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Abstract--Adult Mexican bean beetles, Epdachna vartvestts (Mulsant) (Coleoptera Cocclnelhdae), are able 
to digest cellulose Females digest nearly three times as much cellulose and retain food m their guts three 
times longer than do males. There ~s no sexual dxmorph~sm in enzyme activity although pH exerts a 
profound effect The approximate pH optima are 4 5 for C~-cellulase, 5 5 for C,-cellulase and 4 5-4 8 forfl- 
glucosldase The acidic gut of beetles (pH 4 9-5 8) should permit maximum cellulase actwity 

Key Word Index Cellulose, C~-cellulase, C,-cellulase, fl-glucosldase, gut pH, herbworous, Mexican bean 
beetle, phytophagous insects, Eptlachna vartvestts 

INTRODUCTION 

Cellulose digestion has been reported for several 
species of wood-inhabiting and detritus-feeding in- 
sects (Lasker and Glese, 1956; Bayon and Mathehn, 
1980; Taylor, 1982). Few leaf eating insects have been 
tested for such an ability, it has generally been 
assumed that they are incapable of cellulose digestion 
(Friend, 1958; Wlgglesworth, 1972, House, 1974). 
Enzymatic assays have shown that while many leaf 
eating (phytophagous) insects, such as Eptcauta for- 
hams (bean bhster beetle, adult), Bombyx rnori (silk- 
worm, larva), and Dtctyoploca naponica (Japanese 
giant sdk moth, larva), possess fl-glucosidase (Koike, 
1954, Ito and Tanaka, 1959; Mukalyama, 1961), they 
lack the C~- and Cx-cellulases necessary to inmate and 
carry out the hydrolysis of native cellulose (Ito and 
Tanaka, 1959; Felr and Beck, 1961; Khan and Ford, 
1967, House, 1974). The European corn borer Ostmia 
nubtlalis also lacks cellulases (Beck et al., 1949) The 

only leaf-eating insect shown to have cellulases, the 
migratory locust Shgstocerca gregarla, possesses 
enzymes with activity so low that nutrients may be 
derived from cellulose only during periods of pro- 
longed starvation, when food is maintained in the gut 
for long periods (Evans and Payne, 1964) 

The present study was undertaken to determme 
whether the Mexican bean beetle was capable of 
utilizing cellulose and the acUvlty and optimum pH of 
the cellulases involved. Bean beetles skeletonize bean 
leaf tissue, yet produce liquid faeces, which seems to 
indicate that cellulose was being hydrolyzed 

MATERIALS AND METHODS 

Rearmg 

Mexican bean beetles were reared from egg to adulthood 
on hma beans, Phaseolus lunatus, under condlUons of 15 hr 
hght-9 hr dark, 40% r.h and 250C 
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["C]cellulose degradation 

Four replicates, consisting of three 1-week-old adults per 
rephcate, were run on each sex Beetles were starved for 
12 hr, then placed in a train of flasks from which ~4CO2could 
be trapped (Fig 1) Beetles were housed for the first 24 hr in 
small glass jars each with a lima bean leaf in a florist's water 
plc glued to the bottom A 3 mg mixture of ['4C]cellulose 
(New England Nuclear) and cellufil (U S Blochemlcals, 
1 500, sp act 7 7/~C1/mg) was placed on the leaf Expired 
~4CO2 was trapped for 24 hr in 6 ml of ethanolamlne-ethy- 
lene glycol monomethyl ether (1 2, v/v) trap Control exper- 
iments lacked beetles After 24 hr, the trap with t4CO2 was 
replaced with a fresh vial of trap solution, the radioactive 
trap was shaken and 2ml was removed and added to 
counting cocktail (toluene~ethylene glycol monomethyl 
ether 2 1, v/v and PPO, 5 5g/1, Jeffay and Alvarez, 1961) 
and counted for radioactivity The uneaten bean leaves were 
dried (60°C), crushed and suspended In Cab-o-Sll cocktail to 
determine the amount of [~4C]cellulose not ingested (Taylor, 
1982) The faeces were washed out of the small glass jar with 
a toluene-PPO cocktail (PPO 5 g, toluene to one htre) and 
counted for radioactivity The beetles were moved to clean 
jars with small, unlabelled bean leaves as food 

