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Abstract – Sacbrood virus (SBV) caused significant colony collapse in Korean Apis cerana . Therefore, breeding
of resistant bees to counter this viral disease is urgently needed. Considering that hygienic behavior in honey bees
confers colony-level resistance against brood diseases, we utilized this trait for selecting A. cerana colonies. In
addition, the brood survival rate was evaluated after colonies were SBV-inoculated. Over four selective generations,
dead brood removal and brood survivorship in selected colonies were higher than those in the controls, which were
not selectively bred for those traits (P < 0.01, 99.3 vs. 89.9% for removal of pin-killed pupae; P < 0.01, 99.0 vs.
63.9% for removal of SBV-killed larvae; and P < 0.01, 70.0 vs. 9.2% for brood survivorship). Following SBV
inoculation, selected colonies showed an increase in the number of surviving pupae and adults, whereas control
colonies collapsed mostly. Our results confirm the feasibility of selecting SBV-resistant A. cerana .

Apis cerana / bee breeding / Sacbrood virus / instrumental insemination / brood disease

1. INTRODUCTION

Apis cerana Fabricius (Hymenoptera: Apidae)
is one of the most important domesticated bee
species for the production of high-value bee prod-
ucts and due to its excellent pollination ability,
plays an important role in maintaining the biodi-
versity of plants in Asian countries (Corlett 2004).
However, A. cerana populations have greatly de-
creased in recent years and some populations are
near to extinction across Asian countries (Theisen-

Jones and Bienefeld 2016). The prime reason for
A. cerana colony losses is the Sacbrood virus
(SBV) infection. Since its first observation in 2008,
SBV has caused more than 90% of mortality in
South Korea (Choi et al. 2010).

The SBV is a linear positive single-stranded
RNA virus belonging to the genus Iflavirus in
the family Iflaviridae (Baker and Schroeder
2008). The virus primarily affects the brood stage
of honey bees, with high viral replication causing
significant morphological alterations and ulti-
mately larval death (Bailey et al. 1964) and is
t ransmit ted horizontal ly through SBV-
contaminated food as well as vertically through
queens and drones (Shan et al. 2017).

As social insects, colony members of honey
bees can perform both individual and collective
defenses to combat diseases and to promote the
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increase of fitness of the entire colony (Evans
et al. 2006; Cremer et al. 2018). Individual de-
fenses typically rely on physiological changes that
limit pathogen development into the host (i.e., im-
mune system) and behavioral processes that reduce
the risk of pathogen infection (Siva-Jothy et al.
2005; Evans et al. 2006; Brutscher et al. 2015).
However, previous studies have shown that genes
involved in the innate immunity of honey bees are
reduced to a third of those observed in other insects
(Honeybee Genome Sequencing Consortium
2006; Evans et al. 2006; McMenamin et al.
2018). Instead, honey bees rely largely on social
immunity to defend against diseases (Cremer et al.
2018). Therefore, in honey bees, breeding strate-
gies targeting traits related to both individual and
social immunities might be effective for the selec-
tion of disease-resistant bees.

Among the social immunity of honey bees, the
hygienic behavior, which may exist in all eusocial
insects (Cremer and Sixt 2009), plays an impor-
tant role in the reduction of the loads and trans-
mission rates of pathogens in colonies (Spivak
and Reuter 2001; Cremer et al. 2018). The hy-
gienic behavior in honey bees involves the ability
of workers to detect and remove diseased, dead,
and parasitized broods from colonies (Rath 1999;
Lin et al. 2016). Hygienic behavior was reported
to be a heritable behavioral trait against brood
diseases of honey bees and is commonly consid-
ered as a target trait in honey bee breeding pro-
grams aiming to improve the vitality of colonies
(Gilliam et al. 1983; Milne 1985; Rosenkranz
et al. 1993; Spivak and Reuter 2001).

