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Abstract — American foulbrood caused by Paenibacillus larvae brings with it several problems on
beekeepers for the use of synthetic antibiotics, likewise led to the appearance of resistant strains and the
presence of chemical residues in the commercial products of the hive. In recent years, the use of natural
compounds for the control of P. larvae has increased. Herein, we propose to determine the value of the
Minimal Inhibitory Concentration (MIC) of a hydroalcoholic extract of Humulus lupulus (hop) leaves of
Victoria variety on P. larvae strain, and to evaluate its toxicity and effect on the expression of three genes
of the immune system on honey bee larvae. For the extract, the MIC value was 83.79 pg/mL. For larvae, the
extract did not show toxicity, on the other hand presented a down-regulation in the gene expression for the
three genes evaluated. The results obtained here are a first report on the evaluation in the effect of natural

extracts on the expression of genes related to the immune system in bee larvae.

secondary metabolites / hops / Apis mellifera , Paenibacillus larvae , antimicrobial peptides

1. INTRODUCTION

American foulbrood (AFB), caused by the
Gram-positive bacillus Paenibacillus larvae
(Shimanuki 1997), brings with it several problems
on beekeepers: (1) it is the most widespread dis-
ease of bee breeding around the word (Matheson
1993), (2) the use of synthetic antibiotics such as
oxytetracycline to control disease led to the ap-
pearance of resistant strains (Reynaldi et al. 2008),

Corresponding author: P. Giménez-Martinez,
beedarian @gmail.com
Manuscript editor Klaus Hartfelder

Published online: 19 May 2021

and (3) the use of antibiotics generate the appear-
ance of residues in the commercial products of the
hive (Kochansky et al. 2001; Kumar et al. 2020).
As an alternative to this problem, the use of plant
extracts has begun to be studied because plants are
a rich source of bioactive compounds (Friedman
2015). Some hydroalcoholic botanical extracts
and their main components have shown good
in vitro antibacterial activity against P. larvae
(Fuselli et al. 2018; Dominguez et al. 2019;
Fangio et al. 2019; Giménez-Martinez et al.
2019, 2020).

In the beer industry, female Humulus lupulus
(hops) flowers are one of the main inputs used as a

INRA2 ©YDIB £ Springer


http://dx.doi.org/10.1007/s13592-021-00868-4
http://crossmark.crossref.org/dialog/?doi=10.1007/s13592-021-00868-4&domain=pdf

P. Giménez-Martinez et al.

natural preservative due to the high concentrations
of bioactive compounds capable of inhibiting the
growth of Gram-positive bacteria (Knez Hrmci¢
et al. 2019). The H. lupulus cones have a concen-
tration up to ten times higher than secondary
metabolites compared with leaves, due to the
presence of lupulin glands, where the biosynthesis
of'these compounds is performed (Chadwick et al.
2006). Due to this, most of the research carried out
on the antibacterial activity of hops is based on the
use of this part of the plant (Bartmanska et al.
2018; Knez Hrnci¢ et al. 2019). Abram et al.
(2015) after conducting an analysis of the antimi-
crobial activity against Staphylococcus aureus of
leaf and flower extracts of two hop varieties (Au-
rora and Magnun) obtained promising results in
the application of leaf extracts.

There are few studies on the safety and
selectivity of products based on plant extracts on
A. mellifera . Potrich et al. (2020) found that dif-
ferent plant extracts had an effect on the survival
rates of A. mellifera, although it is lower com-
pared to the effect of synthetic chemical insecti-
cides (Henry et al. 2012; Christen et al. 2016;
Thompson et al. 2019). In turn, there is little
information regarding the bactericidal activity
against P. larvae of the hydroalcoholic extracts
of'hop leaves, and even less information about the
benefits of secondary metabolites found in natural
plant extracts on bees in terms of activation in the
regulation of gene expression involved in longev-
ity, immune function, pesticide detoxification,
stress tolerance, and the production of certain
antimicrobial peptides (AMPs) that help control
infections caused by various pathogens (Manson
et al. 2009; Alaux et al. 2011; Liao et al. 2017).

