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ABSTRACT 

The ventricular epithelia of adult worker honey 

bees were investigated biochemically and ultrastructurally. 

The midgut tissues were shown to produce an endoprotease 

with trypsin-like activity. Enzyme activity was highest in 

the midgut tissues and the ectoperitrophic space of free

flying honey bees and of caged bees fed pollen. Lower 

levels of activity occurred in caged bees restricted to 

sucrose or fed artificial diets. The trypsin-like activity 

declined as the protein intake of the bees decreased with 

age. 

Ultrastructural studies revealed columnar cells in 

the posterior midgut engaged in the synthesis and release 

of mernbrane-bou~ld vesicles. The apical cytoplasm of the 

epithelial cells in this region contains numerous electron 

dense vesicles which are released into the ectoperitrophic 

space of the midgut lUmen. The microvilli in the crypts of 

this region are short, branching, an~ microvesiculate. 

Throughout the remainder of the midgut, the microvilli are 

profuse and elongate. The presence of the endogenously 

produced endoprotease and the regional variation in cell 

x 



ultrastructure suggest that the honey bee may rely on 

countercurrent flow to distribute enzymes and nutrients 

efficiently throughout the midgut. 

Ultrastructural cytochemistry localized acid 

phosphatase and nonspecific esterase activity in primary 

and secondary lysosomes dispersed throughout the midgut 

tissues. Alkaline phosphatase activity was localized 

within large electron lucent microbodies that are present 

in all midgut columnar cells. The peroxisomal marker 

enzymes, catalase and L-a- hydroxy acid oxidase, were also 

localized in the same microbodies which previously had been 

described as holocrine secretory granules involved in 

dietary mineral regulation. Morphological and cytochemical 

assays suggest that the holocrine secretory granule arises 

from a microperoxisomal compartment involved in 

intermediary metabolism in the midgut of adult honey bees. 
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INTRODUCTION 

polymorphism And Polyethism 

The honey bee, Apis mellifera, is a polymorphous 

insect. within the social structure of a bee colony, there 

are three different oecomorphs (De Wilde, 1976). The colony 

is a matriarchy typically composed of one mature egg-laying 

queen, a seasonally-variable number of male drones, and a 

large population of female workers. The queen's enlarged 

abdomen accommodates the colony's sole mature oviparous 

reproductive system which is uniquely capable of selective 

insemination to produce both haploid and diploid offspring. 

The majority of the population arises from fertilized eggs 

that yield diploid female worker honey bees whose 

reproductive capacity is limited to arrhenotokous 

parthenogenesis (Michener, 1974), but dietary control in 

early larval ins tars can stimulate the embryonic 

differentiation of any diploid egg to generate a 

reproductive gyne (Rembold, 1985). Unfertilized eggs 

result in haploid male offspring, commonly referred to as 

drones. 

Polymorphism is a trait that is frequently 

manifested in the social species of the Hymenoptera and in 
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the Isoptera. The benefit of this lies in the performance 

of specific duties by specialists and in an increase in the 

efficiency of social operation. In honey bee societies, 

task specializarion ranges from conspicuous reproductive 

polymorphism to an intricate and highly sophisticated 

division of labor within the worker caste. 

Age-dependent polyethism, or the division of labor 

in honey bees, is a condition in which behavioral and 

physiological characteristics appear at definite stages of 

development within the life cycle. In adult worker honey 

bees, a unique sequence of activities accompanies a caste

specific maturation process in which definitive tasks 

coincide with various stages of physiological maturity. 

The season in which individual bees eclose determines the 

proportion of the life span devoted to executing specific 

tasks. 

During the warm season, the colony consists of 

short-lived summer bees whose average life span is about 30 

days (Free and Spencer-Booth, 1959). The first 10 to 20 

days of life are spent within the confines of the hive 

performing tasles limited to the center of the nest. 

Because one task performed by young bees requires the 

maturation of the hypopharyngeal glands, which are 

necessary for the feeding of the brood, young bees are 

frequently referred to as nurse bees, although hive bees 

2 



would more appropriately describe workers in this early 

stage of development. In addition to feeding the brood, 

young bees at the center of the nest also clean cells, cap 

brood, and attend the queen. As the worker bee ages, it 

moves onto the nest periphery where it is involved in 

ventilating, food storage, comb building, and guarding 

while still spending most of its time within the confines 

of the hive (Seeley, 1982). 

The second major stage, comprising the last weeks 

of the bee's life, occurs outside the colony foraging for 

food and water. The length of this field stage is 

controlled by the rigors of flight performance (Neukirch, 

1982) and the increased incidence of accidental death and 

predation outside the colony. Elaborate task 

specialization occurs during this stage also with 

individual bees concentrating on pollen, nectar, or water 

collection. 

Winter workers are long-lived females that 

overwinter and frequently survive for six to eight months 

(Fluri et al., 1982). This winter cluster of female 

workers represents an indentured biomass whose behavior is 

constrained by reduced temperature to tasks located at the 

nest center. This seasonal adaptation results in a 

longevity that supports survival of the colony through the 

winter months. 
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Hive, field, winter, and summer bees are all 

morphologically identical, but they are metabolically 

different. The change from hive to field bee may be 

mediated by the corpora allata's secretion of the compound 

methyl-10,11-epoxy-2-trans-farnesoate known as juvenile 

hormone III (JH) (Hagenguth and Rembold, 1978; Robinson, 

1987). The JH titre of a 12-day-old summer bee is only 

half that of a 24-day-old summer bee (Rutz and Luscher, 

1974; Rutz et al., 1976), and the JH titre of winter bees 

throughout the cold season is generally lower than that of 

the 12-day-old summer bee. 

The hypopharyngeal glands are the main secretory 

glands responsible for the production of brood food and 

royal jelly. They are well developed in hive bees but 

reduced in field bees (Maurizio, 1954, 1962; Brouwers, 

1982, 1983). Topical application of high levels of JH 

reduces the size of the hypopharyngeal glands (Imboden and 

Luscher, 1975; Rutz et al., 1976) and causes young summer 

bees to collect pollen at an earlier age and to die sooner 

than untreated bees (Jaycox et al., 1974). 

Developing brood, the laying queen, and newly

emerged adults occupy a central spherical region of the 

colony known as the brood nest. The temperature of this 

area is kept relatively constant at 34.8°C (± 5°) (Seeley 

and Heinrich, 1981). Furthermore, the C02 concentration is 
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maintained between 0.2 and 6%, with the highest 

concentrations recorded at the center of the brood nest 

(Buhler et al., 1983). External areas of the hive, that 

are occupied predominantly by older bees, tend to have C02 

concentrations near ambient and temperatures between 24 and 

34°C. Highly sensitive C02 and temperature receptors in 

the antennae allow the bees to monitor and regulate the 

hive microclimate (stange and Diesendorf, 1973; Seeley, 

1974; Koeniger, 1978). Ribbands (1950) reported that C02 

narcosis shortened the honey bee hive period and led to 

premature pollen foraging and death. Buhler et al. (1983) 

demonstrated that the increased JH titre seen in young 

honey bees incubated at elevated C02 concentration was 

temperature-dependent. The exact mechanisms that correlate 

JH titre to external environmental factors are unclear, but 

sUbstantial literature suggests that C02 and temperature, 

which are essentially seasonal effects, may act as 

extrinsic regulatory factors in the behavior and physiology 

of honey bee polyethism. 

Pollen Collection And Storage 

Young bees consume floral pollen and nectar that is 

stored within the colony as bee bread and honey. The 

pollen provides lipids, carbohydrates, proteins, vitamins, 

minerals, and phytosterols required for growth of the 
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individual bee and the colony (DeGroot, 1953; Haydak, 1970; 

Dietz, 1975; Svoboda et al., 1982). Pollen consumption 

stimulates the hypopharyngeal and mandibular glands to 

produce secretions rich in proteins and lipids to be fed 

primarily to the developing larvae of the brood nest and 

the egg-laying queen. In bees preparing to overwinter, the 

formation of the fat body is dependent on pollen 

consumption (Stanley and Linskens, 1974). 

In the presumed shift from predation to pollen 

collection (Batra, 1984), honey bees evolved several 

elegant morphological adaptations to facilitate the 

collection and transport of pollen grains. As early as 

1863, Langstroth described the importance of body hairs, 

leg brushes, and pollen baskets (Stanley and Linskens, 

1974). Specialization of the auricle, rastellum, comb, and 

corbicular spindle hairs of the hindleg are essential 

adaptations for the collection and transport of pollen 

(Hodges, 1952, 1967; Snodgrass, 1956; witherell, 1972). In 

addition to morphological adaptations, the honey bee 

expresses numerous complex behavioral patterns while 

collecting pollen that are dependent on the type of flower 

and the arrangement of the pollen-producing anthers 

(Stanley and Linskens, 1974). The honey bee's art of pollen 

collection is vividly described by Hodges (1952), and the 

anatomical adaptations for pollen collection are lucidly 
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portrayed in the S.E.M. Atlas of the Honey Bee (Erickson et 

a1., 1986). 

Pollen brought to the colony by foraging honey bees 

is stripped from the hind legs and placed in storage cells 

where hive bees break up the corbicu1ar load, tamp the 

pollen into the cell, and add a small cover of honey. At 

this point, enzymes and microbes that are added by the 

honey bee, such as invertase and yeasts, initiate changes 

in the pollen (Gilliam, 1979a). Further microbial 

fermentation by endogenous bacteria results in a storage 

form of pollen commonly referred to as bee bread. Changes 

that occur in bee bread include the inversion of pollen 

sucrose and an increase in reducing sugars, water-soluble 

protein, vitamin K, and lactic acid (Casteel, 1912~ Haydak 

and Vivino, 1950~ Stanley and Linskens, 1974~ Gilliam, 

1979b) • 

Young honey bees begin to consume pollen within 

three hours of emergence under free-flying conditions 

(Dietz, 1969). Mass consumption of pollen occurs when bees 

are 42-52 hours old and reaches a maximum when they are 

five days old (Hagedorn and Moeller, 1967). Simultaneously 

the hypopharyngea1 glands, fat b:->dy, and other organs 

develop (Haydak, 1970). ~"hen befls are 8-10 days old, 

pollen consumption diminishes, and the nitrogen content of 

the digestive tract begins to taper off (Haydak, 1934). 
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Foraging worker bees are known to share food within the 

hive and consume less pollen than young and intermediate 

age honey bees (Nixon and Ribbands, 1952). 

Pollen Composition 

Except for the small amount of free amino acids and 

the carbohydrate found in nectar, pollen provides the honey 

bee all of the nutrients required for growth. Papers 

reporting the chemical composition of pollen that focus on 

the nutritional components important to honey bees are 

numerous and have been reviewed by Stanley and Linskens 

(1974) and Loper et al. (1980). Tremendous variation in 

nutrient composition exists in pollen from different plant 

species and also within the same species depending on 

geography, climate, and season. 

The nutrients required by honey bees occur both 

inside and outside the pollen wall. The pollen grain is 

enclosed in a double-walled structure composed of three 

major components. The intine is the inner-most cell wall 

that surrounds the cytoplasm of the gametophyte and is 

composed of cellulose and pectic acid. The intine is the 

only wall structure present at the germination pore. The 

exine is the outer wall structure that imparts rigidity and 

is composed of sporopollenin. The pollenkitt is a semisolid 

layer of lipids, proteins, and sugars that coat the 
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sculpted external surface of the exine (stanley and 

Linskens, 1974; Klungness and Peng, 1984). 

