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eral families, e.g. Meloidae (Nicolson, 1994), Erotylidae 
(Drilling & Dettner, 2010), Lampyridae (Fu et al., 2006), 
Endomychidae (Shockley et al., 2009) and Coccinellidae 
(Sato et al., 2009). In some families, e.g. Coccinellidae, 
this defensive behaviour is recorded in the majority of the 
species (Hodek et al., 2012).

The externalisation of a chemical defence may be an ad-
vantageous strategy, as the predator does not have to in-
jure the prey to be aware of its toxicity (Endler, 1986). A 
thorough meta-analysis of effi ciencies of chemical defence 
strategies in herbivorous insects indicates that refl ex bleed-
ing is among the most effective defensive strategies against 
predators (Zvereva & Kozlov, 2016). Refl ex bleeding also 
provides an exceptional opportunity for scientists to obtain 
easily samples of haemolymph. Insect haemolymph is an 
important source of material that can be sampled and ana-
lysed similar to human blood and is often used in various 
experimental studies (Jančaříková et al., 2017; Řeřicha et 
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Abstract. Refl ex bleeding is one of the many anti-predation behavioural tactics used by insects. This behaviour is recorded widely 
in several insect taxa and provides scientists with an interesting opportunity for easily obtaining samples of haemolymph for physi-
ological experiments. However, there is no good evidence that haemolymph and refl ex blood have the same characteristics. In this 
study, we compared three basic characteristics of refl ex blood and haemolymph collected from the body cavity, of three species of 
ladybirds: Harmonia axyridis, Coccinella septempunctata and Ceratomegilla undecimnotata. In the refl ex blood we recorded the 
same concentration of haemocytes and total protein, and level of antimicrobial activity against Escherichia coli as in samples of 
haemolymph collected from within the body cavity. Therefore, refl ex blood is a promising source of haemolymph for use in many 
physiological and immunological studies. It is the best way of collecting haemolymph if one wants to avoid challenging the immune 
system and concurrently also enables one to repeatedly collect haemolymph from one individual without injuring it, which would 
initiate repair mechanisms. The interspecifi c comparison indicates signifi cant differences among the species studied in three 
characteristics measured. Interestingly, the native species Ceratomegilla undecimnotata has nearly as effective immune system 
as the invasive Harmonia axyridis based on the level of antibacterial activity against Escherichia coli.

* These authors contributed equally to this work.

INTRODUCTION

Refl ex bleeding is an effective defensive behaviour that 
is widely distributed among insects, as the refl ex blood can 
contain toxins that are present in the haemolymph. As a 
reaction to physical attack, haemolymph is released mostly 
from tibiofemoral articulations (Hodek et al., 2012) and 
in some cases in Orthoptera even squirted over a distance 
of several centimetres (Glenn, 1991). Refl ex bleeding in 
insects is an effective defence against various predators, 
e.g. small mammals, birds, lizards or arthropods (Eisner 
et al., 2005; Bateman & Fleming, 2009; Sato et al., 2009; 
Novgorodova, 2015; Zvereva & Kozlov, 2016). Refl ex 
bleeding behaviour is described for larvae and/or adults in 
several insect orders, e.g. Hymenoptera (Boeve & Schaf-
fner, 2003), Plecoptera (Moore & Williams, 1990), Or-
thoptera (Bateman & Fleming, 2009), Hemiptera (Bugila 
et al., 2014) and Coleoptera (see below). Among beetles, 
refl ex bleeding is recorded in species belonging to sev-
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of the most invasive species of insect  (Brown et al., 2011; Lom-
baert et al., 2011). This species is native to East Asia, particularly 
to areas with temperate and subtropical climates (Brown et al., 
2008). During the last decades it was introduced many times into 
many European countries and North America  (Lombaert et al., 
2010; Brown et al., 2011). This invasive species inhabits various 
leafy trees and shrubs, less frequently reeds and nettles (Nedvěd, 
2015). Harmonia axyridis is thought to have caused the decline of 
native species of ladybirds of which it is an important intra-guild 
predator (Raak-van Den Berg et al., 2012; Roy et al., 2012).  Coc-
cinella septempunctata Linnaeus, 1758 was the most common 
large species of aphidophagous ladybird in Europe before the 
arrival of Harmonia axyridis. Coccinella septempunctata is still 
very abundant mainly on herbaceous vegetation in meadows and 
arable fi elds (Nedvěd, 2015). Coccinella septempunctata is a suc-
cessful invader of open habitats in North America (Evans, 2004). 
Ceratomegilla undecimnotata (Schneider, 1792) is a relatively 
common species inhabiting lowland dry grasslands and arable 
fi elds in Europe except in regions north of the Czech Republic. 
This species, similar to Harmonia axyridis, is well known for ag-
gregating overwintering (Nedvěd, 2015). Overwintering groups 
on hill tops can consist of thousands of individuals (O. Nedvěd, 
pers. commun.).

