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Insect metamorphosis involves a complex change in form and function. In this study, we examined the
development of the solitary bee, Megachile rotundata, using micro-computed tomography (nuCT) and
volume analysis. We describe volumetric changes of brain, tracheae, flight muscles, gut, and fat bodies in
prepupal, pupal, and adult M. rotundata. We observed that individual organ systems have distinct pat-
terns of developmental progression, which vary in their timing and duration. This has important im-
plications for commercial management of this agriculturally relevant pollinator.

© 2018 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction and background

An emerging model insect for understanding the effects of
environmental conditions on metamorphic development is the
alfalfa leafcutting bee, Megachile rotundata (Hymenoptera: Mega-
chilidae). M. rotundata is a widely-distributed solitary bee polli-
nator that is commercially-reared and used to enhance production
of crops, primarily alfalfa seed, Medicago sativa (Pitts-Singer and
Cane, 2011). A common problem in managing M. rotundata is that
populations must be synchronized with flowering of crops in
different geographic locations across North America for both
effective pollination and population maintenance (Bosch and
Kemp, 2005; Pitts-Singer and Bosch, 2010; Pitts-Singer and Cane,
2011).

Synchronization of M. rotundata emergence with flowering is
achieved by interrupting metamorphosis of developing bees with
temperature treatments below which development stops (Pitts-
Singer and Cane, 2011; Yocum et al., 2010). However, a number of
studies have demonstrated that low temperature-mediated inter-
ruption of metamorphosis results in deleterious sub-lethal effects
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(Bennett et al., 2015; Torson et al., 2017; Yocum et al., 2010). These
effects may be shaped by the timing of the low-temperature
exposure with respect to metamorphosis progression (Rinehart
et al., 2016; Yocum et al., 2010). Chill injury, perturbation of
developmental processes, or both are suspected mechanisms for
these injuries. While the external developmental changes that
occur during metamorphosis in M. rotundata have been charac-
terized (Kemp and Bosch, 2000; Yocum et al., 2010), development
of internal systems has not been investigated. Better spatial and
temporal descriptions of internal development may help identify
better timing for low-temperature exposure that minimizes nega-
tive effects for this species.

An emerging technology for characterizing both internal and
external morphology of arthropods is micro-computed tomogra-
phy, uCT (Lowe et al., 2013; Metscher, 2009). uCT generates highly
resolved 3-dimensional models of internal and external anatomies
when performed on insect samples. To this end, uCT has been used
successfully to compare morphology among various organisms
(Metscher, 2009), including comparisons of physiological systems
during insect metamorphosis (Hall et al., 2017; Lowe et al., 2013;
Martin-Vega et al., 2017a, 2017b) and adult bees (Greco et al.,
2008).

In this study, we used pCT to build a more robust description of
internal changes during metamorphosis in the solitary bee,
M. rotundata. Whole organism pCT imaging was conducted on 6
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individuals, each representing a sub-stage of metamorphosis. We
compare and contrast the changes in the structure of discernible,
internal features across these stages. The primary aim was to
determine which organ systems were developing when meta-
morphosis is commonly interrupted by the low-temperature
methods described above.

2. Materials and methods
2.1. Study organism

Overwintering prepupal M. rotundata were obtained from
JWM Leafcutters, Inc. (Nampa, ID) in the spring of 2014. Prepupae
were stored in a 6 °C environmental chamber (Conviron, Win-
nipeg, Manitoba), which maintained a developmentally quies-
cent state, until the beginning of the study. Six prepupae were
removed from storage and placed into a 29 °C environmental
chamber (Precision Scientific, Buffalo, New York) to initiate
metamorphic development. One individual was sampled for uCT
scanning one day following placement into 29 °C (Fig. 1: pre-
pupa). The prepupal stage generally lasts for 1 week before in-
dividuals pupate (Kemp and Bosch, 2000). Pupae were sampled
1, 7, 14, and 21 days following pupation (Fig. 1). These time points
correspond roughly to previously used reference stages: early
pupa, pink eye, red eye, and emergence ready (Yocum et al.,
2010). These developmental descriptions are labeled onto the
stage sampling and corresponding external development for
comparative purposes in Fig. 1. One additional sample was taken
of an adult male that had completed metamorphosis to the adult
form but not yet emerged. Samples were removed from their
brood cells immediately before scans by carefully cutting the
“top” of the brood cell open with a safety razor.

