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ABSTRACT. Programmed cell death (PCD) in insect metamorphosis
assumes a great diversity of morphology and controlling processes that
are still not well understood. With the objective of obtaining informa-
tion about the PCD process, salivary glands of Drosophila arizonae
and D. mulleri were studied during larval-pupal development. From the
results, it can be concluded that the type of the PCD that occurs in these
organs is morphologically typical of apoptosis (formation of apoptotic
nuclei, followed by fragmentation into apoptotic bodies). Histolysis
happens in both species, between 22 and 23 h after pupation. There
were no significant differences between the species studied. Apopto-
sis does not occur simultaneously in all cells. Cytoplasmic acid phos-
phatase activity gradually increases during development, suggesting
the existence of acid phosphatases that are only expressed during the
apoptotic stage. Twenty hours after pupation, salivary glands already
show biochemical alterations relative to nuclear permeability such as
acidification, possibly due to the fusion of lysosomes with the nucleus
a few hours before apoptosis. Autophagy seems to act together with
apoptosis and has a secondary role in cell death.
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INTRODUCTION

Cells initiating their own destruction is a common phenomenon in both invertebrate
and vertebrate development (Bowen and Lockshin, 1981). Selective cell death is seen as a
fundamental process during the embryogenesis (Saunders Jr., 1966) of insects and amphibian
morphogenesis, which involves massive and coordinated cell destruction of the transient tis-
sues (Bowen and Lockshin, 1981). Metamorphosis of holometabolous insects carries a radical
reconstruction of the body planes to a replacement of the larval tissues by adult tissues and
structures. Processes that drive these changes are controlled by the insect steroid molting hor-
mone ecdysone (Jiang et al., 1997, 2000; Sekimoto et al., 2006).

In Drosophila, almost all organs are destroyed and new structures develop in their places
from embryonic cell groups that go on undifferentiated in the larval period (Robertson, 1936). Itis
known that the histolysis of these tissues occurs through programmed cell death (PCD). However,
there are many controversies regarding the type of PCD that occurs in insect metamorphosis.

PCD is characteristic of normal tissues and it can show several distinct morphological
and biochemical patterns. Classic apoptosis and autophagy are the two most prominent mor-
phological forms of cell death that occur during animal developmental processes (Schweickel
and Merker, 1973; Clarke, 1990). The former is marked by cell contraction, nuclear shrinkage
(forming pycnotic nuclei) with subsequent fragmentation into apoptotic bodies, and endonu-
clease activation. The latter process, less known, implies the formation of autophagic vacuoles
that are used for cytoplasmic destruction.

Jiang et al. (1997) have shown that in Drosophila melanogaster salivary gland histoly-
sis is triggered by steroid hormones. Many researchers have described apparently nonapoptotic
or aberrant apoptotic modes of PCD during insect development (Schwartz, 1991) and metamor-
phosis (Lockshin and Zakeri, 1990; Bowen et al., 1993; Silva de Moraes and Bowen, 2000).
According to Bowen et al. (1993), who studied cell death in the salivary glands of Calliphora
vomitoria during development, the classical apoptotic marker (DNA fragmentation and degen-
eration) does not apply to this model. Nevertheless, Gregorc and Bowen (1997) and Silva de
Moraes and Bowen (2000), studying respectively salivary glands and midgut of the Apis mel-
lifera larva, observed DNA fragmentation frequently associated with cell death. Dai and Gilbert
(1997) concluded that both modes of PCD occur in the salivary glands of Manduca sexta. The
results of Armbruster et al. (1986) and Levy and Bautz (1985), in Calliphora vomitoria, allow
us to infer that both modes of PCD (apoptosis and autophagy) coexist in these species’ salivary
glands. The PCD of Drosophila salivary glands has been considered to be autophagic by Lee
and Baehrecke (2001), Bachrecke (2003) and Yin and Thummel (2005); however, these authors
did not discard the possibility that these mechanisms act together. Martin and Baehrecke (2004)
concluded that studies of salivary glands indicate that the distinction between autophagic cell
death and apoptosis seems more subtle than the morphology suggests.

Apoptotic cells can be easily visualized in Drosophila embryos with a vital stain, such
as acridine orange. The mode by which this stain acts in apoptotic cells is not known, although
many mechanisms are possible, including an increase in nuclear membrane permeability. In
living cells, acridine orange serves as a pH indicator, becoming trapped in acid compartments
such as lysosomes (Zelenin, 1966).

