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Abstract Reflex bleeding is an important antipredator defense mechanism in Coccinel-
lidae. We examined the costs of reflex bleeding in larval and adult stages of the ladybird
beetle Harmonia axyridis on offspring fitness and reproductive performance through the
comparisons between bled and control larvae, reciprocal crosses of bled/control beetles,
and early and late clutch phenotypes. Beetles bled during their larval stage spent a longer
time in development and weighed less than controls. Egg fertility was reduced for crosses
where either one or both parents had been bled during the larval or adult stage. Offspring
crosses that included a parent bled during the larval stage suffered fitness costs in de-
velopment and female body mass, while those bled during the adult stage suffered no
transgenerational costs. Males that suffered bleeding during their larval stage accelerated
progeny development of nonbled females in early clutches, suggesting a positive trans-
generational effect of larval bleeding, while males that did not suffer bleeding accelerated
progeny development of bled females in later clutches. As the underlying effects of bleed-
ing on females’ offspring in the early clutches were diminished in the late ones, suggesting
another transgenerational effect. The strengths of maternal and paternal effects on progeny
development of parents bled at the larval stage were higher in earlier clutches. This study
suggests that H. axyridis adults are less affected than larvae by the frequent use of the
defensive secretions in their stressful habitats.

Key words alkaloids; development; intraguild predation; maternal reproduction; mating;
transgenerational effects

Introduction

Ladybird beetles (Coccinellidae: Coleoptera) generally
are known to have chemical (e.g., Hemptinne et al., 2000),
morphological (e.g., Michaud & Grant, 2003) and behav-
ioral (e.g., Sato et al., 2005) defenses to cope with their
competitors. Reflex bleeding is one of the antipredator
mechanisms that are common to many groups of insects,
including larvae and adults of Coccinellidae, which emit
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a pungent and bitter yellowish fluid when attacked or pro-
voked (Majerus, 1994; Majerus & Majerus, 1997). These
fluids are generally regarded to be exuded directly from
the hemolymph, since the reflex blood and hemolymph
contain equal alkaloid concentrations (Holloway et al.,
1991). Upon disturbance, the larvae, including those of
the genus Harmonia, exude blood from the tips of ex-
tensively branched spines along the dorsum, whereas the
adults exude blood from tibiofemoral articulations (de
Jong et al., 1991; Holloway et al., 1991).

The benefits of reflex bleeding have been reported,
however the costs associated with the synthesis of
chemical defenses de novo in a predatory arthropod have
received scant attention (Lee et al., 2018). The external-
ization of reflex blood may confer protection, by giving
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an advantageous warning, meaning that the predator
does not need to injure its prey to recognize its toxicity
(Endler, 1986). The association between toxic alkaloids
and aposematic coloration may reduce the rates of attack
and increase the survival of prey animals after an attack
(Marples et al., 1994), since the color pattern of some
adult ladybird species, such as Harmonia axyridis (Pal-
las), is an indicator of their alkaloid content (Bezzerides
et al., 2007). However, the emission of hemolymph poses
significant physiological costs to the emitting insect, since
it requires replenishment (Grill & Moore, 1998; Sato
et al., 2009; Knapp et al., 2018). These costs indicate that
valuable components of hemolymph (e.g., hemocytes and
nutritional elements) are also lost through frequent bleed-
ing events. Each larva, for example, can lose up to 20% of
its body weight in a single bleeding event (Holloway et al.,
1991) and the frequent losses could result in organismal
exhaustion (Karystinou et al., 2004; Knapp et al., 2018).

Intraguild predation (IGP) is well attested among coc-
cinellid larvae under field conditions, although it appears
to be very rare among adult coccinellids (Majerus, 1994).
However, adults, in nature, are at risk during the par-
ticularly vulnerable period immediately after emergence,
when the elytra are still soft (Majerus, 1994; Ware & Ma-
jerus, 2008). The pungent chemical alkaloids produced
by adults may therefore render them unpalatable to other
coccinellids, predacious spiders, and ants, and may also
act as additional protection against vertebrates, such as
birds and reptiles (Eisner et al., 1986; Majerus et al.,
2007; Sloggett, 2010). These alkaloids have a lighter pro-
tective effect against conspecifics than heterospecifics
(Hemptinne et al., 2000). Several reports have suggested
that the species-specific alkaloids may serve defensive
functions and thus modulate the intensity of IGP in H.
axyridis (e.g., Majerus, 1994; Ware & Majerus, 2008;
Hautier et al., 2011; Sloggett et al., 2011). Further, fe-
male ladybirds are known to add some chemical alkaloids
to their eggs to minimize the egg predation by intraguild
predators (Kajita et al., 2010). Maternal investment in
such eggs from its own defense levels is itself an increased
cost, since these defensive chemicals are synthesized de
novo via the fatty acid pathway (Haulotte et al., 2012)
and there is a high demand for fatty acids when supplying
eggs with yolk (Nazareth & Machado, 2015). This may
maximize the competition for fats between both allocation
pathways (i.e., egg production and self-defense). In Japan,
the arrival of H. axyridis adults late in the season when
aphid resources are limited, in comparison with other
aphidophagous ladybird beetles that migrate earlier, may
increase the likelihood of IGP (Takahashi, 1989). There-
fore, reflex bleeding is expected to be particularly costly
to larvae and/or adults in the predator-rich environments.

