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Summary 

2-spot ladybirds secrete~alkaloid (adaline)-rich 
defence fluid (reflex blood) in response to predator attack. 
Reflex fluid was collected from individual ladybirds and 
weighed and the alkaloid content measured by GC. The 
amount of fluid produced built up rapidly following winter 
hibernation in animals feeding on aphids. The concentration 
of adaline in the fluid was highest in the first bleeding after 
winter hibernation. A large sample of beetles was reflex bled 
several times. Significant among beetle variation was found 

in the amount of fluid produced and the concentration of 
the reflex blood. The results are discussed in relation to the 
possibility that 2-spot ladybirds are Batesian mimics of 7- 
spot ladybirds and to the possible functions of adaline. 
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Introduction 

Many species of ladybirds are distasteful as a 
consequence of the mobilization of self-synthesized alkaloids 
(e.g. Pasteels et al. 1973). Perhaps as a result of this distaste- 
fulness, most ladybird species, such as the 7-spot ladybird, 
Coccinella septempunctata L., are aposematically coloured 
(see Guilford 1988). Ladybirds defend themselves, at least 
during the months when breeding is a possibility (Holloway et 
al. 1991), with the aid of a behaviour known as reflex bleeding 
(Cuenot 1896; Hollande 1911; Frazer & Rothschild 1960; 
Happ & Eisner 1961). This behaviour involves the exudation 
of reflex fluid through pores in the knee joints of all six legs 
which serves to transport defensive compounds to the surface. 
Holloway et al. (1991) showed that the amount of fluid 
ejected by 7-spot ladybirds can be remarkably high; up to 
about 20% of the fresh body weight. Holloway et al. (1991) 
argued, therefore, that reflex bleeding is probably an energeti- 
cally expensive exercise and, consequently, may induce selec- 
tive pressure to produce automimics (Brower et al. 1967, 
1970; Pough et al. 1973; Gibson 1984). Here an individual be- 
comes a Batesian mimic of its distasteful conspecifics by re- 
taining its warning coloration, but saves energy that would 
otherwise be used for defensive purposes. This energy could 
then be redeployed to, for example, produce more eggs or ex- 
tend lifespan and in doing so increase lifetime fitness (Sibly & 
Calow 1986). 
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Holloway et al. (1991) found substantial indi- 
vidual phenotypic variation in the 7-spot ladybird, both in the 
amount of reflex blood produced and the amounts of the al- 
kaloids, coccinelline and precoccinelline (Tursch et al. 1971, 
1975, 1976), therein. However, the above two characters were 
normally distributed about their means and, thus, provided 
no evidence for the operation of automimicry in 7-spot lady- 
birds, leading to a polymorphism of defended and unde- 
fended beetles. 

In Western Europe, the 2-spot ladybird, Ad-  
alia bipunctata L., differs from the 7-spot ladybird in a num- 
ber of ways. There are several different colour forms of the 
2-spot ladybird that fall broadly into two categories: red with 
black spots (typica) and black with red spots (melanic). It has 
been proposed that the latter forms are melanic in response to 
lower sunshine levels and spatial climatic variation maintains 
clines in the frequency of melanics (Brakefield 1984). It is also 
possible that the different forms fall into different mimetic as- 
semblages (Brakefield 1985a; Marples 1990). Furthermore, 
the 2-spot ladybird synthesizes a different alkaloid, adaline 
(Pasteels et al. 1973). Adaline renders the 2-spot ladybird 
mildly distasteful to bird predators, but certainly does not 
protect 2-spot ladybirds against bird predation to the same ex- 
tent as coccinelline does 7-spot ladybirds (Marples et al. 
1989). 

The ' typica'  form of the 2-spot ladybird is 
considered to be a member of the mimicry ring containing 7- 
spot ladybirds (Brakefield 1985a). In view of the 2-spot lady- 
birds' degree of unpalatability, it has been suggested that 2- 
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spot ladybirds are Batesian mimics of 7-spot ladybirds (Brake- 
field 1985a; Marples 1990). If  this is the case then it may be 
that there is considerable selective pressure to reduce the 
amount of energy invested in defence, perhaps even to zero if 
predation comes primarily from vertebrates. This would parti- 
cularly be true if the mimicry of 7-spot ladybirds was mainly 
of the aposematic coloration and did not extend to behaviou- 
ral or chemical mimicry. However, at least some 2-spot lady- 
birds quite clearly reflex bleed. 