All the specimens analyzed in this study were collected in 
Prague in late summer 2016. Harmonia axyridis beetles were col-
lected from lime-trees growing in the campus of Czech Univer-
sity of Life Sciences in Prague, Coccinella septempunctata bee-
tles were collected from nettles growing along the banks of the 
Vltava river in Prague-Sedlec and Ceratomegilla undecimnotata 
beetles were collected from thistles in Prague-Zličín. The adults 
of all these species were subsequently reared in the laboratory 
for at least 14 days to preclude working with young individuals 
(Řeřicha et al., 2017). The beetles were sexed and placed into 
Petri dishes in groups of 5 individuals of the same sex and pro-
vided with water and food (Ephestia kuehniella eggs) ad libitum. 
Ladybirds were exposed to a constant temperature of ca. 22°C 
under a natural photoperiod (ca. 14L : 10D).

Sampling procedures and characteristics measured
Haemolymph of each ladybird was sampled using two tech-

niques. In the fi rst, ladybirds were stimulated by poking their legs 
with an entomological pin to induce refl ex bleeding after which 
a sample of refl ex blood was collected. Immediately after col-
lecting this sample, a sample of the haemolymph from the body 
cavity was collected by puncturing the metasternum of the lady-
bird with a sterilized entomological pin (diameter of 0.30 mm) 
and collecting the haemolymph that exuded from the puncture. 
Prior to collecting the refl ex blood or haemolymph the beetles 
were fi xed using double-sided adhesive tape in a specially modi-
fi ed Petri dish lid. Haemolymph was collected using a glass mi-
crocapillary (Hirschmann, Germany) and the amount sampled 
was measured using a digital calliper with a precision of 0.01 
mm. A volume of 1 μl corresponds to 15 mm of microcapillary 
tube length. We aimed to collect a drop of fresh haemolymph (at 
least 0.5 μl) from a given individual using both methods. When a 
smaller amount of haemolymph was collected by either method 
from a given individual, then those samples were not included in 
the fi nal analyses. The collected haemolymph was diluted (100 × 
dilution) in anticoagulant buffer (62 mM NaCl, 100 mM glucose, 
30 mM trisodium citrate, and 26 mM citric acid) and the haemo-
cytes it contained immediately counted. The rest of the diluted 
haemolymph was stored at –25°C for further analyses. All sam-
ples of haemolymph were used to determine the three physiologi-
cal and immunological characteristics, specifi cally: concentration 

al., 2017; Vogel et al., 2017). There is experimental evi-
dence that the externalisation of haemolymph poses a sig-
nifi cant physiological cost to insects, because it needs to 
be replenished. Frequent refl ex bleeding during the larval 
stage could result for instance in a smaller body size of 
adults (Grill & Moore, 1998; Sato et al., 2009) or longer 
larval development (Grill & Moore, 1998). Zvereva & Ko-
zlov (2016) also show that species with externalised chem-
ical defence are at a higher risk of parasitization, which 
could be linked to a weakened immune system. These 
costs indicate that valuable components of haemolymph 
are lost during refl ex bleeding, as shown by Karystinou et 
al. (2004) and Kay et al. (1969) for haemocytes. Haema-
topoiesis is an energy-demanding process and haemocyte 
loss during refl ex bleeding could result in organismal 
exhaustion. However, to our knowledge, it has not been 
investigated rigorously whether the refl ex blood contains 
the same concentrations of particular components and the 
same activity as haemolymph circulating in the body cav-
ity. The most common way of sampling haemolymph is by 
wounding an insect by a puncture or incision, which inevi-
tably results in the activation of a wound-sealing processes 
and repair of the damaged cuticle and underlying tissues 
(Krautz et al., 2014; Lee & Miura, 2014). In refl ex bleed-
ing, the body surface of an insect remains intact, therefore 
sampling refl ex blood provides an alternative method in 
studies where injuring of experimental insect is undesir-
able. Furthermore, sampling refl ex blood without injuring 
insects eliminates the risk of infection.