A few studies have been conducted to examine the costs
of reflex bleeding in ladybird beetle species. Adult H.
axyridis had slower development time and lower adult
body weight when larvae are subjected to reflex bleed (Gill
& Moore, 1998; Sato et al., 2009). Moreover, females of
Cheilomenes sexmaculata (Fabricius) that were experi-
mentally induced to expel defense chemicals had shorter
life, smaller egg size, and lower egg viability than the con-
trols, but did not differ from controls in body weight and
fecundity (Agarwala & Bhowmik, 2007). Furthermore,
there are age-specific variations in amount and concentra-
tion of blood and alkaloids, respectively. In the ladybirds
Coccinella septempunctata L. and Adalia bipunctata L.,
alkaloid concentration of adults decreased significantly
over time, suggesting that the synthesis of alkaloids is
expensive (de Jong et al., 1991; Holloway et al., 1991).
Curiously, Lee et al. (2018) did not detect any significant
cost of reflex bleeding on fecundity and fertility in the
newly mated females of H. axyridis, C. septempunctata,
and Coccinella novemnotata Herbst. All these studies,
however, did not take into account the transgenerational
costs on parents’ performance and offspring fitness. Given
that paternal quality can affect maternal investment (Bur-
ley, 1988) and that coccinellids are known to add chem-
ical defenses on the eggs (e.g., Vargas et al., 2012a,b),
it is important to consider transgenerational effects when
studying the costs of reflex bleeding in ladybirds.

Parental effects are a key determinant of offspring phe-
notype (Fox & Mousseau, 1998), affecting offspring traits
in a way that reflects parentally detected environmental
variation (Fox et al., 1997) and/or parental phenotype
(Bonduriansky & Head, 2007). The maternal reproduc-
tion is age-dependent and may vary depending on the
paternal quality (Burley, 1988), whereas parental effects
overall tend to be condition-dependent in Coccinellidae
(e.g., Vargas et al., 2012a,b). Recently, both effects have
been identified as transgenerational signals, at least for
early clutches, and are often subject to selection with
potentially lifelong effects on progenies’ life histories
(Mousseau et al., 2009). These signals can be altered dur-
ing the adult stage, leading to changes in the progenies’
trajectories in response to predictable resource dynam-
ics (Fox & Mousseau, 1998; Vargas et al., 2012b) or/and
stressful environments.

The ladybird beetle H. axyridis is native to eastern and
central Asia, including Japan (Dobzhansky, 1933). This
species can be easily maintained under laboratory condi-
tions, which makes it an excellent model for experimental
research of numerous ecological issues (Roy et al., 2016).
In this study, we clarify the physiological costs of re-
flex bleeding on the development and reproduction of H.
axyridis individuals that had been subjected to bleeding
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during the larval and adult stages. Our study also inno-
vates by emphasizing in the experimental design the role
of parental effects on the costs of reflex bleeding.

Materials and methods

Predator colony

Harmonia axyridis beetles used in the experiment were
the second-generation offspring of individuals (seven
males and six females) that had been collected at
the Botanical Garden of Kyoto University (35°03′N
135°79′E) in June 2018. The individuals reared in the lab-
oratory were fed with frozen eggs of Ephestia kuehniella
(Lepidoptera: Pyralidae) (Beneficial Insectary, Guelph,
ON, Canada) to allow them to reproduce. Several hun-
dred adult offspring were obtained at the next generation
and 30 mated females were selected to establish the exper-
imental population. Each female was isolated in a Petri
dish (90 mm in diameter) with a sponge that had been
saturated with water and a diet of the frozen eggs. The
eggs laid on the inner surface of the dishes were often
oviposited in a scatter across the Petri dish. The eggs were
collected daily by transferring the females to new dishes.
Eggs collected over 2 d were used to initiate the ensuing
experiments. These eggs were stored in an incubator at
25.0 ± 1.0 °C, ca. RH 70%, and 16 : 8 h light : dark. These
conditions were maintained throughout the experiments.
The neonate larvae were collected (before egg/larval can-
nibalism) from the edge of the scattered egg batch and
labeled. These larvae were reared individually in Petri
dishes (55 mm in diameter) on a diet of E. kuehniella
eggs ad libitum and water provided on a small cube of
sponge, both refreshed as required, and the dishes were
stored in the incubator. The adults were sexed, and each
beetle was isolated in a Petri dish. These beetles were then
used as parents in the experiments. Thirty 10-d-old non-
sibling pairs were isolated in a 90-mm Petri dish until the
first oviposition, at which point the males were removed.
Eggs from the first day of oviposition were discarded, and
the eggs from the following 2 d were incubated.

Elicitation of reflex bleeding in larvae

Two groups of H. axyridis larvae (i.e., bled vs. not bled)
were reared. Each group consisted of 160 first instars se-
lected to ensure the equal representation of maternal lin-
eages (i.e., progeny of original mothers) in both groups.
Upon eclosion, each larva was isolated in a 55-mm Petri
dish, with frozen food and water, and maintained in the
incubator. Larval development was tracked twice daily to

record the number of larval molts as accurately as pos-
sible. After they had molted to the fourth instar, reflex
blood was elicited by poking larvae in the first group with
a fine-tipped paint brush, with 3 × 0.88 inch bristles. The
emitted hemolymph was removed at each bleeding event.
Each larva was subjected to one bleed event per day during
its fourth-instar period until pupation (the mean number
of bleed events per larva was 4.2). Larvae in the control
treatment (i.e., those of the second group) were reared
to adulthood without any elicitation treatments. The total
developmental time in both groups was recorded, in addi-
tion to the number of larvae that successfully pupated in
both groups. Upon emergence, the adults were weighed on
an analytical balance (FA-200; 0.001 g; A&D Co., Ltd.,
Tokyo, Japan), sexed, and then individually maintained
until the time of mating.