The goals of the study were: 
1. to establish how much material 2-spot ladybirds invest in 

defence and whether it is comparable with the amount in- 
vested by 7-spot ladybirds, and 

2. whether, as a result of the arguments laid out above, some 
2-spot ladybirds invest very little or nothing in defence. 

Materials and Methods  

Insects 

Adult 2-spot ladybirds were collected from 
plane trees (P la tanus  x hybr ida)  in Zevenbergen (The Nether- 
lands) in the late summer and early autumn of 1989, during 
which time they form aestivating aggregations in curled-up 
dead leaves. They were kept in a cage (40 x 40 × 40 cm) in a 
garden shed so that the temperature was ambient. The lady- 
birds overwintered in the cage in dead leaves in plastic pots 
and on some branches still bearing dead leaves. In February 
1990, 210 ladybirds (form ' typica')  were taken from this cage 
and each assigned at random to one of four groups. Three 
groups (A, B, C) contained 20 ladybirds each and group D 
contained the remaining 150 insects. The ladybirds were kept 
individually in plastic petri-dishes (5 cm diameter) containing 
a filter paper (4.5 cm diameter) in a constant climate cabinet 
(20 °C, 80% relative humidity and 18:6 light: dark cycle). The 
experimental insects were sexed under a stereo microscope 
(×25) using ventral surface characters (Majerus & Kearns 
1989). In addition to the characters illustrated by Majerus & 
Kearns (1989), we discovered another useful character. In 
male 2-spot ladybirds the trailing edge of the fifth sternite 
curves towards the head (as shown in Majerus & Kearns 
1989), but in females the trailing edge of this sternite frequent- 
ly and obviously curved away from the head. In some females 
this curvature was very pronounced so that a little median 
knob was formed. The ladybirds were fed daily with an ample 
supply of fresh pea aphids ( A c y r t h o s i p h o n  p i s u m )  from a la- 
boratory stock. The ladybirds were frequently transferred to 
clean petri dishes to reduce the risk of infection. Eggs laid by 
females during the course of the experiment were counted. 
Most of the females laid eggs which served as a convenient 
check of accuracy of the sexing procedure and demonstrated 
that we were nearly always correct. 

Extraction and collection of reflex blood 

The technique used to collect the reflex blood 
is described in detail in Holloway et  al. (1991), the only differ- 
ence being that 1.2 mm diameter tubing was used rather than 
2.3 mm since 2-spot ladybirds are considerably smaller than 
7-spot ladybirds. The amount of reflex blood produced by 
each ladybird was weighed to the nearest 0.01 mg using a 
Mettler AE160 top pan balance. All ladybirds were weighed to 
the nearest 0.1 mg after being reflex bled. Ladybirds from 
groups A, B and C were examined on days 1, 3 and 5, respec- 

tively, to determine the rate at which the ability to reflex bleed 
could build up following winter hibernation and to estimate 
an appropriate time interval between successive bleedings of 
the group D ladybirds. The ladybirds in group D were used to 
examine among individual variation in the amount of reflex 
blood produced and the concentration of the adaline therein. 
All group D individuals were examined on days 8, 11, 14 and 
17, yielding four values of fluid weight, fresh body weight and 
amount of adaline for each beetle. These values were used to 
establish whether each beetle produced a consistent amount of 
material through time, in other words, whether the amount 
invested in defenee could be physiologically determined. After 
the final bleeding and weighing on day 17, all beetles were 
frozen at - 30 °C. 

Alkaloid analysis 

The amount of adaline in each extract was 
measured using a Hewlett Packard 433 Gas Chromatograph 
(GC). The GC settings and the extraction and measurement 
techniques are described in detail in Holloway et  al. (1991). 

A test Was performed to assess the level of ef- 
ficiency with which alkaloid could be transferred from the ca- 
pillary tubes to the methanol prior to GC injection. This in- 
volved reducing capillary tubes from which the alkaloid had 
already been extracted to a fine powder using a pestle and 
mortar. This was washed in chloroform and the chloroform 
was injected into the GC. The analysis revealed that, on aver- 
age, more than 99.5% of the alkaloid had already been ex- 
tracted following the method described by Holloway et  al. 
(1991). 