Honey bees are social hymenoptera with the
highest levels of multiple mating and as a result,
maintain a high level of intracolony genetic diver-
sity (Oldroyd et al. 1998; DeFelice et al. 2015).
The genetic diversity of patrilines leads to inheri-
tance of different alleles, including those related to
disease resistance, by F1 offspring, allowing both
colonies and individuals to have various levels of
immune responses. Thus, it is less likely for a
particular pathogen to cause an entire colony-
level infection (Evans and Spivak 2010). There-
fore, for the development of bees that are resistant
against diseases, it is important to evaluate indi-
viduals’ capacities for disease resistance in order
to use such traits as breeding sources.

Therefore, in this study, we selected colonies
that performed superior hygienic removal of pin-
killed pupae and SBV-killed larvae and exhibited
higher levels of brood survivorship. According to
the results of evaluations on the hygienic behavior
and brood viability of colonies in each generation,
the best performing colonies (selected from sub-
sets of each line) were used either to rear daughter
queens or to produce drones. After four selective
generations, the selected A. cerana colony
showed high resistance against SBV. Thus, this
study provides a practical method for the selection
of SBV-resistant honey bee lines.

2. MATERIALS AND METHODS

2.1. Bee sources

A collection of 40 indigenous Korean
A. cerana colonies originated from Gumi,
Gangjin, Ichon, and Tongyeong, which are locat-
ed at least 100 km away from each other and were
used for breeder colonies. In each location, 10
colonies were chosen from several apiaries in
which the breeders had annually been undergone
phenotypic selection for the absence of visible
signs of SBV. The selected colonies also exhibited
superior apicultural characteristics, such as larger
worker population and solid patterns of sealed
brood. The colonies were then located in the Na-
tional Institute of Agricultural Sciences, Jeonju
City, Korea (36°49′30″ N, 127°2′3″ E) in 2015.
Colonies originated from Tongyeong served as
control for each generation.

2.2. Breeding and selection procedures

The main targets for the selection of SBV re-
sistant A. cerana colonies were traits related to
superior hygienic behavior and high brood surviv-
al rate. The performance of colonies based on
those traits was compared with that of control
colonies in order to select those that exhibited
the highest level of hygienic behavior and brood
viability. The best performing colonies (n = 6)
from each line were selected either to rear daugh-
ter queens or to produce drones that contributed
semen for artificial insemination of virgin queens.
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The collected colonies were maintained in an
apiary for the observation of natural SBV infec-
tion from autumn 2015. In early spring 2016, the
colonies collected from four locations (four pri-
mary groups) displaying better winter survivor-
ship, larger population, and absence of SBV
symptoms were subjected to assay for hygienic
behavior by pin-killing method (see detailed de-
scription of pin-killed assay in “Pin-killed pupal
removal test” section). Three most populous col-
onies from the four primary groups that exhibited
over 80% of dead pupal removal within 24 h were
selected as parent colonies in the first generation.
Briefly, we reared queens from the colonies that
originated from Gumi (three colonies) and
Tongyeong (three colonies) and drones from the
colonies that originated from Ichon (three colo-
nies) and Gangjin (three colonies; Figure 1). In the
first generation, virgin queens reared from Gumi
colonies were instrumentally inseminated with
semen of the drones from Ichon colonies to gen-
erate line H. Likewise, line R was the result of
crossbreeding between the virgin queens reared
from Tongyeong colonies and the drones from
Gangjin colonies. Fifteen colonies of each line
(i.e., H and R)were generated in April 2016. From
the second to the fourth generation, lines H and R
were maintained separately. In the fourth genera-
tion, line R × H was the result of crossbreeding
between the virgin queens reared from R colonies
and the drones reared from H colonies (Figure 1).
In each generation, at least 15 colonies for each
line were generated.

In each generation, daughter queens were arti-
ficially reared from three selected mother colonies
of each line (i.e., lines H and R) by grafting 1-day-
old worker larvae into cell cups and suspending
them vertically on a queen cell frame in a
queenless nursery colony. To obtain virgin
queens, queen-destined broods were reared in
SBV-infected nursery colonies, which had been
SBV-inoculated one week prior to queen rearing.
The resulting queen-destined broods were devel-
oped inside their respective cells in nursery colo-
nies and were transferred to individual queen
cages (3.5 × 10 × 1.5 cm) ten days after grafting.
Queen cells were then kept in an incubator
(Growth chamber, Vision VS-1203PFHLN,
Korea) at 34 °C and 60% relative humidity until

the queen’s emergence. Virgin queens were intro-
duced to newly established queenless colonies
containing ~ 4000 workers in the four brood
combs (39 × 23 cm) in a modified Langstroth
10-frame hive box (41 × 41 × 25 cm). The en-
trance of hives was blocked using a queen exclud-
er (a plastic grid that only allows workers to pass
through but restricts the movement of queens) to
prevent natural mating of virgin queens.