It is known that during tissue histolysis of holometabolous insects, some enzy-
matic functions, such as acid phosphatase activity, undergo changes as a consequence
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of morphological and functional cell collapse. Acid phosphatases consist of a group of
nonspecific enzymes that hydrolyze a variety of organic esters with the release of phos-
phate ions and the optimum pH for these enzymes varies from ~4.5 to 6.0 (Essner, 1973).
They have been considered to be lysosomal markers, but extralysosomal sites have been
detected. Many researchers (Bowen et al., 1993; Gregorc and Bowen, 1997) have associ-
ated their activities with the eminence of cell death, and therefore, acid phosphatases have
been studied during insect metamorphosis. This enzymatic group acts by tissue histolytic
degradation. Bowen and Lockshin (1981) observed that the loss of larval tissues occurring
during Drosophila metamorphosis is accompanied by an increase in both histochemical
frequency and biochemical activity of lysosomes. Jones and Bowen (1993) described both
the biochemical profile and the structural localization of acid phosphatase activity in Droso-
phila larval salivary glands and observed that before histolysis there is an increase in this
enzymatic activity related to PCD. The same pattern was observed in several other species of
insects (Aidells et al., 1971; Schin and Laufer, 1973; Armbruster et al., 1986; Bowen, 1993;
Bowen et al., 1996; Gregorc and Bowen, 1997).

In view of such unconformity in the literature related to the mode of PCD occurring
in holometabolous insects and the characteristics involved in the process, the main goal of
the current paper was to identify the kind of cell death occurring in the salivary glands of D.
arizonae and D. mulleri. We also aimed to establish at which moment of the pupal-adult tran-
sition the histolysis of this tissue PCD occurs, and whether there are significant differences
between the two species studied, and to establish a relationship between acid phosphatase
activities and PCD in these organisms.

MATERIAL AND METHODS

The sympatric species D. arizonae and D. mulleri (repleta group) were maintained in
cactus culture medium at a constant temperature of 20 = 1°C, in a % liter bottle. Late third-
instar larvae (3L), pre-pupae (PP; larvae with spiracle everted, but with no rigid covering),
pupae (pre-pupae aged) of 8 (P8), 16 (P16), 20 (P20), 22 (P22), 22:30 (P22:30), and 23 h (P23)
were used to analyze salivary gland cells. Salivary glands were extracted from individuals in
the stages mentioned above and submitted either to the Feulgen reaction (except P20) or acid
phosphatase reaction (modified from Gomori, 1950). A third technique, staining with acridine
orange, was used like a vital stain (Abrams et al., 1993).

Feulgen reaction. Glands were submitted to acid hydrolysis using 4 N HCI for 65 min at
room temperature. After that, a fast rinse in 0.1 N HCI was done to block the hydrolysis. After-
wards, the material was stained with Schiff’s reagent for 40 min at 37°C and submitted to three
successive rinses (5 min each) in sulfur water, and finally rinsed three times in distilled water.

Acid phosphatase reaction. Unfixed salivary glands were incubated for 45 min in
phosphate buffer, B-glycerophosphate, and lead nitrate, at 37°C, and later rinsed in phos-
phate buffer. Afterwards, they were treated with 1% ammonium sulfate for 2 min, rinsed
in distilled water and placed in glycerin.

Acridine orange. The glands were submitted to 5 pg/mL acridine orange solution (0.1
M phosphate buffer, pH 7.2) for 5 min. The slides were analyzed and the images were captured
by an AXIOSCOP 2 ZEISS light microscope. For fluorescent analysis, a green filter (FITC)
was used.
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RESULTS

In the present study, the salivary glands of 3L, PP and pupae of D. arizonae and D. mulleri
were analyzed by staining with the Feulgen reaction, acid phosphatase reaction and acridine orange
technique. The salivary glands from 3L to P16 (Figures 1A,B and 2A,B) of the two species ana-
lyzed did not show nuclear morphological alterations related to PCD events. P22, of both species,
displayed histolysis signs (Figures 1C,D and 2C,D), such as pycnotic nuclei, which are typical
of apoptotic cells. D. mulleri salivary glands at P22:30 were found in a more advanced stage of
degeneration. At this stage, we observed typical nuclei of this tissue, pre-apoptotic and apoptotic
nuclei, and apoptotic bodies resulting from the fragmentation of apoptotic nuclei (Figures 1E,F
and 2E,F). In the glands of P23 of both species, we could see more advanced stages of histolysis,
since only pre-apoptotic (pycnotic nuclei) and apoptotic nuclei were found. A great number of
these apoptotic nuclei were disintegrating into apoptotic bodies (Figures 1G,H and 2G,H).
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Figure 1 A-H. Salivary gland cells of Drosophila arizonae. A,B: P16; C,D: P22; E,F: P22:30; G,H: P23. ab =
apoptotic bodies; pn = pre-apoptotic nuclei.