Elicitation of reflex bleeding in adults

Two groups of neonate larvae were reared in the incu-
bator until adulthood; each consisted of 160 larvae, which
represented all maternal lineages equally. Following emer-
gence, both groups were sexed at 5 d old and reared in-
dividually until the time of mating. To elicit bleeding,
the abdominal surface of each adult beetle (6 d old) in the
treatment group was poked with a hard-tipped paint brush,
with 5 × 0.88-inch bristles, which mainly imitates bird
picking and lizard biting in nature. When no hemolymph
was exuded, the elytra were touched with an insect pin
until reflex blood was produced from the legs. The blood
was removed at each bleeding event. Adults in the control
group were kept without any elicitation treatments until
time of mating.

Maternal reproduction and progeny development

For each experiment (i.e., larval bleeding and adult
bleeding), four reciprocal crosses of bled/control bee-
tles were performed to test for sex-specific reproductive
costs associated with reflex bleeding. When the beetles
were 10–12 (larval bleeding) and 10 (adult bleeding) days
postemergence, nonsibling pairs were confined together
in Petri dishes (90 mm in diameter) for mating in the
following four treatments (n = 30 per treatment): ♂N ×
♀N, ♂N × ♀B, ♂B × ♀N, and ♂B × ♀B, where B in-
dicates “bled” and N refers to “not bled.” Each pair was
stored in the incubator and provisioned daily with the
frozen diet and water until the female produced the first
clutch of eggs. When the first clutch of eggs had been laid,
the male was removed and this clutch was excluded from
consideration, because the rationale for excluding the first
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clutch is to reduce variation in the data due to factors as-
sociated with an inexperienced female reproductive tract
(i.e., physiologically unstable). The females were subse-
quently reared individually and provisioned as previously
described until each female had produced ten clutches of
eggs. The number of eggs in each clutch was counted daily
and the eggs were incubated until eclosion. Data from fe-
males that failed to produce ten clutches in each treatment
were excluded from fecundity and fertility analyses. The
numbers of these females were 25, 22, 16, and 19 in those
bled as larvae and 26, 26, 20, and 19 in those bled as
adults for the four treatments, respectively. Two progeny
of each female that hatched from early (i.e., the second)
and late (i.e., the eleventh) clutches were isolated in 55
mm Petri dishes, as maternal effects are known to be age-
dependent (Vargas et al., 2012a,b), fed with the frozen
eggs, and monitored daily to record the larval, pupal, and
total developmental periods, and individual survivorship.
In this study, the total number of eggs in the 10 clutches
is defined as total egg fecundity. Once the adult progeny
had emerged, each beetle was weighed (i.e., fresh body
mass) and sexed.

Statistical analysis

The effects of bleeding (i.e., bled vs. not bled) on
development parameters (larval, pupal, and total devel-
opmental times, and adult fresh mass) were analyzed
using the Student’s t-test (where the subjects had passed
the Shapiro–Wilk and homogeneity of variance tests) or
the Mann–Whitney U test (where the subjects had failed
the Shapiro–Wilk and homogeneity of variance tests).
The Pearson product–moment correlation was used to de-
termine the relationship between the total developmental
time of H. axyridis beetles and the number of bleed events
in fourth-instar larvae. This analysis was performed
using the SigmaStat functions of SigmaPlot 12 (Systat
Software, San Jose, CA, USA), while all the next analyses
were conducted using R software (R Core Team, 2017).

For both parents that were subjected to bleeding in
either the larval or adult stages, the effect of bleeding
treatment on the (i) reproductive outputs (i.e., total fecun-
dity, number of days required to obtain 10 clutches, and
number of days to lay the first clutch after mating) was
analyzed by fitting generalized linear models (GLMs) as-
suming a negative binomial error distribution (log link
function) (package MASS, Venables & Ripley, 2002), (ii)
total egg viability was analyzed by fitting GLMs assum-
ing a quasi-binomial error distribution (logit link func-
tion), (iii) recorded responses in progeny (i.e., eclosion
time, larval and pupal development times, and total de-

velopmental time) of the early (i.e., second) clutch and the
late (i.e., eleventh) clutch separately was analyzed by fit-
ting generalized linear mixed models (GLMMs) assuming
a Poisson error distribution (log-link function) (package
lme4, Bates et al., 2015), (iv) adult fresh weight of males
and females of the early clutch and the late clutch was sep-
arately analyzed by fitting linear mixed models (LMMs)
assuming a Gaussian error distribution (package nlme,
Pinheiro et al., 2018), and (v) the survival rates and sex
ratios of the early and late clutch progenies were analyzed
by fitting GLMs assuming a binomial error distribution
(log-link function). In the mixed models, treatments were
included as fixed factors and the mothers (identified by a
single number) were included as random factors.

The effect of bleeding treatment, maternal clutch, and
their interaction on (i) progeny responses (i.e., eclosion
time, larval and pupal development times, and total devel-
opmental time) was analyzed by fitting GLMMs (pack-
age lme4, Bates et al., 2015) assuming a Poisson error
distribution (log-link function) and (ii) adult fresh weight
of males and females was separately analyzed by fitting
LMMs (package nlme, Pinheiro et al., 2018). Bleeding
treatment, maternal clutch and their interaction were in-
cluded as fixed factors while the mother (identified as a
single number), as well as the maternal clutch nested into
the mother identity, were included as random factors.