For each generation, all daughter queens were
instrumentally inseminated with a mixture of se-
men collected from drones raised in three different
selected colonies of the same line. Drones raised
in different colonies were marked with different
colors on the thorax at their emergence to ensure
that drones used for instrumental insemination
were from the correct breeder colonies. Semen
of drones from the same line was collected with
100-μL glass capillary of Harbo’s syringe (Cobey
et al. 2013). The harvested semen was then mixed
and homogenized following the protocol de-
scribed in Cobey et al. (2013). Four microliter of
homogenized semen was inseminated to a 6-day-
old virgin queen using a Schley insemination
apparatus (Schley Model II, Germany) following
insemination protocol (Cobey et al. 2013). In each
generation, ~ 22–24 virgin queens of each line
were instrumentally inseminated to have at least
15 egg-laying queens.

2.3. SBV diagnosis and quantitative real-
time PCR

Larvae with overt symptoms of SBV infection
were sampled from SBV-infected A. cerana col-
onies. We diagnosed SBV disease and six follow-
ing viruses on Korean A. cerana (Choe et al.
2012), namely, Acute bee paralysis virus (ABPV),
Black queen cell virus (BQCV), Chronic bee pa-
ralysis virus (CBPV), Deformed wing virus
(DWV), Israeli acute paralysis virus (IAPV), and
Kashmir bee virus (KBV), using reverse transcrip-
tion polymerase chain reaction (RT-PCR) proto-
cols described by Choi et al. (2010) and Choe
et al. (2012). RNA extraction was performed
using RNeasy Mini kit (Qiagen, Germany). Total
RNA (1 μg) were used for cDNA synthesis using
EcoDry premix (Takara, Japan). Primers used for
PCR assays were listed in Online resource 1. The
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SBV concentration was then quantified using ab-
solute quantification PCR (qPCR) methods de-
scribed by Wu et al. (2017). The RT-qPCRs were
performed in triplicate in a QuantStudio-5 (Ap-
plied Biosystems, USA) using SYBR green
(AccuPower 2X GreenStar qPCR MasterMix;
Bioneer, Korea). The successful amplification of
reference genes (β-Actin; Online resource 1) was
used to confirm the integrity of samples through-
out the entire procedure, from RNA extraction to
qPCR.

2.4. SBV inoculation

We collected larvae with overt symptoms of
SBV infection (Gong et al. 2016) from a SBV-
infected A. cerana colony that had been been
confirmed, using RT-PCR assays as described
above, for the presence of SBV infection and
absence of the infections of the other six viruses
described above. The procedure to obtain SBV
lysate was conducted as described by Gong et al.
2016. An aliquot of 100-μL resultant solution was
used for SBV quantification using RT-qPCR as-
say, as described above. The SBV concentration
for inoculation was titrated to ~ 2 × 106 copies/μL.
As SBV is mainly horizontally transmitted
through SBV-contaminated food (Chen and
Siede 2007) and in order to provoke SBV infec-
tions in experimental colonies, both larvae and
workers were orally inoculated. Briefly, 500

young larvae (i.e., 1st to 2nd instar larvae) on a
comb of each experimental colony were fed with
SBV solution by trickling a dose of 5-μL SBV
solution to each larva. The workers of each exper-
imental colony were bulk-fed 200-mL sugar syrup
(50% sugar) mixed with 2mL of the SBV solution
using an internal feeder. These procedures were
repeated twice in a 24-h interval. Two weeks after
SBV inoculation, larvae with overt symptoms of
SBV infection and white-eyed pupae from colo-
nies of each line (R, H, and R × H) and the control
in the fourth generation were sampled for SBV
quantification using RT-qPCR protocol.

