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ABSTRACT

Bees are important pollinators that, because of extensive deforestation of their natural habitats, now forage
widely in agricultural areas. This interaction with human agricultural activity has led to a reduction in the
number of bee species because of contact with widely used pesticides. However, little is known about the
adverse effects that exposure to such agents has on bee tissues and organs. In this review, we discuss the
morphological alterations induced by environmental contaminants in the midgut and Malpighian tubules of
bees; these two organs are involved in the absorption and excretion of toxic compounds, respectively. We
also discuss the role of heat shock proteins, also known as stress proteins, in the cellular response to chemical
compounds, and the importance of cell death as an indicator of the toxicity of these compounds. The analysis
of these two cellular markers may be useful for monitoring bees that forage in agricultural areas.
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INTRODUCTION

Bees are pollinators that contribute to the
maintenance of native plants in the wild. However,
there has been a gradual decrease in the number of
bee species, probably because of habitat destruction
caused by deforestation and the widespread use of
pesticides to protect a variety of commercial crops.
Balestieri et al. [2] compared the diversity of orchid
bees in protected areas and in areas damaged by
human activity and concluded that Eulaema nigrita
could be a useful bio-indicator for altered areas
because of its abundance in such areas compared to
natural habitats.

The use of insects as bio-indicators in terrestrial
and aquatic ecosystems is of great interest in
ecotoxicological studies [8,9] since a great variety
of insects can accumulate toxic environmental
compounds in their tissues and organs [35].
Morphological studies of insect gut [42,57,71] and
Malpighian tubule cells [68] have been used to detect
ultrastructural alterations caused by sub-lethal doses
of environmental contaminants.
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Although the toxicity of chemical compounds
has been studied in many species of stingless bees
[10] and in the honey bee Apis mellifera [11,12], there
have been no studies of the cytoplasmic and nuclear
alterations in the midgut cells and Malpighian tubules
of bees exposed to pesticides. These organs are
involved in the absorption and excretion of chemical
compounds, respectively, and an assessment of their
morphology can reveal ultrastructural alterations
induced by environmental stressors [8,9,68].
Other organs, such as larval salivary glands (silk
glands), could also be useful tools for assessing the
toxicological effect of chemical compounds in bees.
Larval salivary glands provide a good model for
studying the mechanisms of programmed cell death
[5], particularly because the morphological changes
during the degeneration that precedes metamorphosis
are well defined [62]. Since these glands remove
substances from the hemolymph [1,43,51], they can
absorb toxic compounds that are not eliminated
by the Malpighian tubules. These compounds can
accelerate cell death in the salivary glands and/or
alter their gene expression.

Currently, little is known about the adverse
effects resulting from exposure to environmental
stressor agents. This lack of information makes
it difficult to assess the ecological danger of most
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environmental contaminants [32]. For this reason,
studies of the morphological alterations in bee organs
could improve our understanding of the effects of
chemicals released into the environment since bees
are wide-ranging foragers.

The use of cellular markers provides a means
of assessing the toxicity of a given compound in
insect organs. One of the most widely used cellular
markers is the family of heat shock proteins (HSP),
also known as stress proteins. Heat shock proteins
have been widely used in ecosystem biomonitoring
because high levels of their expression in organisms
under stress serve to protect cells and prevent the
induction of cell death [4]. Another cellular marker
is the fragmentation of DNA in cells undergoing
necrosis or programmed cellular death after exposure
to an environmental stressor. This fragmentation is
mediated by endonucleases [72] and can be assessed
immunocytochemically and biochemically.

Few studies have examined the relationship
between stress proteins and cell death in bees. The
only studies of HSPs and cell death in bee tissues
have been with the midgut of 4. mellifera larvae
infected with Paenibacillus larvae or Bacillus
larvae [30,31] and the larval salivary glands of A.
mellifera treated with acaricides and antibiotics
[65,66]. Comparison of the level of HSP expression
and cell death in the organs of contaminated adult
bees with those of uncontaminated bees could be
useful in establishing the relationship between
HSPs and cell death. Similar studies in other
invertebrate groups have shown an accumulation
of stress proteins in animals from environmentally
polluted areas [24,25,41].