2.2. Scanning procedures

Samples were dissected from leaf pods using a safety razor. The
cap of the brood cell was first circumscribed with an incision. Then,
the cap was removed and the individual was removed carefully
with soft, curved forceps. Each sample was placed into a Kapton®
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tube that was affixed to a glass rod. Samples were then scanned
using a GE Phoenix v|tome|x s X-ray computed tomography system
equipped with a 180 kV high power nanofocus X-ray tube with a
molybdenum target and a high contrast GE DXR250RT flat panel
detector (GE Sensing & Inspection Technologies GmbH, Wunstorf,
Germany). Initial beam parameters were standardized for each
sample; however, these beam settings were adjusted to optimize
outputs for each individual sample and are provided in
Supplemental Table 1. Following scans, samples were removed
from the tubing and monitored for survival for 3 days. No bee
completed development following the scan. This may have been
from x-ray exposure, handling, or rearing conditions outside of the
cocoon.

2.3. Analysis of uCT data

We focused our analysis to examine the flight musculature, the
gut, the tracheae, brain, and fat bodies, because they were
discernible from scans of pupae without fixation or staining (Fig. 2),
although not all structures were observed in the prepupa and adult.
X-ray images were aligned and optimized using automated pro-
tocols within GE Datos|x software (GE Sensing & Inspection Tech-
nologies GmbH, Wunstorf, Germany), and volumetric data were
computed from stacks of x-ray images (Supplemental Fig. 1).
Volumetric data were then exported to VGStudio MAX 3.0 analysis
software (Volume Graphics Inc., Heidelberg, Germany) for editing
and analysis. Data volumes were analyzed using 3D-segmentation
and volume analysis tools in VGStudio MAX. Several segmentation
tools were applied to remove unwanted components of the CT
volume, such as the Kapton® tubing and mounting glass rod. Focal
structures were segmented as regions of interest.

Once flight musculature, gut, tracheae, brain, and fat bodies
were segmented, measurements of each structure as well as whole
body volumes were calculated. Analyzed volumes were then
rendered into 3D models, and images were generated of the dorsal,
lateral, and ventral perspectives. Volumes of structures were then
calculated as a total percentage of body volume and compared
among different stages. Because only one sample was used at each
stage, statistical analysis was not conducted.
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Fig. 1. External stages of metamorphosis in M. rotundata (A) used for sampling and their stage descriptions based on prior literature (italicized labels). Individuals were sampled
during the early prepupal stage, throughout the pupal stage and in an un-emerged adult (B). The relative timing of pupal and adult eclosion are noted on the timeline (diamonds).
Terms used for different stages are labeled with corresponding pupal development times (italics).
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Fig. 2. Examples of brain (purple), flight muscle (red), tracheae (yellow), gut (green),
and fat bodies (blue) when segmented during CT analysis.

3. Results and interpretation
3.1. Brain

Brain volumes were segmented ' in pupal scans (Fig. 3), but brain
structures were not resolved compared to methods that have used
fixation and staining (Sombke et al., 2015). The brain could not be
segmented in the prepupal scan. However, on day 1 of the pupal
period, the general shape of the brain could be discerned and
segmented from surrounding tissues (Fig. 4A) and was observed in
different individuals until the end of the pupal stage (Fig. 3). Brain
volumes were estimated to be 1.84 + 0.11% of body volume and only
varied in volume by +0.54% of body volume throughout the pupal
period (Table 1). Brain volume was not segmented in the adult scan,
but the brain and eye structures were visually observable (Fig. 4B).

