Insect Science (2019) 26, 831-842, DOI 10.1111/1744-7917.12593

Comparative susceptibility and immune responses of Asian
and European honey bees to the American foulbrood
pathogen, Paenibacillus larvae

Sasiprapa Krongdang™? @, Jay D. Evans® ©, Yanping Chen® ©, Wannapha Mookhploy’ ©© and
Panuwan Chantawannakul’#

1Bee Protection Laboratory, Department of Biology, Faculty of Science, Chiang Mai University, Chiang Mai, Thailand; 2Interdisciplinary
Program in Biotechnology, Graduate School, Chiang Mai University, Chiang Mai, Thailand; 3USDA-ARS, Bee Research Laboratory,
Beltsville, Maryland, USA and *Environmental Science Research Center, Faculty of Science, Chiang Mai University, Chiang Mai, Thailand

Abstract American foulbrood (AFB) disease is caused by Paenibacillus larvae. Cur-
rently, this pathogen is widespread in the European honey bee—Apis mellifera. However,
little is known about infectivity and pathogenicity of P larvae in the Asiatic cavity-nesting
honey bees, Apis cerana. Moreover, comparative knowledge of P larvae infectivity and
pathogenicity between both honey bee species is scarce. In this study, we examined sus-
ceptibility, larval mortality, survival rate and expression of genes encoding antimicrobial
peptides (AMPs) including defensin, apidaecin, abaecin, and hymenoptaecin in A. mellif-
era and A. cerana when infected with P larvae. Our results showed similar effects of P
larvae on the survival rate and patterns of AMP gene expression in both honey bee species
when bee larvae are infected with spores at the median lethal concentration (LCs) for 4.
mellifera. A1l AMPs of infected bee larvae showed significant upregulation compared with
noninfected bee larvae in both honey bee species. However, larvae of 4. cerana were more
susceptible than 4. mellifera when the same larval ages and spore concentration of P larvae
were used. It also appears that 4. cerana showed higher levels of AMP expression than
A. mellifera. This research provides the first evidence of survival rate, LCsy and immune
response profiles of Asian honey bees, A. cerana, when infected by P, larvae in comparison
with the European honey bee, 4. mellifera.
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Introduction

Honey bees are the most economically valuable pollina-
tors in the world (Gallai et al., 2009). Nevertheless, honey
bees are attacked by numerous parasites and pathogens,
such as ectoparasitic mites, microsporidia, fungi, viruses,
and bacteria (Chen et al., 2004, 2009; Evans & Schwarz,

Correspondence: Panuwan Chantawannakul, Bee Protection
Laboratory, Department of Biology, Faculty of Science, Chi-
ang Mai University, Chiang Mai 50200, Thailand. Tel: +66 05
3943346; fax: 466 053892259; email: panuwan@gmail.com

© 2018 Institute of Zoology, Chinese Academy of Sciences

2011; McMenamin & Genersch, 2015; Chantawannakul
et al., 2016; Tehel et al., 2016). One of the most de-
structive diseases affecting honey bee larvae is Ameri-
can foulbrood (AFB) disease caused by a Gram-positive,
spore-forming bacterial pathogen, Paenibacillus larvae
(Ebeling et al., 2016). AFB is a serious concern in bee-
keeping worldwide (Genersch, 2010). P larvae is gen-
erally transmitted within hives by contaminated larval
food, and across hives by foraging and robbing activi-
ties and transmission by beekeepers (Genersch, 2010).
This pathogen is highly contagious and rapidly spreads
among colonies to apiaries (vanEngelsdorp & Meixner,
2010).
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Currently, infectivity and pathogenicity of P larvae re-
main an active field of study (Ebeling ef al., 2016). Many
studies have addressed pathogenic processes (Garcia-
Gonzalez & Genersch, 2013; Poppinga & Genersch,
2015) and genotypic diversity of the pathogen that could
affect infectivity and pathogenicity (Krongdang et al.,
2017). Genersch et al. (2005) demonstrated that viru-
lence of P larvae in A. mellifera worker larvae varied
across bacterial genotypes. Furthermore, sexes of honey
bee hosts affect the lethal infection threshold of P larvae
because drones appeared to be more resistant to P lar-
vae infections when compared with worker honey bees
(Behrens et al., 2010).