The pollenkitt and the contents of the 

multicellular gametophytes within the pollen grain provide 

the nutrients required by honey bees. The protein content 

of pollen varies from 7% to 40% (Bell et al., 1983). 

Carbohydrates in the form of starch and cell wall 

constituents may account for as much as 50% of the dry 

weight of pollen, and total lipid content varies from 1% 

to 20%. Numerous vitamins, minerals, and enzymes are also 

present in pollen (Stanley and Linskens, 1974; Loper et ale 

1980) . 

Pollen Digestion 

Snodgrass (1925), Parker (1926), and Whitcomb and 

Wilson (1929) were a few of the first to report on the 

digestive process in honey bees. The fermentation of 

pollen to bee bread causes some chemical change of the 

collected pollen grains, but the primary effects of the 

process are to preserve the food source and protect it from 

spoilage. Microscopic investigations have shown that the 

pollen grain and its cytoplasmic contents undergo limited 

structural change from the time of collection by honey bees 

until the end of the fermentation period (Klungness and 

Peng, 1983). Young nurse bees consume the bee bread by 
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pulling small pieces loose with their mandibles, but the 

grinding action of the mouthparts is insufficient to crack 

the tough pollen exine, so the peristaltic ac'tion of the 

esophagus carries mostly intact pollen grains into the 

honey stomach (Whitcomb and Wilson, 1929). In contrast to 

older bees that feed trophallactically throughout the nest 

and derive carbohydrate from nectar, the young pollen

eating bee also feeds on ripened honey (Rutz and Luscher, 

1974). The presence of honey in the crop of young bees 

results in a higher osmotic pressure than that found in 

older bees. Kroon et ale (1974) suggest that the change of 

osmotic pressure exerted on individual pollen grains as 

they pass from the crop full of honey into the low osmotic 

pressure environment of the ventriculus may cause pollen 

plasmolysis. The osmotic gradient is maintained by the 

proventricular valve's selective removal of particulate 

material from the solution within the honey stomach 

(Bailey, 1952; Verbeke et al., 1984; Peng and Marston, 

1986). 

Several researchers followed the digestion of 

pollen through the alimentary canal and reported that an 

early stage of digestion begins when the pollen cytoplasm 

appears to swell and protrude through the germination pore 

in the pollen wall (Whitcomb and Wilson, 1929; Klungness 

and Peng, 1984; Peng et al., 1985, 1986). But lysis does 
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not occur in all pollen grains, and many do not show signs 

of swelling until they have progressed into the middle 

portion of the midgut. Peng et a1. (1986) suggested that 

the intine wall of alfalfa pollen must undergo partial 

enzymatic degradation before it can respond to osmotic 

forces and swell at the germination pores. 

Once released from the pollen grain, the contents 

are acted upon by enzymes present in the midgut of the 

honey bee. A brief abstract by Zherebkin (1967) suggested 

that maximal protease, diastase, and invertase activity 

occurs in the anterior portions of the honey bee midgut and 

that nutrient absorption occurs mainly in the posterior 

regions. Lipase activity was reported as equal along the 

whole length of the midgut, and Zherebkin (1967) speculated 

that the main function of the peritrophic membrane was to 

distribute evenly the digestive enzymes throughout the 

midgut. Peters and Kalnins (1985) supported the role of 

the peritrophic membrane as a means of distributing 

digestive enzymes within the midgut in their study of the 

aminopeptidases as immobilized enzymes on the peritrophic 

membranes of insects. They reported that histochemical 

staining for aminopeptidase activity resulted in equal 

deposition of reaction product on the peritrophic membranes 

and the apical portions of honey bee midgut cells. Similar 
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results have been reported in other insects (Terra et al. 

1979; Eguchi et al., 1982). 

In a study by Giebel et al. (1971), four 

proteolytic fractions were isolated from the midguts of 

worker and drone honey bees. The fractions were labeled A 

through D. Fraction A had the same cleavage specificity 

against bovine insulin B chains as did mammalian trypsin. 

Inhibition by N-tocyl-L-lysyl-chloromethane and phenyl

methyl-sulphonyl-fluoride indicated that fraction A was a 

serine protease similar in activity to known tryptic 

proteases. Disc electrophoresis of fraction A showed a 

single band active against the artificial substrate N

benzoyl-L-arginine-B-naphthylamide that is frequently used 

to assay for trypsin activity. 

Fraction D was shown to be similar to bovine 

chymotrypsin since it hydrolyzed N-acetyl-L-tyrosine 

ethyl ester which indicated a specificity for aromatic amino 

acids, and its hydrolysis of bovine insulin A chain was 

identical to hydrolysis by bovine chymotrypsin. It was 

shown to be inhibited by both phenyl-methyl-sulphonyl

fluoride and N-tosyl-l-phenylalanine-chloromethane which 

indicated an essential histidine residue at the active 

sight. Two-dimensional immunoelectrophoresis of the D 

fractions resulted in two distinct bands, both of which 

were active against N-acetyl-phenylalanine-B-napthyl ester. 
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The enzymes in this study were extracted from homogenates 

of pharate bee abdomens and homogenates of alimen.tary 

tracts of adult worker honey bees of an unknown age. 

Extracts of entire abdomens, or alimentary tracts, 

contain enzymes which may originate from honey bee tissues, 

dietary pollen, or microbial sources resulting from 

fermentation of the pollen. Grogan and Hunt (1979) 

recognized this possibility and studied the proteases found 

in pollens commonly collected by honey bees in their 

region. Pollens of 14 commonly-foraged plant species 

possessed specific proteolytic activity. All of the 

pollens studied demonstrated chymotryptic-like activity, 

but tryptic and carboxypeptidase activities were irregular. 

These authors then compared age-correlated changes in 

midgut protease activity of hive and field bees (Grogan and 

Hunt, 1980). They found that the ratio of chymotrypsin to 

trypsin is greater in foraging bees than in young nurse 

bees and that a decreased trypsin activity was the primary 

reason for the decreased ratio. Chymotrypsin levels 

followed a seasonal pattern that reflected the consumption 

of pollen, but the trypsin activity did not follow such a 

pattern. Similar results were reported in a three-year 

study of the chymotrypsin activity of two colonies sampled 

on a bimonthly basis to evaluate seasonal variation of the 

endopeptidase activity (Grogan and Hunt, 1984). 
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The serine proteases are ubiquitous throughout the 

class Insecta, and numerous studies have documented their 

presence (Applebaum, 1985). More striking is the rare case 

where these enzymes appear to be absent from the digestive 

tract and, as in the honey bee, may be associated with a 

component of the diet. 

Applebaum (1964) described the absence of 

endoprotease activity in beetles of the Bruchidae which 

limits the beetles to certain leguminous seeds that contain 

elevated levels of free amino acids and low molecular 

weight proteins. The combined activity of seed proteases 

and endogenous beetle exoproteases allows the beetles to 

survive in this highly specific niche. 

Another unusual symbiotic relationship exists 

between the leaf-cutting ants, Atta texana, and a fungal 

mycelium that they CUltivate on macerated leaves (Boyd and 

Martin, 1975). The ants lack any endoproteases in their 

alimentary canal, but the fungal mycelium contains three 

distinct proteases. The ant feeds on the mycelium, and the 

proteases are released in the alimentary tract of the ant. 

The ants derive nutrients from the fungus, and in the 

absence of endogenous proteases, the fungal proteases 

accumulate in the faecal fluid. The ants then defecate on 

the collected leaf material to digest it before 

incorporating it into their fungal gardens. 
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In all of the studies conducted to date, it has not 

been determined whether any of the endopeptidase activity 

isolated from honey bee midguts is of strictly endogenous 

origin. Few other enzymes from the midgut of the honey bee 

have been characterized. Peng (1980, 1981) isolated B

galactosidase from the midguts of honey bees. The enzyme 

had a pH maximum between 4.0 and 5.0 and was inducible in 

response ,to consumption of high lactose diets. K1ungness 

and Peng (1984) followed the digestion of pollen in the 

honey bee midgut using selective histochemical staining and 

found that starches, sugars, pectic acids, proteins, and 

nucleic acids appeared to be digested. 

The origin of the digestive enzymes in the midgut 

of the honey bee remains an enigma as do the mechanisms of 

induction and release. Two mechanisms have been proposed 

to explain the dynamics of enzyma induction in insects. 

The secretagogue hypothesis suggests that specific dietary 

components elicit a direct response in the midgut cells 

responsible for synthesis and secretion of digestive 

enzymes. The second hypothesis proposes hormonal 

regulation of enzyme synthesis and secretion that is 

induced by food consumption or dietary factors. This area 

has been recently reviewed by Applebaum (1985). Following 

induction, the digestive enzymes must be elaborated into 

the midgut in a way that allows for luminal activity but 
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prevents autolytic digestion of the tissues responsible for 

their secretion. 

The inactive precursors of digestive enzymes 

elaborated by the vertebrate pancreas are termed zymogens. 

Vertebrate trypsin is synthesized in the pancreas on the 

rough endoplasmic reticulum as the zymogen trypsinogen. 

This inactive precursor is then transported to a Golgi 

apparatus where it is packaged into membrane-bound vesicles 

(MBV) or zymogen granules (Palade, 1975; Lehane, 1976, 

1987). These MBV are then released into the exocrine 

acinar ducts and eventually into the small intestine where 

enteropeptidase present in the brush border cleaves an N

terminal fragment of the trypsinogen protein releasing 

active trypsin and an autocatalytic cascade of subsequent 

zymogen activation (Nordstrom and Dahlquist, 1970; Preiser 

et al., 1975; Applebaum, 1985; Kelly, 1985). No evidence 

exists for zymogens in the digestive tract of insects, but 

the protease cocoonase is elaborated by the maxillary galea 

of the silkmoth, Antheraea pernyi, as prococoonase, an 

inactive zymogen (Felsted et al., 1973; Applebaum, 1985). 

Only rarely have storage granules similar to the 

MBV of the vertebrate pancreas been described in the cells 

of insect alimentary canals (Lehane, 1976, 1987; Berner et 

ale 1983). The absence of such granules and the frequent 

observation of apical extrusions from the midgut cells of 
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many insects suggest that digestive enzymes may be 

elaborated by a mechanism of constitutive secretion. In 

contrast to regulated secretion of the pancreatic MBV, 

constitutive secretion occurs in cells where no storage 

exists so that the protein is secreted as fast as it is 

synthesized (Lehane, 1987). Evidence for either route is 

lacking for honey bees. 

Histology Of The Honey Bee Midgut 

The basic anatomy and histology of the ventriculus 

of the honey bee are eloquently and incisively reported by 

Hertig (1923). Snodgrass (1956) described the midgut or 

ventriculus of the honey bee as a thick cylindrical U

shaped tube bounded by the proventricu1ar valve of the 

stomodeum and the pyloric sphincter of the anterior 

intestine. In his vignette of the ventricular epithelium, 

he portrayed columnar cells replete with prominent 

inclusions which have been described by various authors as 

refractile bodies, secretory particles, excretory granules, 

and lipid inclusions. 

In 1920, Koehler first described these small 

refractile bodies located in the supranuclear cytoplasm of 

the mature columnar epithelial cells of adult honey bee 

midguts. She defined them as 1-2 um secretory granules and 
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demonstrated cytochemica11y the presence of calcium within 

the particles. 

