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Simple Summary: Rearing honey bee (Apis mellifera) larvae in vitro is an important method for
studying bee larvae diseases or the toxicity of pesticides on bees. Laboratory experiments for bee
larvae are usually performed by placing a rearing plate horizontally during all developmental
stages. However, recent studies have demonstrated that a horizontal rearing environment can cause
the deformation of emerged bees. Most studies adopted a vertical rearing method to reduce such
deformation, but there is a lack of information on the emergence rates and deformation rates of bees
reared on vertical or horizontal plates. Therefore, in this study, we examined the effect of placing the
plates vertically and horizontally on newly emerged bees. There were no significant differences in
larval mortality, pupal mortality, and adult emergence rates between horizontal and vertical rearing
plates. However, the adult deformation rates of the horizontal plates were significantly higher than
those of the vertical plates. In conclusion, we suggest that the vertical rearing method is more suitable
when considering the deformation rate of the control group to verify the sublethal effects of pesticides
on honey bees.

Abstract: Rearing honey bee larvae in vitro is an ideal method to study honey bee larval diseases
or the toxicity of pesticides on honey bee larvae under standardized conditions. However, recent
studies reported that a horizontal position may cause the deformation of emerged bees. Accordingly,
the purpose of this study was to evaluate the emergence and deformation rates of honey bee (Apis
mellifera ligustica) larvae reared in horizontal and vertical positions. The study was conducted under
the same laboratory conditions with three experimental groups, non-capped or capped horizontal
plates and capped vertical plates. However, our results demonstrated that the exhibited adult
deformation rates of the horizontal plates were significantly higher (27.8% and 26.1%) than those of
the vertical plates (11.9%). In particular, the most common symptoms were deformed wings and an
abnormal abdomen in the horizontal plates. Additionally, adults reared on horizontal plates were
substantially smaller (10.88 and 10.82 mm) than those on vertical plates (11.55 mm). Considering
these conclusions, we suggest that a vertical rearing method is more suitable when considering the
deformation rates of the control groups to verify the sublethal effects of pesticides on honey bees.

Keywords: Apis mellifera; deformation; emergence; honey bee; in vitro rearing; larvae

1. Introduction

Many studies have reported recent significant pollinator declines and increased honey
bee (Apis mellifera) colony losses in many countries [1-5]. Several stressing factors, such as
pathogens, climate change, parasites, habitat loss, lack of nutrition, pesticides, and diseases
are considered to explain the decline and colony losses [6-9]. However, a single causative
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stressor factor has not been conclusively identified, because of the complexity related to
concurrent multiple stressors [4,10-12]. Among the several factors suggested, pesticides
are regarded as one of the most crucial causes of adverse honey-bee health and colony
declines [4,13-15]. Various studies have been conducted to determine the exposure effects
of pesticides on adult honey bees, therefore, standard methods for investigating the effects
of pesticides on adult bees have been well investigated both in vivo and in vitro [15,16].
Nevertheless, in contrast to controllable laboratory conditions, field experiments in hives
are impacted by numerous uncontrollable factors such as season, colony genetic variation,
climate, and resource availability [17-19]. Because of these uncontrolled variables, the
in vitro procedure of rearing honey-bee larvae has been proposed to evaluate the toxicity
of pesticides on honey-bee broods (larvae, pupae, and adults) [11]. Rearing larvae in vitro
is a practical protocol to study larval pathogens, development, and caste differentiation in
honey bees [20-23]. Nevertheless, available data in the publications concerning the lethal
and sublethal effects on honey-bee larvae are rather poor compared to adult bees [11,24,25].

In 1933, the first informative report investigating the caste differentiation of queen and
worker bees, as well as hand-feeding bee larvae with a diet containing royal jelly in vitro,
was published [26]. The larval diet composition was improved and optimized by Rembold
and Lackner [23], and Vandenberg and Shimanuki [27]. Vandenberg and Shimanuki [27]
further developed methods of rearing one larva per cup and feeding them the correct
quantity of diet daily. Wittmann and Engels [28] reported an in vitro rearing method as
a risk assessment tool to study the toxicity of pesticides. Davis et al. [29] provided diets
containing carbofuran and dimethoate to larvae reared in the laboratory, and Peng et al. [21]
utilized rearing honey-bee larvae in vitro for assessing the toxicity of pesticides on honey
bees. Most notably, seven laboratories across five different countries performed ring tests
according to the improved in vitro methods to assess LDs for acute toxicity of dimethoate
in 2005 and 2008 [17]. The ring test participants achieved adult emergence rates greater than
80% in 43% of their control trials and greater than 90% in 17% of their control trials [12,17].
The Organization for Economic Co-operation and Development (OECD) guidelines for the
honey-bee larvae toxicity tests under laboratory conditions were published in 2013 (single
exposure) and 2016 (repeated exposure), based on the methods that were developed in
ring tests [30,31].

Larval mortality and pupal mortality in the natural hive occurred at approximately
15% [32,33]. Therefore, the OECD guidelines specify that the total mortality during larval
and pupal developmental stages should not exceed 15% in the controls, otherwise the
study is considered invalid [30,31]. Namely, the mortalities of the control groups should be
considered for validation of the test [32].

Accordingly, researchers have focused on increasing the survival rate of the larval
stage, and there are several examples of these methods. They mainly improved the survival
rate of larvae according to the composition of larval food, quality of royal jelly, larval age
at grafting, rearing conditions (temperature and relative humidity) in the laboratory, or
reducing contact between larvae and fecal materials using absorbents such as Kimwipes
(filter paper) [12,32,34-36].