3.2. Tracheae

Tracheae are accurately imaged by uCT because they are air-
filled, which provides a strong contrast from surrounding tissues
(Shaha et al., 2013). Tracheae were segmented in all scans from
prepupa to adult (Fig. 3). Overall structure of the tracheae was
simplest in the prepupal stage and grew in complexity and volume
at pupation (Fig. 3). From the prepupal to the pupal stage, the

! Please note that the terms ‘segment’ and ‘segmentation’ here are not used in
their biological meaning but in a technical sense to denote partitioning pixelated or
voxelated information.

volume of tracheae increased from 0.51% to 0.88% of body volume
(Fig. 3). During the pupal stage, tracheal volume decreased by
nearly 50% in the day 14 pupa (Fig. 3), and many of the major
tracheae in the preceding and subsequent pupal scans were not
visible (Fig. 3). At this stage, lateral tracheae were no longer con-
nected between segments, and many terminal branches were not
present compared to other scans (Fig. 3).

To understand how well these measurements captured the
volume of the tracheal systems, we measured the terminal ends of
abdominal tracheae and found that algorithmic/manual segmen-
tation of tracheae reliably detected air-filled tracheal branches with
a diameter as small as 0.02 mm. Smaller air spaces were sometimes
observable, but for those, segmentation was not possible or not
reliable. This excluded some air-filled tracheae that were smaller,
but not reliably segmented by contrast differences between air and
tissue. Also, reliability of segmentation for small tracheae is
partially shaped by how deep they were in the sample. Tracheae
with closer proximity to the outer surface of the sample were more
reliably segmented than those that occurred deeper in the sample.

The largest change in tracheal volume occurred between the
melanized pupal stage and the adult stage. Tracheal volumes
increased from 0.83% of body volume at the pupal—adult transition
to 11.20% of body volume in the adult (Fig. 3, Table 1). Tracheae of
the legs, thorax, and head increased in their width during this stage
(Fig. 3). Tracheae of the flight muscles, which were absent in pre-
ceding stages became visible and contributed to the observed
volume increase (Fig. 3).

3.3. Flight muscle

Flight musculature was segmented in all stages from prepupa to
adult (Fig. 3); although the distinct muscle bundles observed in the
pupal period could not be reliably segmented from the adult scan.
Undifferentiated dorsolateral and dorsoventral flight muscles were
present in the prepupal and early pupal stage (Figs. 3 and 5A). These
muscles differentiated into distinct flight muscle bundles that filled
a larger proportion of thorax volume by the day 7 scan (Fig. 5B).
Flight musculature remained similar in form for subsequent pupal
scans (Fig. 3). Flight muscle volumes constitute less than 1% of body
volume in the early pupa, which then grew to more than 5% by the
end of pupal metamorphosis (Table 1). Flight musculature of the
adult was observable, but its volume could not be as accurately
segmented from this scan.

34. Gut

The gut was discernible in prepupal and pupal samples. The
prepupal gut was oriented linearly through the thorax and
abdomen (Fig. 3). The gut retained this form in the early pupal stage
(Fig. 3). By day 7, the gut descended into the pupal abdomen and
had coiled versus its earlier, linear form (Fig. 3). Gut volume
expanded by day 14 and remained similar in form for the remainder
of the pupal period (Fig. 3). The gut was observed in the adult but
could not be segmented from surrounding tissues confidently.

3.5. Fat bodies

The fat bodies of M. rotundata are dispersed throughout the
body and appear as clusters of globular structures that are sus-
pended in the hemolymph. These structures absorbed more x-ray
from surrounding soft tissues and appeared as inclusions in the
resulting data volumes (Fig. 2). Fat bodies were present in every
scan from prepupa to adult and varied from 0.84% to 4.21% of body
volume among all stages. However, there appeared to be no
consistent increase or decrease with time (Table 1). Fat bodies were
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Fig. 3. Brain (purple), flight muscle (red), tracheae (yellow), gut (green), and fat bodies (blue) from different stages of metamorphosis as viewed from ventral (top row), lateral
(middle row), and dorsal (bottom row) perspectives. 3-Dimensional.OB] files are provided as supplemental files.

more abundant in the abdomen but also were observed in the
thorax and head.

