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Metamorphosis and, in particular, holometaboly, the development of organ-
isms through a series of discrete stages (egg, larva, pupa, adult) that hardly
resemble one another but are finely adapted to specific roles in the life cycle
of the organism, has fascinated and mystified humans throughout history.
However, it can be difficult to visualize the dramatic changes that occur
during holometaboly without destructive sampling, traditionally through
histology. However, advances in imaging technologies developed mainly
for medical sciences have been applied to studies of insect metamorphosis
over the past couple of decades. These include micro-computed tomography,
magnetic resonance imaging and optical coherence tomography. A major
advantage of these techniques is that they are rapid and non-destructive,
enabling virtual dissection of an organism in any plane by anyone who
has access to the image files and the necessary software. They can also be
applied in some cases to visualize metamorphosis in vivo, including the
periods of most rapid and dramatic morphological change. This review
focusses on visualizing the intra-puparial holometabolous metamorphosis
of cyclorraphous flies (Diptera), including the primary model organism for
all genetic investigations, Drosophila melanogaster, and the blow flies of medi-
cal, veterinary and forensic importance, but also discusses similar studies on
other insect orders.

This article is part of the theme issue ‘The evolution of complete
metamorphosis’.
1. History
The two major forms of insect metamorphosis are hemimetaboly (incomplete or
partial metamorphosis) and holometaboly (complete metamorphosis) [1]. In
hemimetabolous metamorphosis, the insect transforms to an adult by passing
through a number of nymphal stages, shedding the exoskeleton during a moult
between each stage. At each stage, the nymph increasingly resembles the final
adult form, but even the least developed nymphs, which hatch from the eggs,
are of the general adult form. In holometabolous metamorphosis, the changes
from one stage to another are more dramatic—egg to larva to pupa to adult—
and the larval stages have no physical resemblance to the adult stages, although
there are changes akin to incomplete metamorphosis when one larval instar
moults to the next. Therefore, holometabolous metamorphosis has long been a
subject that has captured the imagination of both scientific and public realms,
from the works of naturalist and artist Maria Sibylla Merian [2], including
Metamorphosis Insectorum Surinamensium published in 1705 [3] (figure 1), to the
present day. The mystery of metamorphosis remains a powerful stimulus in
education—encouraging students to learn about scientific observation and tech-
niques [4]—also in art, with an art/science video of blow fly metamorphosis
winning the 2018 Waterhouse Natural Science Art Prize of the South Australian
Museum [5]. How does an organism bound to the earth or aquatic environments,
frequently tube-shaped and without obvious sensory and locomotory
structures, transform into a graceful adult that can take to the air on wings?
Early visualizations of metamorphosis illustrated just the different stages of devel-
opment (e.g. figure 1). The highly acclaimed children’s book, The Very Hungry
Caterpillar [6], also focussed on the main developmental stages. While it vividly
illustrates the transformation of a rather fat and ugly caterpillar into a beautiful
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Figure 1. Plate 19 from Metamorphosis Insectorium Surinamensium [3] showing a branch of guava, Psidium guineense, with complete and dissected fruit, featuring
the larva, empty pupal case with cocoon and adult of the moth, Megalopyge lanata (Lepidoptera: Megalopygidae). The butterfly in flight is Thyridia psidii (Lepi-
doptera: Nymphalidae). The blue coloured adult fly (coloured green in the original painting) at the top of the picture is unidentified, but the larval and puparial
stages of metamorphosis are depicted on the branches below it.
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butterfly through the pupal stage, what takes place within the
pupal cocoon remains a mystery.