Hertig (1923) described the inclusions in great 

detail and regarded the refractile granules as one of the 

most puzzling features of the epithelium. He stated that 

the granules resembled drops of fat and that they were 

frequently found together in pairs, though they mostly 

occurred as single spheres. He agreed with Koehler on the 

crystalline nature of the granule based on its failure to 

react with common histological stains, but he described an 

inner body, half the diameter of the vacuole that stained 

occasionally with Giemsa. Only those granules that were 

contained within an epithelial cell displayed the inner 

body. 

Later work revealed the inclusion of the phosphate 

anion (Day, 1949) and the cations, strontium and barium 

(Waterhouse, 1951). To date, these particles have been 

considered primarily responsible for the excretion of 

excess dietary minerals (Snodgrass, 1956; Barker and 

Lehner, 1972). 

Working with midgut tissue parasitized by Nosema 

apis, Bailey (1955) documented that a visible reduction in 

the number of secretory granules and a synchronous 

depletion of tissue phosphate accompanied the intracellular 

development of the microsporidian parasite. He also 
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documented in vitro dissolution of the granules as the pH 

was reduced below 6.0. 

Ultrastructural research on the midgut in the order 

Hymenoptera is rare. Vidano (1971) described the elongate 

microvilli of the honey bee ventricular epithelium and 

compared them to other insects. He estimated that the 

microvilli of the honey bee range from 11 to 20 um in 

length and described them as sinuous or serpentine and 

thinning toward the distal end. The microvilli of the 

stingless bee, Trigona angustula, were reported to be very 

similar to those of A. mellifera, but the microvilli of 

leafhoppers and planthoppers were described as short, 

erect, and cylindrical. In a study by Davies and King 

(1977) on the effect of age on the ultrastructure of midgut 

cells in the wasp, Nasonia vitripennis, accumulations of 

electron-lucent spheres similar to the secretory granules 

found in the honey bee were described as lipoidal 

inclusions. 

In a recent review of digestive and excretory organ 

ultrastructure, Martoja and Ballan-Dufranyais (1984) 

discussed the occurrence of spherocrystals or spherites in 

the midgut columnar cells of several insect orders 

including Thysanura, Neuroptera, Homoptera, Trichoptera, 

Lepidoptera, Hymenoptera, and Diptera. These spherites 

were described as multilaminate aggregates composed of 
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mineral salts bound to polyanionic stroma. Depending on 

the species, they are thought to arise as enlargements of 

the rough endoplasmic reticulum (RER) or as products of the 

Golgi apparatus. The ants, Formica polvctena, 

contaminated with heavy metals develop numerous lysosomes 

and midgut spherites which are involved in a detoxification 

process (Jeantet et al., 1980; Martoja and Ballan

DufranQias, 1984). 

Detoxification of xenobiotics in insects is 

generally attributed to the microsomal mono-oxygenase and 

cytochrome P-450 system which has been studied extensively 

in a variety of insect tissues (Hodgson, 1985) including 

the honey bee midgut (Gilbert and Wilkinson, 1974, 1975). 

Rarely is the microsomal tissue fraction subjected to 

microscopic investigation, and little cytological data 

actually document the location of these enzymes within a 

specific subcellular compartment. Marker enzymes 

established for mammalian tissues have been used to 

characterize insect microsomal fractions in the absence of 

systematic studies which would qualify such enzymes as true 

insect microsomal marJcers (Weirich and Adams, 1984). The 

value of microsomal mono-oxygenase studies is well 

established, but xenobiotic catabolism may be only a small 

fraction of the subcellular activity localized in the 

insect microsomal tissue fraction. 
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The lysosomal hydrolases are another enzyme system 

that may occur in the midgut tissues to detoxify numerous 

pesticides. Phosphatases are the major metabolizing 

enzymes of the organophosphates and cleave P-F, P-CN, and 

the phosphorous esters and thioesters (Eldefrawi, 1985). 

Esterases hydrolyze aromatic and aliphatic esters such as 

paraoxon and malathion (Metcalf et al., 1956). Esterases 

also playa major role in the detoxification of many 

pyrethroid insecticides (Abernathy and Casida, 1973; Suzuki 

and Miyamoto, 1978). 

In a variety of predominantly vertebrate eucaryotic 

cells, intracellular organelles, ultrastructurally similar 

to the honey bee excretory particle, have been classified 

as components of a complex compartment originally described 

collectively as microbodies. Several excellent reviews 

document the historical course of microbody research since 

the first ultrastructural description by Rhodin in 1954 

(deDuve and Baudhuin 1966, deDuve, 1969, 1982; Bock et al., 

1980; Tolbert and Essner, 1981; Lazarow and Fujilei, 1985; 

Borst, 1986). 

Cytochemical and biochemical data from numerous 

eucaryotic tissues have established tentative descriptive 

classes for several unique microbodies: the peroxisome, the 

microperoxisome, the glyoxysome, the glycosome, and the 

hydrogenosome (deDuve, 1982). These terms are applicable 
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to biochemically well defined organelles. However, 

microbody is still a useful term for a particle whose 

complex biochemistry has not been elucidated. Though 

inducible diverse metabolic functions may arise within 

specific tissues of any given species, two components are 

the essential hallmarks of a chemically defined peroxisomal 

microbody: the presence of a H202-producing flavin-linked 

oxidase and the associated compensatory catalase. 

Compared to vertebrates, plants, fungi, and 

unicellular organisms, little is known about insect 

peroxisomes. Cytological studies have confirmed the 

presence of peroxisomal enzymes within microbodies in the 

fat body of Calpodes ethlius (Locke and McMahon, 1971), in 

the lantern of the firefly Photuris (Hanna et al., 1976), 

and in oenocytes of Gryllus bimaculatus, (Romer, 1974), 

Culex pipiens, and Locusta migratoria (Bock et al., 1980). 

Objectives 

It is estimated that honey bees pollinate in excess 

of 20 billion dollars worth of crops annually in North 

America (Levin, 1983; Winston and Scott, 1984). Our 

agricultural system is dependent on the honey bee, but 

there are large gaps in the knowledge of fundamental bee 

biology. 
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In the absence of a sUbstantial fat body, the 

midgut of the honey bee is the primary organ of digestion, 

absorption, and intermediary metabolism. In addition to 

its alimentary functions, it is also responsible for the 

degradation of noxious chemicals (Yu et al., 1984). But 

our understanding of midgut function is fragmentary and our 

concept of its structure limited to details resolved by the 

light microscope. It is the general purpose of this 

dissertation to describe what is known about the structure 

and function of the ventricular epithelium of the honey 

bee, A. mellifera, and to report the results of research 

designed to advance that knowledge. The specific 

objectives of this study were as follows: 

1) determine whether the honey bee midgut 

epithelium is responsible for the synthesis and secretion 

of lipase and an endoprotease with trypsin-like activity, 

and if so, whether the level of enzyme activity changes 

with age of the bee 

2) employ transmission electron microscopy to 

examine the epithelial cells of the midgut and note any 

structural elements unique to the honey bee midgut 

3) localize esterase and phosphatase activity and 

characterize a predominant microbody in the apical 

cytoplasm of all columnar epithelial cells by the use of 

electron microscopy and enzyme histochemistry. 
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MATERIALS AND METHODS 

Two phases of research were conducted. The first 

experiments were designed to quantify endogenously-produced 

trypsin of honey bees. Both caged honey bees and marked 

honey bees from free-flying colonies were examined. The 

second set of experiments used electron microscopy and 

enzyme cytochemistry to characterize the ultrastructure of 

the midgut epithelium from marked honey bees maintained in 

free-flying colonies. All chemicals used throughout these 

experiments were analytical grade and, unless specified, 

were purchased from sigma Chemical Co., st Louis, MO. 

Quantitative Analysis Of Honey Bee 
Midgut Trypsin Activity 

Honey Bees And Cages 

Combs with healthy brood con'taining pharate adult 

worker honey bees were collected from free-flying colonies 

headed by sister queens. The adult bees were allowed to 

emerge in a swarm box maintained at 27°C and 30% relative 

humidity. Twenty-four hours following comb collection, 

bees which had emerged either were collected directly into 

cages by use of gentle vacuum or were marked individually 

24 



on the thorax with a spot of quick drying enamel and then 

promptly returned to the healthy free-flying colonies from 

which the pharate brood was collected. 

Holding bees in small 6" X 2" X 2" steel and screen 

mesh cages allowed control of the dietary intake of the 

young adult honey bees. Four cages each contained 120 1-

day-old honey bees. The bees in all 4 cages were supplied 

with water and sucrose syrup, and bees in 3 of the 4 cages 

were provided with protein diets ad libitum. Figure 1 

shows the cage that was used. The 2 glass feeding vials on 

top of the cage were fitted with plastic lids into wach of 

which 5 holes had been drilled using a 1.2-mm bit. The 

vials were calibrated and marked with indelible ink so that 

the volume of their contents in ml could be read when they 

were inverted over screen openings in the tops of the 

cages. The vial at the front of the cage contained 50% 

sucrose solution (w/v) , and the vial at the back contained 

tap water. Consumption was recorded every other day, and 

the contents were changed weekly. A removable polyethylene 

flask stopper at the front of the cage held a known amount 

of test diet which was renewed every other day. Weight 

change was recorded as a measure of diet consumption. 

Paired plugs were weighed simultaneously and placed in an 

empty cage to detect any loss due to desiccation. 
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Figure 1. Cage used for honey bees. 

The inverted feeding vials are on top, and the flask 
stopper that is on the right at the front of the cage held 
the test diet. Bees were collected through the small slot 
in the base of the sliding panel (*). 
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Bees in the 4 cages were supplied with diets as 

follows: 

1) Sucrose syrup and water only 

2) Sucrose syrup, water, and egg albumin diet (EAD; 10% 

egg albumin, 15% a-cellulose, and 75% saturated sucrose 

solution mixed to form a stiff paste; Standifer et al., 

1960) 

3) Sucrose syrup, water, and Beltsville Bee Diet which 

contains lactalbumin and yeast (BBD; Bioserv Inc., 

Frenchtown, NJ) 

4) Sucrose syrup, water, and pollen diet (PD; equal w/v 

amounts of fresh, bee-collected, mixed floral source pollen 

stirred with saturated sucrose to form a stiff paste). 

On the same day the bees were placed in cages, 500 

1-day-old bees were marked and returned to free-flying 

colonies so that experimental bees of known age could be 

collected from within a relatively normal developmental 

niche. 

Preparation Of Midgut Tissue Homogenates 
And Quantifying of Endogenous Trypsin 

Trypsin activity was measured in bees that were 5 

and 21 days of age. Twenty bees were collected from each 

cage, and 20 marked bees were collected from the free

flying colonies for each assay. Groups of 6 honey bees 

were chilled at 4°C in plastic petri dishes until they were 
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immobile. The alimentary tract was extirpated by crushing 

the thorax with tweezers and gently pulling the terminal 

abdominal sclerites away from the remaining abdomen. This 

separated the ventriculus from the crop at the 

proventriculus, and the hindgut was then cut away at the 

anterior intestine. Five guts were pooled and rinsed in 3 

changes of ice cold Apis saline (AS) (Brouwers, 1982). 