2.5. Pin-killed pupal removal test

The ability of workers to remove pin-killed
pupae was assayed following the method de-
scribed by Newton and Ostasiewski (1986). Brief-
ly, a sealed brood comb section containing 100
worker pupae with white eyes (~ 8–9 days after
egg hatching) were chosen. Each pupa was killed
by piercing the pupal bodies to the bottom of the
cell with a needle through the cell capping. The
number of empty cells from which killed pupae
had been removed by workers was recorded
twice, 24 and 48 h after pin-killing. In each gen-
eration, the hygienic test was initiated after queens
were allowed to lay eggs for at least 6 weeks; at
which time, the workers that were old enough to
carry out the hygienic behavior were the offspring

Figure 1. Diagrammatic illustration of breeding procedures. Four generations were propagated from four A. cerana
populations collected in Gumi, Ichon, Gangjin, and Tongyeong in South Korea. In each generation, three colonies
from six selected colonies were used to rear drones, whereas the other three colonies were used to rear daughter
queens.
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of the experimental queens. Experiments were
triplicated at 3-day intervals.

2.6. SBV-killed larval removal test

The purpose of this test was to evaluate the
hygienic response of workers against cells con-
taining actual SBV-killed larvae. The selection of
individual SBV-killed larvae on a brood comb
derived from a SBV-infected colony was
inspected visually based on its overt symptoms
(Gong et al. 2016). When the SBV-killed larvae
were detected on the comb, 100 SBV-killed larvae
were indirectly marked. Briefly, we placed a trans-
parent plastic sheet (39 × 23 cm) over the surface
of the comb and secured it with thumb tacks.
Then, we marked this sheet according to its posi-
tion on the frame of the comb in order to be able to
accurately place it back on the comb in the subse-
quent observations. Finally, we marked the loca-
tions of 100 cells containing SBV-killed larvae on
this transparent plastic sheet using a permanent
marker. When the positions of all cells containing
SBV-killed larvae were marked, the transparent
plastic sheet was removed and the comb was
introduced in the experimental colony. The comb
was examined daily for two consecutive days to
record if any changes occurred in individual cells.
At each observation, the comb was removed from
its hive and the transparent plastic sheet was
placed on the surface of the comb and aligned
with original points of reference to count the cells
in which the SBV-killed larvae were completely
removed by workers. Thus, the number of SBV-
killed larvae removed daily was the result of sum-
ming up the empty cells recorded at each obser-
vation. For this test, each colony of the breeding
lines and control received one comb containing
SBV-killed larvae on the same day.

2.7. Larval survivorship in SBV-infected
colonies

This survival test involved the inoculation of
colonies with SBVand the evaluation of the survival
rate of larvae at all larval stages, from 1st to 5th instar
larvae. Five days after the SBV inoculation, an open
brood comb containing newly hatched larvae was
taken out from its hive. One hundred 1st instar larvae

were indirectly marked on a transparent plastic sheet
(as described above in the “SBV-killed larval remov-
al test” section). After the locations of all cells con-
taining 1st instar larvae were marked, the comb was
immediately returned to its respective hive. The
comb was examined daily for five consecutive days
to see if any changes occurred in individual cells. At
each observation, abnormal larvae, which exhibited
overt symptoms of SBV infection or were partially
removed by workers, were all included in the mor-
tality count. Consequently, the number of living
larvae at each age was the result of summing the
cells containing normal larvae counted daily. This
survival test was triplicated at 6-day intervals.

2.8. Colony strength

In order to evaluate the impact of SBV on the
strength of colonies, colonies of breeding lines
and control were SBV-inoculated. The SBV inoc-
ulation was conducted after the queens in colonies
of breeding lines and control were allowed to lay
eggs for 7 weeks in each generation. Following
SBV inoculation, the number of pupae and
workers in each colony were counted every 15
days for three times using a gridded frame (the
size of the bee comb, 39 × 23 cm) consisting of 28
compartments with the size of 4.6 × 4.6 cm.
Briefly, we overlaid the gridded frame on one side
of the comb to count all workers in 28 square
compartments. Then, we counted the square com-
partments containing pupae and extrapolated the
number of square compartments representing the
pupa on one side of the comb to the actual counted
number of pupae by multiplying the total square
compartments by 100 (number of pupae per
square compartment). The same process was re-
peated for both sides of every comb in each col-
ony. Consequently, the total number of pupae and
workers in each colony was the result of summing
the individuals in all combs.