Visualizing hemimetabolous metamorphosis is relatively
straightforward—you can witness it by eye under a standard
binocular microscope. In the same way, the changes between
larval instars in holometabolous metamorphosis can be
visualized. Often the changes are slight: externally an increase
in size and physical changes to the respiratory spiracles while,
internally, there are changes to the cephalopharyngeal skeleton
associated with enlarged mouthparts. These changes have
been visualized in many ways, from standard line drawings,
to histology slides, to highly focussed photographs composed
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from a stack of images using a microscope-mounted camera
and suitable automontage software, to scanning electron
microscopy and confocal laser microscopy (e.g. [7–9]). Where
pigmented insect cuticle prevents the use of light microscopy
techniques such as confocal laser microscopy, initial clearing
of the cuticle to render it effectively transparent can facilitate
three dimensional imaging of underlying organs [10].

By contrast, visualizing holometabolous metamorphosis
from larva to adult is something that has long been a signifi-
cant challenge, simply because the cuticle of the pupal stages
is often opaque and one cannot see the events that occur
within without destructive opening of the outer layers.
Indeed Ammonite Films uploaded a fine video of blow fly
metamorphosis to the Web, but the details of what happens
inside the puparium could not be imaged [11]. However,
even by the late 1800s microscopy and histology techniques
had advanced sufficiently to produce detailed illustrations
of the changes that were taking place within the puparium,
but only after removing the outer cuticle (figure 2a [12]).

While studies to visualize metamorphosis have included the
insect orders Lepidoptera [13], Mecoptera [14], Coleoptera [15]
and Hymenoptera [16], the focus of our review is on the so-
called higher Diptera [17], the monophyletic Cyclorrhapha. In
these flies, metamorphosis from legless larvae to legged and
winged adults takes place within the puparium, a dark case
formed from the cuticle of the final larval instar [18,19]. Meta-
morphosis within a protective puparium also occurs in a few
other insects (e.g. Strepsiptera or the non-cyclorrhaphous Dip-
tera family Stratiomyidae) and it enables an extensive and
complete histolysis of most larval tissues [20]. Cyclorrhaphous
Diptera include the fruit fly, Drosophila melanogaster (Diptera:
Drosophilidae), which has been studied intensely as a model
for genetic systems [21] and the blow flies (Diptera: Calliphori-
dae), which have been studied in order to be able to age them
as a tool for estimatingminimum post-mortem interval in foren-
sic investigations of death [22]. While not normally considered a
part of metamorphosis, even after emergence of the adult fly
from its puparium changes occur in the morphology associated
with assuming the full adult coloration, cuticle hardness and
configuration, e.g. inflation of the wings which are folded
within the puparium—these are easily visualized by light
microscopy (e.g. [23]).
2. Techniques
(a) Light microscopy
Visualization of metamorphosis within the puparium of cyclor-
raphous flies under a standard binocular microscope is possible
for some species, most significantly Drosophila, which has a
semi-transparent cuticle, the transparency of which is enhanced
by wetting [24]. Indeed, Bainbridge and Bownes [24] recorded
the most detailed staging of metamorphic events of any insect
in their study of intra-puparial metamorphosis of Drosophila
melanogaster, describing 24 convenient stages for use in exper-
imental analysis of metamorphosis among a sequence of 51
visible changes. The changes could be observed through the
cuticle, but the cuticle was removed for photography. This tech-
nique of viewing intra-puparial changes through the cuticle has
been used to image and reveal much information on the hor-
monal and genetic control of metamorphosis and impact of
mutations on Drosophila metamorphosis (e.g. [25–31]). Some
features of intra-puparial metamorphosis can also be similarly
visualized through the cuticle of blow flies by applying mineral
oil or microscopy immersion oil to the surface of the puparium
(e.g. [32,33]).

