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Comparative studies on the physiological natures of the digestion between entomo-
phagous and phytophagous coccinellid beetles were made, using adults of four entomo-
phagous species of Coccinella septempunctata bruckii MuLsaNT, Harmonia axyridis Pavvias,
Chilocorus  kuwanae SiLvesTrRl and Rodolia cardinalis Mursant, and two phytophagous
ones of Epilachna vigintioctopunctata FaBricius and E. vigintioctomaculata MOTSCHULSKY.
The ratio of total alimentary canal length to the body length in phytophagous coccinel-
lids was about twice as large as that of entomophagous ones. The length of each
part of alimentary canal was ranked in the same order in both phytophagous and
entomophagous groups as follows: midgut>hindgut>foregut. The activity of digestive
enzymes, protease, lipase and trehalase in entomophagous insects was much higher than
that in phytophagous ones. Optimum pH for carbohydrase and protease ranged
between 5~6, which almost coincided with the pH of digestive juice in the alimen-
tary canal. Experimental results suggested that the physiological differences in
digestion between entomophagous and phytophagous forms are attributable to the
gradient of natural selection at the development of diversity of food habits.

INTRODUCTION

Coccinellid species are classified into entomophagous, phytophagous and fungi-
phagous forms by their food habit. The great majority of entomophagous coccinel-
lids are beneficial as natural enemies of pest insects, but some phytophagous
coccinellids are injurious and often cause serious damage to crops. In relation to
the biological control of insect pests, many studies have been made on the rearing
of entomophagous coccinellids (Smirnorr, 1958; Tanaka and Irtovama, 1959;
TANAKRA . and Magpa, 1960; HukusiMa and Sakurar 1963), and in several spe-
cies it comes near the practical use. Now on this current, it will be important
to study the basic nature of the physiology of coccinellids. In this paper the
physiological differences of digestion between entomophagous and phytophagous
forms were reported and discussed in relation to their food habits.
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DIGESTION OF COCCINELLID BEETLES 131
MATERIALS AND METHODS

Six species of Coccinellidae used for experiments were aphidphagous Coccinella
septempunctata bruckic MurLsaNnT and Harmonia axyridis PavLvas, coccoidophagous
Rodolia cardinalis Muirsant and Chilocorus kuwanae SILVESTRI, and phytophagous
Epilachna vigintioctopunctata FaBricrus and E. vigintioctomaculata MotscHULSKY. They
were bred on natural diets from egg-hatching in the rearing room and adults only
were used for experiments.

Measurement of the alimentary canal length: After measurement of the body length,
alimentary canal was dissected out in 0.9% saline solution, then the lengths of
the fore-, mid- and hindgut were measured under a binocular microscope.

Determination of the pH in the alimentary canal: One-day-starved adults were fed
on 5 % glucose solution containing pH indicators. After 1 or 2 days, they were
dissected, and the pH wvalues in the fore-, mid- and hindgut were determined by
the color changes. The pH values were also ascertained with pH testing paper.
Bromophenol blue (2.8—4.4), bromocresol green (4.0—5.6), chlorophenol red
(4.8—6.4), bromocresol purple (5.2—6.8), methyl red (5.4—7.0), bromothymol
blue (6.2—7.8) and phenol red (6.8—8.2) were used as pH indicators in glucose
solution.

Analytical methods of the digestive enzyme: A definite number of midguts collect-
ed from the one-day-starved adults were homogenized with a PorTErR-ELVEHJEM
type homogenizer under chilling. The homogenate was diluted with distilled
water, then centrifuged at 3,000 rpm. The filtrate of the supernatant through
a monolayer gauze was used as the enzyme source for assay.

1) Carbohydrases: Amylase activity was measured by the method of ApPLEBAUM
et al. (1961). The reaction mixture consisting of 0.5 ml of 2 % soluble starch as
the substrate, 0.5 ml enzyme solution and 1 ml buffer solution, was incubated
for 20 min at 30°C. After the reaction, hydrolyzed maltose was determined colo-
rimetrically with dinitrosalicylic acid reagent (BERNFERD, 1955). Buffer solutions
were 1/10 M acetate buffer in acid range, 1/10 M phosphate buffer in neutral
range and 1/10 M glycine buffer in alkaline range. The protein content in the
enzyme solution was determined colorimetrically with ForLIN reagent by the
method of Lowry et al. (1951).