2.9. Data analysis

Kaplan-Meier estimates followed by log-rank
(Mantel-Cox) post hoc tests were used to describe
and compare the hygienic abilities (i.e., removal
of pin-killed pupae and SBV-killed larvae), larval
survivorship, and queen brood survival among
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colonies of breeding lines and the control over
time. Data on the number of pupae and workers
and area of stored honey were analyzed using
repeated measures ANOVA for overall differ-
ences of these measured variables among colonies
of breeding lines and the control and were ana-
lyzed using one-way ANOVA tests followed by
Fisher’s least significant difference (LSD) post
hoc tests for pairwise comparisons of means at
individual observation times. All data sets were
analyzed using IBM SPSS statistic 22.

3. RESULTS

3.1. Removal of pin-killed pupae

The removal proportions of pin-killed pupae
among breeding lines (lines R and H) in the 1st
generation were not significantly different from
the control (in the log-rank chi square test; χ 2 =
1.47, P = 0.48; Figure 2a), but these proportions
were significantly different from the control in the
2nd, 3rd, and 4th generations (χ 2 = 14.01, P <
0.01 in the 2nd generation, Figure 2b; χ 2 = 87.37,
P < 0.01 in the 3rd generation, Figure 2c; and χ 2

= 128.22, P < 0.01 in the 4th generation,
Figure 2d). In the 4th generation, removal propor-
tions of pin-killed pupae in R and H colonies
increased to 97.9% and 98.9% at 48 h, respective-
ly (Figure 2d), indicating a substantial improve-
ment of 8% and 9%, respectively, when compared
with those of the control (Mantel-Cox tests; P <
0.01 in both pairwise comparisons). In particular,
fourth-generation colonies of the R and H
crossline (R × H) showed the highest removal
proportion of pin-killed pupae (99.3% at 48 h,
Figure 2d) among the whole experimental group.

3.2. Removal of SBV-killed larvae

Removal proportions of SBV-killed larvae
among experimental groups in the 1st generation
were similar and insignificantly different to the
control (χ 2 = 0.28, P = 0.87, Figure 3a). How-
ever, these proportions were significantly different
from the control at the 2nd, 3rd, and 4th genera-
tions (χ 2 = 9.04, P < 0.05 in the 2nd generation,
Figure 3b; χ 2 = 56.03, P < 0.01 in the 3rd
generation, Figure 3c; and χ 2 = 451.95, P <

0.01 in the 4th generation, Figure 3d). In the 4th
generation, removal proportions of SBV-killed
larvae in R and H colonies increased to 95.7%
and 94.3% at 48 h, respectively (Figure 3d), indi-
cating an increase of 31.8% and 30.4%, respec-
tively, when compared with those of the control
(P < 0.01 in both pairwise comparisons). The R ×
H colonies showed the highest removal propor-
tion of SBV-killed larvae (99% within 48 h,
Figure 3d) among the whole experimental group.

