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Abstract. Most beekeepers worldwide use the same combs in their hives for many years, which can result in alterations in the
inner volume of the comb cells. The objective of this survey using microcomputed tomography was to reveal developmental dis-
orders caused by this beekeeping practice. The extent of the thickening of the wall of brood cells that occurs as a result of the
long-term use of the combs was determined. This alteration resulted in a reduction in the inner volume of the comb cells, which
had a significant effect on the size of the pupae and possibly the health of the imagoes. The walls of the cells can be divided into
two well-determined parts, which can be exactly visualized using micro-CT. In addition, the inner structure of the wall in the first
part of the cell was altered by very radio dense remains of cocoons. The material in the other part of the cell is less radio dense
and as previously suggested is mainly wax. The decrease in the length, surface and volume of these cells adversely affected the
developing pupae, which according to previous studies results in a reduction in the production of workers, colony strength and
honey yield. The extent of the reduction in the body regions of pupae was on average 4.98%. Overall, the volume of the pupae

that developed in these narrow comb cells were smaller by an average of 12.22%.

1. INTRODUCTION

The majority of crops relies on animal pollination and
the decline of wild insect pollinators in many agricultural
landscapes has made the western honeybee (Apis mellifera
L. 1758) one of the key elements of global food produc-
tion and the only source of bee products like wax, royal
jelly and bee venom (Winfree et al., 2011; Garibaldi et al.,
2013; Ellis et al., 2020). The 21st century is one of the most
difficult times for the beekeeping industry due to several
abiotic (drought, heat, temperature fluctuations) and biotic
(Varroa mites, viruses, Nosema spp., Tropilaelaps spp.,
etc.) factors that cause colony losses of 20% every year
worldwide (Williams et al., 2010; Dainat et al., 2012; Neov
etal., 2019).

Conventional imaging methods, such as light and con-
focal microscopy, provide detailed images of the internal
anatomy of insects, but for this one has to kill or dissect live
individuals (Friedrich et al., 2014). Other disadvantages of
these techniques are the limitations of repeated scanning of
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individuals. X-ray imaging techniques are widely used in
the field of entomological research because they are non-
invasive (Smith et al., 2016; Alba et al., 2018). While u-CT
is mainly used for anatomical studies, due to its resolution
being higher than human diagnostic CT, which is used in
studies on crop protection for understanding insect biol-
ogy and analysing the development of damage (Smith et
al., 2016; Keszthelyi et al., 2020; Sonenshine et al., 2022).
There is, however, only a few references on bee health
using computed tomography and 3D imaging (Facchini et
al., 2019; Keszthelyi et al., 2021; Sipos et al., 2021).

Most of the studies on bee health are concerned with the
pathology of the imago, which provides little information
on pathogenesis, especially during the larval and pupal
stages. Beekeepers worldwide use their combs for many
years, 50% of combs should be replaced annually, but there
are cases of the utilization of combs for even up to 6 years
(Taha & Al-Kahtani, 2020). This results in several disad-
vantages, with the reasons for them remaining unknown in
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Fig. 1. Points used to measure the sizes of body parts of pupae on full layout cross-sectional images.

the majority of cases. Several of the disorders in bee devel-
opment begin or even occur within the brood cells, which
is attributable to improper beekeeping practise. Naturally,
the features of these disorders are difficult to determine or
are unknown in certain cases. Non-invasive imaging can
be used to reveal the developmental processes and anatom-
ical changes that occur due to improper beekeeping prac-
tise (Wipfler et al., 2016).

The objective of this study was to determine the reduc-
tion in the size of pupae caused by inappropriate beekeep-
ing technology based on the previous results of Berry &
Delaplane (2001). First, the extent of the thickening of the
brood cell wall that occurs as a result of the use of old
combs and its consequences for the size of bee pupae were
determined. In addition, the potential significance of mod-
ern non-invasive imaging methods, especially computer
tomography, in apicultural research is stressed.