The non-destructive techniques mentioned above enable
visualization of metamorphosis in real time, using living speci-
mens. However, where this is not possible, then snap-shots of
metamorphosis are possible at prescribed time intervals by
opening the puparium to reveal the developing pupa or pha-
rate adult within (e.g. [32,34]). During the 1960s–1970s, the
flesh fly Sarcophaga bullatawas used for a wide range of devel-
opmental studies; to aid in such studies Sivasubramanian &
Biagi [35] provided a standardized description of the pupal
developmental stages based on a constant temperature.
Although those authors had no forensic objective in their
study, similar destructive methods of visualizing metamorphic
events have been used increasingly in the last decade to present
data useful for ageing of blow fly puparia in forensic entomol-
ogy investigations, because the intra-puparial period was
hitherto the most neglected in a forensic context. These studies
frequently resulted in a series of images of the intra-puparial
specimens, imaged from one or more orientation (most often
dorsally), to show the morphological and colour changes that
accompany metamorphosis. Examples of these, with varying
degrees of detail and time resolution but all focussing entirely
on external morphology of the intra-puparial specimens, have
provided data for: Calliphora vicina [36], Lucilia sericata [37,38],
Lucilia cuprina [39], Lucilia illustris [40], Chrysomya albiceps
[41,42], Chrysomya megacephala [43], Chrysomya putoria [44]
and Cochliomyia macellaria [39]. Similar studies have been
undertaken on the forensically relevant scuttle flies, Megaselia
spiracularis and Megaselia scalaris (Diptera: Phoridae) [45,46],
and on the soldier fly, Hermetia illuscens (Diptera: Stratiomyi-
dae) [47,48]. In their study of the intra-puparial development
of Calliphora vicina, Zajac & Amendt [49] included information
from traditional histology techniques to supplement that from
external morphology. Information from internal changes
revealed by histology or non-destructive imaging techniques
(see below) can complement information from external
changes, because there are more changes to observe and they
can occur more rapidly, enabling a finer temporal resolution.

The complex terminology of the intra-puparial period,
often used incorrectly, has been recently reviewed [50]. One
of the most frequent sources of confusion in the use of con-
cepts and terminology in intra-puparial development
studies is the determination of the completion of the larval-
pupal apolysis (the separation of the epidermal cells of the
pupa from the larval cuticle or puparium) and the pupal-
adult apolysis (i.e. the separation of the adult epidermal
cells from the pupal cuticle). Determining the completion of
those two developmental events is essential to correctly
identify the developmental stage (prepupa, pupa or pharate
adult) of an individual. However, determining the com-
pletion of an apolytic event requires either traditional or
virtual (see below) histological sections (figure 2) [50,51].
Traditional histology is a highly informative technique but
it is also time-consuming and particularly challenging in
the case of cyclorrhaphous fly puparia owing to the profusion
of fat bodies and fatty droplets, often resulting in fragmented
sections and loss of information [52]. This may explain
the limited use of traditional histology in intra-puparial
development studies in the recent years.

Sometimes rather than the entire organism, research
concentrates on changes during metamorphosis of a single
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Figure 2. (a) Figures taken from Lowne [12] showing a crypocephalic pupa (i) and phanerocephalic pupa (ii and iii). The original captions are as follows: (i) the
pronymph at the end of the 3rd day, showing the position of the abdominal imaginal discs ( from Plate XX, Fig. 4); (ii) the nymph on the 6th day of the pupa stage
(from Plate XX, Fig. 5); (iii) a median section of the pupa on the 5th day, showing the proboscis, neuroblast, dorsal muscles, archenteron and dorsal vessel of the
young nymph (from Fig. 45, p. 321). (b) Calliphora vicina (Diptera: Calliphoridae): micro-computed tomography (μCT)-based virtual medial-sagittal sections of a
cryptocephalic pupa (i, equivalent to the ‘pronymph’ illustrated by Lowne [12]), a phanerocephalic pupa (ii) and a female pharate adult at 50% of the total intra-
puparial development (iii, equivalent to the ‘nymph on the 5th/6th day’ illustrated by Lowne [12]). The specimens were stained in 0.5 M iodine in aqueous solution
for two weeks and scanned in a Nikon Metrology HMX ST 225 system. Detailed descriptions and additional information from this dataset can be found in Martín-
Vega et al. [20]. (c) μCT-based virtual sections of a pharate adult of Calliphora vicina at the end of the intra-puparial period (i.e. near emergence from the pupar-
ium), showing a cross, horizontal and sagittal section of the same specimen. The specimens were stained in 0.5 M iodine in aqueous solution for two weeks and
scanned in a Nikon Metrology HMX ST 225 system. Detailed descriptions and additional information from this dataset can be found in Martín-Vega et al. [20]. br,
brain; dv, dorsal vessel; gb, gas bubble; mg, adult midgut or archenteron (containing the yellow body); pc, pupal cuticle.
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organ system. An example of this is a study of development
of the compound eyes of the blow fly Calliphora vicina, using
light microscopy and scanning electron microscopy to study
surface changes and traditional histology to examine
contemporaneous internal changes [53]. Other studies have
examined the development of the tracheal system and how
it adapts to ensure adequate air supply to the rapidly develop-
ing flight muscles [54], one of the organ systems that shows
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greatest increase in volume during the intra-puparial period
[20,55].