3.3. Larval survivorship in SBV-infected
colonies

The proportion of larval survivorship in SBV-
infected colonies among experimental groups in
the 1st and 2nd generations were not significantly
different to the control (χ 2 = 0.67, P = 0.7 in the
1st generation, Figure 4a; and χ 2 = 5.88, P =
0.053 in the 2nd generation, Figure 4b), but these
proportions were significantly different from the
control at the 3rd and 4th generations (χ 2 =
42.17, P < 0.01 in the 3rd generation, Figure 4c;
and χ 2 = 158.33, P < 0.01 in the 4th generation,
Figure 4d). The proportion of larval survival in R
and H colonies in the 4th generation showed an
increase of 46.6% and 53.2%, respectively, com-
pared with that of the control (P < 0.01 in both
pairwise comparisons, Figure 4d). In particular, we
found the copy number of SBV in SBV-killed
larvae and survived pupae from SBV-inoculated
colonies of breeding lines (R, H, and R × H) in
the fourth generation were significantly higher than
those of the control (LSD post hoc tests, P < 0.01
in all pairwise comparisons, Online resource 4b),
indicating a higher tolerance of broods against
SBV. Therefore, survival rates of larvae in R × H
colonies reached ~ 70% (Figure 4d), although this
survivorship was not significantly different to those
of SBV-uninfected colonies, which showed 82.5%
survival rate (χ 2 = 4.73, R × H colonies vs. SBV-
free colonies, P > 0.05, Figure 4d).

3.4. Queen-destined brood survivorship

The survival proportion of queen-destined
broods, which were reared in SBV-infected
nursery colonies, from one-day-old 1st instar
larvae to the emergence of virgin queens
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among experimental groups (lines R and H) in
the 1st and 2nd generation was not significant-
ly different from that of the control (χ 2 = 0.02,
P = 0.99, Figure 5a; and χ 2 = 5.04, P = 0.08,
Figure 5b). However, the survivorship of the
experimental groups in the third generation
was significantly different from that of the
control (χ 2 = 26.61, P < 0.01, Figure 5c).
The survival proportions of queen-destined
broods grafted from the colonies of lines R
and H in the third generation were 30% and
32.5% higher than those of the controls, re-
spectively (P < 0.01 in both pairwise
comparisons, Figure 5c).

3.5. Number of pupae in SBV-inoculated
colonies

The number of sealed worker broods (pupae) in
the colonies of breeding lines and control in all
four generations were statically different (repeated
measures ANOVA, P < 0.01; Figure 6). Follow-
ing SBV inoculation, the number of pupae in
colonies of all groups in the 1st and 2nd genera-
tions gradually decreased over time. Consequent-
ly, the number of pupae in all colonies of these
first two generations declined to a comparatively
low value at 45 days post SBV inoculation (dpi),
indicating a near entire colony collapse (Online

Figure 2. Proportion of pin-killed pupae removed over time from the colonies of breeding lines (R, H, and R × H)
and control in the first (a), second (b), third (c), and fourth (d) generations. P values were obtained from the log-rank
chi square (χ 2) tests, and log-rank post hoc (Mantel-Cox) tests are shown as follows: *P < 0.05; **P < 0.01; and ns,
no significant difference.
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resource 2). However, at 45 dpi, the number of
pupae in colonies of breeding lines in all genera-
tions was significantly higher than those of the
control (P < 0.01 in all comparisons at 45 dpi;
Figure 6). In the 3rd and 4th generations, the
number of pupae in colonies of breeding lines
was significantly different from the control (P <
0.01 in all comparison; Figure 6c and d).

4. DISCUSSION

Our breeding program was aimed to breed
honey bee lines with SBV resistance by selecting
those with superior hygienic behavior and brood

viability. This approach is consistent with previ-
ous breeding approaches, which have shown that
honey bee colonies selected for hygienic behavior
were also resistant to brood diseases (Gilliam et al.
1983; Palacio et al. 2000; Spivak and Reuter
2001). In this study, we confirmed the efficiency
of the hygienic behavior against SBV disease,
making it a crucial factor to be targeted for the
selection of A. cerana bee lines. Steady increases
in the removal proportion of pin-killed pupae and
SBV-killed larvae throughout breeding genera-
tions (Figures 2 and 3) suggest that the hygienic
mechanism is a heritable trait in A. cerana , an
observation that was also found in Apis mellifera

Figure 3. Proportion of SBV-killed larvae removed over time from the colonies of breeding lines (R, H, and R × H)
and the control group in the first (a), second (b), third (c), and fourth (d) generations. P values were obtained from
the log-rank chi square (χ 2) tests, and log-rank post hoc (Mantel-Cox) tests are shown as follows: *P < 0.05; **P <
0.01; and ns, no significant difference.
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after intensive selection for hygienic behavior
(Milne Jr 1985; Spivak and Reuter 2001;
Lapidge et al. 2002). In addition, colony strength
recovery 45 dpi (fourth generation, Figure 6d and
Online resource 2d) indicates that an improve-
ment in SBV resistance is also feasible in
A. cerana colonies by utilizing hygienic traits as
selection criteria. This process was previously
applied in A. mellifera breeding programs, show-
ing that disease resistance of selected colonies was
largely strengthened over several years of

breeding programs (Gilliam et al. 1983; Palacio
et al. 2000; Spivak and Reuter 2001).