In the current study, we evaluated three characteristics of 
ladybird haemolymph sampled by means of refl ex bleeding 
and puncturing insects, and compared the results obtained 
using these two methods of sampling. We focused on the 
concentration of circulating haemocytes, total protein con-
centration and antimicrobial activity against Escherichia 
coli. We measured the above in adults of three species of 
ladybirds (Ceratomegilla undecimnotata, Coccinella sep-
tempunctata and Harmonia axyridis), which means the re-
sults are more general than studies based on only a one spe-
cies. Harmonia axyridis and Coccinella septempunctata 
are commonly studied ladybirds, which in Europe are, re-
spectively, an invasive and native species. The comparison 
of these two species was further aimed at testing one of the 
attributed reasons of the high invasiveness of Harmonia 
axyridis, which is its supposed effi cient immune system 
(Vogel et al., 2017). To the best of our knowledge, the im-
mune and physiological characteristics of the haemolymph 
of the last species included in this study, Ceratomegilla 
undecimnotata, has not been previously investigated. As 
Ceratomegilla undecimnotata is not invasive species the 
expectation is that its immune system has a low basal activ-
ity compared to Harmonia axyridis.

MATERIAL AND METHODS
Investigated species

All the species investigated are large aphidophagous ladybirds 
(5–8 mm long) belonging to the tribe Coccinellini (Nedvěd, 
2015). Harmonia axyridis (Pallas, 1773) is considered to be one 
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of circulating haemocytes, protein concentration and antimicro-
bial activity against Escherichia coli K12.

The number of haemocytes was counted in diluted fresh 
haemolymph of individual animals using a Bürker chamber 
viewed under a Carl Zeiss Primo Star microscope (Germany).

Protein concentration in the haemolymph was measured calori-
metrically using a Bradford protein assay (Bio-Rad, USA) ac-
cording to the manufacturer instructions. Absorbance was meas-
ured using a plate reader Sunrise (Tecan, Switzerland). Serial 
dilution of control serum Bio-La-Test® LYONORM (Erba La-
chema, Czech Republic) was used as a standard. 

The antimicrobial activity of haemolymph against Gram-neg-
ative bacteria was measured luminometrically using biolumi-
nescent Escherichia coli K12, which contain a luxABCDEamp 
plasmid for expression of bacterial luciferase and its substrate, 
as published (Vojtek et al., 2014; Řeřicha et al., 2017). Briefl y, 
40 μl of haemolymph solution with anticoagulant buffer (100 × 
dilution) was mixed in a reaction well with 120 μl of solution 
containing 100,000 bacterial cells and phosphate buffer (pH 7). 
The luminescence signal, which is positively correlated with vi-
ability of Escherichia coli K12, was recorded using a luminome-
ter Chameleon VTM (Hidex, Finland) in counts per second (CPS). 
The reaction of haemolymph with bacteria was followed for 60 
minutes and integrals of luminescence were compared in order to 
calculate the percentage of bacteria killed by haemolymph. Maxi-
mal bacterial luminescence (0 % bacteria killed) was measured in 
each experimental set up as the reaction of 40 μl anticoagulant 
buffer and 120 μl of bacterial solution containing 100,000 bacte-
rial cells in a phosphate buffer.

Data analysis
Data analysis was limited to the dataset that consisted of beetles 

for which samples were successfully obtained by both sampling 
methods (refl ex bleeding and puncture). For detailed information 
on the fi nal dataset see Supplementary fi le S1 Dataset.