4. Discussion

This is the first study to characterize organogenesis of internal
structures during pupal metamorphosis in the solitary bee,
M. rotundata. At a very general level, complex patterns of organo-
genesis appear among different structures. In some cases, changes
seem to be abrupt and associated with stage-transitions, e.g., brain
appearance at pupation and tracheal growth from pupa to adult. In
other cases, organ development is dissociated from clear external
makers of developmental progression. This was observed for flight
muscle differentiation and gut development, which showed both
morphological development and volumetric growth during the
early pupal stage of M. rotundata when external changes, such as
the pigmentation of eyes, have not occurred (Fig. 1). At all stages,
major changes occurred in at least one or more of the identified

organ systems, which is important knowledge when culturing
these developmental stages in lab studies and commercial
management.

There is a robust body of knowledge concerning the mecha-
nisms that drive metamorphic change in holometabolous insects.
Complex molecular, cellular, and endocrine mechanisms are known
to regulate formation and growth of adult structures while larval
tissues and energy reserves are deconstructed. Much of this
knowledge is derived from relatively well-studied species where
detailed knowledge about development in different organs and
tissues can be compared systemically (Gilbert, 2009). puCT trades
much in terms of finer mechanistic resolution for snapshots of
systemic organogenesis, and recent studies have implemented this
technology. Lowe et al. (2013) imaged the internal systems of the
lepidopteran, Vanessa cardui throughout the chrysalis stage (pupal
stage in the present study). Another developing insect that has
been investigated using uCT during metamorphosis is the blow fly,
Calliphora vicia (Hall et al., 2017; Martin-Vega et al., 2017a, 2017b).
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Fig. 4. Segmentation analysis of brain in pupa (A) vs adult (B). As can be seen, total brain volume can be estimated in the pupa; however the analysis could not partition brain tissue
from surrounding tissues in the adult (B) even though it is slightly visible.
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Table 1

Summary of volumetric measures of different structures for each sample.
Stage Body Volume Brain Tracheae Flight Muscles Gut Fat Bodies

mm?> mm? % mm? % mm?® % mm?® % mm?> %

Prepupa 46.29 NA NA 0.24 0.51 0.34 0.73 1.58 341 1.03 2.23
Pupa 1 (Day 1) 35.11 0.55 1.56 0.31 0.88 0.33 0.95 0.67 1.92 0.38 1.08
Pupa 2 (Day 7) 41.66 0.88 2.10 0.37 0.88 1.18 2.84 0.34 0.95 0.37 0.89
Pupa 3 (Day 14) 40.16 0.73 1.81 0.18 0.45 1.75 436 1.68 418 141 3.51
Pupa (Day 21) 44.56 0.85 1.90 0.38 0.84 2.72 6.10 1.78 3.97 0.38 0.84
Adult 23.23 NA NA 2.60 11.21 3.14 13.52 NA NA 0.98 421

Notes: Volumes and % of body mass of different structures for different stages of metamorphosis.

Interestingly, there are similarities and dissimilarities in the relative
progression of organ development in these species and
M. rotundata. For example, the formation of an air-bubble is a
striking feature of metamorphosis for V. cardui and C. vicia, but no
such structure appeared during M. rotundata metamorphosis. In
M. rotundata, the gut was linear and uncoiled in the earliest pre-
pupal stage and remained so through the early pupal period. The
gut then regressed into the abdomen. A similar progression of gut
development was observed in V. cardui (Lowe et al., 2013); how-
ever, the prepupal gut in C. vicia was already coiled in the abdomen
during the feeding larval stage prior to pupation (Martin-Vega et al.,
2017a, 2017b).

Because of their material composition, some structures appear
clearly in some studies, but are not necessarily as apparent in
others. For example, the tracheal structure of V. cardui was
segmented throughout pupal development (Lowe et al., 2013) as
was the case for M. rotundata; although these data are not pre-
sented for C. vicia (Martin-Vega et al, 2017a, 2017b). Flight
musculature is described well for C. vicia (Martin-Vega et al., 20173,
2017b) and M. rotundata but was not present in the scans of
V. cardui (Lowe et al., 2013). Many factors contribute to how well
different tissues are imaged using uCT, resulting in discrepancies
among studies. For example, the fat bodies in M. rotundata are
highly x-ray absorbent compared to surrounding materials, but
such inclusions did not appear in V. cardui or C. vicia (Lowe et al.,
2013; Martin-Vega et al., 2017a, 2017b).