The activity of maltase and invertase was measured chromatographically by
the method of Krisuna (1958). The reaction mixture consisted of the substrate of
0.1 ml of 5% maltose or sucrose solution, 0.1 ml of 0.02 M phosphate-citrate buffer
and 0.1 ml enzyme solution in which the protein concentration was made equall
among each coccinellid species. After 10 hr of incubation, the reaction was stop-
ped by adding 0.01 ml of 0.1 N NaOH. For detecting the hydrolyzed or
unhydrolyzed sugar after the reaction, incubation mixture was subjected to
paper chromatography, employing n-butanol-acetic acid-water (4:1:5, v/v) as a
solvent and benzidine trichloroacetic acid as a color reagent (Bacon and EDELMAN,
1951). The portion of hydrolyzed or unhydrolyzed sugar on the nonsprayed chro-
matogram was eluted with water. Percentages of hydrolyzed maltose or sucrose
were calculated from the sugar content determinded with anthron method
(MokrascH, 1954).

Trehalase activity was measured using the reaction mixture system of SArro
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(1960) as in the following: 0.5 ml of 0.02 M trehalose, 0.5 ml enzyme solution
and 1 ml of 0.02 M phosphate-citrate buffer (pH 5.6), were incubated at 30°C.
After the reaction, the rate of glucose formation was determined colorimetrically
with dinitrosalicylic acid reagent.

2) Protease: Protease activity was measured by the method of YosHiHARA
(1961). The reaction mixture was made to contain 1 ml of 2% casein as the
substrate, 2 ml of 0.1 M citrate-phosphate buffer and 1 ml enzyme solution.
After the incubation for 1 hr at 30°C, the reaction was stopped by adding 2 ml
of 0.4 M trichloroacetic acid. Amino acids freed from the substrate were obtain-
ed by filtering the reaction mixture, then these contents were measured colori-
metrically with three-fold diluted Forin reagent (Lowry et al., 1951) at 660 mpg.

3) Lipase: Lipase activity was determined manometrically by MAarTIN and
PeeErs method (1953). The reaction flasks contained 0.5 ml of each substrate
(4 % v|v tributyrin, triacetin, tween 20, tween 60 or tween 80 in 0.0148 M
NaHCOj;) in the side arm, and 1.5 ml distilled water in the main chamber. The
flasks and manometers were gassed for 3 min with a mixture of 95% N, and 5 %
COq;, then the reaction was started with tipping the substrate in the side arm.
The reading of the manometer was taken at regular intervals for 1 hr at 30°C.

RESULTS

The length of alimentary canal

The alimentary canal length and body length of five coccinellids were presen-
ted in Table 1. The midgut proved to be the longest part in canal in all the
species examined, irrespective of feeding habits. However, the ratio of alimentary

Table 1. ALIMENTARY CANAL LENGTH AND Boby LENGTH IN Five COCCINELLID SPECIES

No. ]?é)rcllgyth Length of the alimentary canal
Insect species Sex of “ra) Forcgut  Midgut  Hindgut  Towl(B) B/A
B msects mm mm mm mm mm .
Entomophagous
Coceinell y tat ? 15 8.0+0.8 2.0+0.4 5,.9+0.9 4.4+0.3 12.3+1.2 1.54
ocenella septempunciata <e 10 8.5+0.4 2.040.2 6.940.7 4.840.3 13.5+1.0 1.59
. .. Q 8 3.3+0.2 0.8+0.1 3.0+0.3 1.7+0.2 5.6+£0.7 1.70
Rodolia cardinalis (
F) 4 3.54+0.3 0.94+0.2 3.1+£0.1 1.9+0.1 5.94+0.1 1.69
. ? 6 3.5+0.4 0.7£0.1 2.6+0.3 2.6+0.1 6.0+0.4 1.71
Chilocorus kuwanae (
o) 4 3.8+0.1 0.9+0.2 3.2+0.3 2.5+0.2 6.7+0.6 1.76
Phytophagous

. - ? 8 6.7£0.7 1.240.1 18.1+2.9 5.8+0.4 25.0£3.4 3.73
Epilachna vigintioctopunctata (

3
17 6.9+£0.5 1.2+0.3 183+2.7 6.0£0.3 25.4%£3.1 3.68
7.7+0.4 1.8+0.2 16.8+2.7 6.1+0.5 24.7+£2.9 3.21
5 6 7.5+0.6 1.5+0.3 16.8+2.2 6.4+0.5 24.5£2.6 3.27

P
O O
[9)]

E. uvigintioctomaculata

) a) Mean + S. D.
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canal length to body length in two phytophagous species was about twice as large
as that in three entomophagous species, i.e. 3.7 in E. wvigintioctopunctata, 3.2 in E.
vigintioctomaculata, 1.5—1.6 in C. septempunctata, 1.7 in R. cardinalis and 1.7—1.8
in €. kuwanae. Between male and female, clear difference in the length and/or
the ratio of alimentary canal to body length was not observed.