To investigate the effect of sampling method, species, sex and 
interactions between the above mentioned factors on the immune 
and physiological characteristics of ladybird haemolymph, the 
generalised linear mixed models (GLMMs) in the “glmmPQL” 
function implemented in the “nlme” package (Pinheiro et al., 
2013) for R (R Development Core Team, 2016) were used. Sepa-
rate models were used for the different characteristics, namely 
protein concentration in haemolymph, haemocyte concentration 
and antimicrobial activity against Escherichia coli. Beetle iden-
tity was used as a random effect in all models as pairs of samples 
(refl ex blood and puncture samples) originated from the same 
animal. Maximal models included sampling method, species, sex 
and all possible interactions between them as independent vari-
ables. These maximal models were subsequently simplifi ed into 
the fi nal models using a backward selection procedure, which 
included only signifi cant terms. To identify signifi cant differ-
ences between species, Tukey’s HSD tests were employed using 
the “glht” function as implemented in the package “multcomp” 
(Hothorn et al., 2008). GLMM with a quasi-Poisson distribution 
of errors was used to analyse haemocyte concentration, GLMM 
with a gamma distribution of errors and logarithmic link function 
to analyse total protein concentration and GLMM with a binomial 
distribution of errors to analyse antimicrobial activity against Es-
cherichia coli.

RESULTS

Haemocyte concentration
Haemocyte concentration did not differ between sam-

pling methods (GLMM: F1, 57 = 0.78, P = 0.38), i.e. sam-

ples of refl ex blood and haemolymph collected from the 
body cavity using the puncture method contained compa-
rable numbers of haemocytes per microliter. There were 
no differences in haemocyte concentration between sexes 
within species (GLMM: F1, 56 = 0.14, P = 0.71), but there 
were signifi cant differences between species (GLMM: F2, 55 
= 16.28, P < 0.001). Harmonia axyridis had a signifi cantly 
higher haemocyte concentration than both native species, 
of which Coccinella septempunctata had a slightly higher 
haemocyte concentration than Ceratomegilla undecimno-
tata (Fig. 1; Table 1). There were no signifi cant interac-
tions between sampling method, sex and species (GLMM: 
P > 0.05 in all cases).

Fig. 1. Concentration of haemocytes in refl ex blood and haemo-
lymph obtained using the puncture method recorded for three 
species of ladybirds. Mean values + SEM are shown separately 
for each species: Harmonia axyridis (n = 21 beetles), Coccinella 
septempunctata (n = 19 beetles) and Ceratomegilla undecimnotata 
(n = 18 beetles). Grey bars are for refl ex blood samples, whereas 
black bars are for the haemolymph obtained using the puncture 
method. Data for both sexes were pooled as there are no signifi -
cant differences in haemocyte concentrations between sexes for 
any of the species of ladybirds studied.

Table 1. Comparison of three characteristics of haemolymph meas-
ured in three species of ladybirds. Reported results are based on 
Tukey’s post-hoc tests applied to generalised linear mixed models 
comparing concentration of haemocytes, total protein concentration 
and antimicrobial activity against Escherichia coli K12 of the haemo-
lymph of the following species ladybirds: Ceratomegilla undecimno-
tata, Coccinella septempunctata and Harmonia axyridis. Signifi cant 
differences between species (P-values) are highlighted in bold.

Characteristic Contrast z-value P-value
Haemocyte concentration Ceratomegilla – Coccinella –2.373 0.046

Harmonia – Coccinella 3.354 0.002
Harmonia – Ceratomegilla 5.700 < 0.001

Protein concentration Ceratomegilla – Coccinella 1.054 0.543
Harmonia – Coccinella 5.509 < 0.001

 Harmonia – Ceratomegilla 4.270 < 0.001
Antimicrobial activity Ceratomegilla – Coccinella 15.024 < 0.001

Harmonia – Coccinella 18.600 < 0.001
 Harmonia – Ceratomegilla 2.998 0.008
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Protein concentration
Concentration of protein in haemolymph did not dif-

fer between sampling methods (GLMM: F1, 56 = 0.21, P = 
0.65). There were no differences in concentration of pro-
tein between sexes within species (GLMM: F1, 55 = 0.11, P = 
0.74), but the differences between species were signifi cant 
(GLMM: F2, 54 = 16.48, P < 0.001). The concentration of 
protein recorded for Harmonia axyridis was signifi cantly 
lower than that recorded for both native species, between 
which there was no signifi cant difference (Fig. 2; Table 1). 
There were no signifi cant interactions between sampling 
method, sex and species (GLMM: P > 0.05 in all cases).