Results  

The mean amounts of reflex blood produced 
by the ladybirds in groups A to D are shown in Figure 1A. 
Under the experimental conditions the ladybirds achieved 
maximum reflex bleeding potential after about three days. 
This value was used to set the time period between subsequent 
bleedings of the ladybirds in group D: However, in practice, 
three days of feeding only enabled these ladybirds to achieve 
80% of their apparent maximum (assuming that their post- 
winter hibernation maximum could have been re-attained). 

The amount of adaline carried in the reflex 
blood is shown in Figure lB. Apparently, the rate of adaline 
production was not as high as the rate of fluid production. 
Consequently, the concentration of the alkaloid in the subse- 
quent bleedings declined to a steady value during bleedings on 
days I1, 14 and 17 (Fig. 1C). The results show that large 
amounts of  adaline are present in overwintering 2-spot lady- 
birds despite the inability to reflex bleed. 

Of the 150 ladybirds originally assigned to 
group D, 130 survived and produced reflex blood on days 8, 
11, 14 and 17. Of the remaining 20, 2 were transferred to 
maintain 20 animals in group C and 18 died of unknown 
causes. The sex ratio of the surviving ladybirds was signifi- 
cantly biased in favour of females (86 vs 44, Z2=13.6, 
p < 0.001). Female 2-spot ladybirds are on average considera- 
bly heavier than males (16.2 mg vs 12.0 mg on day 8, 16.1 nag 
vs 11.6 mg on day 11, 15.7 mg vs 11.5 mg on day 14 and 16.0 
mg vs 11.6 mg on day 17 (F~.12~>86, p<0.001 in all cases)). 
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Fig. 1 Change through time in A) amount (rag) of fluid produced, B) 
amount (GC counts) of adatine produced and C) adaline concentration 
(IJg/mg) of the reflex blood. Mean values with 95% confidence inter- 
vals. For days 1, 3 and 5 n=20, for days 8, 11, 14 and 17 n -  130 

As noted by Brakefield (1985b) and suggested by Holloway e t  

al .  (1991) with respect to 7-spot ladybirds, the sex ratio could 
be a consequence of differential mortality of (lighter) males 
during the winter. However, recent studies (G. J. Holloway e t  

a l . ,  unpubl.) have shown that this sex ratio bias is still present 
when animals are reared from egg to adult in the laboratory. 

As a result of their larger size, females pro- 
duced on average more reflex fluid than males (1.2 mg v s  0.92 
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by each beetle on days 8, 11, 14, and 17 as a proportion of fresh 
body weight. For males n=44, for females n=86 

mg on day 8, 0.85 mg v s  0.72 mg on day 11, 0.88 mg v s  0.73 
mg on day 14 and 0.91 mg v s  0.68 mg on day 17 (F1,128>9.6, 
p < 0.002 in all cases)). However, the mean (_+ standard error) 
amounts of reflex fluid produced on days 8, 11, 14 and 17 by 
males and females as a proportion of body weight was less 
variable (0.076_+0.0024 v s  0.074_+0.0019, 0.062_+0.0023 v s  

0.053 _+ 0.0014, 0.063 _+ 0.0023 v s  0.056 _+ 0.0013 and 
0.058_+0.0023 v s  0.057_+0.0014, respectively). The pairs of 
values from days 8 and 17 were not significantly different 
from each other, but there were significant differences be- 
tween the pairs of means from days 11 and 14 (G,j28= 11.1, 
p<0.001 for day 11 and F~,~2s=6,93, p<0.01 for day 14; all 
analyses were carried out on angular transformed data). The 
maximum proportion produced by a male at any one time was 
0.109 and by a female 0.12. The means of the four values 
from days 8, 11, 14 and 17 of fluid weight as a proportion of 
body weight for each ladybird were taken and displayed as 
histograms for each sex (Fig. 2) to illustrate the shapes of the 
distributions about the means. There was no evidence of poly- 
modality. 