The pH of alimentary canal
As shown in Table 2, pH values of alimentary canal in six species ranged
from 4.6 to 6.4. In C. septempunctata, H. axyridis, E. vigintioctopunctata and E.

Table 2. pH or THE ALIMENTARY CANAL IN ADULTS OF Six COCCINELLID SPECIES

Insect species Foregut Midgut Hindgut
Coccinella septempunctata 5.0—5.8 5.4—6.0 5.0—6.0
Harmonia axyridis 4.8—5.6 5.2—5.8 4.8—5.6
Epilachna vigintioctopunctata 5.0—5.8 5.4—6.2 5.2—6. 3
E. uvigintioctomaculata 5.0—5.8 5.6—6.4 5.5—6.4
Rodolia cardinalis 4.6—5. 42
Chilocorus kuwanae 4. 8—b5. 22

a Values measured in whole gut homogenate

vigintioctomaculata, pH values of mid- and hindgut were slightly higher than those
of foregut. The pH values of whole guts of coccoidophagous R. cardinalis and C.
kuwanae were nearly the same as four other coccinellid species.

The activity of digestive enzymes

Amylase activities in various pH of E. vigintioctopunctata and E. vigintioctoma-
culata (phytophagous) were slightly higher than those of C. septempunctata and H.
axyridis (entomophagous), though the difference was not significant (Fig. 1).
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Fig. 1. Amylase activity of four species of Coccinellidae adults in
different pH. (O, Coccinella septempunctata; ©, Harmonia axyridis;
@, Epilachna vigintioctopunctata; A, E. vigintioctomaculata.
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The activity of invertase was a little higher than that of maltase in C.
septempunctata, R. cardinalis, E. vigintioctopunctata and E. vigintioctomaculata (Fig. 2).
There was no significant difference in invertase and maltase activity among these

coccinellid species.

Optimum pH for amylase, invertase and maltase activity was

found to be 5—6, and almost the same with that of their alimentary canal.
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Fig. 2. Invertase and maltase activity of four species of Coccinellidae adults in different

pH. O, Coccinella septempunctata;

A, E. vigintioctomaculata.
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Trehalase activity of three species of Coccinellidae adults.
@, Epilachna vigintioctopunctata;
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Fig. 4. Protease activity of four species of Coccinellidae adults in
different pH. (), Coccinella septempunciata; (), Rodolia cardinalis;
@. Epilachna vigintioctopunctata; A, E. vigintioctomaculata.

Trehalase activities in C. septempuncta, E. wvigintioctopunctata and E. wvigintiocto-
maculata were shown in Fig. 3, apparently indicating that the activity of the
first one, entomophagous, was much higher than those of other two phytopha-
gous species.

Protease activities in C. septempunctata, R. cardinalis, E. vigintioctopunctata and E.
vigintioctomaculata were indicated in Fig. 4 showing two optimum pH ranges of
2—3 and 5—6 for activities in C. septempunctata and E. vigintioctopunctata. The
activity in pH 5—6 seems to be attributable to trypsin action and that in pH
2—3 to pepsin action. Trypsin like activity in two entomophagous species was
much higher than those in two phytophagous species.

Table 3. Lipase Activity IN ADULT OF THREE COCCINELLID SPECIES

Substrates

Insect spceies Methyl

Tributyrin  Triacetin Tween 20 Tween 60 Tween 80

butyrate
Coccinella septempunciata 1.12 0.85 0.16 0.12 0.06 0
Epilachna vigintioctopunctata  0.13 0.14 0.05 0. 06 0.01 0
E. vigintioctomaculata 0. 26 0.30 0.06 0.12 0.01 0

Activity unit is mm3 CO,/mg protein/hr, and final substrate concentration is 1 % (v/v)

Lipase activities in C. septempunctata, E. wvigintioctopunctata -and E. vigintiocto-
maculata were presented in Table 3. Activity for tributyrin or triacetin was much
higher than that for tween 20 or tween 60 throughout three species. No hydro-
lysis of tween 80 was observed. The activity for tributyrin or triacetin in C.
septempunctata was much higher than that in other two phytophagous species,
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E. wigintioctopunctata and E. vigintioctomaculata.