Antimicrobial activity
Effi ciency of ladybird haemolymph in killing Escheri-

chia coli K12 did not differ between samples collected 
using the two methods (GLMM: F1, 40 = 2.22, P = 0.14). 
There were no differences in antimicrobial activity of the 
haemolymph between sexes within species (GLMM: F1, 39 
= 0.91, P = 0.34), but the differences among species were 
highly signifi cant (GLMM: F2, 38 = 173.45, P < 0.001). Of 
the three species the antimicrobial activity of the haemo-
lymph of Harmonia axyridis against Escherichia coli bac-
teria was the highest. That recorded for Ceratomegilla un-
decimnotata was slightly, but signifi cantly lower than that 
recorded for Harmonia axyridis, but signifi cantly higher 
than that recorded for Coccinella septempunctata, which 
was the least effi cient in killing Escherichia coli bacteria 
(Fig. 3; Table 1). There were no signifi cant interactions be-
tween sampling method, sex and species (GLMM: P > 0.05 
in all cases).

DISCUSSION

We confi rmed that ladybird refl ex blood contains haemo-
cytes as previously shown by Karystinou et al. (2004) and 
furthermore the concentration of haemocytes is the same 
in refl ex blood and haemolymph sampled from the body 
cavity. Moreover, we also show that the concentration of 
protein in the samples of haemolymph originating from the 
body cavity (puncture method) and from refl ex blood do 
not differ signifi cantly. This indicates that ladybirds are not 
able to restrict their losses of proteins in the refl ex blood. 
On the other hand, it is also evident that haemolymph col-
lected by the puncture method is not substantially infl u-
enced by protein contaminants originating from damaged 
tissues. Similar to the haemocyte and protein concentra-
tions, humoral antimicrobial activity against Escherichia 
coli did not differ between samples of refl ex blood and 
haemolymph obtained using the puncture method.

Altogether our results clearly indicate that refl ex blood 
is an easy way of collecting haemolymph for use in immu-
nological and physiological research. This method is rarely 
used (Gross et al., 2010) and there is no corresponding 
methodological study. The use of refl ex blood as a source 
of haemolymph could be benefi cial, especially in studies 
where repeated sampling from adult ladybirds is needed 
and injury caused by puncturing would have an undesired 
effect on the response of the insect studied. In such a case, 
repeated punctures could affect the immune system more 

Fig. 2. Concentration of proteins in refl ex blood and haemolymph 
obtained using the puncture method for three species of ladybirds. 
Mean values + SEM are shown separately for each species: Har-
monia axyridis (n = 21 beetles), Coccinella septempunctata (n = 19 
beetles) and Ceratomegilla undecimnotata (n = 17 beetles). Grey 
bars are for refl ex blood, whereas black bars are for haemolymph 
obtained using the puncture method. Data for both sexes were 
pooled as there are no signifi cant differences in protein concentra-
tions between sexes for any species of ladybirds studied.