Figure 2 A-H. Salivary gland cells of Drosophila mulleri. A,B: P16; C,D: P22; E,F: P22:30; G,H: P23. ab =
apoptotic bodies; pn = pre-apoptotic nuclei.
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Whole glands of all developmental stages submitted to acid phosphatase reaction were
positively stained by this technique. In the salivary glands of third-instar larvae (3T) of D. ari-
zonae (Figure 3A,B) and D. mulleri (Figure 4A,B), acid phosphatase staining occurred in the
cytoplasmic, nucleolar and nuclear (specifically on the chromosomes) regions. In glands of PP
(Figures 3C,D and 4C,D) and P8 (Figures 3E,F and 4E,F) of both species, the nucleolus was
strongly stained (Figures 3E,F and 4E,F), but the nucleus on the whole was less stained than in
3T glands. The glands of this stage showed a gradual increase in cytoplasmic staining.

Figure 3 A-F. Salivary gland cells of Drosophila arizonae. A,B: 3T; C,D: PP; E,F: P8. nu = nucleus; no =
nucleolus.

Figure 4 A-F. Salivary gland cells of Drosophila mulleri. A,B: 3T; C,D: PP; E,F: P8. nu = nucleus; no =
nucleolus.
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In D. arizonae (Figure 5A,B) and D. mulleri (Figure 6A,B) pupal glands P16,
strong cytoplasmic staining in whole gland was observed, and in the nucleus, the polytene
chromosomes were intensively stained. P22, P22:30 and P23 glands of both species stud-
ied (Figures 5C-H and 6C-H) showed the cytoplasm and nucleus completely stained. Pre-
apoptotic nuclei in D. arizonae (Figure 5D) and D. mulleri (Figure 6D), apoptotic nuclei
(Figure 6D) and apoptotic bodies in D. arizonae (Figure SF and H) and D. mulleri (Figure
6F and H) were completely stained.

Figure 5 A-H. Salivary gland cells of Drosophila arizonae. A,B: P16; C,D: P22; E,F: P22:30; G,H: P23. ab =
apoptotic bodies; pn = pre-apoptotic nuclei.

Figure 6 A-H. Salivary gland cells of Drosophila mulleri. A,B: P16; C,D: P22; E,F: P22:30; G,H: P23. nu =
nucleus; ab = apoptotic bodies.
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In 3T glands of both species stained with acridine orange (Figures 7A,B and 8A,B),
a thin coloration in the cell membrane regions could be observed. Cell nuclei in this stage
were not stained. The developmental stages PP, P8 and P16 (Figures 7C,D and 8C,D) showed
negatively stained nuclei. In D. arizonae (7E,F) and D. mulleri (8E,F) P20, some nuclei were
positively stained by acridine orange, meaning that the nucleus was permeable to acridine.
The majority of P22 glands of both species (Figures 7G,H and 8G,H) showed nuclei that were
positively stained.
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Figure 7 A-H. Salivary gland cells of Drosophila arizonae. A,B: 3T; C,D: P16; E,F: P20; G,H: P22. nu =
nucleus.

Figure 8 A-H. Salivary gland cells of Drosophila mulleri. A,B: 3T; C,D: P16; E,F: P20; G,H: P22. nu =
nucleus.
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DISCUSSION

The histolysis of Drosophila’s salivary glands and of other tissues of holometabolous
insects has received considerable attention in the scientific literature. The type of cell death
that occurs during histolysis of this organ has been the subject of controversy among research-
ers. Several of them have assigned this degeneration to the apoptotic mechanism (Berendes
and Ashburner, 1978; Jiang et al., 1997; Farkas and Mechler, 2000; Yin et al., 2007), while
some to autophagy (Lee and Baehrecke, 2001; Baehrecke, 2003; Yin and Thummel, 2005).
Finally, others came to a consensus that the degeneration is a combination of both mechanisms
(Levy and Bautz, 1985; Dai and Gilbert, 1997).

In studies by several different authors carried out in holometabolous insects, an excel-
lent model in developmental PCD studies, a large variety of the PCD phenotypes were observed.
Bowen et al. (1993), in their studies with Calliphora vomitoria, did not find classic apoptotic
traits such as cell shrinkage and chromatin compaction. Lockshin and Zakeri (1990) argued for
a separate category of cell death that occurs in insect development, developmental PCD, which
specifically does not demonstrate endonuclease activation. These authors have observed that the
glands are sculpted by a caspase-mediated PCD in response to an ecdysone pulse, and that the
caspase activation begins in the anterior cells and then propagates to the posterior cells. Lee and
Baehrecke (2001) and Yin and Thumel (2005) concluded that the PCD activated by hormones oc-
curs by autophagy and that apoptosis and autophagy are distinct processes but use some common
regulatory mechanisms. In a study about the rearrangement of the tubulin and actin cytoskeleton
during PCD in Drosophila salivary glands, Jochova et al. (1997) obtained results supporting the
hypothesis that an extensive autophagic activity occurs during nuclear degradation. Caspase
activity has been detected in salivary glands of Drosophila (Takemoto et al., 2007).