However, even if in vitro rearing protocols have been improved over the years, vari-
able (inconsistent) survival rates in the controls of each laboratory have been reported
continuously [12,17]. Zhu et al. [37] reported the larval mortalities of controls were approx-
imately 17.5% at D6 after grafting. Additionally, low emergence rates of controls (<50%)
were noted in several experimental studies based upon Aupinel et al. [11,12]. Namely,
this means that several research institutes have already performed a larval toxicity test,
with control mortalities higher than the OECD guidelines [17,18,22,38]. The inconsistent
results across different laboratories may reflect subtle differences in the brood sources
and the laboratory conditions, or be related to the effects of the mechanical stress of graft-
ing [12,19,39]. It is also a more common practice to set up the rearing using 48-well tissue
plates, with the grafting cell cups placed horizontally, which is according to the OECD
guideline (2016). However, some studies have mentioned that the horizontal rearing posi-
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tions during the developmental stages may lead to the deformation of wings and abdomen
(humpback) in emerged bees, because the larvae or pupae can then withstand abnormal
vertical positions [32,40,41]. Riessberger-Gallé et al. [40] proposed a method to prevent
these deformations, in which a 48-well tissue plate was sealed with a thin wax layer and set
vertically as in natural beehives. However, presently, specific information on the emergence
rates and deformation rates of the newly emerged honey bees when the rearing plates are
placed vertically or horizontally has not yet been reported. Therefore, in this study, we
aimed to evaluate the specific difference in the emergence rate and deformation rate of
emerged bees when the rearing plates were positioned horizontally or vertically during
the pupal developmental stage.

2. Materials and Methods
2.1. Rearing Honey Bee Larvae In Vitro

The honey-bee larvae (Apis mellifera ligustica) were randomly obtained from three
healthy colonies at an apiary located at the National Institute of Agricultural Sciences in
Korea (35°49'47.0” N, 127°02'26.0” E). The source colonies and bees were not treated against
Varroa destructor for four weeks prior to the experiment. The honey-bee queens were caged
on wax combs using queen excluders to lay eggs. The freshly laid eggs were confirmed
the next day (24 h after the queens were caged), and after that, the combs containing
the hatched first instar larvae (72 h after the queens laid the eggs) were delivered to the
laboratory for grafting. Before grafting, the grafting cell cups (Nicotplast, Maisod, France)
were disinfected with 70% ethanol and were then used, after UV sterilization for 30 min
in a laminar-flow hood. The larval rearing procedure followed OECD No. 239 [31]. On
day 1 (D1), 20 puL of larval diet A was loaded into the grafting cell cup, and healthy first
instar larvae were transferred into the cell cups of 48-well tissue plates (SPL, Pocheon-si,
Korea). During grafting, a clay pack (Caremate, Hwaseong-si, Korea) was preheated in
the microwave and the pack was laid underneath 48-well tissue plates to minimize the
temperature effect on the larvae [32]. After grafting, the 48-well tissue plates were placed
horizontally in a sealed desiccator (Nalgene, Rochester, NY, USA) in a constant temperature
incubator (DAIHAN Scientific Co., Wonju-si, Korea) maintained at 35 °C and 95 + 5%
relative humidity (RH) using a saturated solution of potassium sulfate (Junsei, Tokyo,
Japan) during the larval stages (D1-D8). The pupal stages (D8-D15) were maintained
at 80 £ 5% RH using a saturated solution of sodium chloride (Sigma—Aldrich, St. Louis,
MO, USA). In the emergence stages (D15-D21), the 48-well tissue plates were transferred
individually into emergence boxes with a 50% sucrose solution, and placed in the incubator
to maintain 50% RH and 35 °C.

For larval feeding, d-glucose (Difco, Sparks, NV, USA) and d-fructose (Junsei, Japan)
were added to water filtered with a 0.20 um filter (Sartorius, Gottingen, Germany), and
then yeast extract (Bacto, Sparks, NV, USA) was added and mixed. Lastly, the solution was
mixed with royal jelly (Haechangol Honey Farm, Yeongwol, Korea) [12]. Following the
OECD guidelines, the larval diets included a total of 160 pL of each standardized volume
during the six days (excluding D2) of the larval stages, where the larval diet volume
and components have been summarized in Table 1. Before feeding the larvae, diets were
preheated in an incubator maintained at 35 °C.
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Table 1. The volume and larval diet component percentages, according to the OECD guidelines
[30,31].

Day 1 3 4,56
Volume of diet/larva (uL) 20 20 30, 40, 50

Diet component Diet A Diet B Diet C
Royal jelly (%) 50.0 50.0 50.0
Distilled water (%) 37.0 335 30.0
Glucose (%) 6.0 7.5 9.0
Fructose (%) 6.0 75 9.0
Yeast extract (%) 1.0 1.5 2.0

2.2. Experimental Design

The non-capped and horizontally oriented groups (NHG) were placed in 48-well
tissue plates without a wax layer and set horizontally, and the capped and horizontally
oriented groups (CHG) were placed in 48-well tissue plates that were capped with the
artificial wax layers and set horizontally. Meanwhile, the capped and vertically oriented
groups (CVG) were placed in 48-well tissue plates that were capped with the artificial wax
layers and set vertically. All groups were not treated with any chemical reagents. The
experiments of each group were tested with 4 replicates (36 larvae per plate). Artificial wax
layers were prepared by dissolving 4.0 g of pure beeswax. The size of the wax layers was
14 cm x 10 cm x 0.4 mm. In each grafting cell cup of the plate, small orifices were made to
allow air exchange. Rearing plates were sealed with the perforated wax layers on D15 after
grafting, particularly vertical plates (CVG) placed carefully upright so pupae were facing
towards the opening.