2. MATERIALS AND METHODS

2.1. Origin of comb samples

The brood combs were collected from one Apis mellifera car-
nica colony located on Kaposvar Campus (Somogy county, Hun-
gary; GPS coordinates: WGS: X:46.381079 Y:17.826915) during
April. The uniformity of the age of the specimens was provided
by the size of the Nagyboczonadi (NB) frame queen confinement
cage. The combs contained 18-day-old worker pupae at the pre-
imaginal developmental stage. The preparation was done using a
scalpel to cut out four pieces of the comb (90 x 60 mm) containing
brood from a 3-year-old frame for further selection using medi-
cal diagnostic CT. After the human diagnostic measurement, 10
normal and 10 narrow pupae were cut out and used for producing
more detailed digital images using p-CT, which was necessary
because of the limitations of the u-CT scanning of the length and
diameter. The different experimental groups (normal and narrow)
were separated visually based on the medical CT imaging. The
samples were kept in an incubator under stable environmental
conditions at 34°+0.5°C and 60% =+ 10% relative humidity (RH),
which are similar to the conditions inside a healthy colony until
required for the CT scans.

After the preliminary medical CT visualization, one of the
separated comb cells was selected for micro-CT. After this, the
remaining pupae were removed and wax of one of the scanned
combs was melted. The melting of the wax was done in order
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to visualize the different thicknesses of the bottoms of the cells
(Fig. 2).

2.2. Descriptions of computed tomographic settings
and instruments

The p-CT image acquisition was carried out using a Bruker
Biospin SkyScan 1176 at the University of Pécs Szentagothai Re-
search Centre. The samples were examined using the following
CT parameters: PANalytical’s Microfocus Tube source type, 50
kV source voltage, 500 pA source current, 700 ms exposure time
and 0.71 rotation step (deg). NRecon reconstruction program,
version 1.7.4.2, was used to produce the final images from raw
data. The program created 8bit BMP files with 3336 x 3336 pixels
and the pixel size was 8.74355 pm. BMP images were convert-
ed to NIFTI (Neuroimaging Informatics Technology Initiative,
2005) files.

The same samples were examined using a Siemens SOMATOM
Definition AS+ CT scanner a few hours after the pCT scans using
the following parameters: 100 kV tube voltage, 140 mAs X-ray
radiation dose, spiral data collection mode with 0.7 pitch, the field
of view 50 mm. Standard DICOM (Digital Imaging and Commu-
nications in Medicine) images were reconstructed using Siemens
Syngo CT VA48A program with convolution kernel V80u. The
resolution of the images was 0.0977 mm % 0.0977 mm x 0.1 mm.
Each series examined was converted from a DICOM to NIFTI
(Neuroimaging Informatics Technology Initiative, 2005) file for-
mat. The human diagnostic CT was used for preliminary screen-
ing and Hounsfield Unit (HU) scaling.

The image post-processing and visualization were done using
3D-Slicer software (www.slicer.org) (accessed on 24 February
2021).

2.3. Description of the y-CT-based measurements

To determine the density of the different structural parts of a
cell, the values produced by pu-CT were converted to Hounsfield
Units (HU) using the following equation:

HU = p-CT voxel value x 20.78 — 1024

This equation compares the images measured using CT and
u-CT. 3D Slicer’s Elastix module was used for the rigid registra-
tion of the images.

Five, randomly chosen segments represented each of the visu-
ally different parts of a cell (n = 5). The segment is a manually
designated area from the visually distinguished parts of the cell,
which contains a slightly different number of voxels due to their
manual selection.
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Fig. 2. Cells of different sizes in comb. The combs in the frames contain narrow cells (a). A— comb covered with wax; B — fibre-reinforced
composite without wax; C — axial cross-section of comb, D — top view of comb.

To establish and compare the volume and surface parameters
of different sized brood cells and developing pupae, they were
measured using p-CT. This study was based on 10 normal and 10
narrow brood cells determined by preliminary human diagnostic
CT screening and then selected visually and marked.

In order to measure developing individuals in 10 normal and
10 narrow cells their lengths (Fig. 1) and volumes were based
on p-CT scans. The lengths of their whole body, head, thorax
and abdomen were measured using mark-ups. Fiducial mark-ups
were placed using 3D Slicer software and Python 3.6 program-
ming language was used for calculating the distances between the
marker points. In addition, the relative proportions of the whole
body of each body part were measured for specimens from dif-
ferent brood cells.

The surface area and volume of the insects and the inner space
of the cells were generated using the segment editor module in
the 3D Slicer program. The pupae and the combs were manually
segmented utilizing the measured density values of the structural
parts of the comb (Fedorov et al., 2012). The information for the
segments was generated individually by the segment statistics
module.

