
amounts of alkaloids were similar in C. septempunctata lar-
vae fed conspecific eggs with low level of alkaloids (paired
t test: t,=0.57, P =0.60, Fig. 4b). When H. axyridis and
C. septempunctata first instars consumed either high or low
levels of heterospecific alkaloids, they significantly reduced
the amount of alkaloids (paired ¢ test: P < 0.01 in all cases,
Fig. 4c, d). Harmonia axyridis first instars lost (e.g., defe-
cated or metabolized) 74.2 and 71.8% when they consumed
high and low levels of C. septempunctata alkaloids, respec-
tively. Coccinella septempunctata first instar lost 95.5 and
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conspecific alkaloids, compared with the mean aphid control, is shown
for each treatment. Differences in means among treatments as deter-
mined by Tukey (P < 0.05) are indicated by different upper case
letters. *Significant difference compared with aphid control

91.0% of ingested alkaloids when they consumed high and
low levels H. axyridis alkaloids, respectively, but nonetheless
died.

All H. axyridis larvae survived in the treatments of high
and low levels of alkaloid in H. axyridis eggs, low level of
alkaloids in C. septempunctata eggs and an aphid control,
and 90% survived in the treatment of high level of alkaloids
in C. septempunctata eggs (xﬁ =4.08, P =0.39). However,
there was a significant difference among treatments in the
survival of C. septempunctata first instars (xﬁ =46.31,
P <0.0001). All C. septempunctata first instars survived
when they consumed conspecific eggs and 90% of larvae
survived on pea aphids; however, all individuals died when
they consumed H. axyridis eggs. The average time (£SE)
to death of C. septempunctata when they consumed high
alkaloid level H. axyridis eggs was 60.9 (£8.3) h, and 56.8
(£3.1) h at the low alkaloid level.

Weight gain in H. axyridis differed among the treatments
(one-way ANOVA: F, 4, =7.00, P =0.0002, Fig. 5a). Con-
sumption of heterospecific eggs lowered the weight gain of
the first instar H. axyridis, compared with the aphid control
(Tukey: P < 0.05). However, there was no significant differ-
ence in weight gain between high and low alkaloid levels
(Tukey: P > 0.05). Weight gain of C. septempunctata first
instars was similar among the conspecific egg treatments
and the aphid control (one-way ANOVA: F,,,=0.31,
P =0.73, Fig. 5b).

The developmental time of H. axyridis first instars
differed significantly among treatments (one-way ANOVA:
Fyg= 6.44, P = 0.0004, Fig. 5¢), and was prolonged when
larvae consumed a high level of heterospecific alkaloids
compared with conspecific egg treatments (Tukey:
P <0.05). There was no significant difference in the
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developmental time of C. septempunctata first instars
fed on C. septempunctata eggs and pea aphids (one-way
ANOVA: alkaloid levels F| ;g = 1.48, P = 0.24, Fig. 5d).

Discussion

We documented variation in the amount of alkaloids in
eggs of Harmonia axyridis, Coccinella septempunctata,
and Hippodamia convergens, and its effect on the feeding
behavior, development, survivorship, and con- and hetero-
specific alkaloid amount in first instar H. axyridis and
C. septempunctata. The repeatability of our measurements
of alkaloids in eggs in an egg cluster was high (R = 0.99),
which suggests that females invest similar amounts of alka-
loids when they produce eggs within an individual cluster.
The amount of alkaloids in eggs differed significantly
among females, and between different oviposition periods.
Such intraspecific variations in amount of alkaloids in eggs
was also reported in Lepidoptera (Eisner et al. 2000), but
this is the first report of such variation in coccinellid eggs.
Because of a positive correlation between egg weight and
amount of alkaloids, some of this variation may be
explained by differences in egg sizes. However, correla-
tions with egg size explain relatively little of the variation

in alkaloid content (R2:0.25 for H. axyridis, 0.12 for
C. septempunctata, and 0.16 for H. convergens). Generally,
egg size among ladybird species shows low intraspecific
variation (Stewart et al. 1991; Dixon and Guo 1993). Previ-
ously, de Jong etal. (1991) and Holloway etal. (1991)
reported intraspecific variation in the amount of alkaloids
and its concentration in reflex blood in adult ladybirds. In
the herbivorous ladybird, Epilachna paenulata, male alka-
loids are transferred to eggs (Camarano et al. 2009), as
observed in other insects (Dussourd et al. 1988; Gonzalez
et al. 1999; Schroeder et al. 2000). Therefore, further stud-
ies are needed to explain the variation in the amount of
alkaloids in eggs, considering female and male contribu-
tions and other factors such as age, and genetic and envi-
ronmental variations.