2.3. Mortality and Abnormal Symptoms

Mortality and abnormal symptoms at each developmental stage were visually ob-
served and recorded every day. After setting the survival rates of the larvae at 100% on D3,
larval mortality, and abnormal symptoms were monitored as early death and melanizing
death from D4 to D8 (larval stages) [12,30,31]. The larvae were considered as dead when
the larval color became dark or they had no motion, and were removed daily from the test
plates. On D7, no additional diet was fed, and on D8, the number of larvae with uneaten
diets was recorded. From D8 to D21 (pupal stages), pupal mortality was assessed based
on failed molt and failed adult molt [12,31,42]. From D16 to D21 (emergence stages), the
number of newly emerged bees was observed and recorded daily. Individuals that died
after emergence or fully developed bees that stayed in the cell without breaking the wax
layer were considered to be emerged bees. All deformation symptoms and morphological
characteristics (weight and length) of dead adult bees after emerging were observed and
measured immediately. After all deformation symptoms of living emerged bees were ob-
served on D21, the weight and length of the emerged bees were measured. The whole-body
length of an adult bee was measured from the tip of its head to the tip of its abdomen.
In particular, when a humpback was present in the bee, the total length of the body was
measured as it was in the unstretched state. The symptoms of newly emerged adult bees
were classified as surviving normal (SN), deformed wings (DW), deformed antennae (DA),
and abnormal abdomen shape (AAS) (Table 2) [43]. The larval mortality, pupal mortality,
adult emergence rate, and deformation rate were calculated for each group using the
following formulae [31]:
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Larval mortality = (the number of dead larvae from D3 to D8/the number of larvae on D3) x 100
Pupal mortality = (the number of dead pupae from D8 to D21/the number of pupae on D8) x 100
Adult emergence rate = (the number of emerged bees/the number of larvae on D3) x 100

Deformation rate = (the number of deformed bees/the number of emerged bees) x 100

Table 2. List and descriptions of mortality symptoms during developmental stage and deformation
symptoms observed in emerged adult bees. This table is modified from Fine et al. [42] and Barbosa

et al. [43].
Symptom Description
Early death (ED) Sunk in diet, failed to maintain the C-shape, flattening
Melanizing death (MD) Death with darkening internally or externally, having
black spots
Failed molt (FM) Failure to evert 1magmal discs, but the pupal molt is
incomplete
Failed adult molt (FA) Failure to emerge from final molt
Surviving normal (SN) Survived and successfully eclosed as bees
Deformed wings (DW) Eclosed as bees with deformed wings
-with short wings (DSW) Eclosed as bees with short wings
-with tangled wings (DTW) Eclosed as bees with tangled wings
Deformed antennae (DA) Eclosed as bees with deformed antennae

Eclosed as bees with abnormal abdomen shape

Abnormal abdomen shape (AAS) (humpback)

2.4. Statistical Analysis

A statistical analysis of the data was carried out using the SPSS statistical software
program (SPSS 20.0 Inc., Chicago, IL, USA). A Pearson’s chi-square test was used to com-
pare larval mortality, pupal mortality, and adult emergence rates among the three groups.
A Fisher’s exact test was used to assess differences between the total deformation rates
of emerged bees in the three groups. The Kaplan—Meier log-rank test was used to com-
pare the survival curves of each group. The mortality, emergence rates, and deformation
rates were expressed as means + SE. Means + SE (standard error) were calculated for the
four replicate values of each group. The emergence date, adult weight, and length were
expressed as means + SD (standard deviation). The dates of emergence, and the adult
weight and length at D21, were tested by the one-way ANOVA and were determined using
Tukey’s HSD test to compare the values among the three groups. A p-value of <0.05 was
considered as a statistically significant difference.

3. Results
3.1. In Vitro Mortality, Adult Emergence Rates, and Survival

Larval mortality and pupal mortality means & SE were as follows: 4.9 & 0.7% and
16.1 £ 2.8%, respectively, in the NHG; 7.7 £ 4.1% and 13.5 £ 3.4%, respectively, in the
CHG; and 4.2 £ 2.7% and 15.3 & 2.2%, respectively, in the CVG. The three groups satisfied
the OECD test condition that the larval mortalities were less than 15% in the negative
controls. On D21, total emergence rates were 79.9 £ 3.3% in the NHG, 79.9 £ 6.7% in
the CHG, and 81.3 &£ 0.9% in the CVG, which corresponds to the OECD test condition
that the adult emergence rate should be >70% in the controls. No statistically significant
differences were detected among the three groups with respect to larval mortality, pupal
mortality, and adult emergence rates (chi-square test, p > 0.05, Table 3). The survival curves
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of the honey-bee larvae have been illustrated in Figure 1, where no significant differences
were found among the three groups in terms of their survival (Kaplan-Meier log-rank test,
p > 0.05).

Table 3. Larval mortality, pupal mortality, and adult emergence rate in Apis mellifera. Values are
means + SE. No significant differences in mortalities and emergence rates were found among the
three groups (chi-square test, p > 0.05).

NHG ! CHG ? CVG? p Values
Larval mortality (%) 49 (£0.7) 7.7 (£4.1) 4.2 (+2.7) 0.396
Pupal mortality (%) 16.1 (£2.8) 13.5 (£3.4) 15.3 (£2.2) 0.843
Adult emergence rate (%) 79.9 (+£3.3) 79.9 (£6.7) 81.3 (+£0.9) 0.943

! NHG: the non-capped and horizontally oriented groups; 2 CHG: the capped and horizontally oriented groups;
3 CVG: the capped and vertically oriented groups.

1.0' e—3
, — NHG
0.8 EE— CHG
CVG
= 067
2
=3
]
3
0.4
0.2
0.0
T T T T T
0 5 10 15 20

Day

Figure 1. The survival curves of the honey-bee larvae of the horizontally oriented groups and the
vertically oriented groups over 21 days, which were assessed by the Kaplan-Meier log-rank test
(p > 0.05). NHG: the non-capped and horizontally oriented groups; CHG: the capped and horizontally
oriented groups; CVG: the capped and vertically oriented groups.