After each 24 hr period, for a total of seven days, beetles 
were transferred to clean jars with fresh bean leaves and 
spent ~4COz traps were removed to be counted and replaced 
with new vials of trapping solution The remains of the 
leaves in used vials were dried and crushed Cab-o-Sll 
cocktail was added to suspend the leaves which were spotted 
with faeces and to dissolve any faeces adhering to the side of 
the vial Eggs were removed from the bean leaves, weighed, 
solublhzed with NCS solublhzer and counted for radioacti- 
vity (Taylor, 1982) On the eighth day the digestive tracts, 
ovaries and fat bodies of the beetles were removed and 
solublhzed separately, and the carcasses were dried (60°C), 
crushed and suspended in Cab-o-Sll cocktail A solution of 
NaOH In the pre-trap (Fig 1) removed CO~ from the air to 
prevent the '4CO2 trap from becoming saturated with non- 
labelled CO, The NaOH final trap prevented any ~CO2 
from being vented into the room Sub-samples of the final 
traps were counted for radloactlv,ty at the end of the 
experiment and were found to contain no '4CO2 Corrections 
were made for quenching and counting efficiency Counting 
rates were assayed on a Beckman model LS230 liquid 
scintillation counter The amount of cellulose ingested was 
determined by subtracting the [~4C]cellulose radioactivity 
remaining on each leaf after the initial feeding from counts 
of control leaves Most of the label not accounted for was 
probably lost as ~4CO, during vial changes Such loss would 
cause an underestimation of the amount of cellulose 
digested Very small losses could be due to faeces squirted to 
marginally accessible places such as edges of gaskets, etc 

After the experiment was completed it was brought to the 
author's attention that [~4C]cellulose IS sometimes contami- 
nated with other, more readily digestible compounds Subse- 
quent purification of a sample of the [~4C]cellulose used in 
this study with ten washes each of 0 2 M HCI and 0 2 M 
NaOH (Leedle and Hespell, 1980), revealed that 0 91% of 
the counts in [~4C]cellulose were due to contaminants Such a 
small percentage would not effect the results of this study 

Gut transit time 

The rate at which cellulose passes through the digestive 
tract was determined by feeding male (n = 11) and female 
(n=8)  beetles bromcresol purple-dyed cellufil The beetles 
were starved for 12 hr, placed on leaves covered with dyed 
cellufil (2% dye in 25% alcohol, air dried) and allowed to 
feed for 1 hr They were then removed to fresh bean leaves to 
feed until purple faeces appeared 

Enzyme assays 

The basic procedures used were those of Taylor (1982) 
with slight modifications Whole guts were triturated in 

0 001 M potassium phosphate buffer (pH 7 0), centrifuged 
(10,000g, 4°C, 20 mln) and the supernatant fluid was then 
passed through PD-10 Sephadex columns (5-cm bed height) 
to give a concentration of four guts/8 ml (test for fl-glucosl- 
dase at 5 pH values), 19 guts/5 3 ml (test for Cx-cellulase at 
5 pH values), and 45 guts/6 6 ml (test for Crcellulase at 6 pH 
values) For each substrate, ten assays were run on each sex 
at each pH The substrates were suspended in 0 1 M buffers 
of pH 3 5 (sodium citrate), 4 5 and 5 5 (sodium acetate), 7 5 
(sodium phosphate), 95 (sodium carbonate) and 105 
(sodium phosphate) Controls for all enzyme assays were 
run with enzyme denatured by boiling in a water bath for 
15mln 

To determine the presence of C,-cellulase, a 1% suspen- 
sion of carboxymethyl cellulose was made in the appropriate 
buffer, and 0 3 ml of the solution was incubated with 0 3 ml 
of enzyme for 60 mln at 35°C Incubation was terminated by 
adding 0 6 ml of 3.5-dlnltrosahcyhc acid reagent (Bernfield 
reagent) and heating the mixture In a boiling water bath for 
5 mln A 0 9 ml portion of water was then added, and the 
optical density at 540 nm determined (Bernfield, 1955) 