The enhanced expression of HSPs seen in cells
from stressed bees suggests that this phenomenon
could be a defense mechanism to prevent against
cell death. Inthis context, the immunocytochemical
detection of HSP coupled with an assessment of
DNA fragmentation can provide an indication of
the level of cellular stress such that cells with a
significant increase in HSP expression probably
will show little or no DNA fragmentation. In such
an analysis, the presence of either a few or a large
number of cells with DNA fragmentation may
indicate that the stressor substance was active at
sub-acute or acute concentrations, respectively,
and that the activation of HSPs was insufficient
to inhibit cell death (whether by programmed cell
death or by necrosis).
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In the following discussion, we describe the
morphological and molecular alterations generally
seen in the organs of bees exposed to environmental
stressor agents.

Literature review

Ecotoxicological bio-monitoring has revealed
high levels of HSPs in the tissues of invertebrates
collected in contaminated areas compared to tissues
from animals collected in non-contaminated areas.
The persistently high levels of HSPs in the cells of
organisms exposed to stress account for the induced
or acquired tolerance of these organisms and their
adaptation to environmental fluctuations [4].

HSPs are classified into four families based on
their molecular mass: HSP90 (90 kDa), HSP70 (70
kDa), HSP60 (60 kDa) and the small HSPs [28].
Although this classification may vary slightly with
the presence of additional proteins, depending on
the organism [44], each HSP family consists of
constitutively expressed proteins as well as proteins
that are induced by intra- or extracellular factors
[28]. HSPs act as molecular chaperones that allow
cells to adapt to gradual environmental changes and
to survive under adverse conditions. Thus, HSPs
occur in large quantities in the cells of Drosophila
melanogaster exposed to increasing temperatures
[27,44,58]. HSPsmay beinvolvedinthetransportation
of proteins into cellular compartments, in protein
folding in the cytosol, endoplasmic reticulum
and mitochondria, in the degradation of unstable
proteins, in the dissolution of protein complexes, in
the prevention of undesirable protein aggregation, in
the correction of inadequate protein folding and in
the control of regulatory proteins [28].

Chronic exposure to sub-lethal doses of chemicals
can activate the expression of HSPs. The activation
of HSP70 in diplopods, for instance, is a useful tool
for monitoring the presence of toxic agents in soil
[41]. Similarly, the immunocytochemical detection
of HSP70 and HSP90 is useful in the pathological
analysis of larval tissues in 4. mellifera infected with
Paenibacillus larvae [41]. The enhanced expression
of HSP family members increases the probability
of cell survival by preventing the activation of
programmed cell death [6].

HSPs can act at multiple points in the intracellular
signalling pathway in apoptosis [28]. In mammals,
HSP27 and HSP70 are anti-apoptotic, whereas HSP60
and HSP10 are pro-apoptotic. The role of HSP90 in
apoptosis is still unclear since some members of
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the HSP90 family are anti-apoptotic while others
are pro-apoptotic, depending on the stimuli for
cell death [28]. HSP90 is associated with various
signalling proteins, including transcription factors
that are ligand-dependent, and its main function is
to promote the conformational maturation of these
signalling proteins, including the signal transducer
protein kinase [44].

Bierkens [4] pointed out that the detection of
members of more than one HSP family indicated
the involvement of various cellular responses to
stress. This author also stressed the importance
of using HSPs in the biomonitoring of animals in
contaminated areas where there may be chronic
exposure to low levels of many environmental
contaminants. This situation is very difficult to
replicate in the laboratory, where generally only lethal
and sub-lethal doses of a given chemical compound
are evaluated. In addition, many physical, chemical
and biological factors present in the field cannot be
reproduced in artificial conditions [55].

More studies have been done on the effects of
pesticides on A. mellifera than for other bee species,
mainly because of this species” economic importance
and extensive geographical distribution. Knowlton
[39,40] described an extensive bibliographic survey
of poisoning in bees, and Hocking [34] provided a list
of chemical products used in agriculture with toxic
effects on bees. This toxicity varied according to
biotic and non-biotic factors related to the pesticides
used and the type of vegetation.