Here, we propose to investigate the following
objectives: (1) to evaluate the antimicrobial activ-
ity of a hydroalcoholic extract of leaves of the
variety of Victoria hops by obtaining Minimum
Inhibitory Concentration (MIC) against different
strains of P. larvae; (2) to evaluate the toxicity of
a diet supplemented with hydroalcoholic extract
of hop leaves on larvae of A. mellifera reared
in vitro, and (3) to analyze the effect of
hydroalcoholic extracts of hop leaves on the ex-
pression of certain AMP genes on bee larvae,
since it is in them where the bacterium is activated
and generates more damage.
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2. MATERIAL AND METHODS
2.1. Biological material

Leaves of hop variety Victoria were collected in
Santa Paula, Mar del Plata (National Route 226,
Km 10, Argentina) (37° 55" 48" S-57° 40" 59" O),
belonging to the Centro de Investigacion en Abejas
Sociales (CIAS - IPROSAM) from FCEyN,
UNMUAP. The hop plant did not receive any fertil-
izer treatment during the development. The collec-
tion of the leaves was carried out on the morning
once the harvest season was over (February—
March); it was carried out manually, taking leaves
of the individuals of the same variety at random.

Botanical material was determined by the Bot-
any chair of the Department of Biology, Univer-
sity of Mar del Plata, using taxonomic keys ac-
cording to Dimitri (1978) Humulus lupulus L .
(Linnaeus). The samples were stored and
cataloged into the Herbarium of Vascular Plants
of the Institute of Marine and Coastal Research
(MDQ). The voucher number is Victoria;
[IMyCher : MDQ : 00460.

Paenibacillus larvae strains were isolated from
honey combs of bechives exhibiting clinical symp-
toms of American foulbrood, located in the prov-
inces of Buenos Aires, Cordoba, Rio Negro, and
Entre Rios in Argentina. Strains C1 and C2 were
from Balcarce of Buenos Aires province (37° 52
S-58° 15" W), strain C6 from Rio Cuarto of
Cordoba province (33° 08’ 00” S—64° 21’ 00" O),
strain C8 from Viedma of Rio Negro province (40°
48' S-63° 00’ O), and strain C9 from Concordia of
Entre Rios province (31° 23" 32" S-58°01' 01" O).
Bacterial strains were grown and maintained in
accord with Nordstrom and Fries (1995). All
strains used are genetically identical to the ERIC I
profile (Giménez-Martinez et al. 2019).

The A. mellifera carnica larvae used for toxi-
cological assays were collected in the apiary of
Universidad Nacional del Desarrollo, Santiago de
Chile (Chile).

2.2. Extraction and quantification of
secondary metabolites

The extraction of fresh leaves was performed by
using solvent mixtures: ethanol-water (50:50) and
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carried out according to Kowalczyk et al. (2013).
The final concentration was set to 2 mg/mL.

The content of the total phenolic compounds was
determined by the colorimetric method of Singleton
and Rossi (1965). The results were expressed as 1g
equivalents of gallic acid (GAE)/mg extract. The
values are presented as the average of analyzes
performed in triplicate + standard deviation.

The total flavonoid content was determined by
the method of Kumazawa et al. (2004) with some
modifications. The total flavonoid content was cal-
culated as equivalent pug of quercetin (QE)/mg ex-
tract. The values are presented as the average of
analyses performed in triplicate + standard deviation.

For the quantification of saponins, oleanoic
acid was used as a reference. The measured results
were calculated as pg saponins/g extract (Le et al.
2018).

2.3. Determination of Minimal Inhibition
Concentration

To obtain the Minimum Inhibitory Concentra-
tion (MIC), the agar diffusion analysis was per-
formed. The diameter of the inhibition zone reflects
the susceptibility of the strain, and its size depends
on the nature of the diffusion of the extract through
the agar layer characterized by two diffusion con-
cepts proposed by Bonev et al. (2008):

Free diffusion model : is based on the assump-
tion that the antimicrobial drug diffuses freely in
the solid agar.

Dissipative diffusion model : takes account of
extract loss through interactions with the agar matrix.

For the assay, four concentrations of the hop
extract were prepared to obtain the MIC (2000,
1000, 500, and 250 pg/mL). The assay was made
triplicate, and when obtaining the MIC value, the
average value of the measurement of the inhibi-
tion halos was taken.

Ethanol:water was used for the negative con-
trol, because it was used to make the dilutions of
the hop extracts.