2.5. Statistical analysis

The Kolmogorov-Smirnov test was used to test the morpho-
logical data for the pupal stage of honey bees (n<50). For de-
termining whether the data was normally distributed (p <0.05),
the Ghasemi- and Zahediasl-type methods were used. The effect
of comb cell size on the morphological parameters of this pre-
imaginal stage of honey bees was statistically analysed using one-
way ANOVA with the help of SPSS 11.5 software. Means were
separated using the Tukey (HSD) test, at (» <0.05).

3. RESULTS

3.1. Structural analysis of comb cells of different
sizes using u-CT

The first picture shows a piece of used comb after brood
was removed (Fig. 2A). The structure of the fibre-rein-
forced material remaining after the removal of wax clearly
reveals the remains of the pellicle and cocoon of the previ-
ous generations reared in the cells (Fig. 2B). Most visible,
however, is that the wall and especially the bottom of some
cells are thicker and more enlarged than those of the cells
that are even directly adjacent to them. Differences in the
wall and bottom thickness of individual cells are seen in

both cross-sections (Fig. 2C) and top-view (Fig. 2D) of
light transmitted perspectives.

The p-CT analysis of the comb still containing wax re-
veals structural differences between normal and narrow
cells (Fig. 3). It is clear that the structural components dif-
fer in colour in the images, which is due to different radi-
odensity values. The walls of cells consist of two distinct
parts, which can also be visualized using p-CT. The first
part surrounding the inner surface is brighter (Fig. 3b).
This part is composed of a fibre-reinforced composite
product (FRP), which originated from developing pupae,
for instance the spinning of a silken cocoon, residues of
stored pollen and remains of moulted pellicle. The second
part is darker, due to the presence of wax (Fig. 3a), that
is composed of a fibre-reinforced composite product with
wax (FRPW).

The average volume of normal cells was 234.103 £4.105
mm?®. In contrast, that of the narrow cells with thick walls

Fig. 3. Vertical section of narrow cells obtained using p-CT. a —
fibre-reinforced composite with wax (FRPW); b — fibre-reinforced
composite without wax (FRP); ¢ — wall of cell, d — remains of cap-
ping material of brood cell; e — interior space of cell.
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Fig. 4. Sections of honey bee pupae in cells obtained using y-CT. A1 — saggital record of honey bee pupa in a normal cell; A2 — axial
record of honey bee pupa in a normal cell; B1 — saggital record of honey bee pupa in narrow cell; B2 — axial record of honey bee pupa in

narrow cell.

were 151.237 +4.957 mm?, which is significantly different
(»<0.05). The volume of narrow brood cells was 35.41%
lower than that of normal comb cells.

The thickened regions in the wall and bottom of cells
mainly contain the so-called FRP fraction of the insect de-
velopmental origin. Density indices (HU) of the different
structural components of the comb also indicate the differ-
ent positions of each component in the structure of the cells
(Table 1). The FRP is mainly included in the formation of
the cell wall and build up at the bottom of the cells. This
fraction is primarily responsible for the abnormal thicken-
ing of the cell, which causes a significant loss of brood cell
volume. The primary role of the waxy FRPW fraction is in
the capping of the brood cells.

The density of different parts of the comb is statistically
different (p <0.05). This is the case for both structurally
different (FRP-FRPW) and spatially different components
of comb cells. The density of the wax component (FRPW)
is lower than that of the brood components attributable to
the development of bees (FRP). This is supported by the
density of the spatially different cell structures. The cell
wall has a slightly denser composition than the higher wax
content structures like the capping of the brood cells.

Table 1. Radio density values (HU) (mean+SE) of the different
parts of comb cells (n = 20).

Parts of cell Radio density (HU) (mean + SE)
FRPW (a) —422.48+13.91¢
FRP (b) 162.99+4.03 °

-310.13+10.85°
-342.51+3.95°
—-991.19+1.77 °

ab.c_ small letters indicate significant differences (p <0.05); FRPW

— fibre-reinforced composite with wax; FRP — fibre-reinforced com-
posite.

Wall of comb cell (c)
Tapping remains of brood cell (d)
The air in the brood cell (e)
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3.2. The effect of different sized comb cells on the
development of honey bee pupae

Egg-laying and the development of honey bees occurs
naturally in narrow comb cells with a small volume. This
results, however, in developmental disorders at the pupal
stage of workers (Fig. 4). Individuals developing in these
cells are smaller than those developing in normal brood
cells. The relative proportions of the body may even
change (Table 2). The differences in the size of pupae is
well illustrated in the 3 dimensional figure (Fig. 5).