3.2. Emergence Rates by Time (Days)

The emergence rates of each group were assessed according to the time (days). By
D17, honey bees from the groups had not emerged, and then, on D18, worker bees began
to emerge at 4.0% in the NHG, 0.7% in the CHG, and 1.4% in the CVG. On D19, more than
half of the bees (75.7%) emerged in the NHG, and 59.0% in the CVG, compared to the 39.6%
of bees that emerged in the CHG. Finally, on D21, 79.9% of bees emerged in the NHG, 79.9%
of bees emerged in the CHG, and 81.3% of bees emerged in the CVG (Figure 2). The mean
emergence date of the NHG was 19.00 £ 0.32 days, that of the CHG was 19.85 £ 0.93 days,
and that of the CVG was 19.39 &+ 0.74 days. The three groups demonstrated a statistically
significant difference in emergence date (Tukey’s HSD test, p < 0.05).
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Figure 2. Emergence rates of each group from D15 to D21. NHG: the non-capped and horizontally
oriented groups; CHG: the capped and horizontally oriented groups; CVG: the capped and vertically
oriented groups.

3.3. Deformation Rate of Newly Emerged Adult Bees

The total deformation rates were 27.8 & 7.7% in the NHG, 26.1 + 6.9% in the CHG,
and 11.9 £ 2.0% in the CVG. The deformation rates of NHG and CHG were significantly
higher than those of CVG (Fisher’s exact test, p < 0.05, Figure 3). Figure 4 illustrates
examples of normal and deformed bees in the three groups. DW was shorter or had
tangled ends compared to the normal wings. DA had curved ends compared to the normal
antennae. Additionally, an AAS was more curved compared to the normal abdomen
shape. Deformation symptoms were classified into 9 categories, including AAS, DSW,
DTW, deformed with tangled wings asymmetrically (DTWA), and DA. In the NHG, the
deformation rates were AAS (13.9%), DSW (0.9%), DTW (0.9%), DTWA (3.5%), AAS + DW
(4.3%), DW + DA (0.9%), and AAS + DW + DA (2.6%). In the CHG, the deformation rates
were AAS (4.3%), DSW (4.3%), DTW (3.5%), DTWA (6.1%), DA (0.9%), AAS + DW (4.3%),
AAS + DA (1.7%), DW + DA (0.9%), and AAS + DW + DA (0.9%). In CVG, the deformation
rates were AAS (3.4%), DSW (1.7%), DTW (1.7%), DTWA (3.4%), DA (0.9%), and DW + DA
(0.9%) (Table 4).

50
;\3
~ 40
L a
s a
o
g 30
T
g
=
ug 20
eo! b
S 10
<
0
NHG CHG CVG
Groups

Figure 3. Deformation rates of newly emerged adult bees. The different letters above the bars indicate
significant differences among the three groups (Fisher’s exact test, p < 0.05). NHG: the non-capped
and horizontally oriented groups; CHG: the capped and horizontally oriented groups; CVG: the
capped and vertically oriented groups.
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Figure 4. The observed symptoms of newly emerged adult bees. (A) Surviving normal (SN); (B) Deformed with short
wings (DSW); (C) Deformed with tangled wings (DTW); (D) Normal (above) and abnormal abdomen shape (AAS) (below);
(E) Deformed antennae (DA). Scale bar = 1 mm.

Table 4. The overall percentage of observed symptoms of newly emerged adult bees. Each percentage
in the following table is a calculated value of the ratio of the number of deformed bees to the total
number of emerged bees.

Observed Symptoms ! NHG 2 CHG?3 CVG*
SN (%) 73.0 73.0 88.0
AAS (%) 13.9 4.3 3.4
DSW (%) 0.9 4.3 1.7
DTW (%) 0.9 3.5 1.7
DTWA (%) 3.5 6.1 3.4
DA (%) 0.0 0.9 0.9
AAS + DW (%) 43 4.3 0.0
AAS + DA (%) 0.0 1.7 0.0
DW + DA (%) 0.9 0.9 0.9
AAS + DW + DA (%) 2.6 0.9 0.0

1 SN: survived and successfully eclosed as bees; AAS: abnormal abdomen shape; DSW: deformed with short
wings; DTW: deformed with tangled wings; DTWA: deformed with tangled wings asymmetrically; DA: deformed
antennae; DW: deformed wings; 2 NHG: the non-capped and horizontally oriented groups; > CHG: the capped
and horizontally oriented groups;  CVG: the capped and vertically oriented groups.

The main deformation symptoms were simplified into three categories as follows:
AAS, DW and DA. The percentage of SN, AAS, DW, and DA were 73.1%, 17.0%, 8.7%, and
1.3%, respectively, in the NHG; 73.0%, 7.7%, 16.8%, and 2.5%, respectively, in the CHG; and
88.0%, 3.4%, 7.3% and 1.3%, respectively, in the CVG (Figure 5).
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Figure 5. Percentage of observed symptoms of emerged bees. SN: survived and successfully eclosed
as bees; AAS: abnormal abdomen shape; DW: deformed wings; DA: deformed antennae.

3.4. Body Weight and Length of Newly Emerged Adult Bees

The mean weight and length of the emerged bees were 67.40 &+ 12.24 mg and
10.88 £ 0.96 mm in the NHG, 69.77 £ 12.63 mg and 10.82 £ 0.92 mm in the CHG, and
71.95 £ 12.12 mg and 11.55 & 1.00 mm in the CVG, respectively. Adult weights of CVG
were significantly higher than those of NHG (p = 0.014). Additionally, the length of the
emerged bees in the CVG was significantly larger than that of the NHG and CHG (one-way
ANOVA, F(y, 344) = 21.072, p < 0.05, Table 5).

Table 5. The body weight and length of the newly emerged adult bees. Values are means & SD.
Means followed by the different letters across a row are significantly different (one-way ANOVA,
p <0.05).