Q-cellulase activity was determined as above except that 
the mlcrocrystalhne cellulose was mixed with buffer as 
50 mg/ml, Incubation was for 24 hr with shaking, and incu- 
bation was terminated by rapid filtration through Cellte ~ 
before Bernfield reagent was added 

A 3 32 mM solution of p-nltrophenyl-fl-D-glucoslde was 
used to determine the presence of fl-glucosldase A 0 5 ml 
portion of the enzyme was incubated with 0 5 ml of substrate 
for 15mIn at 35°C Incubation was terminated by the 
addition of I ml of 1 M NH.OH NH4C1 buffer (pH 9 8) and 
the optical density at 420 nm was determined 

For the determination of the amount of protein present in 
each sample, the Bradford protein assay (Bradford, 1976) 
was used to run enzyme extracts and protein standards 
containing bovine albumin 

Gut pH 

Whole guts of fed specimens (n=6)  and of specimens 
starved for 16 hr (n = 7) were dissected out into a dry glass 
dish and the pH of the gut was measured with a Beetrode 
(W-P Instruments, 60 Fitch St, P O Box 3110, New Haven, 
CT 06515, U S A ) and reference electrode with a fine pulled 
tip The Beetrode IS a micro-electrode of pH sensitive wire 
0 1 m m  diameter by 3 mm long The gut was pierced at 
various points along ItS length by the micro-electrode and tip 
of the reference electrode so that an accurate, Intact-gut pH 
could be measured 

Plant tissue composition 

The amount of cellulose in bean leaves was determined 
from greenhouse-reared Phawolus lunatus by the method of 
Goerlng and Van Soest (1970) 

Bacterial enumeration 

Beetles were decapitated, then surface sterilized under u v 
light for 2 mln each on dorsal and ventral body surfaces 
(Preliminary tests indicated that this method of sterilization 
was more effective than lysol, chlorox or alcohol ) 

Beetles were placed in sterile bowls in a laminar flow hood 
and the gut was dissected out using standard sterile pro- 
cedures Whole guts were triturated in 10ml of sterile 
0 001 M potassium phosphate buffer (pH 7 0) Initial dilu- 
tions were shaken for 20 min on a wrist action shaker, then 
serial dilutions of each Initial dilution were plated out on 
agar plates (two replica plates per dilution) Agar plates 
contained Skinner's cellulose medium B (Skinner, 1971 ) with 
Hoagland trace element solution, 0 5% carboxymethyl cellu- 
lose (Sigma Chemical Co) ,  1% agar and cyclohex~mlde 
(0 lmg/ml)  to Inhibit fungi All lnnoculated plates were 
incubated aerobically at 26°C, 60% r h for nine days, then 
plates with 30-300 colonies were flooded with 1% hexadecyl- 
trlmethyl ammonium bromide (Hankln and Anagnostakls, 
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1977) Zones of clearing around or under colomes (which 
were scraped from the plate before flooding) indicated an 
abthty to produce C~-cellulase, the number of colony form- 
mg umts showing such clearing was enumerated 

Stattstws 
Radioisotope data were arc-sine transformed and ana- 

lyzed by Kruskal-Walhs non-parametric ANOVA 
Enzymat]c &fferences between sexes and among pHs were 

analyzed using the Friedman non-parametric analys]s of 
varmnce Where &fferences were found, the Newman-Keuls 
multiple range test was employed Curves for figures were 
fitted w~th a cubic sphne D~fferences in gut pH of starved 
and fed beetles were tested by Chl-square (Zar, 1974) 
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R E S U L T S  

[14 C ]cellulose degr adatton 

While both male and female beetles assimilated a 
substantial amount  of  cellulose, there were slgmficant 
differences between the sexes in the percentage utihza- 
tlon of  the labelled cellulose (Table 1); females res- 