The mean surface area of pupae developing in normal
cells was 266.86 +2.23 mm?, whereas that of the pupae de-
veloping in narrow cells with thick walls was 218.97+1.94
mm?. These values are statistically different (p<0.05),
which indicates that the average surface area of pupae de-
veloping in narrow cells, resulting from intensive use, was
about 17.94% lower than that of pupae developing in nor-
mal brood cells.

The average volume of pupae developing in normal cells
was 120.61+1.43 mm?® and of those eveloping in narrow
cells was 105.87 £ 1.29 mm?®. These values are also statisti-

Table 2. Length (mean + SE) of honey bee pupae in normal and
narrow cells measured using micro CT on the 18" day of postem-
bryonic development (n = 10).

Ratios
Length (mm) Length dr (%)
_ head (a) 141£0.052 ab 029
g thorax (b) 474+0.05° dla 7.84
S abdomen (c) 5.03+0.04¢ db 233
whole body (d)  11.06+0.05¢ dic  2.19
s head (a) 116£0.18¢ ab 032  9.37
8  thorax (b) 360+0.09' da 764 255
g abdomen (c) 415+0.07¢9 db 246 528
whole body (d) 8.87+0.11" d/c 2.13 273

dr — degree of reduction; & defa.h — small letters indicate signifi-
cant differences (p <0.05).
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Fig. 5. 3D images of honey bee pupae that developed in different sized brood cells. A — pupa from a normal cell; B — pupa from a narrow

cell; 1 — dorsal; 2 — ventral; 3 — lateral view.

cally different (p<0.05), which indicates, as above, that
pupae developing in narrow cells are in terms of volume
12.22% smaller.

Table 2 shows the length of 18-day-old pupae developing
in normal and narrow cells. This reveals that in terms of the
length of the body and main body parts the development of
the bee in narrow cells is distorted. The degree of reduc-
tion in the different parts of the body ranges from 2.55 to
9.37%. In relation to the total body length, the greatest re-
duction was recorded for the thorax size of the developing
pupae. This has consequences in terms of reductions in the
length of the abdomen and head. The lengths of the pupae
originating from the normal and narrow cells differed sig-
nificantly for each of the body parts measured (p <0.05).

4. DISCUSSION

The differences in the bottoms of comb cells was un-
equivocally confirmed using CT. It was further confirmed
that the alterations in the inner volume of the cells resulting
from rearing several generations in them had adverse ef-
fects on the preimaginal development of honey bees (Berry
& Delaplane, 2001). As a result of this ontogenetic effect
the cell walls gradually become darker and more brittle,
which is also reported by Hepburn (1998). The cells with
extremely thick bottoms are in those parts of the comb
most intensively used for rearing brood or in which there
are residues of pollen.

The decrease in transparency following the thickening of
the walls of cells can be traced back to the sedimentation of
several types of organic matter associated with the rearing
of larvae (honey, pollen or propolis) (Taha et al., 2010) or
the metabolism of the larvae, such as, faeces, silken cocoon
and pellicle (Free & Williams, 1974). The accumulation
of organic matter results in a decrease in the volume and
diameter of the brood cells (Karihaloo et al., 2013; Shawer
etal., 2021).

There are other studies on the effect of the age of the
comb on honey bee colonies (Al-Kahtani, 2018; Shawer et
al., 2021). According to Berry & Delaplane (2001), colo-
nies with new combs produce a greater area of brood, a
greater area of sealed brood and the young bees are heav-
ier. Interestingly, they report that brood survival in old
combs is the only variable that is significantly higher. Taha
& Al-Kahtani (2020) report a strong relationship between
the thickness of residues in the comb and the activity of
the honey bee colonies in collecting pollen, worker brood
production, colony strength and honey yield. In compari-
son with colonies with 4-year-old combs, the number of re-
turning workers, number of returning workers with pollen
loads, rate of storing pollen, rate of worker brood produc-
tion and size of the colony were significantly greater for
those with younger combs. Eventually, old combs result
in a lower honey yield of poor quality (Taha & El-Sanat,
2007; Taha et al., 2010).
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The aim of the present study was to illustrate how mod-
ern imaging methods can be used for improving beekeep-
ing, especially by revealing the inner structure of the comb
using new tools like medical CT and pu-CT. The necessity
for regularly changing combs is unequivocally reinforced
by our u-CT survey. The combined use of these two di-
agnostic techniques is unique and has great potential for
improving beekeeping.
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