Under a dissecting microscope, individual midguts 

were held with forceps, and an incision was made with fine 

scissors parallel to the long axis of the gut from the 

pyloric sphincter to the anterior end of the midgut. This 

released the contents of the ectoperitrophic space into ice 

cold AS. Ruptured samples that allowed the contents of the 

peritrophic membrane (PM) to escape into the 

ectoperitrophic space were discarded. The contents of the 

ectoperitrophic space from 5 bees were diluted in 1 ml of 

AS. 

The PM and its contents were discarded, and the gut 

tissues were rinsed in cold AS. The Malpighian tubules 

were teased away from the midgut, and the sheet of 

ventricular epithelial tissues was isolated by removing all 

tissues immediately posterior to the anastomoses of the 

Malpighian tubules. The tissues from 5 midguts were pooled 

in 1 ml of AS. 
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All 1-ml samples were individually homogenized 

using a chilled glass tissue grinder with a Teflon pestle 

fitted into a high speed drill (4 strokes at 1000 rpm). 

The homogenates were then transferred into chilled 14-ml 

polypropylene tubes, placed in an IEC 873 anglehead rotor, 

and centrifuged at 10,000 rpm for 10 minutes at 4°C in an 

IEC Model B-20 refrigerated centrifuge (International 

Equipment Company, Needham Hts., MA). The supernatant was 

collected in chilled polypropylene tubes and assayed 

immediately for protein content and trypsin activity. 

The protein concentration was assayed using the 

Bradford method (Bradford, 1976), and the trypsin activity 

was determined by the method of Geiger and Fritz (1984). 

To run the assay on a Spec-20 spectrophotometer (Bausch and 

Lomb, Rochester, NY), the reaction volume was doubled. The 

0.2 M triethanolamine buffer with 20 roM CaCl2' pH 7.8, and 

the 4 roM N-a-benzoyl-l-arginine-4-nitroanalide (Bz-Ar-NA) 

were brought to room temperature. The supernatant fluid 

from tissue or ectoperitrophic space homogenates was mixed 

with buffer and allowed to equilbrate at room temperature 

for 5 minutes before the addition of the Bz-Ar-NA. The 

reaction ran for 10 minutes in 10-mm tubes, and the change 

in absorbance was measured at 405 nm at room temperature 

(25°C ± 1°C) against a water blank. 
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Fifteen bees from the free-flying colonies and 15 

bees from each cage were assayed for trypsin activity. 

Three groups of 5 bees were assayed from each source, and 

the activity was measured 5 times for each group of bees. 

Data were analyzed using SAS-ANOVA, Tukey's studentized 

range test, and Students t-test (SAS Institute Inc.,1985). 

Midgut Lipase Activity 

Three methods were employed to measure midgut 

lipase. Five-day-old marked honey bees were collected from 

the brood nest of free-flying colonies, and the midguts 

were dissected as described in the trypsin assay. The 

tissues from 5 bees were diluted to give 2 mg of tissue 

(wet weight) in a final volume of 2 ml, and the 

ectoperitrophic space was collected and diluted to a final 

volume of 2 mI. Samples were homogenized individually by 

hand using all glass tissue grinders and applied per 

manufacturer's instruction to the semi-quantitative API ZYM 

system test strip (Analytab Products, NY). 

Samples from the tissues and ectoperitrophic space 

of 5-day-old honey bees were prepared as described in the 

trypsin assay. Homogenate supernatants were tested for 

lipase activity per manufacturer's instructions using a 

Sigma serum-lipase test kit. Similar samples were tested 
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for lipase activity using a modified copper-soap method as 

outlined by Thomas and Nation (1984). 

General Ultrastructure 

The midguts used for the general ultrastructural 

studies were removed from marked 5-day-old and 30-day-old 

honey bees that were collected from free-flying colonies. 

The ventriculus was extirpated as described in the trypsin 

assay and then fixed in Karnovsky's formaldehyde

glutaraldehyde (Karnovsky, 1965). The fixed midguts were 

then rinsed in 0.1 M cacodylate buffer, pH 7.3, postfixed 

in 2% Os04 in sym-collidine buffer (Polysciences, 

Warrington, PA) or double glass distilled water, and 

dehydrated in a series of ethanol solutions of increasing 

concentration (30,50,70,95, and twice in 100%). The 

tissues were then infiltrated overnight in L.R. White 

acrylic resin (London Resin Company, Ernest Fullam Inc., 

Latham, NY), rinsed twice in fresh resin, and polymerized 

at 60°C for 24 hours in gelatin capsules. Thick and thin 

sections were cut on a Porter Blum MT-2 ultramicrotome (Ian 

Sorval Inc., Norwallc, CN) using glass knives, poststained 

in Reynold's lead citrate and uranyl acetate (Mollenhauer 

1974), and viewed on a Hitachi H500 electron microscope at 

75 kV. 
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Acid Phosphatase Cytochemistry 

The methods of Barka and Anderson (1962), based on 

the original method of Gomori (1952), were used. Tissues 

collected from 60 marked 5-day-old honey bees and 30 marked 

30-day-old honey bees were fixed in formol-calcium composed 

of 10 ml of 40% formaldehyde and 1 g of anhydrous calcium 

chloride diluted to 100 ml with distilled water and 

adjusted to pH 7.2. Following 2 hours of fixation at 4°C, 

the anterior third of the ventriculus was resected from the 

middle third by making an incision diagonal to the long 

axis of the gut with a # 11 surgical blade. The middle 

third was then resected from the posterior ·third with an 

incision perpendicular to the long axis. The dissected 

pieces of tissues were vortexed at high speed in fresh 

fixative to dislodge the PM from the epithelium. This 

allowed for anterior to posterior orientation during 

embedding and reduced the substrate tissue penetration 

distance. The tissues were returned to fresh formol

calcium fixative and held for 24 hours at 4°C. The 

fixative was removed and the tissues washed at room 

temperature in 0.1 M cacodylate buffer, pH 7.2, followed by 

a second rinse in 0.2 M Tris-maleate buffer, pH 5.0. 

Incubation media for the acid phosphatase assay 

were prepared fresh by adding the following components in 

order with continuous stirring: 10 ml of 58 roM sodium-B-
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glycerol phosphate (1.25% W/v), pH 5.0; 10 ml of 0.2 M 

Tris-ma1eate buffer, pH 5.0; 10 ml of distilled water; and 

finally 20 ml of 7.4 roM aqueous lead nitrate (0.2% w/v) 

which was added drop-wise. The control media received 20 

ml of Tris-maleate buffer in lieu of the glycerol phosphate 

solution. The tissues were then incubated with continuous 

agitation at 37°C for 0.5, 1.0, and 2.0 hours. The 

incubation media were removed and replaced with 0.2 M Tris-

maleate buffer, pH 5.0; followed by 0.1 M cacodylate 

buffer, pH 7.2; and then postfixed in 2% aqueous Os04 for 1 

hour at room temperature. 

Following postfixation, the tissues were rinsed 

briefly with 0.1 M cacodylate buffer, dehydrated in a 

series of ethanol solutions of increasing concentration 

(30,50,70,95, and twice in 100%), infiltrated overnight in 

L.R. White acrylic resin, rinsed twice in fresh resin, and 

° polymerized at 60 C for 24 hours in gelatin capsules. 

Thick and thin sections were cut on a Porter Blum Mt-2 

ultramicrotome (Ian Sorval Inc., Norwalk, CN) using glass 

Jcnives and viewed on a Hitachi H500 electron microscope at 

75 kV. sections were not poststained as described under 

General Ultrastructure to preserve maximum contrast at the 

sight of enzyme activity. All subsequent cytochemical 

assays reported in these methods utilized the same 

techniques for dehydration, embedding, and viewing. 
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Alkaline Phosphatase Cytochemistry 

Two distinct assays were applied in which fixation, 

incubation time, substrate concentration, capture reagents, 

and pH were varied. The methods used were essentially the 

lead nitrate assay of Hugon and Borgers (1966) and the lead 

citrate assay of Mayahara et ale (1967). 

Sixty marked 5-day-old bees and 30 marked 30-day

old bees were dissected for the lead nitrate method. 

Extirpated guts were fixed in 6% glutaraldehyde (E.M.S., 

Fort Washington, PA) in 0.1 M cacodylate buffer, pH 7.2, 

for 1 hour at 4°C. The midguts were dissected under cold 

fixative into anterior, middle, and posterior regions and 

then vortexed to remove the contents of the gut from the 

epithelium. Tissues were resuspended in fresh fixative for 

an additional hour followed by immersion overnight at 4°C 

in 3 changes of 0.1 M cacodylate buffer, pH 7.2. 

Incubation media were prepared by slowly combining 

the following reagents with contiuous stirring: 3 ml of 0.2 

M Tris-maleate buffer, pH 8.2, or 6 ml at pH 9.0; 6 ml of 

0.1 M sodium-B-glycerol phosphate (1.25% w/v); 3.9 ml of 37 

roM lead nitrate (1% w/v); and sufficient distilled water to 

make a final volume of 30 mI. Controls were prepared with 

distilled water in place of the glycerol phosphate. 
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The pH of both the incubation media and the paired 

controls was adjusted to 8.2 and 9.0. All media were warmed 

to 37°C for 15 minutes, cooled at room temperature for 1 

hour, and then filtered through Whatman #1 filter paper 

onto the tissues. The tissues were held in the incubation 

media at room temperature for 5, 10 , or 15 minutes 

followed by 3 rinses in 0.1 M cacodylate buffer, pH 7.2, 

and postfixation in 2% aqueous Os04' The tissues were 

briefly rinsed in 0.1 M cacodylate buffer, dehydrated 

through a graded ethanol series, and embedded in L.R. White 

acrylic resin. 

Fifty marked 5-day-01d bees were collected for the 

lead citrate assay. The tissues were fixed for 30 minutes 

at 4°C in 2% glutaraldehyde in 0.1 M cacodylate, pH 7.4. 

They were dissected and vortexed as previously described, 

returned to fresh fixative, and held at 4°C for an 

additional 30 minutes. The tissues were rinsed in 0.1 M 

cacodylate buffer, pH 7.2, and incubated for 15 minutes at 

room temperature in the following media: 2.0 m1 of 0.1 M 

sodium-B-g1ycero1 phosphate; 2.6 m1 of 15 roM magnesium 

sulfate; 4 m1 of 0.5% (w/v) alkaline lead citrate, pH 10.0; 

and 1.4 m1 of 0.2 M Tris. The final pH of both the 

incubation media and the paired controls was adjusted to 

8.0, 8.5, or 9.4. Control tissues were incubated for 15 

minutes in media which contained 3.4 m1 of 0.2M Tris but no 
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sodium-B-glycerol phosphate. All of the tissues were then 

rinsed briefly in 0.1 M cacodylate buffer, pH 7.2, 

post fixed in 2% aqueous Os04 for 1 hour at 4°C, dehydrated, 

and embedded as described in the lead nitrate assay. 

Nonspecific Esterase Cytochemistry 

The methods utilized were essentially those of 

Hanker et al.(1972a, 1972b). Marked honey bees were 

collected from free-flying colonies at 5 and 30-days post

eclosion. They were chilled at 4°C until immobilized. The 

thorax was crushed with tweezers and the alimentary tract 

extirpated as previously described. Isolated midguts were 

fixed for 2 hours at 4°C with 2% formaldehyde and 3% 

glutaraldehyde in 0.1 M cacodylate buffer, pH 7.2. The 

guts were dissected, vortexed, and returned to fresh 

fixative for an additional 20 hours of fixation at 4°C. 