We observed interspecific differences in response to
ingested conspecific alkaloids by cannibalism. Harmonia
axyridis in both high and low conspecific alkaloids treat-
ments synthesized additional alkaloid, because the
observed amount of conspecific alkaloids was greater than
the estimated consumption of conspecific alkaloids within a
larva. On the other hand, C. septempunctata larvae lost
some consumed conspecific alkaloids in the high alkaloid
egg treatment. The amounts of estimated and observed con-
specific alkaloids were similar in the low alkaloid treatment
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in C. septempunctata larvae. It is uncertain how much alka-
loid C. septempunctata larvae retained and synthesized in
these treatments; however, such interspecific differences in
response to conspecific alkaloids ingested by egg cannibal-
ism is an interesting species-specific characteristic. For
example, H. axyridis may synthesize their own alkaloid
actively, which may be related to their aggressive activity
compared with C. septempunctata (Yasuda and Shinya
1997; Yasuda and Ohnuma 1999; Kajita et al. 2000;
Yasuda et al. 2004). The accumulated alkaloid amount was
much greater than in individuals fed aphids. Interestingly,
accumulation of ingested conspecific alkaloids did not
affect the developmental time or weight gain in either spe-
cies. Larvae may simply store and use ingested conspecific
alkaloids for their future defense.

Consumed heterospecific alkaloids were extensively lost
(i.e., defecated or metabolized) by first instars in both spe-
cies. Coccinella septempunctata lost over 95% of ingested
H. axyridis alkaloid, but nonetheless died within 3 days.
Harmonia axyridis lost over 74% of ingested C. septem-
punctata alkaloids. All first instar H. axyridis survived to
the second instar, but consumption of C. septempunctata
eggs led to a significant reduction in weight gain compared
to the aphid control. In addition, feeding on C. septempunc-
tata eggs with high levels of alkaloids extended development

@ Springer

of H. axyridis by about 10% compared to a diet of aphids,
or conspecific eggs. There are many reports that consump-
tion of eggs negatively affects survivorship and develop-
ment of larval stages of predatory coccinellids (Agarwala
and Dixon 1992; Sato and Dixon 2004; Cottrell 2004,
2005; Rieder et al. 2008; Sloggett et al. 2009a); however,
this is the first report to show a link between heterospecific
alkaloids and their toxicity and/or costs by feeding high and
low alkaloid eggs to predatory ladybirds.

Based on our studies, H. axyridis larvae have a greater
ability to process ingested con- and hetero-specific defense
chemicals compared with C. septempunctata, which may,
in part, be linked to the aggressive behavior and wide food
habit of H. axyridis as an intraguild predator, and interspe-
cific interactions with C. septempunctata. For example,
C. septempunctata leave overwintering sites and lay eggs
earlier in the spring than H. axyridis when they are in
sympatry, and larvae of C. septempunctata emigrate to
escape predation by H. axyridis (Yasuda and Shinya 1997;
Sato et al. 2003). The invasive C. septempunctata had dom-
inated the coccinellid fauna in orchards in West Virginia in
the United States from 1983 to 1996; however, the second
invader, H. axyridis, replaced C. septempunctata in 2 years
after H. axyridis invaded the habitat (Brown and Miller
1998; Brown 2003).
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The ability to tolerate heterospecific alkaloids might
vary in later instars and adults, however. Larger individuals
of C. septempunctata might be able to tolerate higher levels
of heterospecific alkaloids. We fed high and low alkaloid
eggs to ladybird larvae; however, egg-choice studies would
be also important to examine the response of predators to
different alkaloid eggs. In addition, other factors, such as
species-specific seasonal phenology (Snyder and Hurd
1995) and life history strategies (Schellhorn and Andow
1999) also influence the relative abundance of predators
that share prey in the same habitat. Further studies are
needed to understand the role of variation in defensive
chemicals and its processes to provide a basis for under-
standing interspecific interactions.
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