Interestingly, we observed that A. cerana re-
moved pin-killed pupae earlier and in a greater
quantity than SBV-killed larvae. For instance, the
removal proportion of pin-killed pupae in the first
generation was about 84% and 90% at 24 h and 48
h, respectively (Figure 2a), whereas that of SBV-
killed larvae was about 56% and 65% at 24 h and
48 h, respectively (Figure 3a). Obviously, the re-
moval proportion of SBV-killed larvae at 48 h was

Figure 4. Proportion of larval survivorship in SBV-infected A. cerana colonies over larval stages in the first (a),
second (b), third (c), and fourth (d) generations. P values were obtained from the log-rank chi square (χ 2) test (ns, no
significant difference at the P < 0.05 level; *significant difference at the P < 0.05 level; and **significant difference
at the P < 0.01 level). Different letters in the same graph indicate significant differences at the P < 0.05 level
(Mantel-Cox tests).
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even lower than that of pin-killed pupae at 24 h,
indicating a less efficient hygienic behavior against
SBV-infected broods in A. cerana . The delayed
response of workers to SBV-infected larvae could
be ascribed to the inability to remove the individuals
infected with SBV disease due to poor sensitization
of workers toward SBV-infected larvae, which con-
sequently caused the severity of SBV disease in the
infected colony. Previous studies have demonstrat-
ed that different olfactory cues emanating between
diseased and killed broods were perceived

differently by workers (Masterman et al. 2001;
Palacio et al. 2010). This difference would be relat-
ed to the different sensitivities of workers to the
olfactory stimulus of diseased larvae and dead pu-
pae that elicit subsequent hygienic behavior
(Gramacho and Spivak 2003; Swanson et al.
2009; Palacio et al. 2010). Thus, these results may
indicate the importance of careful inspection of
actual removal activities of diseased broods by
workers when A. cerana colonies are selected
against specific pathogens.

Figure 5. Proportion of A. cerana queen-destined brood survival over periods of different brood stages in the first
(a), second (b), and third (c) generations. Survival rates of queen-destined broods at 6 and 11 days after larval graft to
nursery colonies were recorded to calculate the ratio of larval survival and pupal survival, respectively. The
remaining queen-destined broods in queen cells on the 11th day after larval graft to nursery colonies were considered
dead after a visual examination of prepupal or pupal morphology. P values were obtained from the log-rank chi
square (χ 2) test (ns, no significant difference at the P < 0.05 level; *significant difference at the P < 0.05 level; and
**significant difference at the P < 0.01 level). Different letters in the same graph indicate significant differences at
the P < 0.05 level based on log-rank post hoc (Mantel-Cox) tests.
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Conceptually, early detection and rapid response
of workers, which invoke the timely removal of
infected broods, would be effective in reducing
pathogen spread in colonies (Wilson-Rich et al.
2009). The initiation of hygienic performance was
reported to be largely dependent on the stimulus
response threshold of workers (Masterman et al.
2001). Gramacho and Spivak (2003) reported that
workers in colonies selectively bred for highly
hygienic behavior had a lower threshold for stimu-
lus perception and greater sensitivity to olfactory
cues associated with diseased broods than those of
non-hygienic bees. Over four selective generations,

colonies of our breeding lines also showed a faster
hygienic removal and higher removal proportion of
SBV-killed larvae than the control (Figure 3d).
These improvements would be related to the abil-
ities of hygienic workers, having better olfactory
perception and response to the stimulus that elicits
hygienic activities. Thus, workers with low stimu-
lus thresholds for both the olfactory and behavior
responses can rapidly perform hygienic removal of
SBV-infected larvae from the colony. We believe
that colonies of A. cerana selected for highly hy-
gienic removal of SBV-killed larvae would provide
an effective way to restrict SBV infection and