(b) X-ray
Perhaps the earliest published account of the visualization of
holometabolous metamorphosis within the puparium of a
blow fly is that of Thévenard [56] who, decades before
anyone else, used the process of kineradiography (cineradiogra-
phy), recording X-ray radiographs at up to 32 frames per
second so that they could be used in a movie. His paper
publishes single radiographs in sequence to show some of
the events within the puparium of Calliphora vicina, without a
timescale but with resolution equivalent to that of the X-ray
study of Hall et al. [57]. Thévenard [56] demonstrated move-
ment of an intra-puparial gas bubble which is vital to
metamorphosis during the change from the cryptocephalic
(hidden head) to the phanerocephalic (visible head) pupa. In
their report of the staging of metamorphosis of Drosophila,
Bainbridge & Bownes [24] first described the role of this
bubble in metamorphosis, but its appearance at the posterior
end of the puparium as it exits the pupal abdomen was first
noted by Tate [33], who described it as a first sign of the
subsequent withdrawal of the dorsal tracheal trunks from
the body of the pupa. The gas bubble’s critical role in pupation
was described and visualized in line drawings by Chadfield &
Sparrow [58].

Langley & Ely [59] used single X-ray images to visualize
formation within the tsetse fly, Glossina morsitans (Diptera: Glos-
sinidae), of the gas bubble that Thévenard [56] and Tate [33]
had observed in the blow fly and Drosophila, respectively.
From dissections of puparia they judged that the gas bubble
lay free in the haemocoel of the pre-pupa and, owing to its pos-
ition close to one of the longitudinal tracheal trunks, they
believed that it entered and exited the abdomen along these
trachea. When the gas exited the pupa they suggested that it
played an important role in separating the pupal cuticle from
the third instar larval cuticle (i.e. the cuticle of the puparium).

It was not until over 60 years after Thévenard’s study that
essentially the same technique was used to publish videos of
metamorphosis of the same blow fly species [57]. Two-
dimensional time-lapse videos of the eversion of the head,
during transition from the cryptocephalic to the phanero-
cephalic pupal stages, were made by taking radiographs at
intervals of 1 min and greater using the X-ray of a micro-
computed tomography (μCT) system. These videos are
freely available to view in the online publication [57].
Because the specimens were living they could not be stained
and therefore the contrast between tissue types was poor and
the resolution low. Nevertheless, the videos revealed the
major obvious changes in physical structure that took place
within an interval equivalent to just 0.5% of the entire
intra-puparial period (ca 10 days at 24°C) and the role of
movement of the aforementioned intra-abdominal gas
bubble during this rapid period of change, in agreement
with the suggestions of Langley & Ely [59]. Of course, signifi-
cant changes occur throughout the other 99.5% of that period,
but they are less visually dramatic.