DISCUSSION

It has been generally accepted that the alimentary canal in phytophagous
insects is longer than that in entomophagous insects. The results of coccinellids
in the present study also agreed well with the general acceptance, elucidating
that the ratio of the total length of alimentary canal to body length in phytopha-
gous species was about twice as large as that in entomophagous ones.

In coleopterous species, the length ratio of fore-, mid- and hindgut shows
various patterns. For instance, in both of phytophagous and sarcophagous Scar-
baeoidae, midgut develops into conspicuously complicated forms and occupies
the largest portion in the canal (Umeva, 1960; 1964). While, in sarcophagous
Caraboidea, foregut in ciccindellids and harbalids, or hindgut in carabids is the
largest portion, respectively (Hukusima and Marsuno, 1962). However, in both
of phytophagous and entomophagous coccinellids investigated here the midgut
was found to be the longest and the most developed part in the canal, suggesting
the presence of the most active digestive function in the midgut.

As a rule, the contents of the gut tend to be more alkaline in phytophagous
species than in carnivorous ones (WIcGLEswORTH, 1934), but there are many
exceptions in phytophagous insects, as pH in Tribolium and Criptolestes adults was
4.2—5.6 (Sivma, 1959), and pH of digestive fluid of Schistocerca gregaria adult
was 5.7 in foregut, 6.2—7.1 in midgut, and 7.0 in hindgut (Evaxs and PAyNE,
1964). The pH in both entomophagous and phytophagous coccinellids is nearly
the same value as 4.5—6.5, and pH in foregut is a little lower than that in
midgut and hindgut. This pH values coincided with pH of three coccinellid species
measured by HemperL (1960). Weak acid or middle pH range in the alimentary
canal of phytophagous coccinellids is recorded as the exceptional example among
phytophagous insects.

Optimum pH range of 5—6 for amylase activity in midgut in four species of
coccinellid adults obtained here was nearly the same as that in many species
reported hitherto, e.g. Blattella germanica adult (WiccLesworTH, 1927), Anax
parthenope adult and Cybister japonicus larvac (SHNoODA, 1930), Bombyx mori larvae
(Horig, 1959), Tenebrio molitor larvae (APPLEBAUM et al., 1961), Tribolium castaneum
larvae and adult (Krisuna and Saxena, 1962), and Schistocerca gregaria adult
(Evans and Payng, 1964). This pH range corresponded with optimum pH for
invertase and maltase in Coccinellidae. Considering the pH in the gut of coccinellids,
carbohydrates will be digested in maximum efficiency in the midgut under the pH
of 5—6. In regard to pepsin action in proteases in insects, GREENBERG and
PareTsky (1955) showed two ranges of optimum pH in acid and alkaline ranges
for protease activity in early stage of housefly. Also in coccinellids such pepsin
like and trypsin like activity were found.

The activity of protease, lipase and trehalase, respectively, was much higher in
entomophagous coccinellids than in phytophagous ones, hence this tendency may
be correlated to their food habits. As regard to the relationship between food
habits and the function of alimentary canal, Umeva (1961) stated that the
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pattern of amino acid composition in the midgut of lamella beetles was parallel
to the grouping followed by their food habits. Therefore, the higher activities in
protease, lipase and trehalase in entomophagous coccinellids rather than in
phytophagous ones may be understood by taking account of their food habits,
since the aphids and coccoids, the victims of entomophagous coccinellids contain
much higher proteins, lipids and trehalose as their tissue components.

According to Kovama (1950) that phytophagous coccinellids evolutionally
developed from entomophagous species, the differences in the length of alimentary
canal and the activity of digestive enzymes between phytophagous and entomopha-
gous species may be caused by the natural selection by the food habits at the differen-
tiation from carnivorous habits. The evolution problem in insect species is a very
interesting subject, but the approach to the resolution is on the complicated and
difficult way. For this study, coccinellids will be the most proper and suitable
materials, so further experiments should be performed.
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