2.4. Effect on the survival of A. mellifera
larvae

To evaluate the toxicity of Victoria extract
H. lupulus on A. mellifera larvae, an in vitro

bioassay was performed. Bee larva was placed
into 96-well plates (DELTALAB S L, Barcelona,
Espafia; the size of plate is 127.7 x 85.8 mm, with
a size well of nine mm; the plates were come
sterile vacuum packed) and was fed with a diet
containing 50% of royal jelly, obtained from a
commercial supplier, and 50% of sugar solution
composed by yeast extract, D-glucose (Sigma-
Aldrich, St. Louis, MO, USA), and D-fructose
(Fluka, St. Gallen, Switzerland). Each larva was
fed daily with the volumes and compositions ac-
cording to Aupinel et al. (2005). All larvae used
were standardized in the larval stage L1, and
received a total of 160 pL diet during the 6-day
rearing period. On day 4 (D4) of the test, the
H. lupulus extract was administered with the diet
at a concentration corresponding to the MIC value
and then continued feeding with a normal diet
until the end of the trial. A group of 32 larvae
were fed with the standard diet (solvent control);
another group of 32 larvae were fed with the
standard diet supplemented with the extract at
the MIC value. The incubation conditions were
34 to 35 °C, 95% HR (OECD Test No. 237 2013)
(Figure 1), to evaluate the toxicity of the
hydroalcoholic extracts of hop leaves at the MIC
value obtained on the A. mellifera larvae, a sur-
vival analysis, and the Mantel-Cox Test.

2.5. Molecular analysis: effects on bee
larvae AMP genes

The effect of the hydroalcoholic extract of hop
leaves of the Victoria variety at the concentration
equivalent to the MIC obtained was evaluated on
the expression of three AMP genes (abaecin,
defensin-2, and hymenoptaecin). Once fed, 6 lar-
vae were taken at 24, 48, and 72 h after the
exposure (D4) and placed individually in Trizol
and stored at — 4 °C until use.

2.5.1. RNA extraction

Total RNA was extracted from larval samples
using trizol (TRIzol® reagent, Ambion by life
technologies, USA) according to the supplier’s
instructions. The RNA was resuspended in 30
puL of RNase-free water and stored at — 80 °C
until use.
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i Start test:
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Figure 1. This timeline indicates the age of honey bee larvae. The larvae used for the toxicity test (D1, D2, D3, D4,
D5, D6, D7 = indicates days 1, 2, 3, 4, 5, 6, 7 of incubation, respectively). Taken and modified from OECD Test No.

237 2013).

2.5.2. RNA quantification

The samples were quantified in units of pg/uL
of total RNA using the NANODROP 2000 kit.

2.5.3. DNase treatment

DNA was removed from samples using DNase
I, Amp Grade (Ambion, life technologies, USA). 1
pg/uL of RNA, 16 uL of RNase-free water, 2 uL
10X DNase I reaction buffer (200 mM Tris-HCI
(pH 8.4), 20 mM MgCl2, 500 mM), and 1 puL of
DNase I AMp Grade were added (1 Unit/uL). The
enzymatic reaction was carried out at 25 °C for 15
min, and then the temperature dropped to 4 °C
where 2 uL of 25 mM EDTA (pH 8.0) was added
and finally it was incubated at 65 °C for 10 min.
The samples were stored at — 20 °C until later use.

2.5.4. Reverse transcript

For a final volume of 20 pL, 5 uL of total RNA
treated with DNase I was added, and then a first
mix was added consisting of 5 pL of nuclease-free
water and 2 pL of oligo (dT) 12-18 500 pg/mL. It
was incubated at 70 °C for 10 min and then the
second mix consisting of 4 pL. of 5X First-Strand
buffer (250 mM Tris-HCL (pH 8.3), 375 mM
KCl, 15 mM MgCl2), 2 uL of 10 mM dNTPs, 1

@ Springer

puL of RNasin® Ribonuclease Inhibitor, Promega
(40 units/uL), and 1 puL (200 units/ul) of M-
MLV RT (Invitrogen, USA), finally incubated at
42 °C for 50 min and then at 70 °C for 15 min. The
cDNA was stored at 4 °C until further use.