(c) Micro-computed tomography
Computed tomography (CT) is the application of X-ray ima-
ging to produce three-dimensional images that reveal both
the external and internal characters of the specimens being
scanned. In essence, a series of X-rays is taken from different
angles in a complete circle around one plane of the specimen,
either by rotating the X-ray source, as in a standard hospital
CT suite, or by rotating the specimen in front of a static X-ray
source, as for most μCT scientific applications. μCT has enor-
mous potential for studies of insect science, addressing a
range of questions from taxonomy [60,61], to anatomy [62],
to in vivo muscle function [63], to exploring the host-parasite
interface [64]. Two clear advantages of μCT over traditional
histological techniques are that μCT is less time-consuming
and, also, less invasive, allowing the virtual dissection of a
sample in any plane (figure 2b,c).

Among the first advocates of the benefits of μCT for the
study of insect morphology, comparing it to a renaissance,
were Friedrich and Beutel in 2008 [65]. To our knowledge,
the first published µCT image of a blow fly pharate adult
within the puparium was that of Metscher [66], whose study
highlighted the possibility of using µCT to studymetamorpho-
sis. Soon afterwards, Richards et al. [67] published a study of
the potential forensic application of this work. In the same
way that virtopsy (virtual autopsy) is performed on the
bodies of crime victims by CT scanning in forensic pathology
studies [68,69], so virtopsy of the puparia of blow flies devel-
oping on decomposing tissues was undertaken, to establish
their developmental stage for ageing, thereby providing a
minimum post-mortem interval in forensic investigations
[22]. These initial studies compared development at intervals
equivalent to approximately 25% of the intra-puparial devel-
opment interval [67]. More recent studies have refined this to
just 10% intervals, equivalent to 1 day of development of Cal-
liphora vicina at 24°C [20,55]. These studies not only tracked
development qualitatively but the use of μCT enabled volu-
metric measurement of organ systems so that quantitative
data could also be provided. Tracking the changes in volume
of selected organs during metamorphosis has been applied
to a range of holometabolous insect orders [13,15,16,70] and
it has provided interesting insights into developmental allome-
tries [20]. By selecting and defining a particular region of
tomographic data through the process of segmentation, a
label is assigned to the voxels (i.e. the smallest volume
elements) included within that region (figure 3). Thus the
number of voxels can be counted and, because the voxel size
is set prior to scan, the volume of the segmented region can
be calculated. Just like with pixels (smallest picture elements
within an image), the smaller the voxel size the greater the
spatial resolution of the μCT images. There is a variety of
segmentation tools, from manual to automatic, and their avail-
ability changes between different visualization and analysis
software packages. Published workflows (e.g. [71–73]) can
help the users to choose the most appropriate software and
segmentation tool depending on the data analysed.

All of the above μCT studies of blow flies used stained
specimens to increase the contrast between different tissues.
However, prior to the latest studies of blow flies, Lowe et al.
[13] published a study of the metamorphic changes of
living specimens of the painted lady, Vanessa cardui (Lepidop-
tera: Nymphalidae). These specimens were not stained, but
the development of the midgut and of, in particular, the tra-
cheal system could be followed in detail because the air
inside the tracheal trunks contrasted strongly with the
pupal tissues. This can hardly be achieved with other organ
systems with low inherent contrast, for example the muscles
and central nervous system were not resolved in the painted
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Figure 3. Calliphora vicina (Diptera: Calliphoridae) female pharate adult at the end of the intra-puparial period (i.e. near emergence from the puparium), stained in
0.5 M iodine in aqueous solution for two weeks and scanned in a Nikon Metrology HMX ST 225 system. Detailed descriptions and additional information from this
dataset can be found in Martín-Vega et al. [20]. (a) μCT-based virtual sagittal sections from more lateral (i) to medial (iv, in which the section is between the
muscle blocks, hence the apparent absence of tissue). (b) Segmentation of selected internal structures (green, pre-helicoidal portion of the adult midgut; blue, rectal
pouch; pink, indirect flight muscles). (c) 3D volume renderings of the segmented structures in dorsal (i), lateral (ii) and ventral (iii) views.
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lady study, so the use of staining solutions is generally
required. The most widely used stains are iodine and phos-
photungstic acid (PTA) solutions, as both provide excellent
contrast between soft tissues [66,74]. While PTA provides a
sharper discrimination between adjacent tissues, iodine is
much more rapid at penetrating the tissues [66]. Nonetheless,
in the case of hard-cuticled insects, as happens with the
puparium of cyclorrhaphous flies, piercing the cuticle to
enhance the penetration of the solution may be required
[20,55]. On the other hand, iodine may also overstain some
mineralized tissues [66]. Hence, just like with the selection
of the analysis software and tools, it is the researcher who
ultimately should choose the most appropriate staining sol-
ution depending on the nature of the study material and
the organ(s) or structure(s) of interest. There is certainly a
strong need for further studies to develop optimized staining
protocols for different types of insect samples.
(d) Other imaging methods: magnetic resonance
imaging, optical coherence tomography and
hyperspectral imaging