Honey bees defend themselves against pathogenic in-
fections in several ways. At the colony level, honey bees
possess behavioral defense strategies including hygienic
behavior, grooming, removal of dead bees, and collecting
antimicrobial tree resins (propolis) (Wilson ef al., 2015).
Likewise, at the individual level, honey bees enlist both
cellular and humoral innate immune responses against bee
pathogens (Evans ef al., 2006).

Innate immunity is one mechanism that plays essential
roles in both insects and mammals (De Gregorio ef al.,
2002). As in other insects, one aspect of innate immunity
in honey bees is the production of antimicrobial peptides
(AMPs) through three signaling pathways (Toll, Imd, and
Jak/STAT) (Evans et al., 2006). In general, AMPs are
expressed in response to pathogens and parasites. Fun-
gal and Gram-positive bacterial infections activate pri-
marily the Toll pathway, whereas Gram-negative bacterial
infections stimulate the Imd pathway (Hoffmann & Re-
ichhart, 2002). P larvae, the AFB pathogen, stimulated
transcript levels of those AMPs such as defensin, api-
daecin, abaecin, and hymenoptaecin regulated by the Toll
pathway in honey bee—A. mellifera (Evans, 2004; Chan
et al., 2009; Cornman ef al., 2013).

AFB is widespread in colonies across several Euro-
pean countries and the United States (vanEngelsdorp &
Meixner, 2010). In contrast, honey bees infected by P
larvae were found to be less frequent in southeast Asia
(Chantawannakul et al., 2016). Currently, 4. mellifera oc-
curs throughout most of the natural distribution area of
A. cerana in Asia (Yanez et al., 2015). This has led to
interspecific pathogen transmission from A. mellifera to
A. cerana (Forsgren et al., 2015; Lin et al., 2016) or
vice versa some pathogens also can be spread from na-
tive 4. cerana to A. mellifera (Rath, 1999; Paxton et al.,
2007; Locke et al., 2012). However, little is known about
P larvae incidence in Asiatic cavity-nesting honey bees;
Apis cerana (Chen et al., 2000). This might be due to
colony-level resistance mechanisms in Asian honey bees
(Chantawannakul et al., 2016). A. cerana shows a great

ability to resist the ectoparasitic mite; Varroa destructor,
a vector of Deformed wing virus (DWV) (Li et al., 2012).
Moreover, Lin et al. (2016) reported that 4. cerana dis-
played significantly faster hygienic behavior than 4. mel-
lifera, in order to detect and remove unwanted brood in the
experiments. This suggests a mechanism of eliminating
pathogenic agents in colonies.

Interspecific transmission of pathogens between differ-
ent host systems is currently viewed as one of the most
essential sources of biodiversity loss and honey bee colony
losses in particular (Forsgren et al., 2015). Many studies
have reported interspecific transmission of pathogens in
different honey bees such as Nosema spp. (Chaimanee &
Chantawannakul, 2015), viruses (Li ef al., 2012), V. de-
structor (Hamiduzzaman et al., 2015), and Melissococcus
plutonius (Forsgren et al., 2015). Therefore, it could help
to better understand how pathogens and parasites con-
tribute within and between species. Hence, more research
on pathogens from Asian honey bee species is warranted
to prevent disease-induced losses in these bees. It is also
imperative to identify possible threats from interspecific
transmission of pathogens. Our particular focus is on the
impact of P larvae infection on survival rate and immune
responses of Asian honey bees. Therefore, in this study,
we designed comparative experiments to measure suscep-
tibility and immune responses of the two different honey
bee species, A. mellifera and A. cerana.

Materials and methods
Honey bee larvae samples

The experiment was set up in experimental apiaries of
the Bee Protection Laboratory (BeeP) located at Chiang
Mai University, Suthep district, Chiang Mai, Thailand,
during 2014-2016. All first-instar honey bee larvae were
obtained from 6 colonies of A. mellifera and 20 colonies
of A. cerana indica that were housed in wooden hives.