Table 1 D l s tnbu tmn  of  label o f  [14C]cellulose after  mges tmn by 
Mexican bean beetles 

Source of  label 

Label d l s tnbu tmn (%)* 

Males Females Probabdlty 

CO z 10 74-1 4 2 1 6 4 - 1 2  0008  
Faeces 6 2 9 4 - 5 9  3 5 9 4 - 2 7  0008  
Fat  body/eggs 0 8 4- 0 I 9 3 4- I 0 0 008 
Carcass 1 5 + 0 4 1 3 :E 0 2 NS  
% Accounted for 87 8 4- 5 1 83 1 4- I 4 --  
% Ass lmfla tmn/mges tmn 17 0 47 3 

* Values are mean  4- SE 

plred twice as much 14CO2 and asstmllated three times 
as much [~4C]cellulose as males. Males initially 
ingested far less [~4C]cellulose than did females and 
spent most of  the experiment running about, presu- 
mably in search of  females, rather than feeding. 
Because the young males were not  approaching dla- 
pause, their fat bodies were very small and were not 
expected to have acquired much radioactive material 
Females, on the other hand, spent most of  their time 
feeding, and digested nearly half of  the [~4C]cellulose 
ingested Of  this, two-thirds was respired while a fifth 
was uttllzed in egg production 

Enzyme assays 

Fitting a cubic sphne curve to the results of  enzyme 
assays carried out at various pH values mdlcates the 
pH giving optimal activity for each enzyme (Fig 2) 

Both males and females showed high levels of  
enzymatic activity, and there were no significant 
differences between the sexes C~-cellulase activity in 
both sexes showed a sharp opt imum at pH 4.5, drop- 
ping rapidly at higher and lower pH  values. Opt imum 
Cx-cellulase activity for both sexes appears to be 
highest at low pH values with an opt imum around 
pH 5.5 and a smaller peak at pH 3 5 or  lower (Fig 3) 
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Fig 3 Cx-cellulase activity at various pH values Values are 
mean • SE (11 male, [] female) 

fl-Glucosidase has a pH opt imum around 4 5-4 8, 
with activity dropping steeply below that pH (Fig. 4). 
While none of  the enzymes appears to function well at 
pH 7 5 or above, there is measurable activity, es- 
pecially for C~- and Cx-cellulases at the more alkaline 
pH values 

In Table 2 enzyme activities at various pH values 
are ranked from highest to lowest. Statistical tests 
indicated slight differences between sexes in the rank- 
lng of  pH with maximal activity For  C~-cellulase in 
males, activity at pH 4.5 was significantly higher than 
at pH values 7.5-10.5 (P<0.001),  3.5 and 55  

Table 2 Ranked  dtfferences m enzyme actwlty as a functton of  sex and pH 

Ranked  pH*  

Enzyme Males Females 

C]-cellulase 4 5  55  3 5  7 5  9 5  105 4 5  5 5  3 5  9 5  7 5  105 

Cx-cellulase 5 5  3 5  4 5  7 5  9 5  55  35  4 5  75  9 5  

fl-Glucosldase 4 5  55  7 5  35  9 5  4 5  55  7 5  3 5  9 5  

* Underl ined variables are not significantly differently at P <  0 05 Relative values are given m the test 
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(P< 0 005) Activity at pH 5.5 was significantly higher 
than at 7 5-10 5 (P<0005),  while pH3 5 showed 
greater activity than 9 5, 105 (P<0.025) and 7.5 
(P<0  01) In females a similar trend was apparent 
with activity at pH 4 5 being significantly higher than 
at pH values 7.5-10 5 ( P < 0  001), 3 5 (P<0.005) and 
5 5 (P<0025).  pH 5 5 ranked next (P<0005  for 
differences with pH values 7 5 10 5), while pH3 5 
showed higher activity than pH values 7 5 and 9 5 
(P<0  005) and 10.5 ( P < 0  01) 