Most of the studies tovisualize insectmetamorphosis have used
techniques described above. However, other methods are being
explored that have significant future potential. These include
three dimensional magnetic resonance imaging (MRI) tech-
niques, as used to study the post-embryonic development of
the flesh fly, Sarcophaga peregrina [75]. Specimens were imaged
while alive without staining: the resolution was better than
single X-ray images but not as good as μCT; nevertheless,
good visualization of the dynamic changes that occur during
gas bubble loss and head eversion in the intra-puparial devel-
opment was possible. MRI has also been used to investigate
the development of the alimentary tract of a Lepidopteran,
Manduca sexta [76]. The success of this technique for larvae
was enhanced by feeding these stages on diets containing a con-
trast agent (CA, gadodiomide) before imaging. If sufficiently
high levels were used a significant amount of CA remained in
the alimentary tract of post-feeding stages even after gut pur-
ging. Interestingly, both the silk and mandibular glands were
strongly visualized without CA, suggesting that they contain
high levels of a paramagnetic material. Other organ systems
could be visualized in future by using tissue-specific or non-
specific CA in the haemocoel. This study described the dynamic
natures of changes in the morphology of the alimentary tract
during transition from the fifth instar larva through to the
adult for the first time, relating them to endocrinological
events. Clearly, MRI is a powerful, non-invasive tool for reveal-
ing insect anatomy during development, complementing μCT.
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One technique showing initial promise for imaging devel-
opment in living specimens is optical coherence tomography
(OCT), a method developed more recently than MRI and
μCT. While many morphological changes in blow fly intra-
puparial development (e.g. mouthparts, brain, bristles)
were visible, unfortunately, the imaging lacked detail owing
to the significant absorption of light by the tissues, especially
by the puparial cuticle [77]. Penetration of lasers was limited
to 1–2 mm and resolution was lost. The technique was used
with more success to reveal the daily development of
lepidopteran wings which lie just beneath the surface
of the pupal cuticle [78], but the authors did highlight the
limitations owing to scattering and absorption of light.
Nevertheless, the advantages of being able to work with
live specimens is clear and further developments are possible,
with a bidirectional imaging modality with a single spec-
trometer almost doubling the penetration depths achieved
with standard OCT [79]. Another optical system that suffers
from lack of penetration is digital micromirror device-based
LED-illumination structured illumination microscopy (LED-
SIM), however, it is relatively inexpensive compared to μCT
and has potential for imaging of small insects (see [80] for a
detailed comparison of LED-SIM with other techniques).