Cultivation of P larvae and endospore harvesting

P, larvae strain LMG9820, classified as ERIC I, was
purchased from the BCCM Belgian Coordinated Collec-
tions of Microorganisms (BCCM, Belgium). The bacteria
were isolated on THCIYGP agar contained (per liter), 15
g yeast extract (Difco), 1 g pyruvic acid (Sigma), 200
mL 0.1 mol/L Tris-HCI, pH 7.0, 20 g agar, 40 mL 10%
glucose with 3 pg/mL of nalidixic acid for 7-10 d after
which cells were stored in glycerol stock and storage at
-20 °C.
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To prepare a spore suspension, one full loop of P lar-
vae after cultivated for 7-9 d was picked into 1 mL of
sterilized distilled water in a sterile microcentrifuge tube
and mixed. The tube was centrifuged at 13 000 x g,
4 °C for 15 min and washed twice with sterilized distilled
water. The supernatant was discarded and the pellet was
resuspended in 200 uL of sterile water and mixed. To
reduce contamination of vegetative cells, the suspension
was put in a water bath for 15 min at 80 °C (Alippi &
Aguilar, 1998). Endospores were counted manually us-
ing heamacytometer and diluted concentration to 1 X
10 spores/mL as a stock spore inoculant for further in
vitro bioassay experiment.

In vitro rearing and inoculation of larvae

To obtain first instar worker larvae of 4. mellifera, the
queen was allowed to lay eggs over empty brood cells with
an excluder cage that placed into a hive with a healthy
colony. The queen was released from the excluder cage
after laying eggs for 24-72 h (Evans & Wheeler, 1999;
Crailsheim et al., 2013). Afterward, the cage was placed
into the middle of the hive, so that the nurse bees were able
to easily take care of the queen and the larvae (Vanden-
berg & Shimanuki, 1987; Crailsheim et al., 2013). On the
fourth day after caging the queen, the frames which were
full with newly hatched larvae (first instar larvae stage)
were removed from the hive and brought to the laboratory
for larval grafting (Fourrier et al., 2015; Mao et al., 2015).
To obtain first instar worker larvae of A. cerana indica,
the first instar larvae were directly retrieved from brood
cells of the combs and were then grafted with the same
procedures.

The same artificial diet compositions were used for
feeding both honey bee larvae. This diet was adapted
from Rembold ef al. (1974) and Fourrier ef al. (2015)
with modifications in the ratios of the nutrients, result-
ing in a diet with 30% total solids, as recommended by
Vandenberg and Shimanuki (1987). The artificial diet was
prepared as follows: sugar (50% w/w) and yeast extract
(1% w/w) were dissolved in sterile water, filtered through
a Millipore membrane (0.22 um), and then added with
50% (w/w) of royal jelly. Before each experiment, the
diet was freshly prepared.

In vitro bioassay of P larvae inoculation

To evaluate virulence of P larvae on larval growth,
for each group, newly hatched larvae were inoculated
with a final concentration of 100, 500, 1000, and
2000 spores/mL from pathogenic isolates of P larvae
mixed directly into their artificial diet (Bredsgaard et al.,
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1998) in the first day, while control larvae were fed with
normal larval diet throughout the larval stages. Experi-
mental larvae (approximately 12—20 larvae) were grafted
into a sterilized Petri dish (@ 6 cm) containing 1000
uL of diet in each plate. Larvae were randomly dis-
patched directly from the comb into the plate (Crailsheim
et al., 2013). The artificial diet was refreshed every 24 h
(Brodsgaard et al., 1998). Plates of larvae were kept in an
incubator at 34 + 1 °C and 96% RH for 4. mellifera and
70% RH for A. cerana larvae (Chen et al., 2000). Three
replicates were done for each trial. Mortality was recorded
in control and treatment trials every day until all larvae had
died (Fourrier et al., 2015). In this case, the Abbott method
(Abbott, 1987) was used to correct natural mortality. After
that, mortality results were compared with Kaplan-Meier
survival analysis (Rich ef al., 2010) and the Probit anal-
ysis (Finney, 1971) using SPSS version 17.0 for window
(SPSS, Inc.). Based on the relationship between the con-
centrations of P, larvae spore concentration/larval mortal-
ity (see Tables S1 and S2), the median lethal concentra-
tion (LCsp), the 95% confidence interval, the slope of the
regression and Pearson goodness-of-fit were calculated.
This analysis was chosen since the result of the bioassay
was a binomial response (survivor or death of exposed
larvae).