Various fixation, staining, and scanning techniques have been
used to enhance tissue discernibility. These techniques may also
limit how well target features appear in scans. For M. rotundata,
flight muscles were undifferentiated during the prepupal and
pupal stages but subsequently differentiated into large bundles of
flight muscles by the mid-pupal period (Figs. 3 and 4). Brain
tissues were not discernible in the prepupal sample; however,
the general brain outline could be segmented in the pupal stage.
The resolution of neural tissues can be enhanced greatly by the
use of fixation and staining (Sombke et al., 2015). However, we
chose not to use staining in this study here, because some of the
focal structures do not appear after fixation and staining (i.e.,
tracheae). Although the brain was observed in adult scans (Fig. 4),
the lack of contrast with surrounding tissues and newly apparent
tracheal air sacs make its segmentation intractable compared to
pupal stages. As noted above, fat bodies appeared as globular
structures that absorbed far more x-ray than surrounding tissues,
suggesting that something about their composition increased x-
ray absorption. We suspect that fat bodies may contain urocytes,
fat body cells that store nitrogenous wastes (Arrese and Soulages,
2010).

There are several limitations for the present study. For one,
there is a small sample size and no resampling for each day.
While scanning procedures are generally straightforward with
current systems, the segmentation and analysis of data volumes is

not always straight forward. Also, the data are presented without
fixation or staining procedures. Although these techniques
enhance resolution of internal structures and accuracy of mea-
surements (Metscher, 2009), they also result in shrinking of
structures and obscure the tracheae in insect samples (Helm,
personal observation). Therefore, we opted to trade enhanced
resolution for the ability to visualize the tracheal system in vivo. It
would be interesting to compare individuals stained with those
that were unstained. In addition, more robust x-ray and detector
capabilities, such as those used for phase-contrast XCT, could
provide quicker scanning times and enhanced contrast images,
which may produce better tomographic data sets more rapidly
(Walton et al., 2015; Xu et al., 2016). Compared to older tech-
niques, such as tissue fixation and cryo-slicing, nCT produces
in vivo positioning of major organs, but does not have the fine
resolution of ultrastructures. Also, our primary metric of devel-
opmental change was volumetric measurements. While these
measurements offer a consistent variable to measure among
samples, morphometric changes are occurring simultaneously.
Classic, multivariate morphometric approaches could be useful
for assessing developmental changes with sufficient sample sizes.
One final consideration is that females and males progress
through development at different rates but this difference was
not accounted for because sex was not known in the scan prep-
arations. Future work could possibly identify characteristics that
are sexually dimorphic and characterize organogenesis
separately.

Knowing the complex nature of developmental progression for
different organ systems in M. rotundata poses significant new
challenges in terms of their management. For one, interrupting
metamorphic development as is done for emergence synchroni-
zation with flowering plants could have unique effects at each stage
because the organ systems are at different stages of organogenesis
throughout metamorphosis. For example, an early pupa placed into
cold storage may be more vulnerable to damage of the flight muscle
or gut, because those systems are in the early stages of develop-
ment. Placing a later pupal stage into cold storage would possibly
affect entirely different organ systems in different mechanistic
ways. At that time, some systems are already fully formed, which
could make them susceptible to irreparable chill injuries. Differ-
ences in the relative developmental progress of these specific
anatomical systems may explain stage-specific susceptibilities to
low temperature exposure and could account for previously
observed sub-lethal effects. Bennett et al. (2015) identified distinct
alterations of flight performance when M. rotundata were inter-
rupted 14 days following removal from overwintering conditions.
This corresponds to the stage when flight muscles differentiate
(Fig. 3). Perhaps prolonged cold exposure during this phase of
metamorphosis disrupts flight muscle formation to cause reduced
flying metabolic rates and/or complete disruption of flight ability
(Bennett et al., 2015).
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5. Conclusion

Describing the metamorphosis of M. rotundata is important
because of its role as a commercially-managed pollinator. Under-
standing the important changes that are occurring during meta-
morphosis permits more informed scientific study and commercial
practices when rearing bees. Micro-computed tomography can
produce incredible information about the changes that occur dur-
ing metamorphosis, as we have described here for M. rotundata.
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