A method that does not actually visualize metamorphosis
yet reflects temporal developmental changes in a meaningful
way is hyperspectral imaging (HIS). HIS has been applied
non-destructively to blow fly puparia and a direct puparial age
relationship was shown between external puparial reflectance
and internal morphological development [81]. This could be
further developed as a proxy for staging metamorphic events.
3. Future research applications of micro-computed
tomography in studies of metamorphosis

While adults of Calliphoridae feed, indeed females of most
blow flies need a protein intake in order to develop their
eggs, the adults of flies in the family Oestridae do not feed
[82]. They have vestigial mouthparts and so are physically
unable to intake food. Therefore, they emerge from the
puparia with a ‘single tank of fuel’ which is filled entirely
during the larval stages. Evolutionary adaptations to this
strategy include the possession of a set of fully developed
eggs in females at adult emergence, so that only mating
and consequent fertilization is required before they can
begin to oviposit or larviposit [83]. This life strategy has
some advantages over the calliphorid blow fly strategy in
that egg-laying can begin sooner after emergence. The down-
side of a strict limit to their longevity is probably not as
serious as one might think, because most calliphorids prob-
ably live for not much longer than oestrids owing to the
hazards of life for a fly such as predation [84]. However, we
hypothesize that for the oestrid strategy of intra-puparial
reproductive development, it is more likely that the larvae
need to develop to a certain critical size before they can
pupariate than for calliphorids. The environment occupied
by oestrids within a mammalian host, with optimal food
source and relatively limited competition, would facilitate
development to a critical size; certainly more so than the
intensely competitive environment on carrion that calliphor-
ids exploit. This hypothesis needs to be tested, but it is
supported by the observation that if oestrid larvae are
removed from the host before they ‘mature’, they often fail
to pupariate [83,85]. On the other hand, calliphorids appear
to be very developmentally flexible as long as they reach
the third instar; small larvae produce small flies which
develop full-sized viable eggs, just fewer in number than in
larger flies [86,87].

If adult oestrids do not feed then it follows that they have
no need for a full digestive tract, apart from the rectal pouch
which is a store for metabolic waste from pupariation, from
which the meconium is excreted soon after adult emergence
[88]. Despite seeming to be obvious, this has not been explored
in detail until recently when μCT-scanning was used to visu-
alize the digestive tract of two species of adult oestrid,
which were then compared to that of adult Calliphora vicina
[89]. This study showed that adults of both Oestrus ovis (Dip-
tera: Oestridae) and Hypoderma lineatum (Diptera: Oestridae)
showed significant reduction in their digestive tracts com-
pared to Calliphora vicina. Hence there was neither salivary
gland, nor crop for food storage, the cardia and diameter of
the digestive tract were significantly reduced and there was
an absence of the helicoidal portion of the midgut.

The reduced state of development of the digestive tract of
adult oestrid flies in comparison to that of blow flies, discussed
above [89], must be owing to changes effected during intra-
puparial metamorphosis, but at what stage? This is clearly
an area for future study, comparable to studies of wing
reduction in females of bagworm moths [90]. All of the com-
ponents of the adult alimentary tract of blow flies are fully
developed by the end of the intra-puparial period, before
adult emergence from the puparium [20]. However, during a
morphological and histological study of the intra-puparial
development of Oestrus ovis it was recorded that the adult
mouthparts ‘appeared transitorily, but never reached a devel-
oped appearance and then regressed during the early
pharate adulthood’ [91]. The mouthparts appearance and
regression followed head eversion, but no observations of
changes in the gut were made. It will be fascinating to use
non-invasive μCT to determine if organs of the digestive
tract start to develop and then regress (as the external mouth-
parts appear to do), or start to develop and then stop or just
never develop. Future research will track the development of
the alimentary tract within the puparium of various species
of Oestridae, ideally combining morphological studies with
gene expression analysis. At least two studies of blow flies
have tracked changes in the profiles of expressed gene
during the intra-puparial period [40,92]. The digestive tract
of Drosophila melanogaster represents a model system [93,94]
and the genetic control of its intestinal stem cell specification
and development is increasingly well understood [95] and
the gene activity can be visualized [96]. This should provide
a basis for what genes to look for in the development of the
gut of Oestrus ovis. Another example of the benefits of combin-
ing changes in external morphology and in internal tissues
with studies of gene expression in metamorphosis is provided
by studies of the embryology of blow flies [97–99].