Once LCs values were obtained for A. mellifera and A.
cerana, in vitro larval-rearing experiments and pathogen
infection were set up to measure immune gene expres-
sion. There were two experimental groups consisting of
a treatment group in which the first-instar larvae inoc-
ulated with an exposure level of P larvae’s LCsy (n =
120) and a control group (without P larvae; n = 120).
All trials were incubated at of 0, 6, 12, 24, 36, and 48 h.
At each time-point of incubation, treatment (n = 10) and
control larval (n = 10) samples were randomly collected
and immediately put on dry ice mixed with 95% ethanol to
clean surfaces and then the samples were directly frozen at
-80 °C.

RNA extraction and cDNA synthesis

Each honey bee sample was manually homogenized
using pestles. Total RNA was extracted from individ-
ual larval samples using TRIZOL® (Invitrogen, Carls-
bad, CA, USA) according to manufacturer’s recommen-
dations. RNA quantity was determined with a BioDrop
Duo spectrophotometer. First-strand cDNA synthesis was
performed on 300 ng of total RNA using the Tetro cDNA
synthesis kit (Bioline, Alexandria, NSW 10 umol/L
of oligo(dT)18 and 40 umol/L of Random hexamer
were mixed together) according to the manufacturer’s
instructions.
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Table 1 Primers used for gPCR amplification in this study for Paenibacillus larvae inoculation experiment.

Amplification target Primer Sequence 53’ References
Housekeeping
Ribosomal protein S5 (RPS5) AmRPSS5.F AATTATTTGGTCGCTGGAATTG Evans & Pettis, 2005
AmRPS5.R TAACGTCCAGCAGAATGTGGTA
B-actin Actin.F TTGTATGCCAACACTGTCCTTT Simone et al., 2009
Actin.R TGGCGCGATGATCTTAATTT
Immune-related
Antibacterial peptide abaecin Abaecin.F CAGCATTCGCATACGTACCA Evans, 2006
Abaecin.R GACCAGGAAACGTTGGAAAC
Antibacterial peptide defensin Defensin.F TGCGCTGCTAACTGTCTCAG Evans, 2006
Defensin.R AATGGCACTTAACCGAAACG
Antibacterial peptide apidaecin ApidNT.F TTTTGCCTTAGCAATTCTTGTTG Simone et al., 2009
ApidNT.R GTAGGTCGAGTAGGCGGATCT
Antibacterial peptide hymenoptaecin Hymenopt.F CTCTTCTGTGCCGTTGCATA Evans, 2006
Hymenopt.R GCGTCTCCTGTCATTCCATT
P larvae
Spore germination protein PlGermSA.F CCATTTGCTTCAGGGAAGAG Evans & Pettis, 2005
PlGermSA.R CAAGCCAGCGTATGCTGTAA
Flagella biosynthesis protein PIFLiPF TGCAGTCCAGCCGTACATTA Evans & Pettis, 2005
PIFLiPR ATATCATGACCGGAGGCAAC

Quantitative real-time PCR parameters

gPCR was performed in a 20 L reaction mixture con-
sisting of SensiFAST SYBR" No-ROX Kit master mix
(Bioline, Alexandria, NSW), 0.4 umol/L of each primer,
and 1 uL (~100 ng) of cDNA template. The oligonu-
cleotide primers for qPCR in this experiment are summa-
rized in Table 1. The reaction was carried out in 96-well
plates using a BioRad iQ™ 5 (Bio-Rad Crop., Hercules,
CA, USA). Amplification was performed with the fol-
lowing temperature profile: 95 °C for 30 s followed by
50 cycles of 95 °C for 5 s, 60 °C for 30 s. Fluorescence
was measured at the elongation step and negative con-
trols (without DNA) were included in each reaction run.
Specificity of the reaction was confirmed by analysis of
the melting curve of the final gPCR amplification (from
65 t0 95 °C in 0.5 °C/5 s increments).