Weight (mg) Length (mm)
NHG ! 67.40 (£12.24) a 10.88 (+0.96) a
CHG? 69.77 (£12.63) ab 10.82 (£0.92) a
CVG?3 71.95 (£12.12) b 11.55 (£1.00) b

I NHG: the non-capped and horizontally oriented groups; > CHG: the capped and horizontally oriented groups; 3
CVG: the capped and vertically oriented groups.

4. Discussion

Many studies have emphasized the importance of rearing honey-bee larvae in vitro
for testing the toxicity of pesticides and, sequentially, experimental rearing methods have
been systematically developed [12,18,32,44]. Natural or commercial hives consist of several
honeybee combs with vertical structures for brood rearing and storing honey-bee prod-
ucts [45]. Conversely, as displayed in the OECD guidelines [30,31], many laboratories
have generally performed experiments placing the rearing plates horizontally during all
developmental stages (from larvae to adults). However, the horizontal rearing plates may
induce deformations in emerged bees [32,41]. The purpose of this study was to analyze the
effects of vertical and horizontal rearing plates on the emergence rates and deformation
rates of newly emerged bees.

Honey bee larval defecation is usually on D7 after grafting [21]. Several recent studies
suggest that the larvae should be transferred to a new clean plate, since larval mortality
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may increase due to the defecation of the larvae [12,17,38]. However, transferring larvae
may cause mechanical stress or contamination of the larvae [39]. Besides, when feeding the
total diet of 160 pL, the larvae eat all the food provided, thus, it is not necessary to move
the larvae to new cell cups or clean the grafting cell cups [32]. Brodschneider et al. [41]
placed rearing plates capped with thin wax layers vertically on D11. As a result, the total
mortality until emergence was 16.3% in the control groups; they also reported similar
flight performance between reared bees in vitro and hives. Likewise, Krainer et al. [46]
demonstrated a total mortality of 28.1% in the control groups. They sealed rearing plates
with the wax layer and the plates were placed vertically on D12. In our experiments, there
were no significant differences in larval mortality, pupal mortality, and adult emergence
rates among the three groups. The total adult emergence rates were about 80% in the three
groups. Thus, each group exhibited similar survival rates of bee larvae regardless of plate
position (horizontal and vertical).

For the most part, the worker bees reared in vitro emerged on D17-D18 after graft-
ing [20]. In our experiments, bees of each group began to emerge from D18. Bees in the
NHG were the earliest to emerge among the three groups. These differences could be due to
external stimulus by the newly emerged bees that roam and stimulate other non-emergent
pupae in the cells of 48-well tissue plates. Namely, bees in CHG and CVG may emerge
more slowly, since the wax layer of the plate could interrupt this external stimulus. In
particular, the CHG was the slowest among the three groups. This may be because more
force is needed to break through the wax layer against gravity on the horizontal plate than
on the vertical plate.

Tehel et al. [47] inoculated the honey-bee pupa with deformed wing virus (DWV) and
tested the relative effects of the genotype of DWV on the mortality and wing malformation
of adult honey bees. They placed the plate vertically so that pupae were horizontal
in the incubators and monitored the pupal development. They observed that 23% of
emerged bees in the control had wing deformities. In our experiments, the deformations
of adults included deformed wings, deformed antennae, and abnormal abdomen shape,
and horizontally oriented groups (NHG and CHG) demonstrated higher deformation rates
(27.8% and 26.1%) than the vertically oriented groups (11.9%). In particular, the NHG and
CHG had more wing or abdominal deformations than the CVG. Although the cause of
deformation in emerged bees is not clear, all adults with deformations were derived only
from deformed pupae [43]. Additionally, the wings of honey bees are formed during the
pupal development stage [48]. When the rearing plates were horizontal, the pupae in the
cell cups hold a vertical state. Thus, the pupal body is pulled down by gravity, affecting the
wing and abdominal development [41]. In this regard, deformed bees may already have
external deformations from the pupal stage.

In other studies, the rearing plates were capped and set vertically on D11 after grafting
when pupation started, but in our experiments, the plates were capped with a wax layer
on D15 to observe the mortality during the pupal stages. For this reason, it is thought that
the horizontal condition between D11 and D14 (before capping the plates with wax layer)
had already affected the pupae, resulting in abdominal and wing deformations in the CVG.
Mechanisms for explaining antennae deformations due to physical external deformation
have not been described in other studies.

The average adult weight ranged from 67.40 to 71.95 mg in our experiments; similarly,
Brodschneider et al. [41] measured 76.6 &+ 11.6 mg in emerged bees of the control groups.
The average adult weight of the CVG was significantly higher than that of the NGH. The
emerged bees of the CVG were significantly larger by 0.7 mm than the NHG and CHG,
and this difference appeared to be due to the abnormal shapes, such as the humpback and
abdominal shrinkage that were observed in bees reared horizontally.

Barbosa et al. [43] reported that when azadirachtin and spinosad were treated on
the stingless bee, Melipona quadrifasciata, deformed pupae and emerged bees with wing,
antennae, and leg deformities occurred. Additionally, they reported that deformed bees
had side effects regarding flight activity or olfactory activity. Therefore, the deformations
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occurring in emerged bees have the potential to directly affect the activity of worker bees,
and thus, these deformations can also be evaluated as sublethal effects [43]. In the present
study, the mean adult deformation rates in CVG were approximately 12%. Thus, the
vertical rearing method can be supported as a more appropriate method to verify the
effects of pesticides on honey bees by considering the deformation rates in the control
group. In future studies, the mechanisms of deformations in emerged honeybees that were
identified here should be investigated.