Fig. 3. Antimicrobial activity against Escherichia coli K12 of refl ex 
blood and haemolymph obtained using the puncture method re-
corded for three species of ladybirds. Antimicrobial activity is ex-
pressed as the percentage of E. coli K12 killed (out of 100,000 
bacterial cells in 120 μl of phosphate buffer) by 0.4 μl of undiluted 
haemolymph in 60 minutes. Mean values + SEM are shown sepa-
rately for each species: Harmonia axyridis (n = 16 beetles), Coc-
cinella septempunctata (n = 13 beetles) and Ceratomegilla undec-
imnotata (n = 12 beetles). Grey bars are for refl ex blood, whereas 
black bars for haemolymph obtained using the puncture method. 
Data for both sexes were pooled as there are no signifi cant differ-
ences in haemolymph antimicrobial activity between sexes for any 
of the species of ladybird studied.
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seriously than repeated refl ex bleeding, which seems to 
be a common event during the life-time of adult ladybirds 
(Holloway et al., 1991; Hodek et al., 2012). The absence 
of any mechanism preventing adult ladybirds from losing 
valuable components of haemolymph, e.g. haemocytes, 
as a result of refl ex bleeding is surprising if we assume 
that the production of these components entails substantial 
physiological costs. The evidence on which this assump-
tion is based come from data on ladybird larvae (Sato et 
al., 2009), but rarely from adult ladybirds. Holloway et al. 
(1991) and de Jong et al. (1991) show for two species that 
ladybirds lose up to 10% or even 12% of their fresh body 
mass during refl ex bleeding (mean loss was ca 7% in both 
species) and recovery of original concentrations of alka-
loids (coccinelline and adaline) after refl ex bleeding takes 
several days. Droplets of refl ex blood excreted by over-
wintering ladybirds can cause inoculative freezing of the 
body and subsequent death at relatively high subzero tem-
peratures (Nedvěd, 1993). Other costs of refl ex bleeding in 
adult ladybirds, e.g. effects on their resistance to pathogens 
or effects on egg production in females, need to be further 
studied in future studies. Very low physiological and fi t-
ness costs of refl ex bleeding are unlikely but are a possible 
cause of the absence of a fi ltering mechanism.

Interspecifi c comparison of the characteristics of refl ex 
blood and haemolymph collected from the body cavity (by 
puncture) of three different species of ladybirds and the 
fact that we did not record any difference associated with 
the two types of collecting haemolymph indicate this might 
be a general pattern for the tribe Coccinellini. Moreover, 
we show that the characteristics of haemolymph signifi -
cantly differ among the species studied. A very effi cient 
immune system is thought to be responsible for the world-
wide invasive success of Harmonia axyridis (Vogel et al., 
2017). However, comparisons are limited to only a few 
other species of ladybirds – Coccinella septempunctata 
and Adalia bipunctata (Gross et al., 2010; Schmidtberg et 
al., 2013; Vogel et al., 2017). Here we show that another la-
dybird species native to Europe, namely Ceratomegilla un-
decimnotata, has a humoral antimicrobial defence against 
Escherichia coli comparable to that of the invasive spe-
cies, Harmonia axyridis. In contrast to the antimicrobial 
activity, the concentrations of haemocytes and protein dif-
fered substantially between the invasive species and two 
native species, but for the exact interpretation of these 
results a more detailed immunological study is needed. 
For instance, genome-wide comparison of immune related 
genes, detailed classifi cation of particular haemocyte types 
involved in the defence reaction or response of Harmonia 
axyridis and Ceratomegilla undecimnotata to an immuno-
logical challenge could shed new light on the physiological 
differences between native and invasive species. It is also 
possible that differences between species are not related 
to their invasive status, but are a result of the evolution-
ary history of a species. Based on the recent phylogenetic 
analyses of true ladybirds (Magro et al., 2010; Escalona 
et al., 2017), the genera Harmonia and Ceratomegilla are 
closely related to each other, whereas the genus Coccinella 
belongs to a different clade.

In conclusion, we suggest that refl ex blood is a conveni-
ent way of sampling haemolymph for physiological and 
immunological research. Moreover, the collection of refl ex 
blood is a non-invasive method, which could be important 
especially in studies where repeated sampling of the same 
individuals is needed and the activation of repair mecha-
nisms should be avoided. Interestingly, our interspecifi c 
comparison of the basic physiological and immunological 
characteristics showed that some species native to Europe 
have a constitutive immune activity that is nearly as ef-
fi cient as that of the invasive species Harmonia axyridis. 
It will be well worth the effort to complexly compare the 
functioning of the immune systems of native and invasive 
species of ladybirds belonging to particular phylogenetic 
lineages and not just a few model species (e.g. Adalia bi-
punctata and Coccinella septempunctata).
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