The expression differential of each target was calculated
according to the AACt method. The geometric mean of
ribosomal protein subunit 5 (RPS5) and S-actin (Evans,
2006) was used as reference genes. The mean value and
standard deviations of each target (Table 1) were normal-
ized using the Ct value corresponding to the geometric
mean following the formula: ACt = (average Ctiarger) —
(average Ct geomean)- The group that had the lowest value
was chosen as a calibrator and equaled to 1. The ACt value
of each group was subtracted by the A Ct value of the cali-
brator to yield A ACt. Concentrations of target transcripts

among different experimental treatment groups relative to
the concentration of geometric mean in honey bee larvae
were determined by the following equation: 2=24¢" and
expressed as log fold change, with the calibrator being the
lowest observed value (Schmittgen & Livak, 2008; Abbo
et al.,2017). In our pilot studies, when a reaction showed
no transcript detection, we usually assigned a Ct value of
42 cycles as the lowest detected, as it seems preferable
to conclude that the transcript level was below detection
limits rather than absent (Simone et al., 2009; Cornman
et al., 2013; Chaimanee ef al., 2016).

Normalization of the real-time data and statistical
analysis

Normality and homogeneity of variances of the data
were checked using SPSS v17. The variation in pathogen
transcript levels between different groups was analyzed
by one-way ANOVA, where the means were compared
by a Tukey-HSD test. Antimicrobial peptide transcripts
were compared amongst each treatment and control group
by Mann—Whitney U test using SPSS v17. P values
below 0.05 were considered significant. Data are pre-
sented for overall mean transcript levels across all tri-
als. Gene expression was calculated as 2722 (Livak &
Schmittgen, 2001) and in every sample was normalized
to two endogenous controls (RPS5 and g-actin).
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Fig. 1 Kaplan—Meier survival curves of honey bee larvae after inoculation with various spore numbers of Paenibacillus larvae (100,
500, 1000, and 2000 spores/mL diet) and controls in (A) A. mellifera and (B) A. cerana.

Results

Survival, larval mortality of honey bee larvae during
exposed to P larvae and LCsy analysis

Comparing survival curves was of particular interest for
the experimental trials. Across five survival curves each
for A. mellifera (Fig. 1A), and A. cerana (Fig. 1B), the
probability of surviving of differed significantly across
treatment groups (Kaplan—-Meier Log-Rank test, x> =
175.83; P < 0.0001; x> = 392.64; P < 0.0001, for A.
mellifera and A. cerana, respectively). The curve was de-
termined by survival until 11 d in both species. With the
same concentration of P larvae, A. cerana larvae inoc-
ulated with P larvae died more rapidly compared to 4.
mellifera.

For A. mellifera, results showed that survival rates of lar-
vae infected with P larvae inoculated at different concen-
trations were lower than in control larvae at the same time
point (80.4% cumulative survival in the control group). In
treatment groups, larvae inoculated with P larvae at the
endpoint of 11 d with tested concentration 100, 500, 1000,
and 2000 spore/mL, showed survival of 60.47%, 12.50%,
8.70%, and 0%, respectively. Survival rates at different
time points were obtained and compared between curves
in the trials. All cumulative survival curves among treated
and control larvae of 4. mellifera showed significant dif-
ferences in larval mortality (all P values; P < 0.0125;

Table S3), except 500 versus 1000 spores/mL (x* = 2.48;
P =0.1150).

For A. cerana, the cumulative survival of control group
(71.12%) was lower than that of control groups of A.
mellifera larvae (80.4%). Additionally, the results showed
that survival rates of larvae infected with P larvae inocu-
lated at different concentrations were lower than in control
larvae the same time point. In treatment groups, larvae in-
oculated with P larvae with varied concentrations of 100,
500, 1000, and 2000 spores/mL at day 7 showed cumula-
tive survival of 53.33%, 8.89%, 4.44%, and 0%, respec-
tively. All cumulative survival curves among treated and
control larvae of 4. cerana showed significant differences
in larvae mortality (all P values; P < 0.0047; Table S4).
The highest rate of mortality was recorded at days 9 and 5
of treatments for 4. mellifera and A. cerana, respectively
(Fig. 1). However, at the end point with a tested concen-
tration of 2000 spores/mL, all infected larvae were dead
within 11 d and 7 d postinoculation, for 4. mellifera and
A. cerana, respectively.