2.5.5. Real-time PCR for the detection of the
B actin, abaecin, defensin-2, and
hymenoptaecin genes

The reaction mixture with a final volume of 10
uL consisted of 1 uL of cDNA, mixed with 5.8
pL of H20, PCR-grade, 1.2 uL of 25 mM
MgCl12, 0.5 pL of each primer (Table I) at a
concentration of 10 uM, and 1 puL of 10X Master
SYBR Green I in LigthCycler thermocycler kit
(Roche, Indianapolis, IN). Amplification was per-
formed with a pre-incubation cycle for 10 min,
followed by 40 cycles at 95 °C for 10 s, 55 °C for
10's, and 72 °C for 15 s, and a final cycle at 65 °C
for 15 s. The amplicons were characterized ac-
cording to their melting temperature, determined
in the LightCycler equipment, and the sizes veri-
fied by agarose gel electrophoresis.

2.5.6. Quantitative real-time PCR

The quantification of the relative expression of
the mRNA was performed using comparative Ct
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Table 1. Sequence of primers used in molecular analysis assays

Gen Sense (5'->3") Antisense (3'->5') Reference
Abaecin CAGCATTCGCATACGTACCA  GACCAGGAAACGTT Evans et al. (2006)
GGAAAC
Defensin-2 TGCGCTGCTAACTGTCTCAG  AATGGCACTTAACC Yang and Cox-Foster
GAAACG (2005)
Hymenoptaecin ~ CTCTTCTGTGCCGTTGCATA GCGTCTCCTGTCAT Evans et al. (2006)
TCCATT
{3 actin ATGCCAACACTGTCCTTTCT GACCCACCAATCCA Yang and Cox-Foster
GG TACGGA (2005)

method (222" (Schmittgen and Livak 2008).
The Ct, from the English cycle threshold, obtained
for the genes of interest were normalized using the
Ct obtained for [-actin (constitutive gene), after
verifying the amplification efficiency of each gene
with respect to B-actin by performing a standard
curve. The amplification efficiency was deter-
mined with the following formula: £ = 10 <™
where E corresponds to the amplification efficien-
cy and m to the slope of each standard curve.

2.6. Statistics

To analyze the effect of hydroalcoholic hop
extract on gene expression, we performed the
Shapiro-Wilk normality test data distribution and
the Mann-Whitney U -test, a non-parametric test,
was used to determine significant differences in
pairwise comparison. For all the statistical analy-
ses, the software GraphPadPrism version 7.00 for
Windows, GraphPad Software, La Jolla Califor-
nia USA, www.graphpad.com was utilized.

3. RESULTS

The composition of total polyphenols, total
flavonoids, and saponins from Victoria
H. lupulus extract is presented in Table II.

To calculate MIC values for Victoria extract,
the models proposed by Bonev et al. (2008) were
used. The average value of MIC for the five
strains of the hop variety Victoria extract was
83.79 pug/mL (Table III).

In the survival analysis test in A. mellifera
larvae fed with hydroalcoholic extracts of hop
leaves at MIC values, the mortality was 9.375%

during the 3 days of the trial. For the control
group, mortality was 6.25%, 12.5%, and 12.5%
at 24, 48, and 72 h of exposure, respectively. The
values obtained did not show significant differ-
ences in the survival with respect to the control
group (Mantel-Cox Test, p-value: 0.7082)
(Figure 2). The gene expression of the three genes
studied on larvae fed with the hydroalcoholic
extracts of hop leaves MIC was significantly re-
duced compared to the control after 24 h of feed-
ing (Figure 3a). After 48 h of feeding, there was
less expression of the abaecin and hymenoptaecin
genes (Figure 3b) and at 72 h, there was less
expression of the abaecin and defensin-2 genes
(Figure 3¢) with respect to the control group; these
differences were significant (p -value <0.05).

4. DISCUSSION

The use of natural extracts for the control of bee
pathologies has been studied for years as a prom-
ising alternative to avoid the negative effects such
as resistance and residues generated by synthetic
ones (Miyagi et al. 2000; Fuselli et al. 2006, 2009;
Flesar et al. 2010; Pellegrini et al. 2014, 2017,
Chaimanee et al. 2017; Isidorov et al. 2018;
Giménez-Martinez et al. 2019, 2020).