Following fixation, the tissues were rinsed for 24 hours at 

4°C in 4 changes of 0.1 M cacodylate buffer, pH 7.2, 

containing 20% dimethyl sulfoxide (v/v). 

Incubation medium was prepared as outlined by 

Shnitka (1974). Fifteen mg of 2-thiolacetoxybenzanilide 

(TAB) (Polysciences, Warrington, PA) were dissolved in 0.6 

ml of acetone, and the following were added with continuous 

stirring: 47.4 ml of 0.06 N sodium acetate, 1.5 ml of 0.1 N 

acetic acid, 3.6 ml of 0.1 M sodium citrate, 7.5 ml of 30 
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roM copper sulfate, and 7.5 ml of 5 roM potassium 

ferricyanide. The pH was adjusted to 5.5, and the medium 

was cooled to 4°C. 

The rinse buffer was discarded, and the incubation 

media were filtered through Whatman S&S 558 filter paper 

onto the dissected tissues of 40 honey bee midguts. As a 

control, the tissues from 20 bees were incubated in 11.25 

ml of a medium lacking TAB. Following incubation at 4°C 

for 30 minutes with continuous agitation, the tissues were 

rinsed in ice cold distilled water and incubated at 4°C for 

30 minutes in an amplification medium of 0.5 mg/ml 3-3' 

diaminobenzidine (DAB) in 50 roM acetate buffer, pH 5.6. 

The tissues were then rinsed in 4 changes of ice cold 

distilled water and post fixed in 2% aqueous Os04 for 1 hour 

at room temperature. Following a quick wash in distilled 

water, the tissue was dehydrated in ethanol and processed 

in L.R. White acrylic resin. 

Catalase gytochemistry 

Fifty marked 5-day-old honey bees and 30 marked 30-

day-old honey bees were utilized and were processed in 

groups of 3. The intact ventriculus was immersed with 

continuous agitation for 30 minutes at room temperature in 

5 ml of fixative composed of 3% glutaraldehyde and 0.05% 

CaC12 in 0.1 M cacodylate buffer, pH 7.2. Half of the 
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collected midguts were dissected into anterior, middle, and 

posterior regions and used with the epithelium and PM 

intact. The remaining guts were cut into 5 equal sections 

and vortexed to separate the pollen bolus encased within 

the peritrophic membrane from the ventricular epithelium. 

Following dissection, fixation of all gut material 

continued in fresh fixative (described above) for an 

additional 60 minutes. 

Three incubation media were tested to determine 

optimal conditions. Three guts in a final volume of 5 ml 

of incubation medium in glass vials were reacted in the 

dark with continuous agitation. Following initial 

incubation, H202 was added to all incubation media, and the 

reaction continued. The 3 incubation media tested were as 

follows: 

1) 4.9 ml of 2.5 roM (1 mg/ml w/v) of DAB in 0.1 M Tris 

buffer, pH 8.5, for 30 minutes at 37°C, followed by the 

addition of 100 ul of a 1% (v/v) solution of H202 (0.02% 

final concentration) and continued incubation for 60 

minutes at 37°C (Novikoff and Goldfischer, 1969) 

2) 4.75 ml of 5 roM DAB (2 mg/ml w/v) in 0.1 M 2-amino-2 

methyl-I-propanol buffer, pH 9.7,for 30 minutes at 37°C, 

followed by the addition of 250 ul of 1% H202 (0.05% final 

concentration) and continued incubation for 60 minutes at 

37°C (Novikoff et al., 1972) 
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3) 4.9 ml of 5 roM DAB in 0.1 M Teorell's universal 

buffer, pH 10.5, for 60 minutes at room temperature, 

followed by the addition of 100 ul of a 7.5% H202 solution 

(0.15% final concentration) and continued incubation for 60 

minutes at room temperature (Fahimi, 1975). 

In addition to the incubation media, control vials 

received 0.02 M 3-amino-1,2,4-triazole, a catalase 

inhibitor. Following incubation, all samples were rinsed 

twice in the respective buffer and postfixed for 2 hours 

with aqueous 2% Os04. Samples were dehydrated and embedded 

as previously described. 

L- a - Hydroxy Acid Oxidase cytochemistry 

The methods of Shnitka and Talibi (1971) and Hand 

(1975) were employed. Eighty guts from 5-day-old honey 

bees were fixed in ice cold 4% w/v para formaldehyde in 0.1 

M cacodylate buffer, pH 7.2, with continuous agitation for 

1 hour. The guts were then dissected, vortexed to dislodge 

the peritrophic membrane from the ventricular epithelium, 

and returned to fresh fixative for an additional 2 hours. 

The tissue was then rinsed in cold 0.1 M cacodylate buffer, 

pH 7.2, with 7.5% w/v sucrose, followed by a rinse in cold 

0.1 M phosphate buffer, pH 7.2. 

sixteen vials each containing 5 guts and contents 

in a final volume of 11 ml of incubation medium were 
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covered and incubated with continuous agitation in the dark 

at 37°C. Each vial of incubation medium contained the 

following: 6.5 ml of 0.1 M phosphate buffer, pH 7.2; 0.5 ml 

of 40 roM potassium sodium tartrate; 1.0 ml of 30 roM copper 

sulfate; 1.0 ml of 5 roM potassium ferricyanide; 5 mg of 

phenazine methosulfate; 1 ml of dimethyl sulfoxide; and a 

final concentration of 13 roM of the L-isomer of either 

glycolic, lactic, isobutyric, or isocaproic acid. Tissues 

were incubated for 20, 40, and 60 minutes to find the 

optimal incubation time, and control vials composed of the 

incubation medium minus the substrate were incubated for 60 

minutes. Following incubation, the tissue samples were 

rinsed on=e in 0.1 M phosphate buffer, pH 7.2, and once in 

50 roM acetate buffer, pH 5.6. Then the reaction product 

was amplified with 0.05% DAB in 50 roM acetate buffer for 30 

minutes at room temperature (Hanker et al., 1972a). The 

tissues were rinsed in phosphate buffer, postfixed in 2% 

Os04 in H20 for 1 hour, and treated thereafter as 

previously described. 

Malate Synthase Cytochemistry 

Fifty marked 5-day-old honey bees were collected, 

and the midguts extirpated as described in the previous 

cytochemical assays. The tissues were fixed and incubated 

in media described by Trelease et ale (1974) for the 
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demonstration of malate synthase. Following incubation, 

the tissues were rinsed and treated as described in the 

acid phosphatase assay. 

D-Amino Acid Oxidase Cytochemistry 

Fifty marked 5-day-01d honey bees were collected, 

and the midguts were extirpated as described in the 

previous cytochemical assays. The tissues were fixed and 

incubated in media described by Veenhuis and Wende1aar 

Bonga (1977) for the demonstration of D-amino acid oxidase 

activity. Following incubation, the tissues were rinsed 

and treated as described in the acid phosphatase assay. 
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RESULTS 

Diet Consumption 

Consumption of the protein diets is shown in Table 

1. As the bees aged, consumption of BBD and PD declined 

dramatically. Less EAD was consumed than the other diets. 

Midgut Trypsin Activity 

Trypsin is an endopeptidase that preferentially 

cleaves proteins and peptides at the carboxyamide bond of 

lysine and arginine residues. The synthetic substrate, Bz

Ar-NA, used in this study to quantitate honey bee midgut 

trypsin activity is highly specific for trypsin. However, 

it should be mentioned that other trypsin-like serine 

proteases are capable of cleaving this substrate. The 

trypsin activity detected in this study was labile. 

Homogenization of midgut tissues in triethanolamine buffer 

or in Tris buffer eliminated the enzyme activity. Activity 

was retained when the tissues were homogenized in Apis 

saline, but the initial level of activity was only stable 

for one hour at 4°C, so the tissue activity reported here 

was measured immediately following midgut dissection and 

homogenization. The optimum pH for the trypsin-like 
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Table 1. Diet consumed (mg/bee/day) by caged honey bees. 

Diet 

Egg albumin 

Beltsville Bee Diet 

Pollen 

Days 1-5 

< 0.01 

5.86 

9.00 

Days 6-21 

0.00 

0.38 

1.08 
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activity using triethanolamine buffer or a Tris-maleate 

buffer in the reactio~ medium was between 7.8 and 8.0. 

All honey bees tested in this study demonstrated 

trypsin-like activity that appeared to originate 

endogenously. The biologically significant data are the 

levels of enzyme activity in the bees fed PD or sucrose and 

in the hive bees since the artificial diets free of 

exogenous trypsin were intended primarily as controls. The 

distribution of the trypsin activity was determined in 

midgut tissues and the ectoperitrophic space of 5-day-old 

and 21-day-old worker honey bees. The enzyme activity is 

reported in units per bee or units per ug of protein. One 

unit is equal to one uM of substrate hydrolyzed/minute at 

25°C. The trypsin activity reported as units per bee is 

presented for comparative purposes, but all statistical 

analyses were performed using the mean values of the data 

reported as units per ug of protein. 

Analysis of variance was used to assess the 

differences in the mean trypsin activity levels from the 

tissues and the ectoperitrophic space of the honey bees. 

F-values in the analysis of variance indicated differences 

in the means, so Tukey's multiple comparison tests and t

tests were used to determine where the differences 

occurred. 
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The data presented in Table 2 support the assertion 

of Grogan and Hunt (1980) that young worker honey bees 

produce more endogenous trypsin than older bees. The first 

2 rows of data show that trypsin is significantly lower in 

the tissues and ectoperitrophic space of 21-day-old bees 

compared to 5-day-old bees fed PD. A similar significant 

decline in the trypsin activity in the free-flying hive 

bees is shown in the 2 bottom rows. 

In 5-day-old honey bees, trypsin activity in the 

midgut tissues and ectoperitrophic space of hive bees was 

not significantly different from that in the bees fed PD 

(Tables 3 and 4). The activities in the tissues and 

ectoperitrophic space of 5-day-old bees fed BBD and EAD 

were significantly lower than those of the hive bees and of 

bees fed PD but not significantly different from those of 

the bees restricted to sucrose (Tables 3 and 4). 

Similar results are reported in Tables 5 and 6 for 

21-day-old bees. The trypsin activity in the midgut 

tissues of 21-day-old honey bees (Table 5) was near the 

lower limits of the assay, but continued consumption of BBD 

and PD (Table 1) may have maintained slightly elevated 

levels of trypsin activity in these bees which were 

statistically intermediate between those of the hive bees 

and the bees fed EAD or sucrose. Activities in the 

ectoperitrophic space of hive and PD-fed bees were not 
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Table 2. Age-related changes in midgut trypsin activity 
in 5- and 21-day-old honey bees. 

Tissues 

Ectoperitrophic 
space 

Tissues 

Ectoperitrophic 
space 

Enzyme Units/ug Protein a 

5-Day-Old Bees 21-Day-Old Bees 

Caged Bees Fed Pollen 

O.08b O.03c 

1.30b O.98c 

Hive Bees 

O.08b O.05c 

1.24b 0.79c 

a. 1 unit equals 1 uM of substrate hydrolyzed/minute at 
25°C. 

b. c. t-test; means in rows followed by the same letter 
are not significantly different; alpha= 0.05, n= 15. 
Columns are not compared. 
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Table 3. Trypsin activitya in the midgut tissues of 5-
day-old honey bees. 