The total mortality of honey bee larvae of 4. mellifera
and 4. cerana treated with P, larvae was calculated across
all five concentrations, 0 (control), 100, 500, 1000, and
2000 spores/mL. The effects of P larvae progressively
increased with the time duration of the treatment groups.
Peak mortality was observed in the ninth and fifth day of
treatment. In the control groups, larvae also showed more
than 10% cumulative mortality during the observation

© 2018 Institute of Zoology, Chinese Academy of Sciences, 26, 831-842
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Table 2 Results of the Probit analysis based on the mortality of honey bees larvae after exposure to Paenibacillus larvae.

Statistical parameters

Honey bee species

Apis melliferat Apis cerana®
Probit parameters
Regression equation y=1.520log x — 3.828 y=1.889 log x — 4.879
Slope &+ SEM 1.520 £ 0.153 1.889 £ 0.168
95% confidence interval 1.220 1.561
1.820 2.218
Intercept £ SEM —3.828 £0.420 —4.879 £ 0.462
95% CI —4.248 —5.341
—3.408 —4.417
LCs} 329.752 382.120
95% Confidence limit of dose 257.148 313.763
408.146 456.167
Pearson goodness-of-fit
x2 2.776 3.539
Degree of freedom 2 2
P value 0.250 0.170
fObserved at 9 d postinoculation due to the highest mortality rate.
{Observed at 5 d postinoculation due to the highest mortality rate.
$Probit probability = 0.50.
period, therefore, corrected mortality was applied in both A 197
A. mellifera and A. cerana (Tables S1 and S2). Apleheliz
. . . . 8 o0h
The mortality rates and Probit analysis are shown in Iy
Table 2 and Figure S1. The result showed regression g
equations for both honey bee species; y = 1.520 logx F
— 3.828 (4. mellifera: x* = 2.776, P = 0.250) and y = 2
1.889 logx — 4.879 (A. cerana: x* = 3.539, P = 0.170). g .
Results of in vitro bioassays showed the estimate of P Calibrator
larvae’s LCs and the 95% confidence interval, 4. mellif- e '
era = 329.752 (257.148, 408.146), A. cerana = 382.120 2
(313.763, 456.167), the slope £ standard deviation was )
found to be 1.520 & 0.153, and 1.889 =+ 0.168 for 4. mel- B 10 - Apreibarane
lifera and A. cerana, respectively. Comparison of LCs 8 | " C0h

of two species was done, the result showed no signifi-
cant difference between 4. mellifera and A. cerana (x° =
8.803; P =0.117; Fig. S1).

P, larvae transcript levels in A. mellifera and A. cerana
larval bioassays

To confirm the LCsy dose for P larvae, the tempo-
ral dynamics of the transcripts in larvae of both honey
bee species were analyzed using the qPCR technique for
0, 6, 12, 24, 36, and 48 h as shown in Figure 2. Two
transcripts were used to assess pathogen levels, a spore
germination protein (P1GermSA) and the flagella biosyn-
thesis protein (PIFLiP). The results showed that there were
no pathogen transcript-level signals that occurred in any

ab ab ab  ®@6h
o12h
024h
m36h
m48h

Log fold change
Fs

[+
Calibrator

PIGermSA PIFLiP

24
Transcript genes

Fig. 2 Expression levels for larvae exposed to Paenibacillus
larvae for the two transcript genes (PIGermSA and PIFLiP) after
inoculation at 6, 12, 24, 36, and 48 h postinoculation (mean £
SEM) of (A) A. mellifera and (B) A. cerana. Vertical bars with
different letters indicated significantly higher transcript levels
of P larvae by a Tukey—HSD test at P < 0.05.
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Fig. 3 Quantitative analysis of immune transcripts of 4. mellifera larvae at time intervals after incubation with an estimated median
lethal concentration (LCsg) of Paenibacillus larvae. Relative fold changes were obtained using the A ACt method. Gene expression in
every pilot has been normalized to two endogenous controls (RPS5 and S-actin). Calibrators were showed in the bar with the lowest
expression level. Vertical bars represent means &= SEM. For each group, bars with Asterisks (*) are significant differences between
control and inoculated with P larvae (*P < 0.05; **P < 0.01; Mann—Whitney U).

control groups. The signals were also not expressed in any
trials at an initial time (0 h) of incubation. P larvae tran-
scripts were firstly detected in larvae 6 h postinoculation.