Silva-Zacarin et al. [65] examined the effect
of acaricides on A. mellifera larvae in apiaries,
particularly with regard to the activation of HSPs
in silk glands. Under stress, the HSP90 chaperones
were indirectly anti-apoptotic since salivary gland
cell death induced by acaricides was limited by the
enhanced expression of HSP90 and by the sustained
level of HSP70. In larvae treated with rotenone,
there was no change in the normal level of cellular
death nor were there significant morphological
alterations in the secretory gland cells [66]. In larvae
treated with oxalic acid, the secretory cells showed
varying degrees of morphological alteration and an
increase in cell death. The immunocytochemical
detection of HSP suggested that the increase in
HSP70 expression had an anti-apoptotic effect in
the salivary glands of larvae treated with rotenone,
while the enhanced expression of HSP90 suggested
a role for this protein as a chaperone [66].

Underhighlevels of stress, the protective effect of
HSPs in cells is insufficient to prevent programmed
cell death, which includes necrosis in the majority
of tissues and organs and apoptosis in a few cells.
Apoptosis and necrosis are easily distinguished
morphologically and the induction of one or the
other of these two types of cell death indicates the
level of cellular stress involved. Many studies have
examined the mechanisms of programmed cell death
in insect tissues [6,7,16,19,20,22,23,29-31,33,38,45-
50,59,63] and have raised doubts concerning the
current classification of the phenomena involved,
particularly since the typical features of apoptosis
established in vertebrates are not always seen in
insect cells.

Most studies of programmed cell death in insects
have focused on the tissue reorganization that occurs
during metamorphosis or on the natural regression
of certain organs in adult life. Little is known about
cell death in insect tissues and organs in response
to environmental stressor agents. Some studies
have highlighted the ultrastructural alterations
in cultured insect cells exposed to organic and
inorganic mercury [9] and cadmium [8]. Sub-lethal
concentrations of these metals caused ultrastructural
alterations in mitochondria, an increase in the
number of lysosomes and free ribosomes, chromatin
condensation, irregularities in the nuclear envelope,
nucleolar proliferation, dilation of the rough
endoplasmic reticulum cisternae and the formation
of cytoplasmic blebs. Although these ultrastructural
alterations are not characteristic of necrosis, they are
typical diagnostic markers of programmed cell death.
Under these circumstances, the protein synthetic
machinery is directed towards the synthesis of HSPs
in response to the agents being tested.

Few studies have examined the effect of
chemicals in insect organs. The Malpighian tubules
are the excretory and osmoregulatory organs of
insects [3,26,56]. Their simple tubular organization,
convenient size and excretory function make
these tubules one of the most studied organs in
ecotoxicological investigations in insects. Sorour
[68] evaluated the ultrastructural alterations in
the Malpighian tubules of Lethocerus niloticum
(Hemiptera: Belostomatidae) caused by lake
pollution. The most prominent characteristics were
mitochondrial alterations, an increase in the number
of lysosomes, chromatin condensation, irregularity
of the nuclear envelope and the lysis of some cells.
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These findings suggested that alterations in the
Malpighian tubules of L. niloticum could be used as
a bioindicator of lake pollution [68].

Another organ of extreme importance in
ecotoxicological studies of insects is the gut. The
digestive tract of insects generally consists of a
foregut (stomodeum), midgut (ventriculus) and
hindgut (proctodeum). Most of the digestion and
absorption of nutrients and chemicals occurs in
the midgut. In this region in most insects, the food
is enveloped by a semipermeable acellular layer
known as the peritrophic membrane that has several
functions [13], including protection of the midgut
epithelium against the mechanical action of food, the
formation of a physical barrier against infestation
by microorganisms, and the prevention of enzyme
excretion by allowing the endo-ectoperitrophic
circulation of digestive enzymes [69,70]. The principal
cells of the midgut epithelium in adult insects are
the columnar or digestive cells and the regenerative
cells. The columnar cells are responsible for the
production and secretion of digestive enzymes and
for the absorption of digested substances and water,
while the regenerative cells are found in the base
of the epithelium and replace the columnar cells
that are lost through abrasion and cell ageing; this
replacement involves the division and differentiation
of regenerative cells [13].