The amounts of adaline per mg reflex fluid 
for males and females on day 8 were 53.5+2.07 gg and 
53.0+2.1 gg (not significantly different, n.s.), respectively. 
On day 11, males produced fluid containing 28.0_+1.71 gg 
and the females 35.0_+1,27 ~tg (FI.~2s = 10.4, p=0.002), re- 
spectively. On days 14 and 17 the adaline concentration for 
males dropped further to 19.5_+1.09 ~tg and 18.0_+1.21 gg 
(n.s.), respectively, whilst females produced fluid containing 
30.1_+0.88 gg and 31.0_+0.95 gg (n.s.), respectively. From 
day 14 to 17 the adaline concentrations reached steady values, 
but females produced significantly higher concentrations of 
adaline during that time than males (day 14 F1,~28=53.5, 
p<0.001 and day 17 F~,128=67, p<0.001). 

Analyses were carried out to determine 
whether the amount of fluid produced varied among beetles, 
so that some beetles always tended to produce more fluid than 
the overall mean and others less. The amount of fluid pro- 
duced was always closely correlated with body weight so to 
remove the influence of body weight, the amount of fluid pro- 
duced was regressed on fresh body weight and residuals about 
the regression line were taken. Sets of residuals were obtained 
for males and females separately on days 8, 11, 14 and 17 and 
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analyses of variance were carried out on the male and female 
sets of residuals. The residuals varied significantly among 
both males (F3.43=4,29, p<0.001) and females (F3,85=3.78, 
p<0.001). 

Similar analyses were carried out on the con- 
centration of the adaline in the reflex fluid, although concen- 
tration was corrected for both fluid weight and fresh body 
weight. Again, significant variation was found among both 
males (F3,43=3.3, p<0.001) and females (F3,ss=4,76, 
p < 0.001). 

We could find no effect of the number of eggs 
laid on the amount of fluid or adaline produced by females. 

Discussion 

The study reported here extends the work car- 
ried out by Holloway et al. (1991) and enables comparisons to 
be made between the reflex bleeding behaviours of the 7-spot 
and 2-spot ladybirds. One of the most notable aspects of the 
studies is the qualitative similarity of the two sets of results. 
Both of the species were able to exude large quantities of re- 
flex blood as a proportion of their body weights, but only aft- 
er the beetles had fed on aphids for several days following 
winter hibernation. Immediately after hibernation, neither 
species produced very much fluid (Fig. 1A), but the material 
that was produced was highly concentrated. All individuals re- 
flex bled and the distributions of the values of reflex blood as 
a proportion of body weight about the means were normal, 
with no indication of polymodality (Fig. 2). Both 2-spot and 
7-spot ladybirds produced substantial amounts of reflex fluid 
as a proportion of their fresh body weight (0.075 and 0.11 on 
day 8, respectively). In both species there was statistically sig- 
nificant variation among beetles with respect to the amount of 
reflex blood produced and the alkaloid concentration of the 
fluid. This implies that internal factors within an individual 
determine how much effort is invested in defence. One possi- 
ble factor contributing to this variation is additive genetic var- 
iation (Falconer, 1981; G. J. Holloway et al. unpubl.). Fur- 
thermore, in both studies, group D animals produced reflex 
fluid containing less alkaloid in bleedings subsequent to the 
first post-winter hibernation bleeding (day 8). This can easily 
be explained if the day 8 bleedings contained newly synthe- 
sized alkaloid, together with alkaloid carried over from the 
previous autumn. However, what is more interesting, and 
more difficult to explain, is why in the bleedings after day 8, 
and only on these bleedings, females produced fluid contain- 
ing a higher concentration of alkaloid than males? The differ- 
ence between the sexes was always highly significant and 
strongly implies that it is a real phenomenon. Perhaps the ex- 
planation lies in sex limited physiological constraints. Clearly 
the roles of the sexes differ in the perpetuation of genes to 
subsequent generations and, as a result, they may partition 
available energy in different ways among the various impor- 
tant fitness functions (Sibly & Calow 1986; Holloway et al. 
1990a, b). It is perhaps surprising that we found no effect of 
egg production on the amount of fluid and alkaloid produced 
by females, but then the experiment was not designed specifi- 
cally to search for this. Other experimental designs may be 
more appropriate. 