In addition, pathogen gene expression levels were
higher in A. cerana larvae, than in A. mellifera larvae. The
PIGermSA and PIFLiP transcript levels of P larvae from
A. mellifera larvae were significantly increased more than
4 folds at 6, 12, 24, 36, and 48 h (ANOVA, PIGermSA,
F =30.456; P < 0.0001; PIFLiP, ' = 59.90; P < 0.0001;
Fig. 2A). Meanwhile, the two transcript levels of P larvae
from A. cerana larvae were significantly increased more
than 6 fold at 6, 12,24, 36, and 48 h (ANOVA, PIGermSA,
F =40.03; P < 0.0001; PIFLiP, F = 32.08; P < 0.0001;
Fig. 2B).

Effects of P larvae inoculation on antimicrobial peptide
gene expressions in A. mellifera and A. cerana

The mRNA levels of four AMP genes were determined
from honey bee larvae fed with P larvae (LCs, value)
after 6, 12, 24, 36, and 48 h infection. The expression
levels of antimicrobial peptides were compared among

different treatment groups at the initial time of incubation
(0 h). The results demonstrated that gene expression pat-
terns of all immune transcripts in both A. mellifera and
A. cerana larvae showed similar trends between experi-
mental trials at each time point. In 4. mellifera larvae,
mRNA levels of defensin were significantly increased in
when compared to control larvae at 6, 24, and 48 h of
inoculation (Mann—Whitney U, P = 0.003; P = 0.037;
P = 0.004, for incubation time respectively; Fig. 3A).
The expression of apidaecin did not change significantly
in treated larvae when compared to control larvae. How-
ever, at 6 h after inoculation, apidaecin expression showed
a significant increase after 6 h incubation time (Fig. 3B).
Transcript levels of abaecin were particularly high in re-
sponse to infection at 6, 12, 24, and 48 h after inoculation
when compared to the controls (Mann—Whitney U, P =
0.014; P = 0.037; P = 0.037; P = 0.004, for incuba-
tion time, respectively; Fig. 3C). Hymenoptaecin gene
expression was also significantly higher in larvae inocu-
lated with P larvae at 6, 12, 24, and 48 h after inoculation
(Mann—Whitney U, P = 0.007; P =0.004; P =0.037; P =
0.038, for incubation time respectively; Fig. 3D). For A.
cerana, defensin gene expression was significantly higher
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in treated larvae as compared to control larvae at 6, 12,
and 24 h of incubation (Mann—Whitney U, P = 0.004;
P =0.001; P = 0.010, for incubation time respectively;
Fig. 4A). Apidaecin was also upregulated in response to
P larvae inoculation at 6, 24, and 36 h of incubation
(Mann—Whitney U, P = 0.001; P=0.010; P =0.017, for
incubation time respectively; Fig. 4B). The gene encoding
abaecin displayed a significant increase at 6, 12, and 24 h
of incubation (Mann—Whitney U, P = 0.010; P = 0.039;
P = 0.010, for incubation time respectively; Fig. 4C).
Hymenoptaecin transcript was upregulated significantly
at 6, 24, and 48 h after inoculation (Mann—Whitney U,
P =0.002; P = 0.038; P = 0.018, for incubation time
respectively; Fig. 4D). It was noticeable that expression
of all immune genes in A. cerana larvae was much higher
than that in A. mellifera larvae.