5. Conclusions

Overall, there were no statistically significant differences in the emergence rates of
adult bees between the horizontal and vertical plates, but the total deformation rates
of the horizontal plates were significantly higher than those of the vertical plates. Our
results are the first to discuss the emergence rates and deformation rates of honey bees
concerning the position of plates in a laboratory. Considering these conclusions, the vertical
rearing method with lower adult deformation rates appears to be more suitable, when
considering the deformation rates of the control groups in order to verify the sublethal
effects of pesticides on the bees. In the honey-bee larval toxicity test, according to the
OECD guidelines, it is necessary to confirm the pupal mortality at the pupal stages (from
D8 to D21). However, the vertical rearing plates must be capped with a wax layer on D15,
so it may be difficult to check the pupal mortality after D15. Consequently, the rearing
conditions and the position of rearing plates should be carefully considered depending on
the purpose of the larval toxicity tests.

Author Contributions: Conceptualization, ]J.K. and K.C.; methodology, J.K. and K.C.; validation,
J.K. and K.C,; formal analysis, ] K.; investigation, ] K., B.-S.K. and C.-Y.Y,; funding acquisition, K.C.;
resources, Y.-5.C.; data curation, ] K.; writing—original draft preparation, J.K.; writing—review and
editing, K.C.; visualization, ].K.; supervision, K.C., J.-A.O. and H.-H.P,; project administration, K.C.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by a grant from the Research Program for Agricultural Science
& Technology Development (Project No. PJ015797), National Institute of Agricultural Science, Rural
Development Administration, Korea. It was also partly supported by 2021 collaborative research
program between the university and Rural Development Administration, Korea.

Institutional Review Board Statement: Not applicable.

Acknowledgments: The authors wish to thank the beekeepers of the Sericulture and Apiculture
Division for their help.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the
design, conduct, investigation, analysis, or writing of the study.

References

1.  Potts, S.G.; Biesmeijer, ].C.; Kremen, C.; Neumann, P.; Schweiger, O.; Kunin, W.E. Global pollinator declines: Trends, impacts and
drivers. Trends Ecol. Evol. 2010, 25, 345-353. [CrossRef]

2. Gallai, N.; Salles, ].M.; Settele, J.; Vaissiere, B.E. Economic valuation of the vulnerability of world agriculture confronted with
pollinator decline. Ecol. Econ. 2009, 68, 810-821. [CrossRef]

3.  Lebuhn, G.; Droege, S.; Connor, E.F.; Gemmill-Herren, B.; Potts, 5.G.; Minckley, R.L.; Griswold, T.; Jean, R.; Kula, E.; Roubik, D.W,;
et al. Detecting insect pollinator declines on regional and globalscales. Conserv. Biol. 2013, 27, 113-120. [CrossRef]

4. Neumann, P,; Carreck, N.L. Honey bee colony losses. . Apic. Res. 2010, 49, 1-6. [CrossRef]

5. Vander Zee, R;; Pisa, L.; Andonov, S.; Brodschneider, R.; Charriere, ].D.; Chlebo, R.; Coffey, M.F,; Crailsheim, K.; Dahle, B.; Gajda,
A.; et al. Managed honey bee colony losses in Canada, China, Europe, Israel and Turkey, for the winters of 2008-9 and 2009-10. J.
Apic. Res. 2012, 51, 100-114. [CrossRef]

6.  Vanbergen, A.].; Baude, M.; Biesmeijer, ].C.; Britton, N.F,; Brown, M.].F,; Brown, M.; Carvell, C. Threats to an ecosystem service:
Pressures on pollinators. Front. Ecol. Environ. 2013, 11, 251-259. [CrossRef]

7. Fairbrother, A.; Purdy, J.; Anderson, T.; Fell, R. Risks of neonicotinoid insecticides to honey bees. Environ. Toxicol. Chem. 2014, 33,
719-731. [CrossRef]

8.  Staveley, ].P.; Law, S.A.; Fairbrother, A.; Menzie, C.A. A causal analysis of observed declines in managed honey bees (Apis

mellifera). Hum. Ecol. Risk Assess. 2014, 20, 566-591. [CrossRef] [PubMed]


http://doi.org/10.1016/j.tree.2010.01.007
http://doi.org/10.1016/j.ecolecon.2008.06.014
http://doi.org/10.1111/j.1523-1739.2012.01962.x
http://doi.org/10.3896/IBRA.1.49.1.01
http://doi.org/10.3896/IBRA.1.51.1.12
http://doi.org/10.1890/120126
http://doi.org/10.1002/etc.2527
http://doi.org/10.1080/10807039.2013.831263
http://www.ncbi.nlm.nih.gov/pubmed/24363549

Insects 2021, 12, 603 12 of 13

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

VanEngelsdorp, D.; Speybroeck, N.; Evans, ].D.; Nguyen, B.K.; Mullin, C.; Frazier, M.; Frazier, J.; Cox-Foster, D.; Chen, Y.; Tarpy,
D.R; et al. Weighing risk factors associated with bee colony collapse disorder by classification and regression tree analysis. J.
Econ. Entomol. 2010, 103, 1517-1523. [CrossRef]

Ratnieks, FL.W.; Carreck, N.L. Clarity on Honey Bee Collapse? Science 2010, 327, 152-153. [CrossRef]

Grillone, G.; Laurino, D.; Manino, A.; Porporato, M. Toxicity of thiametoxam on in vitro reared honey bee brood. Apidologie 2017,
48, 635-643. [CrossRef]

Schmehl, D.R.; Tome, H.V.V,; Mortensen, A.N.; Martins, G.F; Ellis, ].D. Protocol for the in vitro rearing of honey bee (Apis mellifera
L.) workers. J. Apic. Res. 2016, 55, 113-129. [CrossRef]

Blacquiere, T.; Smagghe, G.; van Gestel, C.A.M.; Mommaerts, V. Neonicotinoids in bees: A review on concentrations, side-effects
and risk assessment. Ecotfoxicology 2012, 21, 973-992. [CrossRef]

Krupke, C.H.; Hunt, G.J.; Eitzer, B.D.; Andino, G.; Given, K. Multiple Routes of Pesticide Exposure for Honey Bees Living Near
Agricultural Fields. PLoS ONE 2012, 7, €29268. [CrossRef] [PubMed]

Medrzycki, P; Giffard, H.; Aupinel, P,; Belzunces, L.P.; Chauzat, M.-P; ClaBen, C.; Colin, M.E.; Dupont, T.; Girolami, V.; Johnson,
R.; et al. Standard methods for toxicology research in Apis mellifera. J. Apic. Res. 2013, 52, 1-60. [CrossRef]

Alix, A.; Chauzat, M.P.;; Duchard, S.; Lewis, G.; Maus, C.; Miles, M.J.; Pilling, E.D.; Thompson, H.M.; Wallner, K. Environmental
risk assessment scheme for plant protection products. Chapter 10: Honeybees-proposed scheme. Julius-Kiihn-Archiv 2010, 423,
27-33.