Only males showed significant differences among 
pH values in C~-cellulase activity with pH 5.5 being 
greater than pH values 7 5 and 9 5 (P<005)  
Although the large variance makes the pH at 5.5 not 
statistically significant for females, it seems probable, 
based upon the shape of the curve, that this pH is 
nearly optimum for this enzyme 

fl-Glucosldase activity in males indicated that 
pH 4 5 and 5 5 showed significantly higher activity 
than other pH values tested (all P < 0 005) In females 
pH 4 5 and 5 5 showed significantly greater activity 
than pH 9.5 (P<0  005) and pH 3 5 and 7 5 ( P < 0  01) 

Extracts for Ci-cellulase and Cx-cellulase contained 
48 110 (x = 67)/~g proteln/ml and for fl-glucosidase 
extracts contained 8-32 (x = 23)/lg proteln/ml 

Gut p H  

Whether beetles were fed or starved, the whole gut 
tended toward acidic pH (4 9-5.6), although in fed 
animals the pH in the foregut and hindgut was 
shghtly less acidic (Fig 5). Differences between sexes 
and between fed and starved insects, however, were 
not statistically significant 

DISCUSSION 
Mexican bean beetles prefer feeding on beans of the 

genus Phaseolus and on the soy bean, Glycme max.  

FED STARVED 

FG ~ 56 

57 
56 
56 

54 

MG -- 54 

55  

55 

HG f 58 
58 

Fig 5 pH along &gesUve tract of fed (P lunatus) and 
starved (16hr) Mexican bean beetles Arrangements of 
dxgestlve tract mammal ~s shown m reset (drawn after 
Burgess, 1932) FG = foregut, MG = mldgut, HG = hmdgut 

While other aspects of bean beetle nutrition have been 
studied (LaPldus et a l ,  1963, Nayer and Fraenkel, 
1963, Kogan, 1972), the digestion of cellulose has not 
been examined In fact, an artificial diet developed for 
rearing Mexican bean beetles includes cellulose as a 
non-nutritive substrate to provide bulk (Kogan, 
1971) 

The activity of Crcellulase, Cx-cellulase and fl- 
glucosidase were similar in male and female beetles 
indicating that both sexes possess the same capacity 
to digest cellulose However, females assimilated 
nearly three times as much [~4C]cellulose as males 
which is probably due to male beetles retaining cellu- 
lose in their digestive tracts for only 2 25-3 50 hr, 
whereas females retained cellulose for 8.75-12hr 
Such a disparity between enzyme activity and cellu- 
lose consumption has also been found in the cock- 
roach Pertplaneta americana, in which males have 
higher cellulase levels than females, but only adult, 
egg-laying females consume filter paper (Wharton et 
a l ,  1965) 

The ability to digest cellulose would be a function, 
not only of the presence of cellulolyt~c enzymes, but 
also of a gut pH that allows these enzymes to function 
at their maximum rate The pH range of the gut of the 
Mexican bean beetle is near the optimum range for 
the cellulolytlc enzymes found and therefore should 
permit maximum cellulose digestion Cellulases found 
in other arthropods are, like bean beetle cellulases, 
most active at acidic pH values (Lasker and Glese, 
1956, Newcomer, 1956) and the gut pH of cellulose- 
digesting invertebrates, such as the snail Hehx  poma- 
tta (Myers and Northcote, 1958) and the slug Arton 
ater (Evans and Jones, 1962), are acidic Invertebrates 
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which are unable to digest cellulose, such as Ttpula 
abdommahs,  and some caddlsflles and stonefhes, often 
have a neutral to alkaline gut (Martin et al., 1980, 
1981a, 1981b). 

Bacteria able to produce Cx-cellulase are present in 
the digestive tract of  the Mexican bean beetle, but in 
such low numbers (600-1750 colony forming units 
cultured per beetle) and with such moderate enzyma- 
tic activity, that they could not account for the high 
levels of  enzymatic activity found in the gut This is in 
marked contrast to the 105-10 S C~-cellulase producing 
bacteria per gut which were cultured from the guts of  
cockroaches where cellulases are often of  microbial 
origm (Cruden and Markovetz,  1979). It is very 
unlikely that strict anaerobic cellulolytlc bacteria are 
present in the bean beetle digestive tract, since the 
guts of  such small animals are aerobic (Gtllot, 1980). 
It is therefore probable that cellulose d~gestlon in the 
Mexican bean beetle ~s not  due to microorganisms. 