Each GLM(M) fitted assuming a Poisson error distri-
bution (log-link function) were tested for data overdisper-
sion. When it occurred, negative binomial error distribu-
tion was used instead (i.e., for the analyses of reproductive
outputs). All GLMs and GLMMs were tested by using a
likelihood ratio test (P < 0.05) and LMMs were tested
by using an analysis of variance (ANOVA) (P < 0.05).
When significant effects of fixed factors where observed,
means were compared using a pairwise Tukey’s test (P <

0.05) (package multcomp, Hothorn et al., 2008).

Results

Development

The developmental time of the fourth-instar larvae of
H. axyridis that were stressed by daily bleeding was sig-
nificantly longer than that were not bled (Table 1). The
total developmental time was extended as the number of
bleeding events for fourth-instar larvae increased (r =
0.81; P = 0.02). Males and females of the control group
(nonbled) were significantly heavier than those of the bled
group (Table 1). The progeny survival rate was 98.13% in
the control group, not significantly different from 97.5%
in the bled groups (χ2 = 0.52, df = 1, P = 0.47).
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Table 1 Mean (±SE) life-history parameters for progeny of Harmonia axyridis that had been either bled or not bled during their fourth
instar larval stage. Both groups were compared either by the Student’s t-test or the Mann–Whitney U test (α = 0.05).

Fourth instar Test
Dependent variable

Bled Not Bled t U P

Eclosion (days) 2.59 ± 0.06 2.64 ± 0.04 24514.50 0.12
Larval development (days) 10.59 ± 0.08 9.88 ± 0.09 6869.50 <0.001
Pupal development (days) 5.19 ± 0.05 5.33 ± 0.04 11023.00 0.05
Total development (days) 18.43 ± 0.11 17.83 ± 0.11 8726.00 <0.001
Male fresh mass (g) 0.023 ± 0.0004 0.029 ± 0.0005 8.54 <0.001
Female fresh mass (g) 0.026 ± 0.0004 0.031 ± 0.0004 1136.00 <0.001

Maternal reproduction and progeny development

The reciprocal crosses of the bled/control beetles did not
affect the time required to obtain the 10 clutches (fourth
instar: χ2 = 2.33, df = 3, P = 0.51; adult stage: χ2 =
8.53, df = 3, P = 0.06), or the time until the first
oviposition (fourth instar: χ2 = 4.97, df = 3, P = 0.17;
adult stage: χ2 = 0.40, df = 3, P = 0.94). Total egg
fecundity was increased in treatments having bled males
in the fourth instar compared to those having nonbled
males (χ2 = 9.69, df = 3, P = 0.02, Fig. 1), whereas
the four crosses of the bled/control beetles in the adult
stage did not significantly differ in total egg fecundity
(χ2 = 1.79, df = 3, P = 0.62, Fig. 2). Egg fertility was
significantly reduced when either one or both parents
were subjected to bleeding events in either the larval or
adult stage (fourth instar: χ2 = 27.85, df = 3, P < 0.001,
Fig. 1; adult stage: χ2 = 22.0, df = 3, P < 0.001, Fig. 2).

Parental effects of larval bleeding

The bleeding treatment of the fourth-instar larvae sig-
nificantly reduced the larval period and total developmen-
tal time of the progeny, as well as the female body weight.
In addition, the maternal clutch age (early vs. late) reduced
the larval, pupal, and total developmental times as well
as the female body weight. However, the interaction be-
tween the bleeding treatment and clutch age was non-
significant (Table 2).

Considering the early (i.e., second) clutches, the mat-
ing crosses significantly reduced the larval and total de-
velopmental time of the progeny in the control (♂N ×
♀N) compared to the other crosses (χ2 = 5.09, df = 3,
P = 0.006 and χ2 = 2.06, df = 3, P = 0.002, respec-
tively). The female fresh weight of the control (♂N ×
♀N) progenies was significantly heavier than that of any
other crosses, whereas there were no significant differ-
ence among crosses in male mass (female: F3,83 = 5.19,

P = 0.003; male: F3,69 = 1.66, P = 0.18, Table 3). Con-
sidering the late (i.e., eleventh) clutches, there were no
significant differences between the four crosses in any of
the biological parameters estimated (egg: χ2 = 0.07, df =
3, P = 0.99; larval: χ2 = 5.81, df = 3, P = 0.12; pupal:
χ2 = 0.90, df = 3, P = 0.82; total development time:
χ2 = 3.61, df = 3, P = 0.31; female mass: F3,78 = 0.76,
P = 0.52; male mass: F3,69 = 0.82, P = 0.49, Table 3).
Progeny survival and their sex ratio did not differ signifi-
cantly among treatments in either the early (survival: χ2 =
6.51, df = 3, P = 0.09; sex ratio: χ2 = 1.01, df = 3, P =
0.79) or late (survival: χ2 = 7.59, df = 3, P = 0.06; sex
ratio: χ2 = 0.58, df = 3, P = 0.90) clutches.