Figure 6. Number of sealed worker broods in SBV-inoculated colonies of breeding lines (R, H, and R × H) and
controls in the first (a), second (b), third (c), and fourth (d) generations. Boxplots demonstrate the quartiles (length of
box) and median (horizontal line inside the box), and whiskers represent 1.5 times the interquartile range. F value
obtained from one-way ANOVA tests are shown as follows: *P < 0.05; **P < 0.01; and ns, no significant
difference. Different letters indicate significant differences at the P < 0.05 level (Fisher’s LSD tests).
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transmission within colonies. Considering the in-
creased survivorship of pupae and workers
(Figure 6 and Online resource 2) and the brood
survival ratio (Figures 4 and 5), the reduction in
disease pressure positively influenced colony
fitness.

Honey bees have a patriline system, which
allows colonies to maintain genetic diversity and
results in differentiated survivorship against dis-
eases. In this study, we successfully raised several
queen-destined larvae of the selected colonies in
SBV-infected nursery colonies (Figure 5) as a
screening for the selection of resistant individuals.
The queen-destined broods that successfully sur-
vived the SBV-infected conditions and emerged
as virgin queens could potentially have resistance
against SBV. Subsequent offspring colonies ob-
tained from these queens exhibited a gradual in-
crease in brood survivorship throughout breeding
generations (Figures 4 and 5). Indeed, previous
study has demonstrated relatively higher levels of
SBV infection in the larval stage than in the pupal
and adult stages (Shan et al. 2017). Thus, it is
conceivable that larvae that do not succumb to
SBV infection and continue to grow to the adult
stage are likely to have active immunity against
SBV (Online resource 4b). This, therefore, ex-
plains that colonies of breeding lines (R, H, and
R × H) in the fourth generation were actually
infected with SBV (Online resource 4), but the
infected broods in those colonies could overcome
the SBV infection during the larval and pupal
stages, resulting in a higher proportion of brood
survivorship (Figures 4d and 6d). An increase in
brood survivorship under SBV-infected condi-
tions suggests that SBV-tolerant capabilities at
the individual level could be improved over
breeding generations. Our results are in line with
previous findings that selection for resistant honey
bee against viral disease is feasible over several
generations (Kulinčević and Rothenbuhler 1975)

Genetic diversity also has an effect on colony
growth and subsequent honey production. We
found a significantly higher number of workers in
R ×H colonies under SBV-uninfected conditions at
60 and 80 days after colony establishment than in
controls (Online resource 3a). This higher number
of workers consequently resulted in higher honey
production (Online resource 3b). In addition, our

results indicated that the number of pupae and
workers in R × H colonies 45 dpi not only were
significantly differed from those of the control but
also were higher than the mean values of their
parental colonies (R and H; Figure 6d and Online
resource 2d). This suggests that genetic variability
that stemmed from the crossbreeding of two sepa-
rate lines (i.e., R and H) may have had an influence
on the colony’s fitness and SBV-resistance. In hon-
ey bee breeding, there is a phenomenon of genetic
drift resulting in an inbreeding depression due to
the consequence of bottlenecking event. Thus, col-
onies headed by an inbred queen suffer from low
brood viability due to the increase of diploid drones
(Zayed 2004). Previous studies have shown that
genetic diversity at the colony level promoted dis-
ease resistance and colony fitness (Tarpy 2003;
Mattila and Seeley 2007), indicating the impor-
tance of maintaining high genetic diversity among
breeding lines. Our approach is in line with previ-
ous breeding programs, which maintained separate
breeding lines for subsequent crossbreeding to pro-
duce hybrid queens for the improvement of genetic
traits without sacrificing genetic diversity (Moritz
1984; Chapman et al. 2008).

In summary, we bred SBV-resistant A. cerana
from the selection of colonies exhibiting superior
hygienic behavior and brood viability. Our results
emphasize that the strategy to select colonies with
high hygienic behavior and brood viability is
practical.
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