Diet Units/Bee b 
(Standard Deviation) 

Sucrose 7.32 
(2.79) 

Egg albumin 6.54 
(5.73) 

Beltsville 5.18 
Bee Diet (4.39) 

Pollen 21. 28 
(12.45) 

Control 26.20 
hive bees (5.67) 

Units/ug Protein 
(Standard Deviation) 

0.04c 
(0.02) 

0.03c 
(0.03) 

0.03c 
(0.02) 

0.08d 
(0.04) 

0.08d 
(0.02) 

a. 1 unit equals 1 uM of substrate hydrolyzed/minute at 
25°C. 

b. Means in this column were not analyzed for variance; 
n=15. 

c. d. Tukey's range test; means with the same letter are 
not significantly different; alpha = 0.05, n = 15. 
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Table 4. Trypsin activitya in the midgut ectoperitrophic 
space of 5-day-old honey bees. 

Diet Units/Bee b Units/ug Protein 
(Standard Deviation) (Standard Deviation) 

Sucrose 33.15 0.70c 
(12.65) (0.08) 

Egg albumin 38.28 0.87c 
(16.45) (0.03) 

Beltsville 39.74 0.89c 
Bee Diet (14.80) (0.02) 

Pollen 58.08 1. 30d 
(7.96) (0.13) 

Control 63.27 1. 24d 
hive bees (20.69) (0.13) 

a. 1 unit equals 1 uM of substrate hydrolyzed/minute at 
25°C. 

b. Means in this column were not analyzed for variance; 
n=15. 

c. d. Tukey's range test; means with the same letter are 
not significantly different; alpha = 0.05, n = 15. 
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Table 5. Trypsin activitya in the midgut tissues of 21-
day-old honey bees. 

Diet Units/Bee b Units/ug Protein 
(Standard Deviation) (Standard Deviation) 

Sucrose 0.94 O.Olc 
(1.40) (0.02) 

Egg albumin 1. 62 O.Olc 
(2.86) (0.02) 

Beltsville 4.66 0.03cd 
Bee Diet (3.29) (0.02) 

Pollen 5.59 0.03cd 
(5.24) (0.03) 

Control 12.97 0.05d 
hive bees (6.27) (0.01) 

a. 1 unit equals 1 uM of substrate hydrolyzed/minute at 
25°C. 

b. Means in this column were not analyzed for variance; 
n=15. 

c. d. Tukey's range test; means with the same letter are 
not significantly different; alpha = 0.05, n = 15. 
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Table 6. Trypsin activitya in the midgut ectoperitrophic 
space of 21-day-old honey bees. 

Diet Units/Bee b Units/ug Protein 
(standard Deviation) (Standard Deviation) 

Sucrose 6.89 0.23c 
(5.62) (0.18) 

Egg albumin 5.18 0.21c 
(2.17) (0.11) 

Beltsville 7.06 0.17c 
Bee Diet (2.67 ) (0.08) 

Pollen 38.98 0.98d 
(14.82) (0.50) 

Control 48.27 0.79d 
hive bees (19.79) (0.26) 

a. 1 unit equals 1 uM of substrate hydrolyzed/minute at 
25°C. 

b. Means in this column were not analyzed for variance; 
n=15. 

c. d. Tukey's range test; means with the same letter are 
not significantly different; alpha = 0.05, n = 15. 
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significantly different (Table 6). Trypsin activities in 

the ectoperitrophic space of bees fed EAD, BBD, and sucrose 

were not significantly different but were significantly 

lower than those in the hive and PD-fed bees. 

Combining the mean values for the tissues and the 

ectoperitrophic space of the 5-day-old hive bees results in 

an estimate of 90 units of trypsin activity per bee. This 

probably agrees with the 50 units per bee reported by 

Dahlmann et ale (1978) who used adults of unknown age from 

which entire midguts were macerated and Bz-Ar-NA used to 

assay purified trypsin-like endoproteases. 

Midgut Lipase Activity 

Attempts to measure midgut lipase activity in 

homogenates of midgut tissues and the ectoperitrophic space 

failed. Preliminary studies using the semi-quantitative 

API ZYM system indicated that the highest lipase activity 

in the honey bee midgut is associated with the tissues and 

suggested that lipase activity is less than one-third that 

of the activity of trypsin. Low levels of lipase activity 

made the titration end-point in the Sigma lipase assay 

impossible to read. Moreover, application of a photometric 

copper-soap method using column-purified olive oil as the 

substrate (Yang and Biggs, 1971; Myrtle and Zell, 1975; 

Thomas and Nation, 1984) gave inconsistent results. 
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Ultrastructure 

The ventricular epithelium of the adult honey bee 

is composed of columnar cells and a sparse population of 

endocrine cells. During the course of this study, attempts 

to localize the endocrine cells in the honey bee midgut 

using silver (Singh, 1964) and lead (Solcia et al., 1969) 

staining failed, but basal granulated cells similar to 

endocrine cells documented in other insects were 

encountered infrequently. 

All cells of the ventricular epithelium arise from a 

mosaic of regenerative nidi. Early stage developing 

columnar cells display a dark electron dense cytoplasm 

surrounding a relatively large nucleus. Discernable 

intracellular architecture is limited, and the electron 

lucent microbodies are absent. 

As the cell matures, it extends from its basal 

plasma membrane to an apical brush border that is thick 

with microvilli. The basal plasma membrane is highly 

convoluted and populated by numerous pleomorphic 

mitochondria. Many small electron dense particles appear 

in the apical cytoplasm near the brush border, and large 

ovoid mitochondria are found in the cytoplasm. The 

endoplasmic reticulum is well developed, and numerous 

electron lucent microbodies appear singly and in clusters 

in the circumnuclear cytoplasm. 
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The mature columnar cell shown in Figure 2 is a 

tapered, elongate cell averaging 50-80 um in length and 20-

30 um at the widest apical diameter. The nucleus is 

located in the central to lower third of the cell and is 

surrounded by rough endoplasmic reticulum (RER) which 

extends from below the nuclear base well into the 

supranuclear cytoplasm. Throughout the cytoplasm, 

multivesicular bodies, cytolysosomes, electron lucent 

microbodies, and other components of subcellular 

architecture are ubiquitous. 

Ultrastructurally, the midgut can be divided into 

three distinct regions. Each region is populated by 

columnar cells with distinct intracellular differences. The 

cell in Figure 2 is representative of the predominant 

columnar cells found in the anterior third of the 

ventricular epithelium. 

The second region of the midgut is characterized by 

columnar cells that contain accumulations of small 

cytoplasmic vacuoles (Figure 3). The vacuoles are 

pleomorphic and occur in the middle and posterior regions 

of the gut. The vacuoles and a general increase in the 

electron density of the cell cytoplasm suggest that the 

middle and posterior regions of the midgut are involved in 

nutrient absorption. 

The third region is limited to a small band of 
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Figure 2. Mature columnar epithelial cell. 

Typical anterior midgut cell showing the nucleus 
and relative position of the electron lucent 
microbodies (*), the mitochondria (m), and the 
rough endoplasmic reticulum (er). x3,OOO. 
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Figure 3. Vacuolated midgut columnar cells. 

Cells from the middle region of the midgut 
showing numerous pleomorphic vacuoles. x4,800. 
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columnar cells located in the posterior midgut just 

anterior to the anastomoses of the Malpighian tubules. The 

cells in this region display myriad electron dense 

membrane-bound vesicles (MBV) amassed in the apical 

cytoplasm of the mature columnar cells. Figure 4 shows an 

accumulation of MBV in the apical regions of a posterior 

midgut cell. In addition to MBV, the microvilli of young 

cells situated in the crypts of the posterior midgut are 

radically different from the elongate microvilli common 

throughout the remainder of the midgut. Figure 5 shows 

microvesiculation occurring at the apexes of the 

pleomorphic microvilli. The MBV and the microvesiculation 

suggest that this region of the midgut may be responsible 

fOL the synthesis and release of digestive enzymes. 

Throughout the entire midgut, the elongate 

microvilli and the large electron lucent mic=obodies are 

common features of the apical columnar cell. In the final 

stage of cell development, the majority of the electron 

lucent microbodies accumulate singly or in clusters in the 

apical cytoplasm. They are round to ovoid and range in 

size from 0.5-2.0 urn in diameter. In the larger (1.0-2.0 

urn) bodies, a single tripartite membrane surrounds the 

electron lucent interior which may display a multilaminate 

aggregate, a nucleoid core, or most frequently, a finely 

diffuse granular matrix (Figure 6). Intermediate size 
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Figure 4. Membrane-bound vesicles 

Apical portion of a cell from the posterior midgut showing 
numerous membrane-bound vesicles (m). xI5,OOO. 
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Figure 5. Microvesiculation in the posterior midgut. 

Pleomorphic microvilli in the posterior midgut. Note the 
branching and microvesiculation (points). xl5,OOO. 
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Figure 6. Microbodies in the apical cytoplasm. 

Electron lucent microbodies in the apical cytoplasm. Note 
the granular matrix and the nucleoid cores (point). 
x12,OOO. 
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microbodies j 0.5-1.0 um, exhibit a small electron dense 

core surrounded by a thin diaphanous halo enclosed within a 

thick wall. 

Often the angle of sectioning results in a cluster 

of these microbodies exhibiting a multilobed appearance in 

which the limiting membrane is unstained (Figure 7) or 

several bodies in continuum joined by narrow isthmus. Most 

frequently, however, the microbodies appear singly, as seen 

in Figure 8, in close association with the RER. Internal 

aberrations in the limiting membrane occur at what may be 

either junctions between the microbody and a related 

reticulum or sights of imported core protein (Figure 8). 

Regardless of their origin, the small spherical additions 

to the internal anatomy are a common feature of the large 

electron lucent microbody and are dependent on poststaining 

of sectioned material for visualization. 

Holocrine discharge of the cell contents into the 

ventricular lumen results in the entrapment the microbodies 

in folds of the peritrophic membrane. In the anterior half 

of the midgut, discharged microbodies shown in Figure 9 

can be visualized with the electron microscope. Their 

occurrence diminishes in the peritrophic membranes of the 

distal midgut and in the layers of peritrophic membrane 

close to the pollen bolus. Unlike the intracellular 

microbody, the limiting membrane is now thickened 
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Figure 7. Multilobed microbody. 

Multilobed microbody surrounding an electron dense 
mUltilaminate aggregate. x21,OOO. 
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Figure 8. Microbody showing membrane aberrations. 

Microbody showing 
limiting membrane 
rough endoplasmic 

several 
(point) and 
reticulum. 

internal aberrations in 
the close proximity 
x48,OOO. 
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Figure 9. Microbodies in the peritrophic membrane. 

Peritrophic membrane (pm) from the anterior midgut 
displaying luminal microbodies, microvilli (mv), and 
increased electron density of the limiting membrane 
(point). x12,OOO. 
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externally with electron dense deposits. It is not 

uncommon to find these microbodies as in Figure 9 along 

with vast arrays of the uniquely elongate microvilli that 

are emblematic of the honey bee midgut (Vidano, 1971). 

Acid Phosphatase Cytochemistry 

The cytochemical phosphatase assays that were 

applied to the midgut tissues of the honey bee are simple 

direct precipitation reactions. Phosphate ions, cleaved by 

tissue hydrolases from glycerolphosphate present in the 

reaction medium, precipitate out as lead salts at the site 

of enzyme activity. These metal-salts are electron dense, 

but the lead ions frequently precipitate nonspecifically on 

numerous charged structures throughout the cell. This 

makes interpretation of the results difficult and the 

critical comparison to the control tissues essential. 