Aupinel, P; Fortini, D.; Michaud, B.; Medrzyck, P.; Padovani, E.; Przygoda, D.; Maus, C.; Charriere, ].D.; Kilchenmann, V.;
Riessberger-Galle, U.; et al. Honey bee brood ring-test: Method for testing pesticide toxicity on honeybee brood in laboratory
conditions. Julius-Kiihn-Archiv 2009, 423, 96-101.

Hendriksma, H.P,; Hartel, S.; Steffan-Dewenter, I. Honey bee risk assessment: New approaches for in vitro larvae rearing and
data analyses. Methods Ecol. Evol. 2011, 2, 509-517. [CrossRef]

Mortensen, A.N.; Ellis, ].D. A honey bee (Apis mellifera) colony’s brood survival rate predicts its in vitro-reared brood survival
rate. Apidologie 2018, 49, 573-580. [CrossRef]

Bredsgaard, C.J.; Ritter, W.; Hansen, H. Response of in vitro reared honey bee larvae to various doses of Paenibacillus larvae
larvae spores. Apidologie 1998, 29, 569-578. [CrossRef]

Peng, Y.S.C.; Mussen, E.; Fong, A.; Montague, M.A.; Tyler, T. Effects of chlortetracycline on honey bee worker larvae reared
in vitro. . Invertebr. Pathol. 1992, 60, 127-133. [CrossRef]

Kaftanoglu, O.; Linksvayer, T.A.; Page, R.E. Rearing Honey Bees, Apis mellifera, in vitro 1: Effects of Sugar Concentrations on
Survival and Development. J. Insect Sci. 2011, 11, 1-10. [CrossRef] [PubMed]

Rembold, H.; Lackner, B. Rearing of honey bee larvae in vitro: Effect of yeast extract on queen differentiation. J. Apic. Res. 1981,
20,165-171. [CrossRef]

Tavares, D.A.; Roat, T.C.; Carvalho, S.M.; Silva-Zacarin, E.C.M.; Malaspina, O. In vitro effects of thiamethoxam on larvae of
Africanized honey bee Apis mellifera (Hymenoptera: Apidae). Chemosphere 2015, 135, 370-378. [CrossRef]

Dai, P; Jack, C.J.; Mortensen, A.N.; Bustamante, T.A.; Bloomquist, ].R.; Ellis, J.D. Chronic toxicity of clothianidin, imidacloprid,
chlorpyrifos, and dimethoate to Apis mellifera L. larvae reared in vitro. Pest Manag. Sci. 2019, 75, 29-36. [CrossRef]

Rhein, W.V. Uber die Entstehung des weiblichen Dimorphismus im Bienenstaate. Wilhelm Roux Arch. Entwickl. Mech. Org. 1933,
129, 601-665. [CrossRef] [PubMed]

Vandenberg, J.D.; Shimanuki, H. Technique for rearing worker honey bees in the laboratory. J. Apic. Res. 1987, 26, 90-97.
[CrossRef]

Wittmann, D.; Engels, W. Development of test procedures for insecticide-induced brood damage in honey bees. Mitt. Dtsch. Ges.
Allg. Angew. Entomol. 1981, 3, 187-190.

Davis, A.R.; Solomon, K.R.; Shuel, R.W. Laboratory studies of honey bee larval growth and development as affected by systemic
insecticides at adult-sublethal levels. J. Apic. Res. 1988, 27, 146-161. [CrossRef]

OECD. Test No. 237: Honey Bee (Apis mellifera) Larval Toxicity Test, Single Exposure. OECD Guidance for the Testing of Chemicals,
Section 2, No. 237; OECD Publishing: Paris, France, 2013.

OECD. Test No. 239: Honey Bee (Apis mellifera) Larval Toxicity Test, Repeated Exposure. OECD Environment, Health and Safety
Publications, Series on Testing and Assessment, No.239; OECD Publishing: Paris, France, 2016.

Crailsheim, K.; Brodschneider, R.; Aupinel, P.,; Behrens, D.; Genersch, E.; Vollmann, J.; Riessberger-Gallé, U. Standard methods for
artificial rearing of Apis mellifera larvae. . Apic. Res. 2013, 52, 1-16. [CrossRef]

Fukuda, H.; Sakagami, S.F. Worker brood survival in honey bees. Res. Popul. Ecol. 1968, 10, 31-39. [CrossRef]

Medrzycki, P.; Sgolastra, F,; Bortolotti, L.; Bogo, G.; Tosi, S.; Padovani, E.; Porrini, C.; Sabatini, A.G. Influence of brood rearing
temperature on honey bee development and susceptibility to poisoning by pesticides. J. Apic. Res. 2010, 49, 52-59. [CrossRef]
Williams, G.R.; Alaux, C.; Costa, C.; Csaki, T.; Doublet, V.; Eisenhardt, D.; Kuhn, R.; McMahon, D.P.; Medrzycki, P.; Murray, T.E.
Standard methods for maintaining adult Apis mellifera in cages under in vitro laboratory conditions. . Apic. Res. 2013, 52, 1-35.
[CrossRef]