One organ system that does not undergo histolysis during
intra-puparial development is the brain, although there is con-
siderable remodelling [100]. This remodelling was imaged for
the sphinx moth, Manduca sexta using confocal laser scanning
microscopy [70]. However, it was not possible to image the
brains in situ; it was necessary to dissect them out and, for
larger brains, to image them from more than one orientation
to overcome the limited working distance of the objectives.
The non-destructive imaging afforded by μCT would be an
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advantage. Indeed, µCT has been used to image the brain of
adult bumblebees, Bombus terrestris, enabling volumetric
measurements of independently segmented structures [72].
Nevertheless, the advancement of resolution of μCT imaging
systems continues apace and the difference in quality of the
images between earlier machines and those with more recently
developed modes of magnification is striking, as exemplified
by images of the brain of a pharate adult of Calliphora vicina
still inside its puparium taken with a Nikon Metrology HMX
ST 225 system (used in [72]) and a Zeiss Versa 520 (figure 4).
The higher resolution of the neuropils with the Zeiss system
is achieved mainly with secondary optical magnification
between the scintillator and photodiode detector (a charge
coupled device (CCD) camera). Improved contrast and more
defined material boundaries are also achieved by using a
longer exposure time, providing a higher signal to noise
ratio. This has enabled an ongoing study of intra-puparial
brain development, showing changes from larva to adult. For
example, the lamina, one of the neuropils within the optic
lobe, is folded during the early phases of metamorphosis
(resembling a horseshoe in horizontal section) but then unfolds
and extends parallel to the layer of cells of the retina (figure 4).
The use of high-resolution μCT scans has enabled the visualiza-
tion of this and other cases of large-scale tissue remodelling in
the optic lobes during metamorphosis, including the construc-
tion of three dimensional models and quantitative volumetric
analyses. However, even that study will not be able to achieve
the resolution of the adult brain available for Drosophila melano-
gaster through the online ‘virtual fly brain’, a compilation of
imaging data relating to neural anatomy [101], let alone the
astonishing synaptic resolution of the entire 100 000 neurons
in the brain of Drosophila melanogaster revealed by volume
electron microscopy [102].

Perhaps the most exciting future studies that visualize
metamorphosis will be those undertaken in vivo. The meta-
morphosis of Drosophila, in particular, is a process that is
amenable to in vivo imaging, combined with cell biology
and genetics for studies of, for example, muscle remodelling
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[103,104], morphological changes of the nervous system [105]
and imaginal disc development [106,107].

This review is certainly not exhaustive, but it has high-
lighted some of the developments in visualization of insect
metamorphosis through history, focussing on intra-puparial
development of cyclorrhaphous Diptera. The advantages and
disadvantages of various techniques are described, but a
fuller treatment of these including a table of comparative resol-
utions is provided by Wipfler et al. [108]. The phrase ‘a picture
is worth a thousand words’ is overused and not always appro-
priate, because images and text are different types of data, not
necessarily interchangeable. Nevertheless, in the case of studies
of metamorphosis, pictures certainly complement, enhance and
extend traditional descriptions made using the written word,
especially those pictures that are generated by µCT appli-
cations. For example, our use of µCT imaging enabled clear
visualization of the larval-pupal and pupal-adult apolysis in
the blow fly intra-puparial period, helping to resolve confusion
in the complex terminology of developmental events in meta-
morphosis [50]. The use of three dimensional rendering of
dynamic changes enables a more complete understanding of
developmental events than is possible by any other imaging
technique, as they can be viewed at any angle in three dimen-
sions and even, by moving backwards and forwards through
time, in four dimensions (e.g. [5]), a technique that in vivo
studies have the potential to excel at. Without question, visual-
ization of metamorphosis will continue to play an increasingly
important role in the understanding of this critical process in
the evolution of insects [109].
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