Armbruster et al. (1986) inferred that both modalities, apoptosis and autophagy, coex-
ist in Calliphora erythrocephala salivary glands. In this same species, Levy and Bautz (1985)
determined that epidermis and salivary gland undergo degeneration by apoptosis, and that
autophagic events occur only in the later stages.

Dai and Gilbert (1997) suggested that apoptosis is the basic mechanism for PCD by the
way Manduca sexta prothoracic glands undergo histolysis. This hypothesis is supported by Jiang
etal. (1997), who studied histolysis of several Drosophila tissues during metamorphosis, triggered
by ecdysone. In this study, the authors found DNA fragmentation, among other typical traits of
apoptosis. The same was observed recently in salivary glands of Drosophila (Yin et al., 2007).

In the present study, we could observe that in both species the salivary glands start
degenerating after 22 h following pupation, although there is a variation from individual to
individual for the time the histolysis begins. However, in general, it seems that there is no mor-
phological variation related to PCD in the developmental stages studied, probably because this
organ is the latest to degenerate. According to Jiang et al. (1997), Drosophila post-embryonic
metamorphosis is triggered by the steroid hormone ecdysone. The salivary glands degenerate
in response to a second pulse of ecdysone that is released late.

In the present study, we could observe in D. arizonae and D. mulleri that cell death
does not occur simultaneously in all salivary gland cells and, that it seems that the region where
cellular alterations start is random. Thus, we could note in intermediate histolytic phases, mor-
phologically typical nuclei, pre-apoptotic nuclei (nuclei that are already pycnotic but represent
an intermediate stage between typical and apoptotic) and apoptotic nuclei. In glands of ad-
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vanced developmental stages, such as P23, we could observe a great number of apoptotic nuclei
disintegrating into apoptotic bodies of different sizes, varying from very small to large.

The time of the total degeneration of D. arizonae and D. mulleri glands may vary
from one to one and a half hour, and its beginning occurs usually after 22 h after PP. With
respect to the mode of the PCD that occurs in Drosophila salivary glands, we can affirm that
it is morphologically characteristic of apoptosis. The general aspect of the histolysis in this
tissue is similar in both species. Apparently, there is no specific characteristic that allows us
to differentiate them.

With regard to acid phosphatase activity, we observed that all stages studied showed
positive response to acid phosphatase reaction. Cytoplasm and nuclei of all stages were stained,
although cytoplasmic activity gradually increased during the period examined. Nuclear stain-
ing was also found in the polytene chromosomes, being more intense in 3T (Figures 3B and
4B) and P16 (5B and 6B) than in PP (3D and 4D) and P8 (3F and 4F). According to da Cruz
Landim et al. (2002), the heterogeneity in the intensity and distribution of nuclear deposits
can be interpreted as a variation in the nuclear functional state. Deltour et al. (1981) and Van
de Wall and Bernier (1976) observed the same pattern. Therefore, a relation between nuclear
transcription and acid phosphatase activity can be inferred. Such inference can be reinforced
because inhibition of transcription is accompanied by acid phosphatase activity suppression
in some plants (Walbodt, 1971). These facts allow us to conclude that the stages 3T and P16
have greater transcriptional activity than the other stages studied.

The nuclear deposits in stages P22 and P23 (period in which morphological characteristics
of death by apoptosis can be observed) can be of two kinds: intranuclear granulated deposits (Figure
5D, pre-apoptotic nuclei) and deposits in the whole nuclei (Figure 5F and H, 6H apoptotic nuclei).
These kinds of stainings are probably related to acidification of the nucleus. Lu and Wolfe (2001)
associated the acid phosphatase activity with the macronucleus degradation event in Tetrahymena.
This organism is a unicellular binuclear ciliate that in a determined phase of its cycle has its macro-
nucleus degraded by an apoptotic-like mechanism. These authors observed that lysosomal bodies
surround the nuclei before fusing with the nuclei leading to their degradation. Concomitantly, these
nuclei become permeable to acridine (a vital stain specific for apoptosis).

Pasteur and Kastritsis (1971) detected biochemically, by microelectrophoresis, the pres-
ence of acid phosphatase in whole-fly homogenate and salivary gland extract in all developmen-
tal stages analyzed. Whole-fly homogenates compared with salivary gland extracts revealed two
coincident bands. These two bands show a similar development pattern in both extracts. One of
them disappears at 12 h after pupation (spiracle evertion). However, the other one increases in
intensity after this period, leading to the conclusion that the latter is related to cell death events.

Therefore, we could infer that there are different kinds of phosphatases acting in the
nucleus before and during the stages in which apoptosis occurs, but with different functions.

Further studies are needed in order to understand and identify the mechanisms that
regulate cell death in different kinds of organisms, which will result in a better understanding
of the differences in these fundamental cellular processes.
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