Staron, M.; Sabo, R.; Starofiova, D.; Sabova, L.; Abou-Shaara, H.F. The age of honey bee larvae at grafting can affect survival
during larval tests. Environ. Exp. Biol. 2019, 17, 1-4.


http://doi.org/10.1603/EC09429
http://doi.org/10.1126/science.1185563
http://doi.org/10.1007/s13592-017-0506-6
http://doi.org/10.1080/00218839.2016.1203530
http://doi.org/10.1007/s10646-012-0863-x
http://doi.org/10.1371/journal.pone.0029268
http://www.ncbi.nlm.nih.gov/pubmed/22235278
http://doi.org/10.3896/IBRA.1.52.4.14
http://doi.org/10.1111/j.2041-210X.2011.00099.x
http://doi.org/10.1007/s13592-018-0584-0
http://doi.org/10.1051/apido:19980609
http://doi.org/10.1016/0022-2011(92)90085-I
http://doi.org/10.1673/031.011.9601
http://www.ncbi.nlm.nih.gov/pubmed/22208776
http://doi.org/10.1080/00218839.1981.11100492
http://doi.org/10.1016/j.chemosphere.2015.04.090
http://doi.org/10.1002/ps.5124
http://doi.org/10.1007/BF00656581
http://www.ncbi.nlm.nih.gov/pubmed/28353923
http://doi.org/10.1080/00218839.1987.11100743
http://doi.org/10.1080/00218839.1988.11100795
http://doi.org/10.3896/IBRA.1.52.1.05
http://doi.org/10.1007/BF02514731
http://doi.org/10.3896/IBRA.1.49.1.07
http://doi.org/10.3896/IBRA.1.52.1.04

Insects 2021, 12, 603 13 of 13

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.

48.

Zhu, W.; Schmehl, D.R.; Mullin, C.A ; Frazier, ].L. Four common pesticides, their mixtures and a formulation solvent in the hive
environment have high oral toxicity to honey bee larvae. PLoS ONE 2014, 9, e77547.

Aupinel, P; Fortini, D. Improvement of artificial feeding in a standard in vitro method for rearing Apis mellifera larvae. Bull.
Insectol. 2005, 58, 107-111.

Vazquez, D.E.; Farina, W.M. Differences in pre-imaginal development of the honey bee Apis mellifera between in vitro and in-hive
contexts. Apidologie 2020, 51, 861-875. [CrossRef]

Riessberger-Gallé, U.; Vollmann, J.; Brodschneiderl, R.; Aupinel, P; Crailsheim, K. Improvement in the pupal development of
artificially reared honeybee larvae. Apidologie 2008, 39, 595.

Brodschneider, R.; Riessberger-Gallé, U.; Crailsheim, K. Flight performance of artificially reared honeybees (Apis mellifera).
Apidologie 2009, 40, 441-449. [CrossRef]

Fine, J.D.; Cox-Foster, D.L.; Mullin, C.A. An inert pesticide adjuvant synergizes viral pathogenicity and mortality in honey bee
larvae. Sci. Rep. 2017, 7, 40499. [CrossRef]

Barbosa, W.F,; Tome, H.V.V,; Bernardes, R.C.; Siqueira, M.A.L.; Smagghe, G.; Guedes, R.N.C. Biopesticide-induced be-havioral
and morphological alterations in the stingless bee Melipona quadrifasciata. Environ. Toxicol. Chem. 2015, 34, 2149-2158. [CrossRef]
[PubMed]

Yang, Y.; Ma, S.; Liu, F; Wang, Q.; Dai, P. Acute and chronic toxicity of acetamiprid, carbaryl, cypermethrin and deltamethrin to
Apis mellifera larvae reared in vitro. Pest Manag. Sci. 2019, 76, 978-985. [CrossRef] [PubMed]

Seeley, T.D.; Morse, R.A. The nest of the honey bee (Apis mellifera L.). Lnsectes Sociaux 1976, 23, 495-512. [CrossRef]

Krainer, S.; Brodschneider, R.; Vollmann, J.; Crailsheim, K.; Riessberger-Gallé, U. Effect of hydroxymethylfurfural (HMF) on
mortality of artificially reared honey bee larvae (Apis mellifera carnica). Ecotoxicology 2016, 25, 320-328. [CrossRef] [PubMed]
Tehel, A.; Vu, Q.; Bigot, D.; Gogol-Doring, A.; Koch, P; Jenkins, C.; Doublet, V.; Theodorou, P.; Paxton, R. The two prevalent
genotypes of an emerging infectious disease, deformed wing virus, cause equally low pupal mortality and equally high wing
deformities in host honey bees. Viruses 2019, 11, 114. [CrossRef]

Oertel, E. Metamorphosis in the honeybee. J. Morphol. 1930, 50, 295-339. [CrossRef]


http://doi.org/10.1007/s13592-020-00767-0
http://doi.org/10.1051/apido/2009006
http://doi.org/10.1038/srep40499
http://doi.org/10.1002/etc.3053
http://www.ncbi.nlm.nih.gov/pubmed/26190792
http://doi.org/10.1002/ps.5606
http://www.ncbi.nlm.nih.gov/pubmed/31486576
http://doi.org/10.1007/BF02223477
http://doi.org/10.1007/s10646-015-1590-x
http://www.ncbi.nlm.nih.gov/pubmed/26590927
http://doi.org/10.3390/v11020114
http://doi.org/10.1002/jmor.1050500202

	Introduction 
	Materials and Methods 
	Rearing Honey Bee Larvae In Vitro 
	Experimental Design 
	Mortality and Abnormal Symptoms 
	Statistical Analysis 

	Results 
	In Vitro Mortality, Adult Emergence Rates, and Survival 
	Emergence Rates by Time (Days) 
	Deformation Rate of Newly Emerged Adult Bees 
	Body Weight and Length of Newly Emerged Adult Bees 

	Discussion 
	Conclusions 
	References