Discussion

A. mellifera larvae are vulnerable to P larvae (Lindstrom
& Fries, 2005; de Graaf et al., 2006; Lindstrom, 2008);

however, P, larvae infection is rare in the Asian honey bee
A. cerana (Chen et al., 2000). The pathological effects
of P larvae and host susceptibility were previously doc-
umented in A. mellifera (Lindstrom et al., 2008; Behrens
et al., 2010). In this study, we compared the susceptibility
and AMP transcriptional expression for honey bees ex-
posed to P larvae in both honey bee species, A. mellifera
and A. cerana. The first instar larvae were performed for
all experiments because this larval age is the most sus-
ceptible to infection with P larvae (Brodsgaard et al.,
1998; Evans, 2004). The cumulative survival of infected
A. cerana was lower than that A. mellifera, thus we can
infer that individual A. cerana larvae are more susceptible
to P larvae than A. mellifera larvae. Additionally, when
pathogen infections were confirmed in both species of lar-
vae, prevalence of multiple pathogen infection was found
in A. cerana more than A. mellifera. Our findings indicate
that more susceptible host traits lead to more greater infec-
tion levels. Therefore, the role of multiple infections may
impact epidemiological or evolutionary processes in host
species (Fels et al., 2008). However, Chen et al. (2000)
suggested the larval food of A. cerana may have some
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effective substances that inhibit the growth of vegetative
cells in the larval midgut, leading to AFB resistance in
larvae of 4. cerana. Therefore, alternative factors might
explain the susceptibility of honey bee larvae including
royal jelly, components of which probably induce honey
bee resistance to pathogens (Zhang et al., 2014). The
major protein components of both species had different
molecular weights, isoelectric points, and immunologi-
cal characteristics (Takenaka & Takenaka, 1996). Many
studies have shown the effect of royalisin against Gram-
negative bacteria and some Gram-positive (Ilyasov ef al.,
2012) including the agent causing AFB (Bilikova et al.,
2001; Bachanova et al., 2002; Yoshiyama & Kimura,
2010; Bilikova et al., 2015). In this study, we used royal
jelly collected from A. mellifera therefore this might affect
the AFB resistance of 4. cerana as it may be somewhat
different when compared in nature.

Our result is similar to the previous finding that A.
mellifera larvae challenged with P larvae showed higher
levels of expressions of genes encoding AMPs (Evans,
2004; Evans et al., 2006; Chan et al., 2009; Cornman
et al., 2013). However, the immune response in 4. cerana
was not previously reported, therefore our results are the
first report to show that AMP transcripts were increased
in A. cerana after P larvae artificial infection. This also
highlights that A. cerana had a higher level of constitu-
tive expression of AMPs encoding genes than that of 4.
mellifera. This observation corroborated the findings of
Xu et al. (2009) who reported that A. cerana could pro-
duce higher expression levels of immune genes than A.
mellifera due to the higher diversity of AMPs observed in
A. cerana (Xu et al., 2009; Danihlik et al., 2015). How-
ever, more resistance to infection in individuals may be
determined by immune trait selection in honey bees
(Evans et al., 2006; Decanini ef al., 2007). Pathogen lev-
els and genetic variability across intraspecies/interspecies
of host species might affect immune responses to bacte-
rial infection. Yoshiyama and Kimura (2010) could not
observe transcript levels of abaecin and defensin2 in A.
cerana japonica even though the larvae were challenged
with numerous of P larvae (100 spores/uL).

Evans and Pettis (2005) suggested that higher immune
response may not be worthwhile for the larvae because
there was a developmental cost to defend themselves
against pathogens and parasites that would decrease the
production at the colony level. In addition, increased
immune responses might have physiological costs that
induced increasing metabolic rate in larval and the ef-
fect would lead to decreased antimicrobial activity for
pathogen defense (Ardia ef al., 2012). Further research is
needed to examine whether the increased metabolic activ-
ity has a direct influence on AMP activation. Chen et al.

Susceptibility of honey bees to P larvae 839

(2000) also suggest that the resistance of 4. cerana larvae
apparently was not totally linked to their innate immune
proficiency toward the invasion of P larvae. Instead, a
rapid hygienic response and the larval age stages were
contributing to the resistance of 4. cerana.

Further investigation is needed to clarify the impact
of immune responses at individual and colony levels on
resistance mechanisms of honey bees and other social
insects to disease infection. Immune gene expression can
be used as a tool for breeding strategies to select honey
bee traits for beekeeping industry in the future.
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