On the antimicrobial assay, the formation of
inhibition halos depends on the nature of the
diffusion of the extract through the agar layer
characterized by two diffusion concepts. The free
diffusion model is based on the assumption that
the antimicrobial drug diffuses freely in the solid
matrix. By contrast, the dissipative diffusion mod-
el takes account of drug loss through interactions
with the agar matrix, aggregation of drug
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Table I1. Bioactive compounds of hop leave extract of the Victoria variety

Total polyphenols (GAE pg/mg extract)

Total flavonoids (Q pg/mg extract)

Saponinns (p1g/g extract)

8.928 + (0)

1.059 + (0.11)

0.342

molecules, or drug inactivation to some extent.
Though plots of both the free and dissipative
diffusion model indicated linearity, the corre-
sponding R? values of linear regression were
higher for the dissipative diffusion model. Thus,
diffusion of hop leave extract through the solid
agar overlay can be considered a dissipative dif-
fusion process which yields the best suit model for
the determination of MICs.

Until now, few studies have used hop extracts
as bactericides against P. larvae. Flesar et al.
(2010) analyzed several extracts, including hop
flower extracts, obtaining MIC values in the range
of 24 pg/mL; compared with our results (MIC =

83.79 pug/mL), the values obtained for Flesar and
collaborators show the cited afore in terms of the
greater bactericidal power of the flowers against
the hop leaves. Many of the compounds belong-
ing to the secondary metabolism of plants present
significant antibacterial activity, which gives them
a leading role in the development of natural alter-
natives to synthetic preservatives in food
(Bouarab et al. 2019). Flavonoids are those with
the highest antimicrobial activity (Cushnie and
Lamb 2011). Also, saponins are considered part
of the defense system of plants against pathogens
and herbivores with known fungicidal (Lee et al.
2001), antimicrobial (Avato et al. 2006), and

Table II1. MIC values obtained for the Victoria variety against five P. larvae strains. (The values are expressed in p1g/mL)

Strain Model of diffusion MIC and R? values
Cl Free diffusion model MIC 8
R? 0.96
Dissipative diffusion model MIC 103.908
R’ 1
C2 Free diffusion model MIC 24.803
R’ 0.72
Dissipative diffusion model MIC 166.289
R’ 0.75
Co6 Free diffusion model MIC 0.038
R’ 0.72
Dissipative diffusion model MIC 6.801
R’ 0.75
C8 Free diffusion model MIC 2.08
R? 0.896
Dissipative diffusion model MIC 38.076
R? 0.899
C9 Free diffusion model MIC 7.813
R? 0.96
Dissipative diffusion model MIC 103.908
R’ 1
Average MIC 83.79

The values in bold in Table III indicate the MIC values chosen to perform the analyzes, since they present the highest R2 value
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Figure 2. Survival record of A. mellifera larvae from day 1 to 7. The arrow indicates the day of initiation of exposure
to the extract. A survival analysis and the Mantel-Cox Test to compare the results with the control group were carried

out.

insecticidal (Kuzina et al. 2011; Nielsen et al.
2010) activity. The most studied effect of this
group is the ability to cause disturbances in cell
membranes (Baumann et al. 2000; Chwalek et al.
2006). Future studies will focus on analyzing the
mode of action of these phytomolecules on the
integrity of the P. larvae.

Despite having less bactericidal power than
flowers, the hydroalcoholic extracts of hop leaves
presented a strong antimicrobial activity, according
to the classification provided by Duarte et al. (2007)
and Wang et al. (2008), where they classify the
bactericidal power of the extracts in strong inhibi-
tors (<500 pg/mL), moderate inhibitors (600—1500
pg/mL), and weak inhibitors (> 1600 pg/mL).

In the case of the survival analysis in
A. mellifera larvae, we proceed to evaluate the
action of the MIC value obtained in stage L4
because it is here where the larva of A. mellifera
begins to receive, in addition to royal jelly, a dose
of raw pollen since it is at this age when it is
naturally exposed to a toxic in the hive. After they
were fed a diet supplemented with the MIC aver-
age value obtained for the hydroalcoholic extract
of'hop leaves of the Victoria variety, there were no
significant differences with respect to the group
control.