Female offspring of the early clutches exhibited heavier
weights than did those of the late clutches for the crosses
of ♂N × ♀N (t = 4.42, df = 52, P < 0.001), ♂N × ♀B

(t = 2.07, df = 44, P = 0.04), and ♂B × ♀N (U = 61,
n = 31, P = 0.03), but not in the crosses of both bled
parents, ♂B × ♀B (t = 0.97, df = 37, P = 0.34, Table 3).
However, clutch time (early vs. late) had no significant
effect on progeny survival (χ2 = 0.88, df = 1, P = 0.35)
or their sex (χ2 = 0.45, df = 1, P = 0.50) when the data
were pooled across both clutches.

Parental effects of adult bleeding

The bleeding treatment of adults and the maternal clutch
age had no significant effect on any of the biological
parameters estimated. In addition, the bleeding treatment
× clutch age interaction had no significant effect on total
developmental times (Table 2). There were also no signif-
icant differences between the four crosses on any of the
biological parameters estimated for progeny of the early
(egg: no statistical analyses were conducted as the egg
period was 3 d for all individuals; larval: χ2 = 0.43, df =
3, P = 0.93; pupal: χ2 = 0.03, df = 3, P = 0.99; total
development time: χ2 = 0.29, df = 3, P = 0.96; female
mass: F3,104 = 0.69, P = 0.56; male mass: F3,81 = 0.59,
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Fig. 1 Box and whisker plots of the mean (±SE) total egg
(upper) and egg viability (lower) when ten clutches were col-
lected from each Harmonia axyridis female, bled four times in
her fourth instar, in each of four reciprocal cross-matings in
which bled parents (B) were paired with bled/nonbled controls
(N). The thin black line in the box represents the median; the
lower and upper limits of the box represent the 25th and 75th
percentiles; the lower and upper whiskers denote the 10th and
90th percentiles; and the lower and upper dots represent the 5th
and 95th percentiles. Box plots bearing different letters are sig-
nificantly different (GLMs followed by Tukey’s test, α < 0.05).

P = 0.63, Table 4) and late clutches (egg: χ2 = 0.004,
df = 3, P = 0.99; larval: χ2 = 4.19, df = 3, P = 0.24;
pupal: χ2 = 0.55, df = 3, P = 0.91; total development
time: χ2 = 2.29, df = 3, P = 0.52; female mass: F3,81 =
0.42, P = 0.74; male mass: F3,75 = 0.98, P = 0.41,
Table 4). Survival rate and sex ratio of the progeny also

Fig. 2 Mean (±SE) total egg (upper) and egg viability (lower)
when 10 clutches were obtained from each Harmonia axyridis
female, bled four times in her virgin adult life, in each of four
reciprocal cross-matings in which bled beetles (B) were paired
with bled/nonbled controls (N). The thin black line in the box
represents the median; the lower and upper limits of the box
represent the 25th and 75th percentiles; the lower and upper
whiskers denote the 10th and 90th percentiles; and the lower and
upper dots represent the 5th and 95th percentiles. Box bearing
different letters are significantly different (GLMs followed by
Tukey’s test, α < 0.05).

did not differ significantly among crosses in either the
early (survival: χ2 = 4.61, df = 3, P = 0.20; sex ratio:
χ2 = 1.58, df = 3, P = 0.66) or the late (survival: χ2 =
1.27, df = 3, P = 0.74; sex ratio: χ2 = 2.13, df = 3, P =
0.54) clutches. The late clutches exhibited longer larval
and total developmental times than did the early clutches
where both parents had been bled (larval: U = 424,

C© 2019 Institute of Zoology, Chinese Academy of Sciences, 27, 1346–1359



1352 M. H. Bayoumy et al.

n = 87, P = 0.001; adult: U = 438, n = 77, P = 0.003,
Table 4). Furthermore, there were no significant differ-
ences between the clutches in progeny survival (χ2 =
2.32, df = 1, P = 0.13) or their sex (χ2 = 0.52, df = 1, P =
0.47) when the data were pooled across both clutches.

Discussion

Development

In general, extended development is itself an increased
risk, but it can be a cost worth paying if the alternative
is death (Hodek & Honek, 1996; Hawlena & Schmitz,
2010; Michaud et al., 2016). Harmonia axyridis beetles,
when induced to bleed during their fourth instar, delayed
their development in comparison with the controls, re-
sulting in lower body mass of adults at time of emergence
(Table 1). These results are compatible with those re-
ported by Grill & Moore (1998) and Sato et al. (2009) for
H. axyridis beetles. The costs of synthesis of defensive al-
kaloids de novo should be detracted from rates of growth
and reproduction of bled animals (Lee et al., 2018). Ac-
cordingly, these animals can alter their physiology such
that they grow more slowly or lose weight in response
to antipredator defenses that may interact with metabolic
pathways that sustain growth, reproduction, and life of liv-
ing organisms (Hawlena & Schmitz, 2010). Thus, the con-
sumption rates after bleeding in fourth instar larvae may
drive not only rates of growth to attain the critical weight
required for pupation, but also rates of blood replenish-
ment and its valuable contents, both pathways function
in parallel. This partition of food acquired may be the
reason for this delay in development of bled beetles. In
addition, this slow development was positively increased
with increasing the number of bleeding events for each
individual larva of the fourth instar. This increased delay
in development may result from the frequent losses of
valuable nutrients present in the hemolymph by increas-
ing the number of bleedings which may need more time
to compensate (Holloway et al., 1991; Karystinou et al.,
2004; Sato et al., 2009; Knapp et al., 2018), implying a
significant fitness cost. However, this slow development
in bled larvae can be viewed as adaptive to avoid pre-
dation, in the sense of minimizing the risk of immature
mortality, and this is compatible with the “general stress
paradigm” of predator-induced impacts on prey pheno-
types (Hawlena & Schmitz, 2010). This is because it did
occur at the expense of body size, that is, there was a
trade-off in adult size as a consequence of increased age
at time of emergence.