In honey bee midgut tissues reacted for acid 

phosphatase activity, random deposits of lead salts 

occurred throughout the cells of both the experimental 

tissues and the controls. Specific localization occurred 

in the experimental tissues in primary and secondary 

lysosomes. The heaviest depositions of reaction product 

occurred in secondary lysosomes, where disruption of the 

lysosomal membrane had recently occurred (Figure 10). 
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Localization of acid phosphatase reaction product in a 
autophagic vacuole. x18,000. 
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Lighter deposition of the lead salts localized in 0.3-0.8 

um primary lysosomes. 

Alkaline Phosphatase Cytochemistry 

Of the two methods applied to the midgut tissues, 

the lead citrate assay (Mayahara et al.,1967) resulted in 

fewer nonspecific deposits and a heavier deposition of lead 

salts at specific sites of enzyme activity. In both 

experimental tissues and controls, nonspecific deposits 

appeared as small dense accumulations of lead salts 

randomly distributed throughout the cell cytoplasm. 

Heavy deposition of lead salts occurred as a 

concentric ring within the matrix of the large electron 

lucent microbodies of the apical cytoplasm. The specific 

staining, shown in Figure 11, occurred in many of the 1.0-

2.0 um electron lucent microbodies distributed throughout 

the midgut. Similar concentric rings were present in the 

same organelles in the control tissues; however, the ring 

was only lightly stained with Os04. The fixation of the 

tissues in low concentrations of glutaraldehyde may have 

stabilized the contents of the large electron lucent 

microbodies to a greater extent than would be normally 

achieved using formaldehyde-glutaraldehyde. Extracellular 

microbodies in the ectoperitrophic space, shown in Figure 

12, exhibited heavy deposition of lead salts on the 
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Figure 11. Intracellular alkaline phosphatase activity. 

Localization of intracellular alkaline phosphatase activity 
within a large electron lucent microbody. x48,OOO. 
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Figure 12. Extracellular alkaline phosphatase activity. 

Deposition of lead salts indicating alkaline phosphatase 
activity on the membrane of a large microbody in the 
ectoperitrophic space. x48,OOO. 
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external membrane of the microbody wall. 

Just as acid phosphatase is frequently used as a 

marker enzyme for lysosomal hydrolases, alkaline 

phosphatase is commonly used as a reference enzyme for 

identifying regions of a luminal brush border that are 

responsible for nutrient absorption. The absence of 

cytochemical localization of a particular enzyme should not 

be considered proof that the enzyme does not exist in the 

tissue. However, it should be mentioned that the 

microvilli of the honey bee midgut did not react for 

alkaline phosphatase in any assay, regardless of the pH, 

lead ion, or the substrate concentration. 

Nonspecific Esterase cytochemistry 

The nonspecific esterase assay resulted in the 

isolation of reaction product in a compartment localized in 

the apical cytoplasm of all cells. The reaction product 

was confined to a uniform population of organelles shown in 

Figure 13 that ranged from 0.3-0.8 urn in diameter. The 

small opaque spherical bodies were identical in appearance 

and distribution to the primary lysosomes that localized 

lead in the acid phosphatase assay. The larger lysosomes 

exhibited a small electron dense core surrounded by a 

granular electron lucent zone enclosed within a thick wall. 

Tissues that reacted positively were easily distinguished 
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Figure 13. Localization of nonspecific esterase activity. 

Localization of nonspecific esterase activity in primary 
lysosomes (points) in the cytoplasm of midgut columnar 
cells. x3,000. 
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from the control tissues, and nonspecific staining was 

limited to small, sparse, amorphous deposits that occurred 

randomly in all tissues. The lysosomes were concentrated 

in the apical cytoplasm of the cell in close proximity to 

the large electron lucent microbodies, but there were no 

indications of continuity between the two compartments. 

catalase Cytochemistry 

Of the three incubation media tested, medium 2 

(Novikoff et al., 1972) for the demonstration of intestinal 

microperoxisomes generated the most uniformly discernable 

reaction product. In the pH 8.5 incubation medium (medium 

1), no discernable difference between controls and sample 

tissues was noted. 

At pH 10.5 (medium 3), reaction product localized 

in large multivesicular bodies which appeared in control 

tissues to be cytolysosomes. There was also a considerable 

increase in the electron density of the large oval 

mitochondria of the circumnuclear cytoplasm. Light 

deposits occurred in the matrix of the large electron 

lucent microbodies and in the core and wall of the smaller 

haloed forms, but this was difficult to distinguish from 

control tissues. 

In the pH 9.7 incubation medium (medium 2), the 

oxidized DAB localized in a variety of particles as a 

71 



granular electron dense reaction product that was easily 

distinguished from controls (Figure 14). Particles as 

small as 0.075 um in diameter stained primarily in the 

circumnuclear cytoplasm of intermediate and mature stage 

columnar cells. These appear to be very early stage 

microperoxisomes. Figure 15 shows a group of these 

microperoxisomes which appear to be connected in a 

reticular continuum. The subcellular component which 

stained with the greatest frequency was localized in the 

supranuclear cytoplasm of mature and intermediate stage 

cells and consisted of haloed particles 0.2-0.8 um in 

diameter (Figure 16). Reaction product occurred in the 

intermediate size particles as a granular ring within the 

electron lucent core, and in the largest particles (>1.0 

um), as a granular disseminated matrix. In the 

intermediate size particle, the elliptical position of the 

concentric ring of reaction product may depend on the angle 

of the section in relation to the previously described 

electron dense inclusions associated with the microbody 

wall or on the attachment of the microbody to a tubular 

reticulum. Discharged microbodies trapped in the 

external folds of peritrophic membrane did not localize 

reaction product, and nonspecific accumulations could not 

be distinguished from those which occurred in the controls. 

72 



Figure 14. Catalase-positive reaction product. 

Catalase-positive reaction product in a mature columnar 
cell replete with various stages of developing microbodies. 
Note the granular matrix (g) in the large microbodies and 
the concentric ring forms (c). X3,OOO. 
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Figure 15. Pleomorphic microperoxisomal reticulum. 

Catalase-positive staining of a pleomorphic 
microperoxisomal reticulum. x30,OOO. 
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Microperoxisomes and haloed intermediate forms. 

Catalase-positive microperoxisomes and haloed intermediate 
forms. x21,OOO. 
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L - ex - Hydroxy Acid Oxidase Cytochemistry 

Fixation in para formaldehyde retained enzyme 

activity in the tissue samples, but fine structural detail 

was lost, and tissue integrity was less than optimal. 

Glycolic, lactic, isobutyric, and isocaproic acid all 

resulted in deposition of reaction product within the same 

subcellular organelle which tested positive in the catalase 

assay. An incubation time of 60 minutes gave the best 

results regardless of substrate chain length, and positive 

samples were easily distinguished from the controls. 

Amorphous nonspecific deposits occurred in the basal 

infolding of the plasma membrane of all cells including the 

midgut columnar cells, tracheal cells, muscle cells, 

hemocytes, and Malpighian tubules. These deposits were 

found in the controls also. The substrate penetration 

distance was small enough to insure good deposition of 

product at the reaction site only in the tissue samples 

vortexed to separate the epithelial cells from the gut 

contents. 

All four substrates resulted in similar isolation 

of reaction product. Substrate oxidation resulted in a 

very distinct multilaminate sphere of reaction product 

shown in Figures 17 and 18. The deposits were uniform in 

size (0.3-0.5 um) and appeared to be associated with the 

membrane wall of the larger 0.8-2.0 um microbodies (Figure 
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Figure 17. Isobutyrate oxidase reaction product. 

Isobutyrate oxidase reaction product localized on the 
internal membrane wall. Note the loss of tissue fine 
structure. x10,OOO. 
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Figure 18. Lactate oxidase reaction product. 

Lactate oxidase reaction product localized in small dense 
aggregates, concentric rings, and as an integral part of 
the limiting membrane. x21,OOO. 
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17). In addition to the small spherical deposits, all four 

acids generated concentric rings of electron dense deposits 

similar to those seen in the catalase assay. Reaction 

product also occurred in close association with the 

limiting tripartite membrane of the larger microbodies 

(Figure 18). As in the catalase assay, the released 

microbodies in the external folds of the peritrophic 

membrane did not stain specifically and could not be 

distinguished from control tissues. 

In additional experiments, catalase, esterase, and 

phosphatase assays applied to both 5-day-old and 30-day

old honey bees revealed no obvious differences. Also, both 

the D-amino acid oxidase assay of Veenhuis and Wendelaar 

Bonga (1977) and the malate synthase assay of Trelease et 

ale (1974) gave ambiguous results which defied 

interpretation. 
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DISCUSSION 

The results of the trypsin assay demonstrated that 

adult worker bees synthesize an endoprotease with trypsin

like activity which is released into the gut lumen. Even 

though the level of trypsin synthesis declined as the bee 

aged, it remained elevated in free-flying bees well beyond 

the age of maximum pollen consumption. The differences 

between bees fed pollen and the bees fed artificial diets 

suggested that enzyme synthesis is regulated, but the 

details of this regulation will require further study. 

From the data gathered in this study, it appears that the 

honey bee secretes its digestive enzymes, like many other 

insects, in direct response to the concentration of the 

food in the midgut (Engelmann 1969; Briegel and Lea, 1975; 

Applebaum, 1985). 

The presence of trypsin activity in the midgut 

tissues and ectoperitrophic space of 5-day-old bees 

restricted to sucrose solution and water implied that some 

synthesis and release of the enzyme occur regardless of 

dietary stimulation. The presence of luminal endoproteases 

would assist in the digestion and reutilization of proteins 
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lost endogenously as the result of cell desquamations. It 

is also possible that the 5-day-old bees were feeding each 

other trophal1actically. While on the brood comb, newly

emerged bees had 24 hours to feed on pollen prior to being 

caged. This would initiate both dige3tive enzyme synthesis 

and hypopharyngea1 gland development. The exocrine 

secretions could then be shared tropha11actica1ly by the 

caged bees. This might have influenced the amount of 

trypsin activity seen in the 5-day-01d bees; however, 

results from the 21-day-01d bees suggested that even 

starved bees continued to synthesize small amounts of the 

enzyme. 

The small amount of trypsin-like activity in the 

midgut tissues compared to that in the ectoperitrophic 

space and the presence of MBV in the posterior midgut 

tissues suggested that the honey bee might elaborate some 

digestive enzymes via a mechanism similar to the regulated 

secretion of the vertebrate pancreas. To protect the 

secretory tissues of the pancreas, a trypsin-specific 

inhibitor is secreted in parallel with the zymogen 

trypsinogen (Greene et al., 1974). Digestive zymogens have 

not been demonstrated in insects, but Engelmann and 

Geraerts (1980) isolated a heat-stable protease inhibitor 

from the anterior midgut of the cockroach, Leucophaea 

maderae. It is possible that the low levels of trypsin 
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activity in the tissues of the honey bee midgut might be 

the result of an endogenous inhibitor. 