Gregorc and Bowen [30] showed that the number
of columnar cells undergoing degeneration in the
midgut of A. mellifera larvae increased during
infestation by Bacillus larvae, which suggested
an increase in the frequency of cell death in
pathological situations. Thiboldeaux et al. [71] used
bioassays to assess the effect of 5-hydroxy-1,4-
naphthoquinone on the midgut morphology of Actias
luna (Lepidoptera, Saturniidae) and Callosamia
promethea (Lepidoptera, Saturniidae) larvae. The
histological alterations observed included a partial
loss of the microvilli and fragmentation of the
epithelium.

The morphological organization of the midgut
of adult A. mellifera and various species of stingless
bees has been described [18,37,60,61,67], although
there are histological, ultrastructural and functional
variations among the species examined. More
recent work suggests that these regions probably
differ in their sensitivity to boric acid [36] since the
morphological alterations induced by this substance
were more accentuated in the posterior region of the
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midgut in A. mellifera workers. In this region, the
production of digestive enzymes was interrupted,
as indicated by the lack of apocrine secretion at
the apex of the digestive cells. The disappearance
of the peritrophic membrane in the midgut of
larvae treated with boric acid probably affected the
digestive and absorptive functions of the midgut
and the protection of the epithelium. Consequently,
there was greater shedding of digestive cells into the
lumen in the posterior midgut and there was also
partial fragmentation of the epithelium, with the
digestive cells showing high levels of cytoplasmic
vacuolization and nuclear pycnosis [36].

In the midgut of 4. mellifera larvae treated
with boric acid [21], the epithelial cells also showed
morphological alterations that included intense
basal vacuolization, a dilated intercellular space and
various degrees of nuclear pycnosis. There was an
intense shedding of cells and cytoplasmic material
into the gut lumen. The Malpighian tubules of
A. mellifera larvae exposed to boric acid showed
morphological alterations that included flattening
of the epithelium and distension of the lumen. This
distension probably resulted from the increased
intraluminal pressure caused by the accumulation of
fluid that had not been excreted by the damaged cells
[21]. In adult bees, the region where the Malpighian
tubules were connected to the gut were the most
affected by boric acid. In this region, the Malpighian
tubule cells showed vacuolization of the apical
cytoplasm, nuclear pycnosis and the accumulation of
material in the lumen, indicating a loss of function in
this region of the tubule [36].

Although the morphological structure of the
midgut of bees is well established, there have been
few studies of the morphology of the Malpighian
tubules in these insects. Mello and Bozzo [53]
resported a histochemical and ultrastructural study of
the Malpighian tubules in Melipona quadrifasciata,
and Cruz-Landim [14] analyzed the cellular
specializations in the tubules of this same species,
including during the metamorphosis or larvae into
adults [15]. Silva de Moraes and Cruz-Landim [64]
conducted a morphological, histochemical and
cytophotometric study of the Malpighian tubules
of larvae, prepupae and adult workers of Melipona
quadrifasciata anthidioides. Mello [52] described
a histochemical analysis of the mucous secretion
produced by Malpighian tubules of the bumble
bee Bombus atratus; a similar study was also
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reported for the stingless bees Plebeia droryana and
Scaptotrigona postica [54]. As in other insects, the
number of Malpighian tubules in bees varies among
species [17]. Hence, additional morphological studies
of the Malpighian tubules need to be done in various
species of bees in order to allow a more complete
assessment of the usefulness of these structures for
ecotoxicological studies.

PERSPECTIVES

The study of cellular markers, such as the
expression of HSPs and the extent of cell death in
Malpighian tubules and the midgut, will be of great
importance in ecotoxicological studies in bees,
particularly in agricultural areas. A comparison of
these cellular markers in the organs of contaminated
and non-contaminated adult bees should allow better
planning for the use of agricultural areas visited by
pollinator bees.
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