Cellulose digestion should contribute substantially 
to meeting the energy needs for egg productlon and 
maintenance in female Mexican bean beetles. Females 
weighed 48.91 + 1 58 mg (x-± standard error, n = 10) 
and each lard a clutch of  45-60 (x = 53) eggs, weighing 
14.32 ± 0.61 mg per clutch (n = 7) every two days for 
about  five weeks. Thus they utdized the equivalent of  
nearly 30% of  their body weight for egg production 
every two days, hence their energy needs are quite 
high. Lima beans contam 21% (dry wt) cellulose 
(Table 3), so an ability to digest this polysaccharlde 

Table 3 Percentage composition of fibre m P lunatus leaves* 

Soluble non-cell wall+ 48 0 ± 2 7 
Hemlcellulose 26 7 ± 0 7 
Cellulose 21 4±2 0 
Dgmn 2 9 ± 0 1 
Ash 1 0±02 

*Values are mean+SE for 54)5g dry weight samples tlncludes 
such readdy d~gesttble nutrients as proteins, sugars, starches, etc 

raises the amount  of  readily digestible plant material 
from 48 to 58% (whether hemlcellulose can be 
digested is not  known). The increased efficiency in 
metabolizing bean plants because of  an ability to 
digest cellulose means that individuals, especially 
females, can mlntmlze time spent in foraging. Two 
potential effects of  this are the avoidance of  predators 
(Plummer and Landis, 1932, Howard and Landis, 
1936) and, perhaps more importantly,  the ability to 
remain in suitable mlcrochmates for relatively long 
periods (Bernhardt and Shepard, 1978). 

Mexican bean beetles are believed to have evolved 
on the plateau of  southern Mexico, an area character- 
ized by moderate  temperatures and htgh rainfall 
(Marcovitch and Stanley, 1930) As might be 
expected of  an organism that evolved under such a 
regime, high temperature and low relative humidity 
have adverse effects on such hfe history tratts as adult 
longevity, time of  laying the first egg mass, percentage 
of  beetles ovlposlting, percentage egg hatch, fec- 
undity, and adult and larval survival (Kltayama et a l ,  
1979, Lockwood et al., 1979; Sprenkel and Rabb, 
1981) Increased efficiency in food plant utilization, 
however, should result In low exposure to adverse 
conditions otherwise encountered in extensive forag- 
ing, and, in the case of  females, more time spent in 

mlcrohabitats suitable for the development of  their 
eggs Thts could be of  particular value in the south- 
western United States where summers are character- 
ized by high temperatures, low relative humidities and 
high solar radtatlon (Miller, 1930, Douglas, 1933). 

One might expect that phytophagous insects would 
have been selected to use their host plants efficiently, 
and that an abundant,  energy-rich constituent of  
leaves such as cellulose would be utilized. Omnlvores,  
detrltlvores and wood feeders, however, have been the 
primary trophlc groups tested for an ability to digest 
cellulose Of  the thousands of  leaf eating insects only 
three, B o m b y x  mort  (silkworm), Ostmta  nubtahs (Eur- 
opean corn borer) and Sehtsoeerca gregarla (desert 
locust), have been tested for cellulases (Beck et al., 
1949; Ito and Tanaka, 1959; Evans and Payne, 1964; 
for results of  these studies see Introduction section). 
Yet it has been assumed that phytophagous insects 
cannot utilize the cellulose of  their host plants and 
that any cellulose added to artificial diets adds only 
bulk and serves no nutritive function Clearly, there 
are insufficient data to support such conclusions The 
finding that Mexican bean beetles do digest cellulose 
suggests that leaf-eating insects are capable of  cellu- 
lose digestion and that this trait should be looked for 
in other species of  phytophagous insects 
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