Although, reflex bleeding exerted some fitness costs
on developing Harmonia larvae (slower development,
smaller body size at emergence), we detected no differ-
ences in survival between bled and control groups. Re-
flex bleeding is itself an increased cost, but it remains
an advantage if it maintains the survival. In Coccinelli-
dae, lower attack rates and higher survival rates of prey
animals after attach is the result of the association be-
tween toxic alkaloids and aposematic coloration (Marples
et al., 1994). As Hawlena et al. (2010) observed, stress re-
sponses improve an animal’s likelihood of survival in life-
threatening habitats but interfere with fundamental bodily
functions. Therefore, Harmonia beetles evolve these de-
fensive chemical alkaloids in response to predation risk
to reduce the rates of attack, and might remain dependent
on such cues for its expression.

Reproduction

The cost of predator-induced larval phenotypes may not
become apparent until after metamorphosis (e.g., Benard
& Fordyce, 2003). The lifetime reproductive measure-
ments of H. axyridis (i.e., time to obtain the ten clutches,
and time to the first oviposition) of the bled crosses of
either stage did not differ significantly from those of the
control treatment. Regardless of the stage and the sex that
has been subjected to bleeding, the only common signifi-
cant cost was a lower egg viability (Figs. 1 and 2), whether
it was imposed on males or females, but did not seem to
be additive when both parents were not bled. Females of
C. sexmaculata that had been provoked to exude blood
had lower egg fertility than those maintained as controls
(Agarwala & Bhowmik, 2007). In contrast, no significant
cost of reflex bleeding on egg fertility of bled females of H.
axyridis was detected (Lee et al., 2018). Their study car-
ried 10-time bleedings for H. axyridis females after mat-
ing, which may account for this difference. In this study,
the decline in egg fertility may be due to increased trophic
egg provisioning (Perry & Roitberg, 2005; Paul, 2016),
increased losses of valuable nutrients (Sato et al., 2009),
sperm limitations (Stürup et al., 2013), decreased female’s
per egg investment when mating with nonattractive male
(Ratikainen & Kokko, 2010), or/and decreased male in-
vestment in sires when mating with bled (less-qualitative)
females (D’Alba et al., 2010). The decline in egg fertil-
ity may also be a maternal strategy in response to envi-
ronmental stressors. Increase investment in inviable eggs
could be either to provision larvae with trophic eggs dur-
ing lean times (Perry & Roitberg, 2005; Paul, 2016; Lee
et al., 2018) or to provision viable eggs and hatched larvae
with more alkaloid toxins. This increased investment may
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Table 3 Mean (±SE) life-history attributes of progeny (early and late clutches) produced by parents of Harmonia axyridis that were
stressed to elicit reflex bleeding (B) or were not stressed (N) during their fourth instar larval stage and subjected to four mating scenarios
when they were 10–12 d postemergence.

Mating crosses
Dependent variable

♂N × ♀N ♂N × ♀B ♂B × ♀N ♂B × ♀B

Early (second) clutch
Eclosion (days) 3.00 ± 0.00A 3.00 ± 0.00A 3.00 ± 0.00A 3.00 ± 0.00A

Larval stage (days) 9.49 ± 0.15bB 10.65 ± 0.33abB 10.38 ± 0.20abB 10.70 ± 0.34aB

Pupal stage (days) 5.96 ± 0.08aA 5.85 ± 0.07aA 5.66 ± 0.11aA 5.92 ± 0.08aA

Total development (days) 18.45 ± 0.12bB 19.50 ± 0.33aB 19.03 ± 0.27abB 19.47 ± 0.33aB

*Male fresh weight (g) 0.024 ± 0.0008aA† 0.023 ± 0.0008aA† 0.023 ± 0.0010aA 0.021 ± 0.0014aA

*Female fresh weight (g) 0.031 ± 0.0006aA† 0.028 ± 0.0009bA† 0.028 ± 0.0005bA 0.027 ± 0.0009bA†

Late (eleventh) clutch
Eclosion (days) 2.92 ± 0.04aB 3.00 ± 0.00aA 3.00 ± 0.00aA 3.00 ± 0.06aA

Larval stage (days) 11.54 ± 0.32aA 11.29 ± 0.38aA 12.82 ± 0.43aA 12.81 ± 0.40aA

Pupal stage (days) 5.08 ± 0.11aB 5.51 ± 0.11aB 5.14 ± 0.07aB 5.25 ± 0.10aB

Total development (days) 19.54 ± 0.34aA 19.95 ± 0.34aA 20.96 ± 0.44aA 21.13 ± 0.43aA

*Male fresh weight (g) 0.023 ± 0.0009aA† 0.021 ± 0.0009aA† 0.022 ± 0.0006aA 0.022 ± 0.0009aA

*Female fresh weight (g) 0.027 ± 0.0007aB† 0.026 ± 0.0008aB† 0.026 ± 0.001aB 0.026 ± 0.0009aA†

Means followed by different lower-case letters between treatments in the raw test (GLMM or *LMM followed by Tukey’s test) and those
bearing different upper-case letters between both clutches in a column (Mann–Whitney U test and †Student t-test) are significantly
different (α < 0.05). For egg stage of the early clutch, egg period was 3 d for all individuals, so no statistical analysis is possible.

happen in response to poor environment conditions expe-
rienced by mothers during either their development or dur-
ing prereproductive stage, to protect these stages from in-
traguild predation (Paul, 2016). The nonbled males did not
restore the fertility of bled females of H. axyridis, regard-
less of the stage at which bleeding occurred (Figs. 1 and 2).
This suggests that the nonbled male did not invest more in
stimulating the reproduction of the bled (less-qualitative)
females.