Substantial evidence suggests that the insect 

midgut conserves digestive enzymes in the ectoperitrophic 

space by recirculating the enzymes via countercurrent flow 

(House, 1974; Terra et al., 1979; Dow, 1981). This would 

account for the differences in trypsin activity between the 

tissues and the ectoperitrophic space in the honey bee 

midgut. Most of the insects in which the countercurrent 

flow mechanism has been reported possess alimentary tracts 

in which the absorptive region of the anterior midgut is 

increased by gastric caeca. Honey bees lack caeca but 

probably achieve an increase in absorptive surface area by 

the presence of elongate microvilli. 

Compartmentation occurs in the honey bee midgut, as 

it does in most insects, when the epithelial tissues 

secrete the peritrophic membrane. The honey bee 

delaminates menilirane along the whole length of the midgut 

to surround the food bolus and form the endoperitrophic 

space (Barker and Lehner, 1972; Wigglesworth, 1972). The 

ectoperitrophic space forms between the epithelium and the 

endoperitrophic space as a result of the influx of fluid 

from the Malpighian tubules. As the proventricular valve 

releases pollen, the ventricular musculature moves the 

bolus from the anterior to the posterior midgut. The 
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dire=tion of fluid flow in the ectoperitrophic space is 

distal to proximal and countercurrent to the bolus. 

The proventricu1ar valve initiates the transport of 

consumed pollen into the midgut by selectively collecting a 

slurry of pollen fragments and transporting this readily 

digestible material in advance of the intact pollen grains 

(Peng and Marston, 1986). This slurry is co~posed of 

lipids, carbohydrates, amino acids, and proteins which 

rapidly diffuse from pollen when it is placed in solution 

(Stanley and Linskens, 1974). This material escapes the 

meshwork of the peritrophic membrane and may initiate a 

secretory cycle in the epithelium that results in the 

release of digestive enzymes. Enzymes released as MBV from 

the posterior midgut would be carried into the anterior gut 

by countercurrent flow and incorporated into the 

endoperitrophic space. This proposed process could account 

for the high concentration of digestive enzymes in the 

anterior midgut as observed by Zherebkin (1967). 

In addition to the transport of soluble digestive 

enzymes, components of desquamated cells would follow the 

same path through the gut. Shed microvilli and the large 

electron lucent microbodies would be incorporated into the 

bolus distributing the aminopeptidases (Peters and Kalnins, 

1985) and other membrane-bound peptidases and hydro1ases 

that are normally engaged in terminal digestion at the 
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brush border (Ferreira and Terra, 1980). The absence of 

the holocrine microbody in the internal folds of the 

peritrophic membrane may be dependent on microbody 

dissolution in honey bees by a low pH environment (Bailey, 

1955) established by the consumption of an acidic diet 

(Gilliam, 1979a; Schmidt and Johnson, 1984). 

Lysosomal hydrolases, such as the acid phosphatase, 

and the nonspecific esterase visualized in the apical 

cytoplasm of the cells would be incorporated into the 

endoperitrophic space, but extracellular activity is 

probably secondary to intracellular capacity (Dean, 1977). 

Lysosomes are membrane-bound organelles that affect 

numerous dynamic intracellular processes. They can be 

classified as primary lysosomes, secondary lysosomes 

(heterolysosomes and autophagosomes), and residual bodies 

(Holtzman, 1976). The acid hydrolases present in these 

organelles are involved in both anabolic and catabolic 

processes within the cell. They recycle endogenous 

material and degrade complex substances absorbed into the 

cell. The alimentary canal of insects is the first site of 

defense against noxious chemicals present in the diet 

(Conner et al., 1978; Turunen, 1985), and the lysosomal 

hydrolases may be a primary component in this defense. The 

flow of hemolymph filtrate through the Malpighian tubules 

into the ectoperitrophic space would act as a secondary 
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means of clearing noxious materials from the hemolymph that 

have been absorbed through intersegmental membranes, the 

arolium of the pretarsus, and/or the respiratory system. 

The value of esterases, mixed function oxidases, 

epoxide hydrolases, and glutathione s-transferases as 

detoxifying enzymes in honey bees has been discussed by Yu 

et ale (1984). The enzymatic composition of honey bee 

microsomes was first examined in the early seventies when 

the mixed function oxidases (MFO) were recognized as 

important in the detoxification of xenobiotics such as 

drugs, pesticides, allelochemicals, and other lipophilic 

substances (Gilbert and Wilkinson, 1974, 1975; Agosin, 

1985). The susceptibility of honey bees to common 

pesticides led Gilbert and Wilkinson (1974) to study the 

oxidase activity in the microsomal fraction of whole bees 

and of various bee tissues. Of all tissues tested, the 

midgut had the highest MFO activity which was dependent on 

the incubation of whole tissues because homogenization or 

minor tissue rupture resulted in loss of activity. 

Inhibition was attributed to a 19-kDa nucleoprotein 

inhibitor of intracellular origin (Gilbert and Wilkinson, 

1975). The change in the electron density of the limiting 

membrane in the mature extracellular microbody documented 

in the external folds of the peritrophic membrane (Figure 

9) and the absence of cytochemical detection of oxidase 
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activity in these luminal microbodies may be attributed to 

the simultaneous apocrine release of this intracellular 

nucleoprotein oxidase inhibitor. 

The increased electron density of the microbody 

membrane may also be attributed to the presence of alkaline 

phosphatase activity that appears active both within the 

cell and in the gut lumen (Figure 12). Alkaline 

phosphatase activity has been reported in numerous insect 

midgut cells at the brush border and in cytoplasmic 

organelles similar to the honey bee microbodies (Day, 1949; 

Ashrafi et al., 1969; Dimitriadis and Kastritsis, 1985). 

The absence of cytochemical detection of alkaline 

phosphatase activity at the brush border in the honey bee 

midgut may be attributed to the limitations of the direct 

lead-salt assay (Essner, 1973). However, brush border 

fragments from the midgut of Culex tarsal is also lacked 

alkaline phosphatase activity (Houk et al., 1986). Both 

the interspecies variation in the expression of this enzyme 

at the brush border and the role of the phophatases in 

degrading organophosphate pesticides indicate that this 

area of honey bee physiology merits further work. 

Peroxisomes (DAB-positive microbodies), RER, cytosolic 

lipid spheres, and mitochondria are the accepted components 

of what Novikoff and Novikoff (1982) have described as a 

typical vertebrate peroxisomal "constellation". The 
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functional relationship of these organelles and their 

disputed anatomical syzygy is the foundation for much of 

the current interest in peroxisomal protein topogenesis 

(Lazarow and Fujiki, 1985; Borst, 1986). In the honey bee 

microbody, it appears that there may be a developmental 

sequence involved in which the RER or a similar tubular 

reticulum, the microperoxisome, and the holocrine microbody 

may be temporally separate expressions of the same 

subcellular compartment. This hypothesis can only be 

argued from the limited cytochemical evidence presented 

here. The results of this study establish the presence of 

peroxisomal marker enzymes in microperoxisomes of the 

midgut columnar cells of the honey bee and imply their 

involvement in both intermediary metabolism and a holocrine 

secretory process. However, present knowledge with regard 

to the enzymatic composition of these microperoxisomes and 

the chemical composition of the mature holocrine particle 

only allows for speculation in regard to their ultimate 

contribution to honey bee physiology. 

Early researchers established the presence of 

divalent cations within the holocrine secretory granule of 

the columnar cell of the honey bee midgut but never 

adequately described the nature of a charge-balancing 

anionic stroma (Koehler, 1920; Waterhouse, 1951). Day 

(1949) and Bailey (1955) documented the presence of 
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phosphate ions, but their methods were indirect measures of 

the inorganic anion. Phosphatidylcholine is recognized as 

a necessary component of reconstituted microsomal mono

oxygenase and cytochrome P-450 systems (Hodgson, 1985). 

Thus, phosphate present in the honey bee microbody may 

occur as a component of phospholipid. Enzymes in the acyl 

dihydroxyacetone phosphate pathway have been isolated in a 

microperoxisomal fraction of rodent liver and brain tissue 

(Hajara and Bishop, 1982). This peroxisomal pathway 

provides an alternative route for the biosynthesis of 

glycerol-ether lipids such as plasmalogens which are the 

lipid of sebum and of phosphatidic acid which is a 

precursor of glycerides, phosphoglycerides, and 

glycerolipids. 

The close association of rat hepatocyte 

microperoxisomes with lipid droplets was documented early 

in microbody research (Novikoff, P. M. et al., 1973). 

Microperoxisomes in human hepatocytes were shown to 

accumulate near the bile canaliculi in close association 

with lipofuscin which is a complex described as composed of 

lysosomal hydrolases, metallic cations, phospholipid, and a 

neutral lipid polymer (Novikoff, A.B. et al., 1973). The 

chemical composition of vertebrate lipofuscin parallels 

the demonstrated lysosomes and mineral spherite formation 
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in toxic metal decontamination in ants (Jeantet et al., 

1980) • 

The occurrence of peroxisomes in holocrine 

secretory systems is best documented by Gorgas (Gorgas, 

1984, 1985; Gorgas and V6lkl, 1984; Gorgas and Yakota, 

1980) in a variety of sebaceous glands. In these 

vertebrate acini, cellular ontogeny is strikingly similar 

to the apocrine development of the columnar cell in the 

honey bee midgut. The lipid component associated with the 

peroxisomes of most sebaceous glands (Nicolaides, 1974) is 

a generally accepted component both in the establishment of 

commensalistic communities of surface micro flora and in the 

inhibition of potential pathogens (Mimms, 1982). It is 

conceivable that luminal discharge of similar sUbstances in 

the honey bee midgut may support the growth of commensal 

microflora (Savage, 1977) in the alimentary tract of the 

adult honey bee (Gilliam and Prest, 1972; Gilliam and 

Valentine, 1974, 1976). 

The interconnected clusters of microperoxisimes in 

honey bee midgut cells (Figure 15) are very similar to 

those documented in the mouse preputial gland (Gorgas 1984, 

1985) and in the germinating chlorophyllian spores of the 

moss, Bryum capillare (Pais and Carrapico, 1982). Similar 

observations imply the existence in most eucaryotic cells 

of a pleomorphic peroxisomal continuum which may be 
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distinct from the endoplasmic reticulum (Lazarow et al., 

1980; Lazarow and Fujiki, 1985). Metabolic functions 

associated with this continuum are numerous since 

peroxisomes in different organisms and tissues may harbor 

any number of over 40 different enzymes essential to the 

economy of eucaryotic metabolism (deDuve, 1983). Specific 

peroxisomal enzymes recognized in other animal systems 

which may apply to the honey bee include those that 

regulate peroxisomal B-oxidation of fatty acids (Lazarow 

and deDuve, 1976) and perhaps others which involve 

phospholipid (Hajara and Bishop, 1982) and sterol 

metabolism (Hayashi et al., 1984). 

Involvement in lipid metabolism is a common thread 

that ties the expression of most peroxisomal, 

microperoxisomal, and glyoxysomal compartments together 

regardless of the species in which they occur. The 

importance of pollen lipids to the honey bee is accepted 

(Herbert et al., 1980), but little is known about the 

actual lipid requirements or the digestion, absorption, and 

metabolism of these compounds (HaydaJe, 1970). From the 

data presented in this study, peroxisomal metabolism of 

lipids in the midgut appears to be a fruitful area of 

investigation which could provide answers to many of the 

gaps in our knowledge of lipid requirements and metabolism 

in honey bees as well as other insects. 
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