There were also some differences between the 
two studies. For example, the rate at which 2-spot ladybirds 

replenished their reserves of fluid was considerably faster than 
7-spot ladybirds. 7-spot ladybirds are around three times as 
heavy as 2-spot ladybirds, therefore there could conceivably 
be a size related explanation. Perhaps the most remarkable 
difference, though, concerned the amount of alkaloid synthe- 
sized by the two species. In gg/mg fluid, 2-spot ladybirds pro- 
duced from 6 to over 8 times as much adaline as 7-spot lady- 
birds produced coccinelline. In view of the distastefulness and 
toxicity of 7-spot ladybirds to vertebrate predators (Marples et 
al. !989), this result serves to highlight the highly noxious na- 
ture of coccinelline. 

Overall, the two species seem to operate their 
defence systems in similar ways which, in both species, almost 
certainly involves a considerable investment of energy. As ex- 
plained in the introduction, it has been argued that the red 
forms of 2-spot ladybirds are Batesian mimics of 7-spot lady- 
birds and this formed part of the incentive for carrying out 
the study. As Figure 2 shows, there was no category of ani- 
mals which invested nothing or very little in chemical defence. 
All 2-spot ladybirds are capable of producing large quantities 
of reflex fluid and also synthesise substantial amounts of ad- 
aline. These observations suggest that the 2-spot ladybird is 
not relying for protection, at least not entirely, on its apose- 
matic colour resemblance to 7-spot ladybirds. In view of these 
similarities between the two species discussed above, the dis- 
cussion laid out in Holloway et al. (1991) on the evolution and 
maintenance of aposematic coloration in the 7-spot ladybird 
probably also applies to the 2-spot ladybird. Mimicry can, of 
course, be extended to the chemical level, although the spec- 
trum of volatile pyrazine production in the two species is very 
different (Moore et al. 1990), so that smell mimicry is unlikely 
to play a role. However, if a predator picks up a 2-spot Iady- 
bird, despite its resemblance to 7-spot ladybirds, the adaline 
in the reflex blood could be used to mimic the taste of cocci- 
nelline. The ingestion of coccinelline can have severe conse- 
quences for bird predators (Marples et al. 1989), so that a 
taste reminiscent of coccinelline may be sufficient to cause a 
predator to release a 2-spot. 

2-Spot and 7-spot ladybirds can be found in 
similar shrub and herbage habitats during the spring and early 
summer and are probably exposed to a similar spectrum of 
predators. From mid to late June, 2-spot ladybirds move into 
trees, principally Lime trees (Tylia europaea L.) (Brakefield 
1984), whilst 7-spot ladybirds remain in the herbage (pers. 
obs.). During the late summer and early autumn, both species 
aestivate and can frequently be found together in dead leaves 
on trees (pets. obs.). However, 2-spot and 7-spot ladybirds 
overwinter in different habitats; 2-spot ladybirds in natural 
habitats can be found on or under tree bark, sometimes in 
conspicuous groups (Brakefield 1985b) and 7-spot ladybirds 
overwinter in leaf litter (Majerus & Kearns 1989; authors pers. 
obs.). These different overwintering behaviours may expose 
the two species to very different predators. During the winter, 
birds such as thrushes (Turdus spp.) and titmice (Parus spp.) 
and possibly also small mammals foraging on the ground 
could find 7-spot ladybirds, whilst potential 2-spot ladybird 
predators include treecreepers (Certhia spp.), nuthatches (Sit- 
ta europeae) and woodpeckers (e.g. Dendrocopus spp.). The 
winter 2-spot ladybird predators forage almost exclusively on 
tree trunks and branches and, therefore, have very little op- 
portunity to sample 7-spot ladybirds. Thus the memory of un- 
pleasant experiences with 7-spot ladybirds is unlikely to play a 



Variation in 2-spot ladybird chemical defence Chemoecology 2 (1991) 19 

rote in defending 2-spot ladybirds  dur ing the  winter.  Conse-  
quently,  possible mimet ic  re la t ionships  between the  two spe- 
cies tha t  exist in the summer  break  down dur ing the winter.  
Even  so, overwinter ing 2-spot ladybirds appear  to suffer  ra th-  
er little f rom bird  p reda t ion  (Brakefield 1985b). 