Interestingly, total egg fecundity was significantly
increased in crosses having bled male, as larvae, that
mated to nonbled female (♂B ×♀N) and was intermediate
in those of ♂B × ♀B compared to other crosses with a
common nonbled male regardless it was mated with bled
(♂N × ♀B) or nonbled (♂N × ♀N) female (Fig. 1). Thus,
larval bleeding seems to activate a physiological cascade
which increases the magnitude of male’s allomonal
factors which may benefit female reproduction indirectly
via effects on female condition, possibly via pleiotropic
effects. Paternal quality can affect maternal investment
in eggs (Burley, 1988) and male coccinellids are known
to stimulate female fecundity, presumably via allomonal
induction of females (Mirhosseini et al., 2014). Females
can therefore increase their per egg investment when
mating with less attractive males to compensate for their
partner’s poor quality (negative differential allocation;

Ratikainen & Kokko, 2010). However, this benefit of male
bleeding, in the larval stage, on female’s fecundity did not
translate into higher fertility (Fig. 1). This probably gives
evidence that a large part of the eggs that were laid by
these stimulated females was inviable (i.e., trophic) eggs.

Parental effects

Females may modify their oviposition schedule in
response to levels of environmental and physiological
stresses (Vargas et al., 2012a,b). However, female H.
axyridis altered their oviposition sequence in early life,
regardless of it was suffered or not in the larval stage, to
produce “high-fitness” offspring that can grow faster than
those that were laid by females bled as adults. This faster
development of offspring in early life may be an adap-
tive maternal strategy, to exploit the exponential growth
phase of the aphid population to complete their devel-
opment, since Harmonia beetle begins reproduction later
than other aphidophagous ladybirds and its larvae grow as
aphids decline, making these larvae potentially vulnera-
ble to IGP (Takahashi, 1989). Thus, it displays fast initial
growth, large body size, and a high level of aggressiveness
compared to those that migrate early (Osawa, 2000; Ware
& Majerus, 2008).
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Table 4 Mean (±SE) life-history attributes of progeny (early and late clutches) produced by parents of Harmonia axyridis that were
stressed to elicit reflex bleeding (B) or were not stressed (N) during their virgin adult stage and subjected to four mating scenarios at
10 d postemergence.

Mating sequence (treatment)
Dependent variable

♂N × ♀N ♂N × ♀B ♂B × ♀N ♂B × ♀B

Early (second) clutch
Eclosion (days) 3.00 ± 0.00aA 3.00 ± 0.00aA 3.00 ± 0.00aA 3.00 ± 0.00aA

Larval stage (days) 11.13 ± 0.28aA 11.15 ± 0.29aA 10.95 ± 0.20aA 10.80 ± 0.22aB

Pupal stage (days) 5.61 ± 0.07aA 5.55 ± 0.13aA 5.55 ± 0.08aA 5.57 ± 0.08aA

Total development (days) 19.74 ± 0.27aA 19.69 ± 0.27aA 19.50 ± 0.21aA 19.27 ± 0.24aB

*,†Male fresh weight (g) 0.022 ± 0.0008aA 0.023 ± 0.001aA 0.023 ± 0.0009aA 0.022 ± 0.0009aA

*,†Female fresh weight (g) 0.028 ± 0.0007aA 0.027 ± 0.0009aA 0.026 ± 0.0011aA 0.027 ± 0.0012aA

Late (eleventh) clutch
Eclosion (days) 2.96 ± 0.03aA 2.95 ± 0.03aA 2.95 ± 0.04aA 3.00 ± 0.00aA

Larval stage (days) 11.02 ± 0.20aA 10.63 ± 0.25aA 10.71 ± 0.27aA 12.09 ± 0.34aA

Pupal stage (days) 5.56 ± 0.09aA 5.51 ± 0.09aA 5.78 ± 0.09aA 5.58 ± 0.09aA

Total development (days) 19.54 ± 0.22aA 19.08 ± 0.25aA 19.45 ± 0.29aA 20.61 ± 0.36aA

*,†Male fresh weight (g) 0.023 ± 0.0006aA 0.024 ± 0.0009aA 0.024 ± 0.0013aA 0.023 ± 0.0008aA

*,†Female fresh weight (g) 0.028 ± 0.0009aA 0.028 ± 0.0009aA 0.027 ± 0.0009aA 0.026 ± 0.0011aA

Means followed by different lower-case letters between treatments in the raw test (GLMM or *LMM followed by Tukey’s test) and those
bearing different upper-case letters between both clutches in a column (†Mann–Whitney U test) are significantly different (α < 0.05).