On the other hand, regarding the expression of
the AMP genes, significant differences were

observed at 24, 48, and 72 h after feeding the
larvae. AMPs are the major and the most important
component in humoral immune system present in
insects. If a bacterial or fungal pathogen invades
the hemocoel, its presence can be detected by
pattern recognition receptors, which in turn induces
a more systemic response and a greater regulation
of AMPs in fatty bodies and hemolymph
(Broderick et al. 2009). Gram-positive bacteria
and fungi mainly trigger the Toll pathway which
induces the production of AMPs related to the
control of these microbes (James and Xu 2012).

Simone et al. (2009) report a negative regula-
tion expression of genes of the immune system
due to the action of natural components. These
authors compared the expression of various AMP
genes between two groups of hives: (1) one group
received a propolis cover; (2) a control group
without cover. observed that the treated hives
registered a significant decrease in gene expres-
sion levels with respect to the control group. Our
results could be compared with those obtained by
Simone et al. (2009), due to when administering a
supplemented diet with bioactive components
with known antimicrobial activity, there was a
down-regulation of the three AMP genes
analyzed.

On the other hand, Mao et al. (2015) analyzed
the effect on honey bees of diets supplemented
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Figure 3. a—c Relative expression of antimicrobial peptide genes in A. mellifera larvae fed with the hydroalcoholic
extract of hop leaves to MIC concentration obtained. The asterisk indicates significant difference (p -value < 0.05)
(Aba = Abaecin; Def = Defensin-2; Hym = hymenoptaecin). To analyze the gene expression, the Shapiro-Wilk
normality test data distribution and Mann-Whitney U -test were performed, and a non-parametric test was used to
determine significant differences in pairwise comparison.
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with p-coumaric acid (a secondary metabolite
component of pollen and honey) on the Hippo
signaling pathway, which is responsible for organ
and tissue development in larvae (Li et al. 2019;
Schneck 2004) observing that these signaling
pathways were positively regulated.

Therefore, our results and those obtained by
Simone et al. (2009) could suggest that bees that
have their hive enriched with resin or are fed a diet
supplemented with secondary metabolites could
invest less energy in the regulation and expression
of genes related to the immune system, and this
energy could be redirected to other signaling path-
ways such as those for the development and
growth of A. mellifera .

The changes in immunological expression ob-
served in our studies are a reflection of changes in
the initial immunity levels in bees. One possibility
is that when bees are exposed to different patho-
gens, larger differences are noticed. This hypoth-
esis is supported by the laboratory study conduct-
ed with Formica paralugubris ants, which
showed that when individual ants housed in a
propolis resin petri dish were challenged with a
pathogen, they had higher survival rates than
those without resin (Chapuisat et al. 2007).

Because the A. mellifera genome is completely
sequenced, and because in insects the activation
and maintenance of the immune system entail a
very great physiological cost (Rolff and Siva-
Jothy 2003; Siva-Jothy et al. 2005), future studies
will focus on analyzing other expression path-
ways, as well as its effect at the colony level.

5. CONCLUSION

In recent years, there has been an increase in
the study of the use of natural products for the
control of different diseases in bees since they do
not present high toxicity in both adult and larval
individuals. In our study, it was demonstrated that
precisely the hop leaf extract is not toxic to
A. mellifera larvae; and on the other hand, it
negatively regulates the expression of AMPs
genes studied, possibly generating metabolic sav-
ings for the control of microbial diseases. These
results are a first step to elucidate the possible
effects of natural extracts in regulating the expres-
sion of immunity genes in bees.
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Expression de génes liés au systtme immunitaire chez
les larves d'abeilles (Apis mellifera) exposées a des
extraits végétaux de Humulus lupulus ayant une
activité antimicrobienne contre Paenibacillus larvae

Métabolites secondaires / houblon / Apis mellifera /
Paenibacillus larvae | peptides antimicrobiens

Immunabhingige Genexpression bei
Honigbienenlarven (Apis mellifera), die
Pflanzenextrakten von Humulus lupulus mit
antimikrobieller Aktivitit gegeniiber Paenibacillus lar-
vae ausgesetzt sind

Sekundiire Metaboliten / Hopfen / Apis mellifera /
Paenibacillus larvae | antimikrobielle Peptide
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