In view of  the  non-over lap  in winter habi ta t ,  
the  a m o u n t  of  mater ia l  and,  presumably ,  energy invested in 
defence by the 2-spot ladybi rd  and  the very similar qualities of  
the reflex b lood  in the two species, it is more  likely tha t  the  
2-spot ladybird  is able to defend itself to a degree against  bird  
predators  in the absence of  7-spot ladybirds .  

Adal ine  m ay  be effective against  o ther  preda-  
tors,  such as inver tebrates ,  a l though  adaline is also less effec- 
tive as an  ant  deterrent  t h a n  coccinelline (Marples 1990). Al- 
t hough  ver tebra te  preda t ion  mus t  be a significant  selective 
force (aposemat ic  co lora t ion  could not  have evolved other-  
wise), the largest biot ic  morta l i ty  factor  in adul t  ladybirds  
may  be paras i t iza t ion.  Majerus  & Kearns (1989) summar ize  
some of  the parasi tes  of  ladybirds and  poin t  ou t  tha t  the mos t  
i m p o r t a n t  h y m e n o p t e r a n  parasi te  is Perilitus coccinellae. 16% 
of  the adul t  7-spot ladybirds  were parasi t ized by P. coccinel- 
lae in the  s tudy of  Hol loway et al. (1991) and  the level of  pa-  
rasi t ism can reach  50% in some popula t ions  (N Marples ,  pets 
comm).  Majerus  & Kearns (1989) list the  species known  to be 
parasi t ized by  P. coccinellae; they include three Coceinella 
spp: 5-spot (C. 5-punctata), 7-spot and  11-spot (C. ll-puncta- 
ta) ladybirds ,  all of  which produce  coccinelline (Pasteels et al. 
1973). Of  the three species named  as no t  being parasi t ized by 
P. coccinellae, two of  them are the Bri t ish species of  Adalia: 
2-spot and  10-spot (A. lO-punctata) ladybirds and,  indeed,  
none  of  the 2-spot ladybirds  f rom the present  s tudy were para-  
sitized. Majerus  & Kearns (1989) suggest tha t  the lat ter  species 
are too small  to be favoured  by  P. coccinellae, but  11-spot 
ladybirds  are the  same size as 2-spot ladybirds.  Therefore ,  an-  
other  possible func t ion  of  adal ine is to reduce h y m e n o p t e r a n  
parasi te  loads in Adalia spp. 

A n o t h e r  i m p o r t a n t  quest ion concerning adal- 
ine p roduc t ion  is why do 2-spot ladybirds produce  so much  
alkaloid in the reflex b lood?  If  adal ine deters P. coccinellae, 
then  it is not  needed in the reflex b lood  per se at such high 
concent ra t ions  as a defence against  parasi t ism. The same is 
t rue if  adal ine is toxic to P. coccinellae eggs a n d / o r  larvae. 
W o r k  has been carr ied out  compar ing  the relative noxiousness  
of  coccinelline and  adaline (Marples et al. 1989) and  the con- 
clusion is tha t  adal ine is less toxic and  repellent  t han  coccinel- 
line to birds.  This does not  mean  tha t  adal ine has no repellent  
propert ies  at  all against  all po tent ia l  bi rd  predators .  As alrea- 
dy argued,  2-spot ladybird  adults  are p robab ly  able to defend 
themselves against  a t tack,  bu t  only if  adal ine (or some other  
principal)  has an  effect. It is possible,  therefore ,  tha t  the  
a m o u n t  of  adal ine synthesized is high in order  to compensa te  
for the lower repel lency/ toxici ty .  

In summary ,  the chemical  defence system 
with respect to alkaloids in 2-spot ladybirds is well developed 
and  this does not  appear  to be consis tent  with  a Batesian ex- 
p lana t ion  for  resemblance  to 7-spot ladybirds.  However ,  the  
chemical  defence may  be target ted against  non-av ian  preda-  
tors  and  it is conceivable  tha t  some kind of  reciprocal  mimicry 
between these two species operates  with respect to di f ferent  
spectrums of  na tu ra l  enemies.  
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