The costs of reflex bleeding on development were more
evident in offspring of parents that were bled during the
fourth instar larvae than in those that were bled as adults
(Tables 3 and 4). For the latter, there were no signif-
icant difference between all crosses in any of the de-
velopmental parameter for the progeny in the early and
late clutches, potentially indicting that progeny of par-
ents, bled as adults, enjoy “no-transgenerational defen-
sive costs.” Indeed, there are no previous studies that
have examined the long-term developmental costs of the
defense mechanisms in ladybird beetles to compare. In
contrast, the phenotypes of parents experienced bleeding
during the larval development suffered fitness costs only
in early, in terms of development time and adult mass, as
has been reported for other physiological and behavioral
stresses, such as limb regeneration and nonconsumptive
effects, of other generalist predators (e.g., Harvell, 1990;
Michaud et al., 2016; Abdelwahab et al., 2018; Bayoumy
& Ramadan, 2018; Bayoumy et al., 2018; Bayoumy et al.,
2019).

The significantly shorter total developmental time of
progeny produced by ♂N × ♀N compared with those by
♂N × ♀B in early clutches merely reflects the fact that
bled females, as larvae, are less responsive to paternal
epigenetic signals from nonbled males (Table 3). In turn,
absence of a significant difference in total developmental

time between the progeny of ♂N × ♀N and ♂B × ♀N im-
plies that the bled males accelerated progeny development
of nonbled females in early clutches but not in treatments
involving bled females, that is, ♂B × ♀B. This suggests
a positive transgenerational impact of bleeding. Thus, re-
flex bleeding during the larval stage seems to activate a
pleiotropic gene to increase the magnitude of the bene-
ficial parental effects, conferred to progeny to accelerate
their development, while simultaneously benefiting fe-
male reproduction via allomonal factors, suggesting that
these processes may be linked (Vargas et al., 2012a,b;
Mirhosseini et al., 2014; Abdelwahab et al., 2018). Ab-
delwahab et al. (2018) found that female offspring of ab-
lated/regenerated parents of H. axyridis developed faster
and emerged heavier than the controls, regardless of which
parent had been subjected to ablation. They suggest a cor-
relation between limb ablation/regeneration and transgen-
erational epigenetic effects.

In early adult lives, the weight of daughters produced
by bled parents, as larvae, regardless of which parent was
bled, were decreased relative to controls (Table 3). Thus,
there is another transgenerational effect of reflex bleed-
ing, which was negative. Accordingly, a significant cost
of bleeding during the larval development borne by moth-
ers resulted in a developmental cost for their progenies,
suggesting a body size-based maternal effect. Thus, this
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study suggests an indirect link between the smaller body
sizes of the resulting mothers under bleeding conditions
and their producing daughters. Even though still rare, the
paternal effects have also been examined more in the con-
text of nutrition than in the context of other environmen-
tal cues or stressors. The high food quality of fathers
increases offspring mass and offspring resistance of the
monarch caterpillar (Danaus plexippus L.) to a parasitic
infection (Sternberg et al., 2015). As well, the gypsy moth
Lymantria dispar (L.) mothers that experienced poor nu-
tritional conditions during immature development had a
higher ratio of males in their progeny (Erelli & Elkinton,
2000). Developmental time, body size, and fecundity of
the parasitoid Lysiphlebus fabarum (Marshall) progenies
are found to be affected by maternal rearing condition and
age (Najafpour et al., 2018). However, the effect of female
body size of the bean bug Riptortus pedestris (Fabricius)
on offspring quality remains unclear (Suzaki et al., 2013).

In later clutches, the transgenerational effect of larval
bleeding on offspring development of mothers, whether it
were mated with bled or nonbled fathers, is disappeared,
implying that the underlying effects of larval bleeding
on offspring fitness in the early clutches of suffered fe-
males, whether it were mated with bled or nonbled fathers,
started to progressively decrease in their progeny of the
late clutches (Table 3). Thus, a negative paternal effect in
the early progeny turned into a positive effect in the late
progeny. Because the strength of maternal and paternal
effects exerted on progeny was higher in the early than
the late clutches, that is, both factors function in parallel,
the interaction between the two is lost (Table 2). There
are few reports of such interactions (Ducatez et al., 2012;
Bayoumy et al., 2015).

In summary we highlight the most important findings.
Reflex bleeding in larvae may play a dual role as an an-
tipredator defense and indicator of paternal quality, af-
fecting maternal investment in early phenotypes. Without
taking into account bleeding, the faster development of
progeny in early clutches appears to be a maternal strat-
egy; however, paternal quality can affect maternal invest-
ment. Lady beetles that suffered bleeding, regardless of
the stage or the parent at which bleeding occurred, laid
more nonviable eggs, assuming an increased portion of
these eggs were trophic eggs. Offspring of parents that
were subjected to bleeding as larvae suffered higher fit-
ness costs than from those bled as adults. Because reflex
bleeding itself conferred a survival advantage with adults
enjoying “no transgenerational effects,” it could be subject
to selection. This study suggests that reflex bleeding is an
important antipredator defense mechanism of H. axyridis
that has evolved in adults in response to natural selec-
tion, resulting in adults being more adaptive than larvae

to various kinds of stresses in competitive habitats. From
the prospective of biological invasion, this may therefore
explain why oviposition deterrence in H. axyridis females
is more common in conspecific than heterospecific larval
tracks (Yasuda et al., 2000) although the defensive costs
that might face her offspring from IGP. This deterrence
may be a way not only to minimize the cannibalism events
among their relatives, but also to eliminate the progeny
of other aphidophagous females from exploiting the same
food resources, maximizing its invasion success.
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